
cient to account for the entire process. 
Therefore, major changes such as the 
advance or retreat of continental ice 
sheets, extended tectonic activity associ- 
ated with sea-floor spreading, or the 
alternate occurrence of reducing or 
oxidizing bacteria as a result of the 
other features are suggested as pos- 
sible mechanisms. Whatever the mech- 
anism, it seems that it must involve 
fluctuating temperature and salinity 
conditions. This suggestion has been 
made by Gevirtz and Friedman (2) to 
explain the soft- and hard-layer lutite 
couplets in the Red Sea. 

The development of a lithified car- 
bonate rock from the soft, nonlithified 
ooze formed on the sea bottom must 
involve not one, but many, periods of 
lithification interrupted by periods of 
solution. The processes involved, lithifi- 
cation, solution, and related chemical 
changes, must be random and fluctu- 
ating in intensity, duration, and loca- 
tion. The process of alternating lithifi- 
cation and solution is responsible for 
the removal of significant quantities 
of carbonate sediment at the sediment- 
water interface. The result is a column 
of carbonate strata that represents not 
only the net product of ocean floor 
deposition and erosion but also the 
later effects of lithification, recrystalli- 
zation, and solution of the carbonate 

rock that follow uplift of the sea floor 
or regression of the sea. Thus car- 
bonate strata presently cropping out on 
the continents must represent several 
episodes involving lithification and so- 
lution on the sea floor, lithification due 
to physical and chemical changes, and 
lithification that follows uplift into sub- 
aerial environments. 
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Zircon Ages of Felsic Volcanic Rocks in the 

Upper Precambrian of the Blue Ridge, Appalachian Mountains 

Abstract. Five zircon samples from Pennsylvania, Virginia, and North Carolina 
yield discordant uranium-lead ages which suggest an original age of 820 million 
years and an episodic lead loss at 240 million years. The indicated age of lead 
loss is interpreted as the age of movement of the Blue Ridge thrust sheet. 

Nonfossiliferous sedimentary and vol- 
canic rocks, generally assigned a late 
Precambrian age, crop out extensively 
in the Blue Ridge of the Central and 
Southern Appalachians. These rocks are 
directly involved in the recurring contro- 
versy over the base of the Cambrian (1). 
They rest nonconformably upon billion- 
year-old plutonic rocks, and where the 
stratigraphic succession is preserved, 
they are overlain with apparent con- 
formity by Lower Cambrian(?) clastic 
rocks of the Chilhowee Group. Many 
workers have suggested that these upper 
Precambrian rocks are, at least in part, 
correlative and not greatly different in 
age from those of the Chilhowee Group 
(2). Some workers, in fact, suggest that 
many stratified rocks here assigned a 
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late Precambrian age should be included 
with the Chilhowee in the Cambrian (3). 

We present zircon ages determined 
from five felsic volcanic rocks spanning 
a horizontal distance of about 580 km 
in three upper Precambrian stratigraphic 
units of the Blue Ridge (Fig. 1). Ura- 
nium-lead ages are discordant, but they 
indicate an original age of 820 million 
years and are interpreted to indicate 
episodic lead loss at 240 million years. 
Although the three widely separated 
units yield the same original age, that 
age is somewhat older than we had ex- 
pected. The Pb/U systems in the zircons 
were apparently not disturbed during 
regional metamorphism about 350 mil- 
lion years ago. The suggested age of 
lead loss is compatible with a late Paleo- 

zoic (Appalachian) age for the major 
movement of the Blue Ridge thrust 
sheet, the probable age of thrusting in 
the western Valley and Ridge belt. 

Because of the overprint of Paleo- 
zoic metamorphism, the radiometric 
technique most likely to yield meaning- 
ful original ages of the upper Precam- 
brian rocks is the uranium-lead isotope 
method applied to zircons from inter- 
layered felsic volcanic rocks. These are 
restricted to three areas (Fig. 1) in the 
Blue Ridge belt. They occur sparsely in 
the Grandfather Mountain Formation, 
form a major part of the Mount Rogers 
Formation, and reappear in the Catoctin 
Formation in Maryland and Pennsyl- 
vania where they are a significant com- 
ponent. At least one dated felsite sam- 
ple comes from each of the above for- 
mations. 

The Blue Ridge belt is essentially 
anticlinal with a more or less continuous 
core of billion-year-old granitic gneiss. 
Upper Precambrian stratified rocks flank 
the granitic gneiss for much of the length 
of the anticlinorium, but locally on the 
northwest limb Chilhowee rocks over- 
lap onto the basement. A mid-Paleozoic 
metamorphism, which mineral ages date 
as about 350 million years old (4, 5), 
produced a gradient across the Blue 
Ridge from unmetamorphosed Paleozoic 
rocks of the Valley and Ridge on the 
northwest to rocks of kyanite-staurolite 
grade on the southeast. The ambient 
metamorphic grade at our sample sites 
is low, probably in the chlorite or biotite 
zone. South of Roanoke, Virginia, the 
Valley and Ridge belt has an imbricate 
structure, and, at least in northwestern 
North Carolina, the Blue Ridge is also 
allochthonous, as shown by the presence 
of the Grandfather Mountain window, 
which contains lower-grade rocks 
eroded through the crystalline rocks. 

The Grandfather Mountain Forma- 
tion (6, 7), present only within the 
Grandfather Mountain window and at 
least 3000 m thick, rests nonconforma- 
bly upon granitic basement that has 
yielded two zircon samples suggesting an 
original age of about 1050 million years 
if one uses a continuous diffusion model 
(8). The top of the formation is not ex- 
posed. 

The Mount Rogers Formation, pres- 
ent .n several thrust sheets, is about 
3000-m thick and contains a thick pile 
of rhyolite in the middle. Both the base 
and top of the Mount Rogers are pre- 
served, although commonly not in the 
same tectonic unit. Our dated samples 
come from two petrographically differ- 
ent rhyolites in a thrust sheet that does 
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not include the upper contact. In the 
next lower thrust sheet, rhyolites corre- 
lated with the dated ones are interbed- 
ded with sedimentary rocks of the Mount 
Rogers Formation that are in apparent 
conformable contact with the overlying 
Chilhowee (9). 

The Catoctin Formation in Pennsyl- 
vania consists of basalt, rhyolite, and 
phyllite, but the internal stratigraphy has 
not been unraveled. No structural dis- 
cordance is recognized between the 
Catoctin and the overlying Chilhowee 
(10). To the southwest in Frederick 
County, Maryland, the Catoctin non- 
conformably overlies granitic basement. 

For each sample analyzed, approxi- 
mately 75 to 100 kg of rock were 
crushed, and a zircon concentrate was 
separated. The morphology of the zir- 
con suggests that a single population is 
involved for each sample. The crystals 
are well terminated and lack over- 
growths. The results of U-Pb and 
Th-Pb age determinations are given in 
Table 1. All uranium, thorium, and lead 
concentrations were obtained by isotope 
dilution. The zircon concentrates were 
decomposed by sintering with borax; 
standard ion-exchange and dithizone ex- 
traction techniques were used for chemi- 
cal purification. 

In making the common lead correc- 
tion for the zircon age calculations, we 
assumed an isotopic composition identi- 
cal with that of modern lead (11), 
which is close to the isotopic composi- 
tion of lead extracted from our borax 
sinter. If we had used the isotopic com- 
position' of an 800-million-year model 
lead for the common lead correction, 
the calculated zircon ages would change 
only slightly. The original and lead-loss 
ages would, in turn, change by only a 
few million years. The accuracy of the 
mass spectrometric measurements of the 
zircon lead and the effect of these un- 
certainties on the original age are more 
difficult to evaluate. Two of the zircons 
analyzed contain only about 10 parts 

Fig. 1. Generalized geologic map of the 
Blue Ridge belt. Modified from Reed (24). 
The Valley and Ridge lie immediately 
northwest of the Blue Ridge. Numbers 
refer to dated upper Precambrian felsite 
samples. Nos. 1 and 2 are from the 
Grandfather Mountain Formation, Nos. 
3 and 4 are from the Mount Rogers 
Formation, and No. 5 is from the Catoc- 
tin Formation. (See Table 1 for more 
detailed sample and location descriptions.) 

Contact Fault- 

Thrust fautt 0 50 KILO>METERS 
Sawteeth on upper plate LL~ 

of lead per million (Table 1) and re- 
quire large corrections for the non- 
radiogenic Pb207 present. Accordingly, 
the uncertainties in the precise plot of 
these two samples on the concordia dia- 
gram result in a spread of + 30 mil- 
lion years for the postulated original 
age. 

All of the zircons from the rhyolites 
fall very near a chord (Fig. 2, curve A) 
with lower and upper intercepts of 240 
and 820 million years, respectively. Con- 
tinuous-diffusion curves, assuming a 
fixed diffusion constant, Do, for a pri- 
mary age of 800 million years (curve B) 
and 900 million years, do not fit the 
experimental points as well as the epi- 
sodic straight-line model. Therefore, we 
suggest that these zircons have an origi- 
nal age of 820 million years and were 
disturbed about 240 million years ago. 

Ages from the Mount Rogers Forma- 
tion are the most significant regionally 
because stratigraphic control is best for 
that unit. We initially questioned so 
high an age as 820 million years for the 
following reasons. (i) The most con- 
spicuous hiatus in the stratigraphic sec- 
tion is clearly at the base of the Mount 
Rogers, (ii) the Mount Rogers-Chil- 
howee contact appears to be conforma- 
ble on a local scale, and (iii) although 
the lowest reported Cambrian fossils are 
near the top of the Chilhowee (12), the 
suite of clastic rocks comprising the 
Chilhowee probably represents a rela- 
tively short interval of time. 

Nevertheless, the isotopic data from 
the five zircon samples are so consistent 
that we are compelled to accept an older 
age. Such an age is compatible with new 
geologic evidence of an erosional interval 
between the Mount Rogers and the Chil- 
howee. Northwest of Galax, Virginia, 
east of the outcrop area of the Mount 
Rogers Formation, the Chilhowee rests 
directly on granitic basement. Abundant 
felsic and mafic dikes of probable late 
Precambrian age cut the granitic base- 
ment but are truncated by the noncon- 
formity at the base of the Chilhowee. 

A number of major upper Precam- 
brian units of the Blue Ridge contain 
no recognized felsites, and their isotopic 
ages are still undetermined. These in- 
clude the Ocoee Series of the Great 
Smoky Mountains, the recently defined 
Ashe Formation of northwestern North 
Carolina (13), the Lynchburg Forma- 
tion of central Virginia, and the bulk 
of the Catoctin Formation of central 
and-northern Virginia. All of these rest 
upon the billion-year-old granitic base- 
ment which places a maximum limit onL 
their age. The Catoctin and parts of thee 
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Fig. 2 (left). Daughter-parent (concordia) diagram for zircon samples. Curve A represents the episodic lead-loss model for the 
felsic volcanic zircons; curve B is the continuous-diffusion model for an original age of 800 million years (m.y.). Fig. 3 (right). 
Concordia diagram showing episodic lead-loss curves for Precambrian zircons of the Blue Ridge (8). 

Ocoee are overlain by the Chilhowee 
and much of the Lynchburg appears to 
be older than the Catoctin. The mini- 
mum age for much of the Ocoee, the 
Ashe, and perhaps some of the Lynch- 
burg could be early Paleozoic. 

From the coherence on concordia of 
our samples, we suggest that felsic vol- 
canism in the Blue Ridge is essentially 
coeval and that the Grandfather Moun- 
tain and Mount Rogers Formations and 
the Catoctin Formation north of the 
Potomac River are correctly included in 
the Precambrian rather than the Cam- 
brian. A major hiatus is inferred between 
the time of felsic volcanism and deposi- 
tion of the Chilhowee. We also suggest 
that the granitic basement of the Blue 

Ridge is everywhere older than 820 mil- 
lion years and as a corollary that all 
stratified units unconformab.y overlying 
this basement are younger than 1050 
million years. Our geological interpre- 
tation that the host rocks for massive 
sulfide deposits at Ducktown, Tennessee, 
and Ore Knob, North Carolina, are 
upper Precambrian stratified rocks does 
not agree with K-Ar ages of 1045 mil- 
lion years and 1120 million years ob- 
tained on hornblende in ore bodies 
at these localities (14). Nor is our 
interpretation compatible with the 
pre-Mount Rogers plutonic or meta- 
morphic event of 670 million years ago 
suggested by Riecken and by Dietrich, 
Fullagar, and i3ottino (15) from K-Ar 

ages on biotite in granitic basement 
west of Galax, Virginia. 

The zircon ages have yielded a num- 
ber of dividends or at least hints of addi- 
tional dividends. On geologic and petro- 
graphic evidence, Rankin (16) sug- 
gested that certain felsic and mafic plu- 
tonic bodies in the Blue Ridge were in- 
trusive correlatives of volcanic rocks in 
the Grandfather Mountain and Mount 
Rogers Formations. Two of the plutonic 
bodies he included in this upper Pre- 
cambrian volcanic-plutonic group are 
the Beech Granite and a small granite 
pluton at Crossnore, North Carolina. 
Published zircon ages for these two 
rocks (6) fall very close to our discordia 
chord for the rhyolites (Fig. 2). 

Table 1. Analytical data for U-Pb and Th-Pb determinations. Sample GFM 3 is slightly sheared coarsely porphyritic felsite in the upper 
part of the Grandfatlier Mountain Formation. Roadcut along North Carolina Highway 105 along the Watauga River about 0.4 km up- 
stream from the junction of the Watauga River and Laurel Fork, Boone 7/-minute quadrangle, North Carolina (7); 36011'27"N, 
81 '44'46"W. Sample GFM 4 is slightly sheared felsite from near the base of the Grandfather Mountain Formation. Roadcut along 
the Blue Ridge Parkway about 2.1 km west of interchange with U.S. Highway 321 near Blowing Rock, Boone 7/-minute quadrangle, 
North Carolina (7); 3608'51"N, 81040'46"W. Sample R-TC2-14 is unsheared porphyritic rhyolite ash flow tuff from the youngest of three 
massive rhyolite units near the middle of the Mount Rogers Formation. Outcrop at an elevation of 10.90 m on the ridge northeast of 
Solomon Branch on the north slope of Stone Mountain, Trout Dale 7/-minute quadrangle, Virginia; 36041'27"N, 81027'45"W. Sample 
R-WS1-56 is unsheared phenocryst-poor, flow-banded rhyolite from median of three massive rhyolite units near the middle of the Mount Rogers 
Formation. Material excavated from building foundation on the summit of Whitetop Mountain, Whitetop Mountain 7/-minute quadrangle, 
Virginia; 36038'20"N, 81036'19"W. Sample 66-SO.M.-2 is unsheared p-enocryst-poor rhyolite. Roadcut on north side of U.S. Highway 30, 
0.8 km east of intersection with Pennsylvania Highway 234, Caledonia Park 7/-minute quadrangle, Pennsylvania (10, 23); 39053'54"N, 
77025'2"W. Concentrations are believed to be correct to within 2 percent of the reported value. The isotope ratios of the common lead 
used to correct for the nonradiogenic lead present in the zircons are Pb206/Pb204 -18.51, Pb2G7/Pb24 - 15.72, and Pb2O8/Pb24 = 38.44. 

Sample Concentration (ppm) Atomic percent Age (million years)* 

Lab. Field Pb U Th Pb2?4 Pb206 Pb207 Pb208 Pb2! Pb27/ Pb207! Pbm/ 
U28 U2 Pb206 Th~23 

1 GFM 3 12.8 73.3 70.2 0.328 63.21 8.89 27.57 716 736 798 620 
2 GFM 4 100.7 773.2 447.3 0.104 76.10 6.41 17.39 692 710 770 680 
3 R-TC2-14 19.9 118.9 104.5 0.201 66.72 7.27 25.81 750 764 798 776 
4 R-WS1-56 70.4 445.3 469.8 0.304 62.33 8.44 28.92 644 674 778 586 
5 66-SO.M.-2 11.2 95.2 62.5 0.329 67.31 8.99 23.37 524 558 700 434 

*Constants: u2m, X (decay constant) = 1.54 X 10-10 yr-'; U2, X = 9.72 X 10-10 yr-'; Th232, X 4.88 X 10-11 yr-1; U238/U23 = 137.7. 
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Calculated continuous-diffusion curves 
of lead-loss for various original ages 
are essentially straight lines for much 
of their length and begin to curve per- 
ceptibly only near the origin (17). For 
rocks of the same original age and mod- 
erate lead-loss, exceptionally good ana- 
lytical data are necessary to differenti- 
ate between continuous diffusion and 
episodic loss. Although a straight line 
(episodic loss) fits our data well, the 
near-linear part of the continuous-diffu- 
sion curve for an original age of 800 
million years could be fitted within the 
analytical error of the experimental 
points. 

If the near-linear part of a continuous 
diffusion curve is extrapolated to the 
concordia curve, the intercept is progres- 
sively closer to the origin for younger 
original ages (18). Published zircon ages 
on billion-year basement rocks from 
western North Carolina have been in- 
terpreted with a continuous diffusion 
model (8). If, however, the episodic 
lead-loss model is used, these ages define 
two additional chords on the concordia 
diagram-one for layered granitic 
gneisses with an original age of 1300 
million years and one for granitic 
gneisses with an original age of 1080 
million years (Fig. 3). Both of these 
chords intersect the concordia curve at 
about 260 million years. Convergence 
of the three independently determined 
chords at the concordia curve gives 
added weight to episodic lead loss. 

Lead loss is not related to the mid- 
Paleozoic metamorphism. The zircon 
ages of older Precambrian rocks which 
were raised to grades as high as that of 
the garnet amphibolite facies by this 
metamorphism appear not to have been 
disturbed by it (19). 

Thrust faults in this part of the Blue 
Ridge do not involve rocks younger 
than Middle Ordovician, but in the west- 
ern part of the Valley and Ridge belt, 
imbricate thrust faults override Penn- 
sylvanian rocks (20). If the imbricate 
structure represents one generation of 
thrusting, that episode must be as young 
as Pennsylvanian. 

A single episode of thrusting is a re- 
quirement of the currently popular thin- 
skinned hypothesis for Appalachian 
structure. Cooper has attacked thin- 
skinned tectonics by suggesting that ma- 
jor thrusting which involved basement 
rocks at the southeast edge of the Valley 
and Ridge belt began in the Middle 
Ordovician (21) . 

Zircon ages of basement and upper 
Precambrian rocks show no evidence of 
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disturbance in the Middle Ordovician 
nor at the time of major regional meta- 
morphism. They do suggest an episodic 
lead loss at about 240 million years, an 
age compatible with late Paleozoic thrust 
faulting in the western part of the Valley 
and Ridge belt. We suggest, therefore, 
that the emplacement of the Blue Ridge 
thrust sheet also occurred during the 
late Paleozoic Appalachian orogeny and 
that shearing associated with the thrust- 
ing disturbed the zircon ages (22). Mul- 
tiple episodes of thrusting are difficult 
to reconcile with this hypothesis. 

D. W. RANKIN, T. W. STERN 

J. C. REED, JR, M. F. NEWELL 

U.S. Geological Survey, 
Washington, D.C. 20242 
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Sedimentary Phosphate Method for Estimating 

Paleosalinities: A Paleontological Assumption 

Abstract. Paleosalinity values in certain rocks determined by the sedimentary 
phosphate method differ from salinity estimates based upon contained fossil as- 
semblages, geochemical methods, and existing stratigraphic controls. Some anom- 
alous values are related to the abundance of fossil organisms known to be con- 
centrators of calcium phosphate. Because of the abundance and diversity of or- 
ganisms which might introduce significant errors into paleosalinity estimates, the 
sedimentary phosphate method seemingly is of limited applicability. 

During the course of paleoecologic 
investigations of the Lower Kittanning 
(Pennsylvanian age) rocks of western 
Pennsylvania, two observations proved 
of unusual interest. First, when com- 
pared with fossil assemblages of similar 
age in the midwestern states, the west- 
ern Pennsylvania assemblages are im- 
poverished, that is, characterized by 

the dominance (95 percent) of one or 
two species. Second, the maximum and 
mean sizes of the Lower Kittanning 
marine species are significantly smaller 
than their midwestern counterparts. 
Because reduced salinity could give 
rise to either of these effects, I ex- 
amined published paleosalinity data 
for the Lower Kittanning rocks. Deg- 
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