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PREFACE

Crystalline rock masses overlain by a hydrologic system where water 
flow can be readily predicted and water use is unlikely because of high 
salinity are possible candidates as host rocks for repositories for high 
level radioactive waste. The potential advantages of such systems were 
first described by Bredehoeft and Maini (1981) and later discussed by the 
National Academy of Science (1983). Studies of buried crystalline bodies, 
and buried crystalline rock masses are not now under active consideration 
as repository hosts by the Department of Energy (DOE).

Before the concept of utilizing buried crystalline rocks as repository 
host rocks can be a part of a formal land screening process, like those DOE 
has carried out for other rock types such as salt, various questions about 
the feasibility of the concept need to be addressed. This report is one of 
a series of feasibility studies conducted by the U.S. Geological Survey 
(USGS). The first (Davis,1984), based on existing compilations of data, 
identified two regions in the eastern United States where the conditions 
described in the original suggestion of Bredehoeft and Maini (1981) appear 
to be met. These regions are: (1) portions of the Atlantic Coastal Plain 
from New York to North Carolina and including parts of Georgia, and (2) the 
west flank of the Cincinnati arch in parts of Ohio, Indiana and Kentucky. 
Davis also pointed out that much uncompiled data bearing on the feasibility 
of the buried crystalline rock concept existed for the two regions and 
suggested that additional feasibility studies be carried out. This report 
represents a continuation of the work of Davis (1984) for the Atlantic 
Coastal Plain and deals with the nature of the pre-Cretaceous basement. A 
companion report by Lloyd and others (in press) discusses the hydrology of 
the sedimentary rocks immediately overlying the basement.

INTRODUCTION

Knowledge of the rocks that form the basement of the Atlantic Coastal 
Plain (ACP) was for many years limited to the samples returned by deep 
drilling for groundwater and petroleum. The distribution of these wells is 
highly uneven (Figure 1). Data from various geophysical investigations has 
become increasingly significant and now may equal the well data in terms of 
total information content. Particularly important is the nearly complete 
aeromagnetic coverage of good quality because of the even data 
distribution, and gravity data because of its use in indicating plutonic 
rocks. The quality of the gravity data is less even than the magnetic data 
but is good in certain areas. Large and important features are revealed in 
the potential field data which are totally unexplained by the drillhole 
samples. Some potential field features show excellent correlation with 
lithologies observed in wells and may represent sources present at the 
basement surface. Seismic reflection profiles are becoming more important 
but coverage in the Coastal Plain is limited largely to Georgia and South
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Carolina. The basement geology maps of the Atlantic Coastal Plain (plates 
2 and 4) are an interpretation of the geologic and geophysical data. 
Significant differences of interpretation of the basement geology are 
common among various workers.

GEOLOGIC DATA

Several sources of geologic data have been utilized. Geologic mapping 
in the Piedmont along the edge of the Coastal Plain onlap can be used to 
extrapolate the geology into the adjacent subsurface basement. Shallow 
water wells which have struck basement provide additional lithologic 
control along the inner edge of the Coastal Plain. Oil test wells, 
scientific test wells, and groundwater monitoring wells are the source of 
basement samples for the deep basement terrain.

The geologic data from basement rocks varies widely in quality. Most 
reliable and least abundant are core samples which allow accurate 
observations of grain size, texture, mesoscopic structures, and lithologic 
variability. Most of these characteristics are difficult or impossible to 
obtain from cuttings, the most common type of source material. Cuttings 
are frequently contaminated by rock fragments from higher in the hole. 
Where there is uncertainty about whether basement has been reached, rock 
fragments which appear to represent crystalline basement may actually be 
crushed lithic grains from lower members of the Coastal Plain sedimentary 
section. Cuttings studied in thin section by geologists represent the next 
level of reliability below core samples. Least reliable and most common 
are descriptions of basement from shallow water wells by persons of unknown 
qualifications.

New and revised petrographic analyses of selected basement rocks by 
G.W. Leo are included in a section of this report. All available 
descriptions of basement rocks from drillholes in the Atlantic Coastal 
Plain, from Georgia to Massachusetts, have been extracted from the 
literature and other sources and are included in a separate report 
(Daniels, in press).
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Figure 1. Map showing the location of wells and drillholes 
in the Atlantic Coastal Plain which are known to 
have returned samples of the pre-Cretaceous basement 
rocks.
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GEOPHYSICAL DATA

Aeromagnetic maps of the Atlantic Coastal Plain are available from the 
U.S. Geological Survey in a wide variety of formats and scales. Maps 
utilized in this investigation are the state aeromagnetic maps published at 
a scale of 1:1,000,000 with color-coded magnetic intensity for Georgia 
(Zietz and others, 1980a), South Carolina (Zietz and others, 1982), North 
Carolina (Zietz and others, 1984), Virginia (Zietz and others, 1977), and 
Maryland, Delaware, and New Jersey (Zietz and others, 1980b). The latter 
map was used in conjunction with a newer aeromagnetic survey (U.S. 
Geological Survey, 1979) and unpublished aeromagnetic data.

No 1:1,000,000 scale Bouguer gravity maps which cover the entire 
Atlantic Coastal Plain have been published for direct comparison with the 
magnetic maps, although part of the area is covered by Haworth and others 
(1980), and larger scale maps are available (Johnson, 1973, 1975). To 
remedy this lack, two machine-contoured Bouguer gravity maps at 1:1,000,000 
were prepared from digital gravity data (plates 1 and 3). The digital data 
set was compiled from the data supplied by the U.S. Defense Mapping 
Agency, U.S. Geological Survey, and several master's theses (Sugarman, 
1981; Maguire, 1980; Chapin, 1981). The resulting density of gravity 
stations is shown in inset maps on plates 1 and 3. The contour maps were 
produced using small grid size (1 km) and small contour interval (1 mgal) 
to best display gravity gradients which are pertinent to the interpretation 
of gravity anomalies due to subsurface plutons.

The interpretation of the basement of the Coastal Plain is divided 
into two sections for convenience: Georgia to North Carolina and Virginia 
to New York. Plates 2 and 4 are interpretive maps of the basement geology. 
Geology of the Piedmont adjacent to the Coastal Plain is derived from 
Georgia Geological Survey (1976), Bramlett and others (1982), Snoke and 
others (1980), Bell and Popenoe (1976), Farrar (1985), Bobyarchick (1978), 
Farrar (1984), Weems (1981), Pavlides (1980), Drake and Froelich (1977), 
Cleaves and others (1968), Delaware Geological Survey (1976), Lyttle and 
Epstein (in press),and Rodgers (1985).
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SOUTHERN AREA: GEORGIA AND THE CAROLINAS

EARLY MESOZOIC BASINS

Pre-Mesozoic crystalline rocks of the southern Piedmont continue 
southeastward beneath the Coastal Plain cover toward the continental shelf. 
In Georgia, about 20 to 50 km southeast of the Coastal Plain onlap limit, 
these rocks are replaced by a broad subsurface terrane of rift rocks of 
probable early Mesozoic age, which constitutes the South Georgia basin 
(Daniels and others, 1983). None of the rift rocks encountered have been 
dated but the association of red-beds, diabase and basalt is characteristic 
of the Newark Supergroup rocks (Froelich and Olsen, 1984) of the early 
Mesozoic basins of the exposed Piedmont. Mapping the covered boundaries of 
this basin is complicated by the presence of inliers of crystalline rock. 
Even though the number of wells into the basin is large, it is still 
inadequate to constrain the boundaries very closely. Narrow linear 
magnetic anomalies characteristic of deformed metamorphic rocks are 
abruptly terminated in eastern Georgia along a line which passes between 
wells to foliated crystalline rocks and wells to redbeds and diabase. The 
magnetic line is interpreted as the faulted northern boundary of the South 
Georgia basin and locally the border of the Riddleville basin (Daniels and 
others, 1983). Two inliers of crystalline rocks have been identified in 
Georgia and South Carolina along the northern edge of the basin using well 
data. In addition, magnetic depth to source measurements led to the 
identification of another crystalline inlier in eastern Georgia not 
previously indicated by well data. Both the Riddleville and Dunbarton 
basins, which were originally mapped by their aeromagnetic lows (Siple, 
1958; Daniels and Zietz, 1978), are peripheral sub-basins within the South 
Georgia basin and are partly defined by the crystalline inliers. These two 
sub-basins appear to tilt in opposite directions. Northward deepening to a 
major fault along the north side is indicated for the Riddleville basin by 
magnetic depth estimates (Daniels and others, 1983) and seismic reflection 
(Cook and others, 1981; Peterson and others, 1984). These interpretations 
are supported by recent drilling which located the northern edge of the 
basin and revealed the amount of displacement along this boundary. One 
well which bottomed in chlorite schist without passing through redbeds is 4 
km north of another well in the basin, which reached chlorite schist after 
penetrating 2225 m of redbeds (D. Prowell, oral communication, 1983). 
This indicates that the basin edge dips at least 30 degrees and is probably 
fault bounded.

Nelson and others (1985) have interpreted new seismic reflction 
profiles in western Georgia which cross the South Georgia basin. These 
profiles indicate that a large half graben lies central to the basin and 
thins to the north. Maximum basin fill appears to exceed 5 km.



Page 6

The southern limits of the South Georgia basin are irregular and not 
evident in the potential field data. They are defined by a terrain of 
unmetamorphosed to lightly metamorphosed rhyolitic rocks in apparent 
association with several granites in the Southeast Georgia embayment. 
Radiometric measurements on these rocks give an extremely wide range of 
ages but stratigraphic evidence suggests that at least some of the rocks 
are Proterozoic Z or earliest Paleozoic (Chowns and Williams, 1983), and 
may be equivalent to the low-grade rocks of the Georgia Piedmont, the 
Belair and Carolina slate belts (Higgins, 1984).
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In North Carolina and eastern South Carolina the subsurface 
crystalline rocks extend the full width of the Coastal Plain and are 
interrupted only by two small and poorly defined basins of apparent early 
Mesozoic rocks, the Florence, South Carolina basin (Barton, 1896; Siple, 
1958; Popenoe and Zietz, 1977) and an unnamed basin in northeastern North 
Carolina (Richards, 1945; Daniels and Zietz, 1978).

CRYSTALLINE BASEMENT ROCKS

The southern Appalachian Piedmont adjacent to the Coastal Plain from 
Georgia to North Carolina includes six lithotectonic belts. From southwest 
to northeast these are the Uchee belt, the Carolina slate belt, the Kiokee 
belt, the Belair belt, the Raleigh belt and the eastern slate belt. In 
general the slate belts and Belair belt are greenschist facies rocks of 
volcanic, volcaniclastic, and epiclastic origin with minimal 
recrystallization and deformation. The Uchee, Kiokee, and Raleigh belts 
are generally amphibolite grade feldspathic gneisses, amphibolites and 
schists with rare original textures, more intense deformation, and more 
abundant granitic plutons.

The subsurface crystalline basement rocks in Georgia and the adjacent 
region in South Carolina are a mixed assemblage of foliated amphibolite and 
greenschist facies rocks and minor felsic plutonic rocks. This assemblage 
is similar to rocks in the adjacent Piedmont represented by the Uchee, 
Kiokee, and Belair belts. The majority of subsurface metamorphic samples 
are of mafic to intermediate composition, including amphibolites and 
chlorite-hornblende schists. The metamorphic grade appears to generally 
decrease gradually northeastward, although the scarcity of subsurface data 
in South Carolina prevents continuity with the data in North Carolina. 
Low-grade Belair belt rocks crop out in the more deeply incised stream 
valleys which expose basement along the edge of the Georgia Coastal Plain 
(Prowell, 1978). In outcrops in eastern Georgia, Belair rocks have been 
thrust over the Kiokee belt to the north along the Augusta fault (Bramlett 
and others, 1982). The southern subsurface boundary of the Belair belt is 
largely inferred from aeromagnetic patterns. The remainder of the 
subsurface is probably an extension of the Uchee belt. Kiokee belt rocks 
are exposed as far as the vicinity of Columbia, South Carolina (Snoke and 
others, 1980), and are partly covered by Coastal Plain sediments on the 
southeast and may have little subsurface extent. Carolina slate belt rocks 
are continuously exposed from Columbia northward along the edge of the 
Piedmont into North Carolina (Bell and Popenoe, 1976) and terminate in 
Virginia.

The subsurface width of pre-Mesozoic metamorphic rocks reaches a 
maximum of 220 km in North Carolina, and nearly all subsurface samples are 
low grade (greenschist facies), similar to rocks in the three low-grade 
slate belts of the Piedmont. Subsurface amphibolite grade metamorphic 
rocks are scarcer but most are associated with a area of abundant plutonic 
rocks extending from Cape Fear north, called the Hatteras terrane (Daniels 
and Zietz, 1978). There are no geophysical indications of this terrane. 
The boundary was drawn specifically to enclose the higher-grade rocks 
(plate 2).
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Because of the predominence of low-grade metavolcanic rocks in the 
subsurface directly adjacent to like rocks along the edge of the Piedmont 
it seems probable that a very large continuous low-grade Avalon terrane 
(Williams and Hatcher, 1983) underlies a large part of the Coastal Plain of 
North Carolina and eastern South Carolina.

Plutonic Rocks

Granitic plutons are relatively evenly distributed in the Piedmont 
near the onlap edge of the Coastal Plain. Nearly all of these have been 
dated by radiometric means as late Paleozoic (Fullagar and Butler, 1979). 
A large proportion of these are closely associated with negative gravity 
anomalies. Beneath most of the Coastal Plain a similar distribution of 
granitic rocks is observed, even allowing for the uneven sampling of deep 
wells. One exception is an area with a major concentration of plutonic 
rocks that occurs along the North Carolina coast within the area defined as 
the Hatteras terrane. Of the 25 wells within this area, 14 recovered 
granitic rocks, 6 returned diorites, and 5 amphibolite grade metamorphic 
rocks. Most of the published radiometric dates for subsurface granites in 
the the Georgia to North Carolina Coastal Plain come from this terrane. 
The following whole rock Rb/Sr dates, all with large ranges of uncertainty, 
have been reported; 610 my (well 43) (Denison and others, 1968), 583 my 
(well 46) (Russell and others, 1981), 685 my (well 49) (unpublished 1972 
date reported in Daniels and Zietz, 1978), 585 my (well 52) (Denison and 
others, 1968), for granites north of Cape Hatteras, and 630 my for quartz 
monzonite from the southwestern part of the Hatteras terrane (Russell and 
others, 1981). Two of the dated Hatteras area samples may have come from 
the same pluton. This range of dates suggests that this terrane is 
Avalonian.

Williams and Hatcher (1983) postulate the existence of a three fold 
division of subsurface terranes beneath the Coastal Plain of Georgia and 
the Carolinas. Their Tallahassee/Suwannee terrane begins in southernmost 
Georgia and includes Florida. Their Avalon terrane occupies the inner 
Coastal Plain and is continuous with the exposed Piedmont. They 
differentiate a coastward Brunswick terrane by longer magnetic wavelengths. 
In North Carolina the Avalon-Brunswick boundary follows a northerly 
trending arc bisecting the Coastal Plain. However, there is no indication 
of a major boundary in the subsurface rocks or in the radiometric dates for 
these rocks, few as they are. Similar low-grade metasedimentary and 
metavolcanic rocks are found on both sides of their proposed boundary, and 
Avalonian age granites in the Hatteras terrane occur in both of these 
areas. The change in magnetic signature in North Carolina that they 
describe may be attributed to the increasing depth to basement, or to the 
increase in the slope of the basement surface which also occurs at about 
the location of their boundary (Gleason, 1981). The slope change slightly 
increases the eastward dampening of the aeromagnetic anomalies. If the 
magnetic changes can be explained by increasing depth to basement the 
evidence indicates that Avalon terrane is probably continuous to the coast. 
Brunswick terrane may be restricted to southern Georgia and South Carolina.
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Gravity and Magnetic evidence

The gravity field of the southeastern Atlantic Coastal Plain is 
punctuated by a series of closed lows, a pattern which is similar to that 
of the Piedmont. Most of such lows in the Piedmont are closely associated 
with midsize to the largest of the exposed late Paleozoic granitic plutons. 
The following plutons are examples: the Petersburg in Virginia; the 
Rolesville, Castalia, Landis, and Churchland in North Carolina; the 
Winnsboro-Rion, Liberty Hill, Pageland and Lowrys in South Carolina; the 
Siloam and Danburg in Georgia (pluton names from Speer and others, 1980). 
Several plutons are significant exceptions. Factors which would diminish 
the amplitude of the gravity anomaly of a pluton include, small vertical 
extent (possible examples are the Elberton and Lilesville plutons), or a 
lack of density contrast with country rocks (example- Cherryville pluton 
?). Recognition of anomalies associated with small plutons may be hindered 
by inadequate gravity data. Superposition of a large amplitude gravity 
anomaly such as the Appalachian gravity gradient may also suppress a local 
anomaly. A few gravity lows in the Piedmont are not associated with 
exposed granite but with felsic metavolcanic rocks of the Uwharrie 
Formation and with parts of the Durham and Wadesboro basins in North 
Carolina. In general, based on the examples of the Piedmont, the favored 
interpretation of a significant gravity low in the Coastal Plain is a 
granitoid pluton or plutonic complex. Some gravity lows of the Coastal 
Plain have been used to target subsurface granites as a source of low-grade 
geothermal energy. Several granite bodies have been verified beneath the 
lows by drilling to the basement. Two of these sites are at Dort, North 
Carolina (Becker, 1981), and Springfield, South Carolina (Speer, 1982). 
These and other significant gravity lows are identified in Table 1 (North 
Carolina) and Table 2 (South Carolina) and evaluated as candidates for 
granitic plutons which may be present at the basement surface. The factors 
considered in the evaluation include anomaly amplitude (a function of total 
mass), horizontal gradient magnitude (a function of depth as well as mass 
and density contrast), presence of magnetic anomalies with sharp gradients 
within the gravity low (an indication of metamorphic rocks rather than 
granite). The lows with positive indications of a granitic pluton at the 
basement surface are mapped as such on plate 2. This analysis is not 
intended to suggest that granite is not present in other areas. Several 
reliably documented basement granite samples are located within gravity 
highs (wells 15, 25, 35, 44, plate 2). Other samples are located where 
gravity values are average (wells 36, 37, 38, 43) or just slightly low. 
Some of these samples may have come from plutons in which the factors 
listed above are important.

Far fewer basement samples are of mafic plutonic rocks. Yet the 
potential field data show a significant presence of these rocks as intense 
magnetic anomalies and corresponding gravity anomalies. These anomalies 
are identified and evaluated in Table 3. Four closely spaced wells (39, 
40, 41, 42) which struck diorite rich in magnetite correlate closely with 
positive magnetic anomalies. Several other diorites (24, 34, 48) are not 
associated with magnetic anomalies reflecting variations also observed with 
exposed diorites.
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BASEMENT FAULTS

The expectation of encountering evidence of basement faulting in 
drillhole samples is small. Yet such evidence was found in one sample, 
well 42 within the Hatteras terrane which is a mylonitic quartz diorite. 
The boundaries between many of the major lithotectonic belts of the 
Piedmont in part coincide with mylonite zones and faults (Nutbush Creek, 
Augusta faults; Farrar, 1985; Bramlett and others, 1982) and zones of high 
ductile strain with some shear and brittle faulting (Modoc zone; Bramlett 
and others, 1982). The zones of mylonite and high strain are closely 
associated with groups of long, narrow, linear, aeromagnetic anomalies 
which, in part, have been the means by which these zones have been traced 
in the Piedmont and in the Coastal Plain (Daniels, 1974; Hatcher and 
others, 1977). Other linear features in the aeromagnetic data were traced 
by Daniels and others (1983) some of which are reproduced on plate 2. 
Certainly many basement faults are associated with the subsurface early 
Mesozoic basins and some of these have been delineated by seismic surveys 
in the Charleston, South Carolina region (Hamilton and others, 1983; Schilt 
and others, 1983).
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NORTHERN AREA: VIRGINIA TO LONG ISLAND

DIFFERENCES BETWEEN SOUTHERN AND NORTHERN AREAS

Several significant differences between the southern and northern 
areas are apparent from regional tectonic and geologic maps.

1. Slope of the basement: From Fredericksburg, VA north to New York 
the slope of the basement in the inner Coastal Plain is at a maximum. The 
steeper slopes are in places partly due to normal faulting in the 
Cretaceous parallel to the present Fall Line (Mixon and Newell, 1977).

2. Width of the exposed crystalline rocks in the Appalachian Orogen: 
The width is at a minimum of about 75 km at Washington, DC and at New York, 
NY. This compares with the maximum of about 300 km which occurs at 
Augusta, GA. The area of minimum width corresponds with the area of 
maximum slope of the basement under the Coastal Plain.

3. Post metamorphic granitoid plutons in the Piedmont: Abundant in 
the region from Macon, GA to Richmond, VA. and scarce in the region from 
Washington to New York.

These observations corellate with a northwestward incursion of Coastal 
Plain sediments in the northern area making the Fall Line much closer to 
the edge of the North American craton.

Because of less favorable petroleum target areas in the northern 
region, fewer deep oil tests have been drilled resulting in a poorer 
knowledge of the deeper basement in the region.

EARLY MESOZOIC BASINS

Subsurface unmetamorphosed, consolidated, redbed and/or basalt and 
diabase, which may be correlated with exposed Newark group rocks, are 
widespread in the northern area with the most occurances in Virginia.

Newark and Hartford basins

Along the edge of the Coastal Plain adjacent to the Newark basin ten 
shallow wells recovered Newark-like rocks, extending the basin a short 
distance beneath the Coastal Plain. Diabase in two of these wells 
(Kasabach and Scudder, 1961) is probably the subsurface continuation of the 
Palisades sill.

The possibility of a continuation of the Hartford basin beneath Long 
Island Sound and Long Island was suggested by Wheeler (1938). The idea 
hinged upon the report of sandstone similar to rocks in the Hartford basin 
from a well drilled to basement in 1914 at Duck Island on the north shore 
of Long Island. The reliability of this data is unknown. Three wells 
struck crystalline basement very close to the Duck Island well and appear 
to severely restrict the size of a basin there if it exists (D. Pierce,



Page 15

personal communication, 1985). No other wells on Long Island are known to 
have returned Newark-like rocks. However, marine seismic lines which cross 
the Long Island Platform south of Long Island, show strong evidence of 
extensive rift grabens of presumed early Mesozoic age (Hutchinson and 
Klitgord, 1984), so that there is ample reason to suspect the presence of 
these rocks in the subsurface of Long Island.

Taylorsville Trend

The Taylorsville basin as shown by Weems (1980) is structurally 
similar to and on strike with the Richmond basin to the south, but appears 
smaller as it is cut off by the onlap of the Coastal Plain. A group of 7 
wells just northeast of the basin, penetrate the Coastal Plain striking 
similar Newark-like lithologies in the basement. Continuation of the 
Taylorsville basin for varying distances to the northeast has been 
postulated (Spangler and Peterson, 1950; McKee and others, 1959; Mixon and 
Newell, 1977; Weems, 1980) as far as the Brandywine, Maryland area. Wells 
at Bowling Green and King George, Virginia (Cederstrom 1945; Johnson, 
1973), LaPlata, MD (Hansen, 1978) and a group of wells at Brandywine, MD 
(Jacobeen, 1972) all returned Newark-like lithologies to form a remarkably 
straight trend. The length of this subsurface trend exceeds 140 km beyond 
the exposed part of the Taylorsville basin, and is comparable in length to 
the Danville or Culpeper basins. Whether this represents one continuous 
basin or a series of smaller basins is unknown at this time. The width is 
also unknown from well data but is probably comparable to that of the 
Richmond and Taylorsville basins.

As noted by Mixon and Newell (1977), both the Richmond and 
Taylorsville basins and these wells all lie on a prominent, linear, 
east-sloping gravity gradient. The Hylas mylonite zone also lies along 
this gradient, bounding the Richmond and Taylorsville basins on the west. 
The association of the Hylas zone, the gravity gradient, and the west edge 
of the basins suggests an inherited zone of weakness which forced the 
occurence of the basins along this trend.

Studley and Petersburg basins

In the area east of the Richmond basin, ten wells have struck redbeds, 
which Weems (1980) has assigned to his Studley basin. One of these wells 
penetrated 1600 feet of sedimentary rocks and bottomed in gneiss. Four 
wells struck similar redbeds to the south in an area just east of 
Petersburg, VA and are here considered to be a separate basin called the 
Petersburg basin. In the interpretation of Shomo (1982) the two basins are 
joined. Wells striking subsurface granite limit the possible extent of the 
Studley and Petersburg basins on the west. Wells in the two basins lie on 
the eastern edge of an extensive gravity low probably generated by 
Petersburg type granite which may underlie both basins. The eastern 
boundary of the basins has been drawn to follow the strong gravity gradient 
there in a manner similar to the Richmond and Taylorsville basins and the 
gravity gradient on their western flanks. Local highs of the basement
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structure contours seem to coincide with the basins, suggesting post 
Jurassic reverse faulting which may have been reactivated in the Tertiary 
(Shomo, 1982), similar to the inferred structures at Brandywine, MD (Mixon 
and Newell, 1977).

Isolated Newark rocks- Virginia-Maryland

Probable early Mesozoic rocks were recovered from three wells which 
form an arc midway across the Coastal Plain in Virginia and Maryland at 
basement depths between 1500 and 2500 feet below sea level. Jurassic 
olivine diabase was cored in the northernmost of the three wells at 
Lexington Park, Maryland (38.26 N - 76.46 W degrees, well St.M-Df 84, 
Hansen and Wilson, 1984); sandstones were recovered in King William and 
Nansemond Counties, Virginia (W-515, at 37.55 N - 76.81 W degrees, and 
W-3316, at 36.57 N - 76.58 W degrees, Hubbard and others, 1978). Although 
widely separated in a north-south direction, their equivalent positions 
relative to the Fall Line (70-90 km east) and structures defined by the 
geophysics suggest a structural trend of independent basins. A small 
hypothetical basin envelope has been drawn around each with a trend 
reflecting the grain of the potential field maps. This is a trend along 
which future wells will probably recover more early Mesozoic basin rocks.

Other Possible Early Mesozoic Rocks

In three deep wells on the Eastern Shore of Virginia and Maryland 
(Hammond, Bethards, and Taylor wells; 64, 66, 67 on plate 4) which were 
drilled into crystalline basement rocks, a basal sequence of redbeds, 
ranging in thickness from 116 to 546 feet, was encountered immediately 
overlying the basement. The age of these rocks has been a source of 
controversy, with some workers assigning early Mesozoic ages based on 
lithlogic similarity to Newark supergroup rocks (Anderson, 1948; Onuschak, 
1972). Robbins and others (1975), however, concluded that these rocks 
should be assigned a Cretaceous age based on limited palynological data and 
interpretation of geophysical logs.

CRYSTALLINE BASEMENT ROCKS

Piedmont crystalline rocks adjacent to the Coastal Plain in the 
northern area differ from the southern area chiefly by the scarcity of 
greenschist facies metamorphic rocks and the general highly deformed nature 
of most of the metamorphic rocks. Greenschist facies rocks of the Eastern 
Slate belt extend from North Carolina north into Virginia to about the 
vicinity of Petersburg, (Bobyarchick, 1978). From this point northward to 
Rhode Island the metamorphic grade is dominently amphibolite. In the 
subsurface, low-grade rocks are found in Virginia north to Crisfield, 
Maryland, reflecting a distribution similar to the exposed rocks.
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Goochland Terrane

Immediately to the west of the Richmond-Taylorsville basins lies a 
Piedmont terrane of amphibolite grade metamorphic rocks, about 30 km wide, 
which appears to be bounded on the west by the Spotsylvania magnetic 
lineament (Pavlides, 1980). Farrar (1984) has called this assemblage of 
rocks the Goochland terrane. The chief unifying characteristic of this 
terrane is, according to Farrar, widely distributed relict granulite facies 
mineral assemblages. The rocks of this terrane are deformed into a series 
of three domes which lie on the eastern edge of this terrane (Weems, 1981; 
Farrar, 1984). The domes are cored by the Proterozoic State Farm gneiss, 
which is structurally overlain by the Sabot amphibolite, and by rocks 
called the Maidens gneiss (Farrar, 1984). The Maidens gneiss may be 
equivalent to the Po Gneiss described by Pavlides (1980). A pervasive 
feldspathic quartzite may occupy the structural position of the Sabot 
amphibolite in part of the area (R. Weems, personal communication, 1985). 
A distinctive linear, positive, asymmetrical gravity anomaly of about 15 
milligals, coincides with the Goochland terrane in the type area. The 
anomaly has a steep gradient on the southeast side and the maximum 
coincides with the position of the domes. A broad, low-amplitude magnetic 
high is associated with the gravity anomaly. The source of the gravity 
anomaly must be a thick section of mafic rocks lying beneath the State Farm 
gneiss. The gravity anomaly continues to the northeast into the Coastal 
Plain maintaining fairly constant character, indicating that the Goochland 
rocks continue in the subsurface. The anomaly extends into Maryland where 
a deep well at Douglas Point on the Potomac River recovered biotite 
gneisses and amphibolite, lithologies compatible with the Maidens or Po 
gneiss. The anomaly ends just northeast of the District of Columbia where 
the amplitude and sharp eastern gradient diminish. Of particular interest 
is a similar distinctive gravity anomaly and a similar magnetic anomaly, 
which occurs in the eastern shore of Maryland but which is not continuous 
with the Goochland anomaly. The Eastern Shore anomaly is interpreted as a 
terrane that is possibly equivalent to the Goochland Terrane. The Eastern 
Shore gravity anomaly appears to continue into Delaware and New Jersey 
although with the loss of definition, possibly due to the lower density of 
gravity stations in these states. The terrane terminates at the location 
of a deep well at Island Beach State Park, New Jersey, where a migmatitic 
gneiss was cored in the basement. As noted by Southwick (1964), this 
gneiss could equally well fit descriptions of rock from several provinces, 
such as the Manhattan Prong, the Hartland Formation in southwestern 
Connecticut, gneisses from southeastern Connecticut, or the Baltimore 
gneiss domes. The speculative correlation with the very distant Goochland 
terrane is based strictly on the geophysical similarities and trends.

Low grade Avalonian terrane

The eastern Slate belt in North Carolina has been mapped as far north 
as the southern end of the Richmond basin, though interrupted by granitic 
bodies (Bobyarchick, 1978). In the shallow part of the Coastal Plain, a 
few wells have returned rocks indicating low metamorphic grade. In the 
deeper basement area of Virginia and Maryland, samples from three wells 
constitute the evidence for continuation of this terrane: rhyolite or 
meta-rhyolite at Fort Monroe, Hampton, VA (Darton, 1902); carbonate-rich 
meta-argillite with biotite porphroblasts in the Taylor well on the eastern
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shore of Virginia (Onuschak, 1972); fine-grained bedded metavolcaniclastic 
rock at Crisfield, Maryland (Gleason, 1979). The low-grade terrane is 
bounded by amphibolite grade rocks on the eastern shore of Maryland in the 
Hammond 1 well and in the Bethards 1 well; Anderson, 1948). The boundary 
was drawn in a northwesterly direction simply to follow the trend evident 
in the gravity. Subsurface metamorphic rocks from this point north to the 
end of Long Island all seem to be amphibolite grade.

Mafic rocks

A prominent linear gravity anomaly, with about 30 milligals relief, 
first described by Johnson (1973), traverses the low-grade terrain, mostly 
in Virginia but including 40 km in Maryland, in a northerly and NNE 
direction. A mixed pattern of magnetic highs and lows coincides with the 
envelope of the gravity anomaly. LeVan and Pharr (1963), called the series 
of magnetic anomalies the Sussex-Currioman Bay trend, here renamed the 
Sussex-Leonardtown anomaly to include the continuation in Maryland. Five 
wells have penetrated basement within the limits of the gravity anomaly. 
Although detailed petrographic descriptions of the samples are not 
available, lithologic descriptions include foliated mafic metavolcanic 
rocks and meta-ultramafic(?) rocks, gabbro, metadiorite, and phyllite 
(Hubbard and others, 1978; Gernand, 1984; Leo, this report). The amplitude 
of the gravity anomaly is large enough that gabbro may constitute a major 
part of the source. Affinity with the mafic rocks of the Baltimore Complex 
is a possibility.

Two breaks in the Sussex-Leonardtown gravity/magnetic anomaly suggest 
faulting has offset the causative body. At the southern end of the 
magnetic anomaly (Zietz and others, 1977), a sharp bend with apparent 
left-lateral offset of several kilometers, suggests displacement along a 
northwest-trending line. At the northern end, the gravity and magnetic 
anomalies are shaply truncated along a north-south line. Lesser amplitude 
gravity/magnetic anomalies lie to the east of this line (Taylor Island 
magnetic anomaly of Hansen, 1978) suggesting continuation of the source 
rocks, though shifted south and with lesser thickness. Hansen (1978) 
investigated basement faulting along the anomaly with a seismic reflection 
survey in St. Marys Count, Maryland. A 250 foot up-to-the-southeast 
offset of the basement surface at Hillville, Maryland was clearly detected, 
which coincides very closely with the north-south truncation line, 
suggesting that Cretaceous or younger reactivation of an older basement 
fault has occurred.

Glenarm-Baltimore Complex Terrane

North of the Spotsylvania Lineament, a heterogeneous terrane of 
Piedmont metamorphic rocks lies adjacent to the edge of the Coastal Plain 
and is largely occupied by a Paleozoic package of rocks called the Glenarm 
Supergroup (usage of Muller and Chapin, 1984). In the Maryland Piedmont it 
consists of the sequence comprising the Setters Formation, Cockeysville 
Marble, and the much larger Wissahickon Group, all of which overlie the 
Proterozoic Baltimore Gneiss. The Glenarm rocks are complexly deformed 
with the gneiss into a series of mantled domes (Muller and Chapin, 1984). 
In Virginia the Wissahickon Group is the dominant lithology.
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East and southeast of the Baltimore gneiss domes lies an allochthonous 
terrane of highly varied lithologies which includes metagabbro and 
metaperidotite of the Baltimore Mafic Complex, metavolcanic rocks of the 
James Run Formation and metaplutonic rocks of the Relay Quartz Diorite and 
Port Deposit gneisses, and other rocks (Muller and Chapin, 1984). The 
numerous bodies of metamorphosed gabbro and peridotite in the 
Virginia-Maryland-Pennsylvania-Delaware Piedmont are regarded by Drake and 
Morgan (1981) as allocthonous fragments of a dismembered ophiolite.

Metagabbro and other mafic rocks of the Baltimore Complex are 
typically associated with positive gravity anomalies of large amplitude. 
Although the metagabbro is high in iron, the associated magnetic field is 
not uniformly high but is marked by small but intense positive anomalies 
and also some low to moderate magnetic anomalies. Serpentinized ultramafic 
rocks of the Piedmont are typically, but not uniformly, associated with 
intense magnetic anomalies, but rarely have an associated positive gravity 
anomaly due to the moderate density of serpentine.

Sub-Coastal Plain extent of Glenarm-Baltimore Complex Rocks

Low amplitude, linear magnetic and gravity anomalies produced by the 
metavolcanic rocks of the Chopawamsic and James Run units appear to plunge 
beneath the Coastal Plain from the south and north respectively and may 
join in the region east of Washington, DC. The gravity anomalies 
associated with the mafic units of the Baltimore Complex extend into the 
Coastal Plain, but only for short distances. However, several other 
separate gravity anomalies with associated magnetic anomalies are present 
and indicate similar rocks, with one such anomaly spanning Chesapeake Bay. 
The source of the western end of this anomaly in southeastern Baltimore 
County, was interpreted by Brornery (1968) as gabbro. Serpentinite was 
recovered from a well on the eastern shore within the anomaly (Otton and 
Mandle, 1984) suggestive of the Baltimore Complex. As the Baltimore 
Complex is considered to be allocthonous, the rocks which are the sources 
for these anomalies may also be fragments of the same allocthon. The same 
may be true for the source rocks of the Sussex-Leonardtown anomaly in 
Virginia and southern Maryland.

Gravity and magnetic anomalies at Wilmington, Delaware are associated 
with mafic rocks and anorthosite of the Wilmington Complex (Woodruff and 
Thompson, 1975) and indicate that the Complex is much larger than the rocks 
currently exposed and extends to the south and southwest under the Coastal 
Plain. The anomalies enclose gabbro exposed in three monadnocks which 
emerge from the Coastal Plain south of Newark, Delaware, and gabbro and 
serpentinite recovered from shallow wells (Maguire, 1980). Rocks similar 
to the Wilmington complex may be found in the basement of the New Jersy 
Coastal Plain, 15 km south of Raritan Bay where moderate amplitude 
magnetic/gravity anomalies occur. Sugarman (1981) modelled the anomalies 
as a mafic body which may lie at or just below the basement surface.
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The great concentration of mafic-ultramafic complexes, which may be 
ophiolite fragments, in the Maryland Piedmont and beneath the adjacent 
Coastal Plain, is unusual in the Appalachian Orogen and is repeated only in 
Quebec and Newfoundland. Each of these localities is a reentrant of the 
North American Craton (Williams, 1978).

In the northern half of the New Jersey Coastal Plain, most wells have 
struck what is usually described as "Wissahickon (?)" schists and mica 
gneisses reflecting the familiarity of drillers with the nearest exposed 
basement, the Wissahickon rocks of the Philadelphia area. Two of the 
deeper wells in New Jersey have been described in more detail and are 
consistent with Glenarm rocks: the New Brooklyn well (72, plate 4) in 
which sillimanite bearing quartz-plagioclase-biotite-muscovite schist and 
gneiss was reported, and the Butler Place test well (73, plate 4) which 
returned dolomitic marble (US Geological Survey, 1967). Dolomitic marbles 
are characteristic of both the Cockeysville marble from the Baltimore area 
and the Inwood marble from Manhattan Island in New York City, (Muller and 
Chapin, 1984; C. Baskerville, personal communication, 1985). Linear 
magnetic anomalies connect the site of the Butler Place well with Raritan 
Bay to the north, and the anomaly trend, if continued, would connect with 
Manhattan Island. The Inwood marble appears to be the stronger correlation 
considering the shorter distance and the magnetic trends. Wissahickon 
rocks from the Philadelphia area probably continue east and northeast into 
the New Jersey Coastal Plain and merge with the Manhattan rocks. South of 
the Butler Place well is an area of subdued magnetic field and regionally 
lower gravity, in which basement lithology is unknown from well data. This 
area may be underlain by the Glenarm-Manhattan rocks, or by granitic rocks. 
In southwestern New Jersey, abundant magnetic anomalies suggest typical 
Glenarm patterns.

Long Island

Most wells to bedrock in Long Island are clustered in the western area 
where basement is shallow. In northwest Queens County, the basement in 
many wells is described as either Fordham gneiss or Ravenswood granodiorite 
and are probably part of the Manhattan Prong. Granitic rocks are abundant 
farther east as well as granitic gneiss, mica schist and biotite gneiss. 
These are the principal descriptions for basment rocks for all of Long 
Island. The potential field data suggest several broad divisions that 
follow northeasterly trends and may correlate with exposed major geologic 
divisions in Connecticut. To the east of the Manhattan prong, a broad 
magnetic low area is aligned with the region in Connecticut underlain by 
the pelitic schists of the Hartland Formation (the Rowe-Hartland belt of 
Harwood and Zietz (1976)) and the Hartford basin. The gravity field within 
this same magnetic low region on Long Island is composed of a western low 
and an eastern high. The gravity low may be produced by extensive granitic 
rocks. No basement rocks have been described for the area of the gravity 
high.
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The easternmost geophysical zone is composed of multiple magnetic 
highs coincident with a broad gravity low. The trend and "grain" of 
magnetic anomalies in eastern Long Island, Long Island Sound, and 
southeastern Connecticut shows that crystalline rocks within these areas 
are of a single structural province. Avalonian metamorphic and plutonic 
rocks crop out along the north shore of Long Island Sound and south of the 
Honey Hill Fault in southeastern Connecticut (Rodgers, 1985). Rocks found 
in the basement in Suffolk County, Long Island include quartz-plagioclase 
gneiss, two-mica granite (75, plate 4), schist, and biotite granite gneiss 
(76, plate 4), lithologies which are all characteristic of the Avalonian 
Terrane in Connecticut. A core sample of the biotite granite gneiss from 
the basement near Jamesport, Long Island is very similar to the Potter Hill 
granite gneiss unit exposed in southeastern Connecticut (R. Goldsmith, 
USGS, personal communication, 1985). The intensity of individual magnetic 
anomalies in Long Island are lower than those under the Sound or in 
Connecticut, possibly due only to the greater depth to the source rocks 
there. The magnetic and gravity trends and the similar lithologies suggest 
that the southeastern New England Avalonian terrane includes the eastern 
part of Long Island.

PLUTONIC ROCKS

In the Piedmont adjacent to the Coastal Plain, from Fredericksburg, 
Virginia south, granitoid plutons are relatively abundant, some, such as 
the Petersburg granite being of batholithic dimensions. This terrane 
plunges beneath the Coastal Plain and evidence from wells and potential 
field data suggests that granitoid plutons are abundant in the subsurface 
at least to central Delaware.

Of all the granitoid bodies of the southeastern Piedmont, the 
Petersburg pluton may rank as the largest if consideration is also given to 
its sub-coastal plain extent. The large number of shallow wells which 
struck granite in the Richmond-Petersburg area and the potential field data 
define its probable limits. Bobyarchick (1978) differentiated massive and 
foliated phases of the Petersburg. Boundaries between these phases 
generally follow northwest trends. Northwest trends are also evident in 
the potentail field maps. The gravity and magnetic maps suggest further 
that the exposed and covered Petersburg granite may be divisable into three 
areas, each of which could be an individual pluton. A zircon age of 330 my 
was determined by Wright and others (1975) for samples obtained in two of 
these areas of the Petersburg granite. These divisions are described in 
Table 4 along with other negative gravity anomalies which are evaluated as 
possible subsurface plutons.
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SUMMARY

The interpretations advanced in this report are intended to provide 
working hypotheses as to the nature of the basement of the Atlantic Coastal 
Plain.

1. Early Mesozoic rift basins are widely distributed under the 
Coastal Plain. Well data are the principal means of locating subsurface 
basins as the potential field data are useful identifying tools only where 
the basins are thick and the country rocks are either uncommonly dense 
and/or magnetic. Doubt has often been expressed about the reliability of 
many of the descriptions or the assignment of consolidated sedimentary 
rocks to the Newark supergroup. Yet the large number of wells of this 
type, the frequent association with basalt or diabase, and the coherent 
spacial grouping, lend credence to the early Mesozoic interpretation.

In Georgia, where no Mesozoic basins are found in the Piedmont, the 
largest of all the basins, either exposed or covered, is found beneath the 
Coastal Plain. The South Georgia basin is unusual for its size and its 
location as a transition between Atlantic and Gulf of Mexico rifting. Two 
sub-basins within the South Georgia basin are currently known in Georgia 
and South Carolina, the Riddleville and Dunbarton basins. Other sub-basins 
are known in Florida and southern Alabama. Eventually it will probably be 
shown to be segmented into many more parts. In contrast to the South 
Georgia basin, most of the inferred subsurface basins to the north appear 
to be small, although the data usually do not place tight constraints on 
their size.

2. Avalonian basement of low metamorphic grade is inferred to be 
widespread in the Coastal Plain of the Carolinas and Virginia, although 
only in North Carolina is the documentation substantial. A few isolated, 
single well occurences of amphibolite grade rocks are scattered throughout 
the low grade terrane. Metamorphic grade is particularly difficult to 
determine where lithologic descriptions are sketchy. The low-grade terrane 
may continue northward approximately to Maryland.

3. Amphibolite grade metamorphic rocks seem to dominate the 
crystalline basement of the Coastal Plain in Georgia and also from Maryland 
to Long Island. The Hatteras Terrane in North Carolina and the rocks of 
eastern Long Island may both be Avalonian rocks of amphibolite grade. The 
gravity and magnetic signature of the Goochland terrane indicates that it 
extends from the outcrop in central Virginia to just east of Washington, 
DC. Other linear gravity/magnetic anomalies in eastern Maryland continuing 
to southern New Jersey, resemble the the Goochland anomalies and suggest 
similar source rocks and structure. Glenarm rocks probably occupy much of 
subsurface southern New Jersey. Magnetic trends and a key dolomitic marble 
indicate that Manhattan Prong rocks may continue due south into New Jersey 
and either merge with the Glenarm rocks or form a bordering terrane on the 
southeast.
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4. Large volumes of granitoid rocks are inferred in the basement of 
the region from South Carolina to southern Delaware. If correct, many of 
the indicated plutons may be late Paleozoic judging from the abundance of 
plutons of this age in the adjacent Piedmont. Radiometric dating of 
granitoid basement samples, at Portsmouth, Virgina and Springfield, South 
Carolina, confirm the existence of two occurances of late Paleozoic ages. 
Granitoid plutons of Avalonian age are present in the North Carolina 
basement and may be distributed throughout the same region. The 
interpretation relies heavily upon analysis of the gravity data. Yet a 
significant number of granitoid basement samples in the Hatteras terrane 
are not associated with gravity lows. It may be that gravity is indicating 
mostly the post-metamorphic plutons and that those with no gravity 
indication are Avalonian plutons. Post-metamorphic granitoid plutons are 
probably scarce in the subsurface Glenarm terrane.

Granitoid rocks are abundantly represented in the well data. However, 
granite may be overreported because of the generally suspected tendency of 
drilling crews to describe crystalline basement as "granite". Some of the 
ways in which this analysis may err are as follows: (1) misplacement of 
boundaries of granitic plutons where contacts have gentle dips; (2) 
omission of thin plutons with modest gravity anomalies, (3) omission of 
plutons which are smaller than the gravity station spacing, (4) omission of 
highly deformed granitic plutons with complex geometry, (5) 
misinterpretation of plutons which are present in the subsurface but which 
do not lie at the top of the basement, (6) misinterpretation of granite 
where the source may be other low density rock such as a thick sequence of 
either sedimentary rocks or felsic volcanic rocks.

5. Circular, coincident, gravity and magnetic anomalies that indicate 
undeformed mafic intrusive complexes dominated by gabbroic rocks, occur in 
Georgia, where they do not reach the top of the basement, and in South 
Carolina.

Gravity/magnetic anomalies point to the presence of abundant 
mafic-ultramafic rocks beneath the Maryland and Delaware Coastal Plain 
which are probably closely related to nearby rocks of the Baltimore and 
Wilmington complexes.

The large amplitudes of the prominent Sussex-Leonardtown gravity and 
magnetic anomalies suggest that gabbroic rocks may be the dominent source 
rock. Well samples indicate a mixed assemblage including gabbro, mafic 
metavolcanic and ultramafic rocks, which are similar to lithologies in the 
Baltimore Complex.
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PETROGRAPHIC ANALYSIS OF SELECTED BASEMENT SAMPLES

FROM THE ATLANTIC COASTAL PLAIN

by 

G.W. Leo

The presence of a diversified crystalline basement under the Atlantic 
Coastal Plain between Georgia and Long Island has been confirmed by 
numerous well and core drill records. These rocks are of interest in the 
context of deep disposal of high-level radioactive wastes inasmuch as they 
have potential hydrologic advantages over exposed crystalline rocks (Davis, 
1984).

The purpose of this section is to present new or revised lithologic 
and petrologic data on the crystalline basement, including granitoid 
crystalline rocks, penetrated by wells and boreholes. In the case of 
granitoid rocks, the size and shape of associated buried plutons is 
estimated on the basis of geophysical data. The zone of particular 
interest is that where depth to bedrock is between 1000 and 4000 ft. 
(plates 2 and 4) (Davis, 1984). Petrographic analyses of basement rocks, 
mostly within but also beyond the 1000-4000 ft. depth zone, are shown in 
Table 5. Most analyses are based on thin sections of very small rock chips 
and as such may not be entirely representative of basement rock at each 
location. Most samples studied in this report have been graciously 
provided by the state geological surveys of the respective states.

Information regarding the lithologic and petrographic character of the 
basement rock varies greatly from state to state. By far the best data 
base on the crystalline basement rocks is that for North Carolina, where 
thin sections or rock chips from cores were available for a large fraction 
of the total number of wells. Described localities where first-hand 
petrographic data are unavailable, have been selected on the basis of the 
completeness of the descriptions in the literature. The order of 
discussion of specific localities or groups of localities is as nearly as 
feasible from southwest to northeast.
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ra

l 
an

al
ys

es
, 

is
 
gi

ve
n 

by
 

Fa
rr
ar

 
(1
98
0a
).

CD K)
 

00



Ta
bl
e 

5,
 
Co
nt
in
ue
d

Ma
p 

Sa
mp

le
/ 

Lo
c.
 
No
. 

We
ll

 
No
.

Lo
ca

ti
on

De
pt

h 
(f
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at
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4 
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ow
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, 

77
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; 

Lo
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e 
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e 
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at
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d 
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d 
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at
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gn
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pr
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at
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fi
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ra
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ra
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ra
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.
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l 
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e 
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at
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vo
lc

an
ic

 
co
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rt
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di
or
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st
in
g 
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e,
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bi
ot
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e 
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ly
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; 
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ti
c 
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bi
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e 
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x 
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rn
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te
re
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ri
te
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an
d 
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at
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d 
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ph
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; 
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c 
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at
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te
, 

ep
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, 
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tz
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d 
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ri
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ra
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t 
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.
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-g

ra
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-s
er
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e-
 

ap
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. 
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0 
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ri
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pi
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, 

re
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gl
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sy
 
ma
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­ 
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e.
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.
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ti
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rp
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e 
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e 

(1
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) 
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. 
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, 
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d 
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y 
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t 
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- 
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gm
at
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. 

A
 
re
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gu
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s 
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s 
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r.
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e-
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r 
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3 

_+
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m.
y.
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e 
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r 
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ir
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1 
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y.
 

Fo
r 
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e 
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d 
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he
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r,
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ra
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ra
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e,
 
se
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ra
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ra
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ra
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ra
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ra
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ra
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ra
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le

 
bu
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fi
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.
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.
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ra
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n.
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r 
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e 

an
d 
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y 
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nt
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%,
 
he
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e 

ro
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a 
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e.
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ne
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ra
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, 
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d
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. 

20
0 

mo
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ra
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h 
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at
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cl
as
e 
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n-

,)
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d 
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ra
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d 
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to
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it
e 
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e 
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th
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l 
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- 
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me
nt
 

ti
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s 
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ar
tz
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ag
io
cl
as
e 

(
A
n
c
n
n
)
 

an
d 

pe
rt

hi
ti

c 
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fe
ld
sp
ar
. 
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sc
ov
it
e 
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lo
ri
ti
ze
d 
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ot
it
e 

5%
, 

st
ro

ng
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ri
ci
ti
ze
d 

an
d 
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lo

ri
ti
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d 
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rd

ie
ri

te
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ap

at
it

e 
an

d 
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.
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s 
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re
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d 
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.
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