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Robert L. Badger
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Department of Geological Sciences

(ABSTRACT)

The Catoctin Volcanic Province represents a sequence of rift related tholeiitic magmas
erupted during late Precambrian opening of the Iapetus ocean basin. Three transects have been
mapped across the province in northern Virginia in order to demonstrate that there is a mappable
stratigraphy and to provide a framework upon which to construct a chemical stratigraphy. Chem-
ical analyses of multiple samples from single flows containing a contrast in fabric development and
mineral assemblages indicate that portions of flows with poorly developed fabric and retaining
igneous textures and relict clinopyroxenes have been least affected by hydration reactions and are
more likely to retain igneous geochemical signatures.

Using primarily the less mobile oxides TiO;, Al, O3, MgO, FeO and P,0Os, the chemical
stratigraphy for each traverse can be divided into chemical subunits. Each subunit can be modeled
by fractional crystallization predominantly of plagioclase and clinopyroxene. Chemical disconti-
nuities between subunits suggest new magma sources or rejuvination of existing magma chambers.
The overall geochemical signature of the magmas can be modeled through gabbro fractionation
from a picritic source.

Sr isotopic data from only those samples that have been least affected by fluid interaction
indicate the magmas evolved from a Sr isotopically depleted mantle source and the age of eruption
was at approximately 570 Ma. A depleted Sr; is in sharp contrast to enriched signatures for a se-
quence of proximally located tholeiites erupted during Mesozoic rifting between North America and
northern Africa, suggesting that if the Mesozoic signature is reflecting contamination by a subducted

slab component (Pegram, 1986) this contamination event must have been post Catoctin time.



The 570 Ma age of eruption is the first isotopically determined age that is consistent with
stratigraphic and paleontologic data. When contrasted with dates of 650-730 for other rift related
magmas in the southern and central Appalachians, the 570 Ma age suggests a two stage rift event,

the first one failed while the second succeeded at opening the Atlantic ocean basin.
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OLD GREEN ROCKS

Old green rocks on the side of the ridge
Causing no one pain

Old green rocks piled high in my lab
Their origin I seek to obtain

Each "twas derived from a partial melt
At P and T quite high

Then evolved through fractionations felt
“Til erupted in a darkened sky

You say basalts are all the same
I counter that it’s only true

If your eye’s untrained, and your mind’s gone lame

You’d prob‘ly call them ugly, too

Why look at this one here, green too
With zoned plagioclase it glistens

It tells of magmas mixed and cooled
If only you'd look and listen

This one shines with olivine

From the aesthenosphere it came
Generated from a mantle plume
Now home’s an ocean island terrane

Another I found along the shore

A melange of the Fransiscan Formation
An ophiolite from the ocean floor

A controversial interpretation

Next I have a continental basalt

From Colorado’s basin and range

Brought to the surface by an extensional fault
With anomalous hafnium, quite strange

But my favorite one is a greenstone old
Erupted in the Precambran past

In field and the lab I've studied its soul
Its dissertation I've now finished, at last

Old green rocks up on Hawksbill Ridge
Have caused my brain some drain

Old green rocks still piled in my lab
Their secrets all not yet obtained.
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Introduction

Major continental tholeiitic volcanic provinces occur as accumulations of fissure-fed sub-
horizontal flows covering large regional areas. These basalts are usually associated with continental
extension, and have a relatively short period of extrusion. The more extensive and well known
flood basalts include the Columbia River province in the northwestern U.S.A., Deccan Traps
province in India, Parani basin in southern Brazil, and Karroo lavas in South Africa. Such large
scale continental basaltic provinces provide us with insight into the nature of the subcontinental
mantle, as they represent voluminous samples of mantle-derived material extruded within a short
time. In most cases these magmas have risen through thick continental crustal sections and may
at some stagé in their evolution record crustal contamination processes. The problem of identifi-
cation of mantle heterogeneity vs. crustal contamination has been widely debated (for example, see
DePaolo, 1981; Carlson et. al. 1981; Allegre et. al, 1982; Nelson, 1983; Weaver and Tarney, 1983;
Church, 1985), as has the problem of the identification of source heterogeneities (for example, see
Carlson, 1984).

The goal of this project is to characterize the late Proterozoic subcontinental mantle of eastern
North America by examining the petrologic and geochemical signature of a sequence of
metabasalts. These lavas, part of the Catoctin Formation, have been interpreted to have erupted
in an extensional environment during the opening of the Iapetus Ocean (Rankin, 1975). Previous
work on the Catoctin Formation has focused on its stratigraphy (Reed, 1954; 1955; 1969), its
chemical similarity to basaltic dikes that cut the Precambrian basement terrane (Reed and Morgan,
1971), and its regional geochemical signature (Reed, 1964; Davis, 1977). In this study, the
geochemical evolution of the lavas will be examined in the context of their physical stratigraphy,
as mapped along three traverses across the Blue Ridge Anticlinorium in central and northern
Virginia. From the physical stratigraphy, a chemical stratigraphy can be established with which to
examine the possible cogenetic relationship between different magmas in the sequence, and to ex-

amine source heterogeneity.



In chapter 1, an overview of the regional geology is presented to provide the geologic and
tectonic setting for the volcanic flows. Detailed stratigraphy and field relations for the three trav-
erses are presented, along with stratigraphic sections for each traverse.

Chapter 2 presents detailed petrography for the different lithologies, and mineral chemistry for
the observed mineral assemblages. Major element geochemical data is combined with the
stratigraphic sections to construct a chemical stratigraphy for each of the three sequences. Based
on chemical trends and discontinuities, each section can be divided into chemical subunits, com-
parable to chemical types used to characterize sequences of flows within the Columbia River
Basalts.

Chapter 3 covers the effects of metamorphism and develops a technique to try to characterize
fluid enhanced chemical exchange reactions that have occurred during metamorbhism. The prob-
lem of open vs. closed system metamorphism is addressed. Samples are selected that appear to be
the most likely candidates for having been altered essentially as within a closed system, and oxides
are selected that appear to be least affected by fluid interaction.

Chapter 4 addresses petrogenetic evolution of the magmas in terms of major and trace ele-
ments. Chemical discontinuities between subunits and chemical trends within subunits are evalu-
ated in terms of crustal contamination and crystal fractionation. The overall geochemical signature
is then modeled in terms of crystal fractionation from a partial melt from the mantle.

Chapter 5 presents Rb-Sr and Pb-Pb isotopic data. Rb-Sr data from least altered samples
are used to estimate an age of eruption and a calculated Sr, is used to characterize the mantle source.
Pb-Pb data is also used to characterize the mantle source from which the magmas evolved.

In Chapter 6, the magmas are examined in conjunction with stratigraphic evidence in light
of their tectonic implications for the timing of late Precambrian rifting, with the suggestion that
there may have been two distinct periods of rifting. Furthermore, by comparing geochemical sig-
natures between the Catoctin magmas and the Mesozoic Appalachian tholeiites derived from ap-
proximately the same paleogeographic region, inferences can be made concerning time-integrated

mantle evolution between the Late Precambrian and Mesozoic rift events.



Chapter 1

Geologic Setting and Stratigraphy

The Appalachian Mountains in central Virginia are divisible into the Valley and Ridge, Blue
Ridge and Piedmont terranes (Fig. 1). Within the Blue Ridge province, rock types include granulite
to upper amphibolite facies paragneisses intruded by charnockite, anorthosite, quartz monzonite
and alkalic granites (Bartholomew et al., 1981; Herz and Force, 1984; Bartholomew and Lewis,
1984) comprising the Precambrian Blue Ridge Basement Complex exposed in the core of the Blue
Ridge Anticlinorium in central Virginia (Sinha and Bartholomew, 1984). The predominant rock
type underlying the area of study is charnockite of the Pedlar Formation. Intrusive into the Blue
Ridge Basement Complex are several alkalic granodiorites collectively known as the Crossnore
Plutonic Suite (Rankin et al., 1973). These rocks have been dated by Odom and Fullagar (1984)
at 680-710 Ma using Rb-Sr isotopic data.

On the east flank of the Blue Ridge Anticlinorium, the basement complex is unconformably
overlain by the late Precambrian Lynchburg Formation in central Virginia and its northern Virginia
equivalent, the Mechums River Formation, a thick sequence of dominantly marine clastic
metasediments (Schwab, 1974; Wehr, 1983; Evans, 1984), interpreted as a rift sequence (Wehr and
Glover, 1985). At the base of the Mechums River, Mose (1981) and Lukert and Banks (1984) have

reported cobbles and boulders of granite texturally and lithologically similar to the Robertson River
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Pluton, one of the Crossnore Group, implying its uplift and erosion prior to deposition of
Mechums River and Lynchburg lithologies. Overlying and interbedded with the top of the
Lynchburg and Mechums River Formations is the Catoctin Formation (Brown, 1958; Reed, 1964;
Rankin, 1975).

On the west flank of the Blue Ridge, the Swift Run, a thin discontinuous basal conglomerate,
and Catoctin Formations rest either unconformably upon, or in fault contact with the Precambrian
Basement Complex (Gathright and others, 1977).

In the central Appalachians, the Catoctin Formation is a sequence of subaerial and
subaqueous basaltic lava flows that flank both limbs of the Blue Ridge Anticlinorium. To the
north, in Maryland and southern Pennsylvania where the formation wraps around the nose of the
anticlinorium, basalts are interlayered with felsic volcanics. To the south, in southern Virginia, the
formation pinches out, but it is uncertain whether its absence is controlled by stratigraphic or
structural constraints. The entire volcanic sequence has been interpreted as the remnants of a
continental flood basalt, erupted during Late Precambrian opening of the Iapetus Ocean (Rankin,
1975, 1976; Blackburn and Brown, 1976; Davis, 1977; Bland, 1978, Badger, 1986). Recently, a
major suture has been proposed to exist between the east and west limbs of the Blue Ridge
Anticlinorium (Rankin, 1988). This model suggests the east imb sequence of basalts was part of
an exotic accretionary prism that was allochthonous to the Blue Ridge province, and therefore may
not be directly related to the west limb sequence. Stratigraphic and geochemical evidence to sup-
port or disprove this model is inconclusive at this time.

Overlying the Catoctin on the west flank of the Blue Ridge is the Chilhowee Group, a se-
quence of shallow water clastic metasediments, and on the east limb is the Evington Group, a
deeper water equivalent to the Chilhowee (Brown, 1970). The trace fossil Rusophycus was recently
identified in basal units of the Chilhowee, placing an age constraint on the Catoctin as pre-earliest
Cambrian (Simpson and Sundberg, 1987). This is consistent with a recent Sr isotopic age obtained
for Catoctin magmatism at 570 Ma (Badger and Sinha, 1988; see chapt. 5).

Mafic dikes, ranging in width from a few centimeters to 15 meters, intrude the Precambrian

Blue Ridge lithologies. These dikes are especially abundant in the vicinity of Old Rag Mountain
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and in the basement terrane west of Old Rag Mt. (see maps of Reed, 1969; Gathright, 1976; and
area shown in Fig. 1). Major element chemical similarities to Catoctin flows suggest the dikes were
feeder dikes to Catoctin flows (Reed and Morgan, 1971), but this correlation has yet to be dem-
onstrated through trace element or isotopic analysis.

The regional extent of the Catoctin Formation, assuming continuity across the Blue Ridge
Anticlinorium, would have been at least 11,000 km2. As such, it is the largest flood basalt province
in eastern North America. Highly speculative time and spatial correlations with volcanics of the
Camels Hump Group in Vermont (Coish et al., 1985) and Lighthouse Cove Volcanics of
Newfoundland (Williams and Stevens, 1974) may indicate aerial extent of Late Precambrian flood
basalt volcanism on the same order of magnitude as the more well known and better exposed
Columbia River, Deccan Traps and Parani flood basalt provinces.

The entire Blue Ridge terrane has undergone regional low grade metamorphism of probable
Taconic age (Butler, 1972; Robison, 1976; Mose and Nagel, 1984; Pettingill et al., 1984). Syn- and
postmetamorphic thrusting has resulted in the telescoping of the Blue Ridge terrane along a series
of west verging thrust faults (Bartholomew et al., 1981), several of which transect the Catoctin
Formation (Gathright, 1976). The most recent structural event, the major overthrust of the entire
Blue Ridge terrane, involves rocks of Mississippian age, suggesting correlation with the regional

Alleghanian event.

Stratigraphy

Within the area of study, the Catoctin Formation consists of dark green, massive metabasalt
flows containing irregular pods of light green epidosite (quartz-epidote rock), interbedded with green
to reddish brown metavolcanic breccia, thin beds of gray to purple phyllitic tuff and siltstone, and
green to pink arkosic metasandstone. Although a pervasive schistosity as defined by chlorite +

actinolite is present, individual basaltic flows of 1-50 meters thick are recognized by columnar
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jointing, porphyritic units, vesicular or amygdaloidal margins of flows and stratigraphic separation
by volcanic breccia or metasediments.

Three transects across the Catoctin Formation have been mapped in order to determine the
physical stratigraphy. The first is along I-64 west of Charlottesville, Va., along the southeast flank
of Afton Mountain in the Waynesboro East, Va. 7 1/2" quadrangle (Fig. 2). The next two are
within Shenandoah National Park in the area mapped by Reed (1955) southeast of the town of
Luray, Va. in the Big Meadows, Va. 7 1/2" quadrangle (Fig. 3 and 4). The Luray area was chosen
because of the work already done by Reed and because of good exposure. The two Luray sections
were selected about 5 km apart, one at Hawksbill Mt., the other near Big Meadows Campground,
in order to test for stratigraphic and chemical continuity along strike. Stratigraphically, the greatest
distance that a single flow has been followed continuously is about 1 km, but a distinctive
porphyritic flow can be traced sporadically between the two Luray sections and thus provides a

useful marker bed upon which to base stratigraphic and geochemical correlations.

I-64 Traverse

Excellent roadcut exposures along [-64 between Charlottesville and Staunton, Virginia permit
the detailed analysis of a section of the Catoctin Formation on the west limb of the Blue Ridge
Anticlinorium. Tops and bottoms of flows, along with graded bedding, both within Catoctin
metasedimentary interbeds and within metasediments above and below the formation, indicate that
the entire section is overturned. Figure 5 shows the detailed stratigraphy for the bottom 95 meters
of the 1-64 traverse, comprising about 1/6 of the exposed section, and Figure 6 shows the composite
stratigraphy for the entire exposed section, along with location of samples analysed for chemistry
or microprobe. Cumulative thickness of the exposed section is approximately 600 m. A significant
portion of the section is covered in three areas. Estimating the covered areas to have a cumulative
thickness of 300-400 meters, total thickness of the formation along the 1-64 traverse is on the order

of 900-1000 meters. This compares with an estimated thickness of approximately 450-900 m by
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Gathright et al. (1977) and approximately 800-1200 m for the section in the Greenfield and
Sherando Quadrangles to ’the south by Bartholomew (1977).

The dominant lithology consists of beds of schistose greenstone that are 1 - 35 m thick. All
beds contain a penetrative schistosity, but there is considerable variation_ in spacing and intensity,
usually with centers of flows reflecting a less schistose fabric (Fig. 7a) compared to more schistose
margins (Fig. 7b). Tops of flows are marked by 1 - 2 m thick zones of stretched and {lattened
vesicles (Fig. 7c). These vesicles, now filled with chlorite, are generally 1/4 to 2 cm long with a
length to width ratio of approximately 3:1. Bottoms of flows may also contain a zone of vesicles,
but this zone is thinner and vesicles are generally larger, up to several centimeters in length. Bot-
toms of flows locally contain a few rip-up fragments of underlying material incorporated during
transport of the lava. Several small faults parallel the fabric, some with measureable offsets of from
1 cm to 30 m.

Most flows contain ellipsoidal pods, up to 2 m in length, of epidosite (quartz-epidote rock)
(Fig. 7d). The predominant fabric wraps around the epidosite pods, indicating they are synchro-
nous with or predate the structural event that formed the fabric. Locally prominant within
epidosite pods, and extending into the enveloping metabasalts, are arrays of tension gashes, tens of
cms long and | to 2 cm wide, now filled with vein quartz (Fig. 7d). The contrast in structural de-
formation between schistose fabric that wraps around the epidosite pods and the tension gashes
represents a contrast between ductile and brittle deformation. Tension gashes are most prominant
within 30° to the normal to schistosity in the surrounding greenstone, consistent with the assumed
direction of maximum compressive stress during metamorphism of the greenstones. The number
of epidosite pods varies considerably between flows, probably a reflection of premetamorphic frac-
tures which allowed penetration of metamorphic fluids, and are most abundant at margins of flows,
particularly along margins adjacent to sedimentary interbeds. Two flows distinctive for the fre-
quency of epidosite pods are at 52 m and 65 m on the stratigraphic section of Figure 5.

Separating several of the basaltic flow units are thin (generally <1 meter thick) beds of dark
gray to purple, fine grained phyllite. Mineralogically these consist of sericite + magnetite + sphene

+ epidote + quartz + chlorite. A few purple phyllites contain relict vitroclastic textures, pre-
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Figure 5. Basal section, 1-64 columnar section:  Detailed stratigraphy of the bottom 95 meters of the
1-64 traverse. Basaltic flows (no pattern); phyllite (dashed); sandstone (stippled); mixture
of sandstone and phyllite (dashed and stippled); other units labeled. All basaltic flows

contain pods of epidosite, but two flows where such pods are particularly abundant are
marked.
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Figure 6. [-64 columnar section: Stratigraphic column for exposed section of the 1-64 traverse.
Samples marked are those analysed for chemistry and/or by microprobe.
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