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Contrasting Geochemistries, Tectonic Settings, and Environmental Impacts of
~ the Neoproterozoic, Paleozoic, and Mesozoic dike Swarms of Northern New
Jersey and their Correlatives

JOHN H. PUFFER Department of Earth & Environmental Sciences, Ruigers University
Newark, NJ 07930

ABSTRACT

Three mafic magmatic events have affected northern New Jersey, each in profoundly different
ways. Latest Neoproterozoic magmatism was part of a huge superplume event centered near Quebec
City, Quebec that coincided with the break-up of Rodinia. Most of the Neoproterozoic magmatism is
alkalic and viscous and extruded during an explosive but prolonged increase in global biodiversity.
Silurian magmatism includes both alkalic and calc-alkaline varieties and coincided with the eastern North
American Coastal Volcanic Province that was a major flood basalt event. However, neither alkalic nor
calc-alkaline magmatism has cver been cotrelated with major extinction events. Early Jurassic
magmatism was part of the Central Atlantic Magmatic Province (CAMP) that suddenly extruded out of
major rift systems associated with the break-up of Pangea. It is tholeiitic and closely resembles the
composition of Siberian flood basalt. Both the Siberian and CAMP events coincided with major mass
extinctions that may have been caused in part by toxic volatiles introduced into the magmatic sources
during previous subductions. Evidence is presented here that indicates that the source of at least the
eastern North American portion of CAMP was the same as the source of the Coastal Volcanic Belt.
Marine sulfates and chlorides introduced into the mantle during Silurian subduction were finally released
during early Furassic rifting associated with the breakup of Pangea. These toxic volatiles may have been
suddenly released from low viscosity magmas on a global scale and together with the Siberian Traps may
be responsible for two of Earth’s five most severe global mass extinctions.

INTRODUCTION

The most widespread occurrences of igneous rocks exposed in New Jersey are the
Mesoproterozoic granitic rocks of the New Jersey Highlands province. Most of these granites and other
Mesoproterozoic igneous rocks were intruded or extruded before or during the Grenville Orogeny and
were subjected to granulite facies metamorphism. These Mesoproterozoic rocks include amphibolites
that may represent basaltic and diabase protoliths. However, to the extent that these mafic (basaltic and
diabasic) rocks have been geochemically modified by intense metamorphism and metasomatism they are
difficult to interpret, although future studies may provide an insight into their pre-metamorphic
composition, tectonic setting, and environmental impact.

Following the emplacement of the Mesoproterozoic mafic rocks, New Jersey was intruded three
additional times by mafic rocks that are relatively unaffected by metamorphic alteration and offer much
more potential for determining tectonic setting and environmental impact.

The first was a Neoproterozoic diabase dike swarm that was first described by Volkert and Puffer
(1995). This dike swarm was determined by Puffer (2002) to be part of a major superplume event
centered near Quebec City, Quebec that was involved in the break-up of the Rodinia supercontinent 550
Ma. Huge quantities of continental flood basalt were extruded across the eastern Laurentian and South
American portions of Rodinia. The geographic position of Rodinia at the time is uncertain but most
evidence reviewed by Puffer (2002) suggests a southern polar location. Michael Hozik (this volume) is
attempting to gather new data pertaining to this question. The superplume volcanism coincided with a
major expansion in global biodiversity that continued into the Cambrian.



The second post-mesoproterozoic magmatic event occurred during the Silurian. The igneous
rocks include a variety of rare and strange types including cortlandite, carbonatite, and various
lamprophyres, syenites, and dioirites. The tectonic setting of these rocks is discussed by Eby (this
volume) and Gates and Lupulescu (this volume). However, as pointed out in this chapter, the Silurian
magmatism of New Jersey and New York may be a southern extension of the huge and chemically
diverse Coastal Volcanic Belt (CVB) that was also active during the Silurian. The CVB magmatism,
however has not been linked to any mass extinction.

The last of the three post-mesoproterozoic magmatic events to affect New Jersey was the early
Jurassic intrusion of several quartz tholeiitic diabase dikes and sills including the Palisades Sill and the
co-magmatic Watchung basalts. The petrology and geochemistry of these eatly Jurassic rocks have been
described by Puffer (1992, 2003a., 2003b), Puffer and Student (1992), and Puffer and Husch (1996), and
placed in a global tectonic context by Puffer (2001). They are part of a large igneous province known as
the Central Atlantic Magmatic Province (CAMP) that covered eastern North America, eastern South
America, northeastern Africa, and Southern Europe with basalt during the break-up of Pangea 200 Ma.

 They correlate with a major mass extinction and are geochemically indistinguishable from the Siberian

Traps that were responsible for the largest recorded mass extinction of all time.

In addition to serving as a general background for the following chapters in this volume, this
chapter is intended to offer some new ideas pertaining to the reasons for the contrasting effects that major
igneous events have on the environment. For example, the Neoproterozoic superplume event and other
rare but similar superplumes correlate with biological expansion. However, the Silurian magmatism is
alkalic and calc-alkaline and magmatism of such composition never correlates with mass extinctions. The
early Jurassic CAMP magmatism is chemically the same as Late Permian Siberian Trap magmatism and
correlate with two of Earth’s most extreme mass extinctions. I will propose that the principal control on
environmental damage is the source of the magma in conjunction with the tectonic setting of the melting
regime.

CONTRASTING GEOCHEMISTRIES

The three diabase dike and sill populations exposed in New Jersey are geochemically distinct and
with the possible exception of the Silurian population are each part of major regional magmatic events or
large igneous provinces.

Neoproterozoic Magma Geochemistry

The first of three New Jersey diabase populations is a dike swarm that is part of an important
superplume related dike swarm and flood basalt that effected eastern Laurentia about 550 Ma. Itis
referred to by Puffer (2002) as the LOIB group. The LOIB group includes 13 chemically analyzed
occurrences of Vendian eastern North American basaltic rocks. This group of subaerial continental flood
basalts and submarine pillow basalts is defined by its restricted range of chemical composition resembling
OIB (ocean island basalt, Fig. 1). The interval from Nd through Y (Fig. 1) is a particularly closely spaced
cluster and each member of the group contains Ti, Tb, and Y levels that equal or exceed OIB levels. Each
of the LOIB rock suites have been either dated radiometrically to lie within a 554 to 550 Ma range or
correlate with dated 554 to 550 Ma late Vendian rocks on the basis of compelling stratigraphic evidence.
The youngest radiometrically dated extrusions are found at Skinner Cove, Newfoundland dated at 550 Ma
(McCausland and others, 1997) while the oldest are the Tibbit Hill basalts dated at 554 Ma (Kumarapeli
and others, 1989).

Despite the highly varied degree of secondary alteration that the LOIB suites have been subjected
to, the LOIB major element averages (Puffer, 2002) fall within a restricted range, particularly FeO, with



typical values of about 14 weight percent. Most trace element averages also share a restricted range
among the LOIB suites (Fig. 1), particularly the HFSEs. Within each suite the standard deviation
calculations (Puffer, 2002) are typically much lower for the relatively immobile HFSEs such as TiO; and
7Zr than for the relatively mobile elements such as K0, Ba, and St consistent with the varied influence of
secondary alteration processes.
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Figure 1. Chemical composition of LOIB averages normalized to the “Silicate Earth” of McDonough and Sun (1995) compared
to the standard OIB and N-MORB of Sun and McDonough (1989) after Puffer (2002).

In general, the chemical composition of the component members of the LOIB resembles OIB,
generally regarded as plume derived. The compositional averages generate a cluster of lines that plots
close to OIB on a silicate earth normalized (McDonough and Sun, 1995) spider diagram with clements
arranged according to compatibility in oceanic basalt (Sun and McDonough, 1989). The degree of
clustering is not perfect, with some scatter among the least compatible elements. However, the very tight
clustering of Nd, Sm, Zr, Eu, Ti, and Tb (Fig. 1) clearly relates each of the averages to each other and to
OIB. In addition, each of the component members of the 1.OIB shares similar slopes on Fig. 1, with the
possible exception of the Skinner Cove basalts which contain extreme and anomalous average Nb (72
ppm), La (101 ppm), and Ce (160 ppm) contents. The LOIB component members are linked by distinct
geochemical characteristics. Recognition of these characteristics makes it possible to estimate the
approximate shape of the plume related magmatic event. Titanium and zirconium are generally regarded
as among the least mobile and least soluble of the HFSEs. When TiO, data (Fig. 2) and Zr data (Puffer,
2002) are contoured onto a map of eastern North America it becomes apparent that the most incompatible
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element enriched center of the LOIB is located near, but north, of Sutton Mountain, Quebec. Kumarapeli
and others (1981) have determined that Sutton Mountain coincides with major positive gravity and
magnetic anomalies that they interpret as due largely to Tibbit Hill volcanism. Although the current
surface expression of the Tibbit Hill volcanism is restricted to a narrow belt, Kumarapeli and others (1981)
conclude that their gravity and magnetic data is consistent with an 8 km thick pile of Tibbit Hill basalt

that probably covered a considerable portion of eastern Canada and New England.

The shape of the contours (Fig. 2) is interpreted to approximate the shape of the superplume that
generated the LOIB. Apparently LOIB magmatism was concentrated along the eastern margin of
Laurentia generating a thin lensoid shape. Some component members of the LOIB may have been
displaced westward during Appalachian thrusting by as much as 100 km from their original locations
(Ernst and Buchan, 1997). However, most thrusting estimates, particularly southern Appalachian
thrusting, are highly uncertain and probably involve less than 60 km (Alec Gates, personal
communication). Since Fig. 2 has not been adjusted for Appalachian thrusting most contours would need
to be repositioned eastward to plot on their pre-thrusting locations. On the scale of Fig. 2 this
undetermined repositioning would not materially reconfigure the contours.

Silurian Dike Magma Geochemistry

The second dike population is a geochemically diverse population of unusual rock types
including norites, pyroxenites, lamprophyres, granodiorites, diorites, syenites, and extremely unusual
carbonatites, and cortlandites. These rocks are very alkalic and occur along an east-west belt between
Cortland, New York and Beemerviile, New Jersey. The Cortland end of the complex has been dated
using K-Ar by Long and Kulp (1962) as 435 Ma (minimum age), using Rb-Sr by Ratcliffe and others
(1982) as 423 +/- 20 Ma, and using titanite fission-track by Eby and others (1992) as 420 +/- 6 Ma. This
places the intrusions in the mid-Silurian, at the close of the Taconic orogeny which according to Hatcher
(1989) ended about 423 Ma. Ratcliffe (1968) describes the Cortalnd complex as clearly discordant and
concludes that metamorphism associated with the Taconic orogeny preceded intrusion. The geochemistry
of the Beemerville end of the belt is described in detail by Eby (this volume) and the geochemistry of the
Cortland end of belt (at Stony Point) is described by Gates and Lupulescu (this volume).

Early Jurassic (CAMP) Magma Geochemistry

The third diabase population exposed in the northern New Jersey / Southeastern New York area
occurs as thick sills and less common dikes and a prominent volcanic neck. These diabase occurrences are
each quartz tholeiites and are part of the Central Atlantic Magmatic Province (CAMP) that extends north
into Nova Scotia, south across eastern North America into Brazil, and east into North Africa, and
southern Europe (Marzoli et al., 1999). The diverse Mesozoic intrusive and extrusive rocks included
within the boundaries of the CAMP province generally fit into three chemistries as defined by Salters et al.
(2003): 1.) Initial rift-related, intermediate titanium ITi-type CAMP; 2.) Secondary drift-stage, low
titanium LTi-type CAMP and 3.) Early and late stage high titanium HTi-type CAMP basalts. The diabase
exposed in the northern New Jersey / Southeastern New York area included types one and two.

1. Initial rift-related CAMP.
Only one basalt chemistry is common to the whole CAMP province. The ITi basalt type, first
defined as the High-Ti type (HTQ) by Weigand and Ragland (1970) then redefined as ITi by Salters et al.

(2003) is exposed as thick extrusive flows on each of the circum-Atlantic continents. This initial
extrusive basalt composition represents the peak of CAMP magmatic activity and is represented in the
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Figure 3. Basalt incompatible element compositions normalized to the Silicate Earth (McDonough and Sun, 1995} and arranged
according to compatibility in oceanic basalt. Standard Ocean Island Basalt (OIB) and normal Mid-Ocean-Ridge Basalt (MORB)
from Sun and McDonough, (1989), and standard Calc-alkaline basalt sample 272825 from Puyehue within the southern active
volcanic zone of the Andes Mountains after Hickey et al. (1986) are compared to the average CAMP values of Puffer (2001).

northern New Jersey / Southeastern New York area as the Palisades sill and related offshoots including
Laurel Hill.

Most of the chemical characteristics of ITi type CAMP basalt are displayed on spider diagrams
(Fig. 3) that have been normalized to the silicate earth (McDonough and Sun, 1995) with elements
arranged according to incompatibility in oceanic basalt. Probably the most obvious chatacteristic
displayed by Fig. 3 is the extreme degree of chemical uniformity among the initial CAMP basalts. The
degree of uniformity is particulatly close within the range of high field strength elements Nd through Ti
(Fig. 3). Major element uniformity may be related to depth controlled eutectic melting in response to
extensional Pangean break-up decompression and similar province-wide rapid movement to the surface
through rifts. Trace element uniformity may be related to central Pangean mantle homogeneity and a
similar degree of subduction related interaction.

Another important observation from Fig. 3 is the lack of any similarity of rift related ITi CAMP
with the standard ocean island basalt (OIB) or normal mid-ocean-ridge basalt (MORB) of Sun and
McDonough (1989). Compared to N-MORB, CAMP basalts contain similar HFSE concentrations but
much higher LIL values (Fig. 3). The standard E-MORB of Sun and McDonough (1989), a hybrid
magma type, intermediate between N-MORB and OIB, is a good match for CAMP except for it’s positive
Nb anomaly with respect to Th and K. A positive Nb anomaly is a consistent characteristic of N-MORB,
E-MORB and OIB magmas; however, ITi CAMP basalts consistently display negative Nb anomalies.
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The best fit for CAMP basalt among the three genetic choices of Fig. 3 is Calc-alkaline, although
it is recognized that ITi CAMP magma is tholeiitic. Almost any typical calc-alkaline basalt including
typical back-arc-basin-basalt (Puffer, 2003) derived from any of the worlds continental marginal arc
systerns would plot close to CAMP. The Calc-alkaline basalt plotted onto Fig. 3 is commonly used as a
calc-alkaline standard (for example, Wilson, 1989). It is sample 272825 from Puyehue within the
southern active volcanic zone of the Andes Mountains after Hickey et al. (1986).

2. Secondary LTi drift stage CAMP.

The ITi flows of eastern North America are locally overlain by a thick sequence of basalt flows
defined by as LTi by Salters et al. (2003). These secondary basalts extruded within 580 thousand years of
the underlying ITi flows (Olsen et al., 1996). The LTi flows and related dikes occur throughout the
central and southern portions of the eastern North American sub-province. However most olivine
normative LTi dikes are confined to the southeastern US.

Secondary drift stage CAMP is rarely exposed within the northern New Jersey / Southeastern
New York area as intrusive diabase but is exposed as extrusive Preakness Basalt.

3. REE enriched dikes (and flows)

Several Mesozoic and undated intrusions and extrusions characterized by TiO; contents
exceeding 2 %, (HTi) and REE contents resembling plume related ocean istand basalt, occur within the
boundaries of the CAMP province. However, it is unlikely that any of these rocks are genetically related
to jnitial CAMP magmatism. Examples include portions of the Liberian dike swarm (Dupuy et al,, 1988},
the dikes of the eastern Maranh#o province and the Cassipore dikes of Brazil (De Min et al, 2003), the
Mesozoic dikes of the coastal New England (CNE) igneous province (McHone, 1992), and some thin
upper or “group 3 flows in Morocco including those described by Manspeizer and Puffer (2000).

CONTRASTING TECTONIC SETTINGS AND MAGMA SOURCES

Neoproterozoic Tectonic Setting and Magma Source

The identification of the LOIB group as a superplume is based on extensive geochemical
evidence. The center of the LOIB group where volcanic thicknesses reached 8 km thick is particularly
diagnostic.

Tatsumi and others (1998) have compared the chemical composition of Cenozoic basalts from the
Polynesian superplume with mid-Cretaceous superplume basalts from the western Pacific. Although
Polynesian superplume basalts have been characterized as HIMU basalts (high p; p =*U/%Pb) by
Kogiso and others (1997), Tatsumi and others (1998) point out that Pb isotope geochemical signatures
might not be applied to old, altered, and/or metamorphosed samples because of compositional changes
during secondary processes. Tatsumi and others (1998) suggest, instead, that HFSE elements are a more
appropriate means of comparison because they are less mobile and less subject to fractionation processes.
They suggest that plots of Nb/Zr vs. Nb/Y ratios are particularly useful and show that many of the mid-
Cretaceous basalts from western Pacific sites plot in the same compositional field as the Polynesian
basalts.

12
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Similarly, the composition of basalts from the geographic center of the LOIB plot within the same
field described by Tatsumi and others (1998) as the superplume field (Fig. 4) although LOIB basaltic
compositions, in general, become progressively less fertile at distal geographic positions. The Nb/Y and
Nb/Zr ratios of 14 samples of Sillery basalt located at the LOIB plume center, as analyzed by Olive and
others (1997) and Vermette and others (1993) overlap the entire superplume field of Fig. 4. In addition,
the Nb/Y and Nb/Zr ratios of 7 samples of ankaramite from the Skinner Cove suite located near the
northem end of the LOIB lensoid shape (Fig. 2) plot within the center of the superplume field. The
Skinner Cove ankaramite flows are much less fractionated than the other Skinner Cove flows and
constitute a distinct sub-suite of relatively uniform composition (low standard deviations).

The Nb/Y and Nb/Zr ratios of superplume basalts are unusually high among terrestial basalts.
Although similar levels of Nb enrichment are reached whenever alkalic magma undergoes high degrees of
fractionation, another important characteristic of superplume basalts are their elevated compatible element
contents (MgO, Cr, Ni) resulting in a rare combination of elevated compatible and incompatible elements.
Each of the superplume basalts is rich in MgO and Ni and represents primary superplume melt. There is a
remarkable chemical similarity shared by the four superplume basalt suites.

The chemical composition of basalt from each of the three superplumes plotted onto Fig. 4 is unlike
basalt from any other source. Basalt from Earth’s largest continental flood basalt provinces, including
each of the 401 samples from the 10 flood basalt provinces described by Puffer (2001), are less enriched
in Nb at comparable MgO levels than the superplume samples plotted onto Fig. 4. In addition, each of
several hotspot-generated ocean island basalts including Hawaii, Reunion, Iceland, Easter Island and
Keruguelan plot in a field described by Tatsumi and others (1998) as “less fertile” than the “fertile”
superplume field (Fig. 4).
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Kosigo and others (1997) suggest that the geochemical signature of Polynesian basalt is consistent
with a source reservoir near the core-mantle boundary. They also suggest on the basis of isotopic data
that the lower mantle Polynesian basalt reservoir incorporated subducted oceanic crust before ascending
back to the Earth’s surface as mantle plumes. The incorporation of subducted crust would explain the
enrichment of Nb into the lower mantle reservoir. Nb is retained by subducted crust as partial melting
and mantle metasomatism deplete subducted crust in other incompatible elements. This retention results
in the negative Nb anomaly that is a characteristic of andesites and arc basalts.

Silurian Dike Tectonic Setting and Magma Source

The extremely alkalic and REE enriched chemistry of the Cortland - Beemerville belt is
geochemically consistent with anorogenic magmatism generally associated with hot spot tracts that have
intersected continental plates or island arcs. Most of the worlds hots spot tracts are indentified on the
basis of the occurrence of similar, although, typically less extreme magmatism. In addition to the alkalic
chemistry support for a hot spot tract interpretation includes the linear nature of the belt that cross-cuts the
prevailing NE strike of the Appalachian plate sutures and metamorphic foliation. Ratcliffe (1981)
recognized the possibility that the Cortland Complex was intruded over a mantle plume but concluded
that the Cortland Complex intruded along the junction between two plates in motion during the Taconic.
He proposed that the magma was generated in response to transform stresses that ruptured the crust and
mantle.

A mantle plume magma source would imply extensional tectonism. However, Gates and
Lupuleseu (this volume) present geochemical evidence for compressional tectonism and plot new
geochemistry on discrimination diagrams that indicate volcanic arc and syncollisional magmatism.
Compressional tectonism was also active in New England and eastern Canada during the mid Silurian, It
may, therefore, be significant that the Cortland — Beemerville belt was intruded during major igneous
activity throughout New England and eastern Canada along the western edge of the Avalon Supertetrane
(Fig. 5). Therefore, there is a good possibility that Cortland- Beemerville magmatism may be a southern
extension of The Coastal Volcanic Belt (CVB).

The Coastal Volcanic Belt (CVB) of New England and New Brunswick is a Siluro-Devonian
bimodal (mafic-felsic) province (Fig. 5). It is one of the largest bimodal volcanic provinces in the world
(Dadd et al., 2000), and is over 4000 m thick. .

Some of the most carefully mapped exposures are located in the Passamaquoddy Bay area of
southwestern New Brunswick, the Machias-Eastport and Penobscot Bay areas of coastal Maine, and the
Newbury area of northeastern Massachusetts (Fig. 5). In the Passamaquoddy Bay area Dadd et al. (2000)
describe four cycles of mafic-felsic volcanism that Van Wagoner and Dadd (2003) determined extruded
from 419 to 436 Ma, suggesting that volcanism there was ongoing for a minimum of about 10 Ma.

Gates and Moench, (1981) describe three Late Silurian volcanic formations in the Machias-
Rastport area (the Dennys, Edmunds, and Leighton Fms.) an Early Devonian volcanic formation (the
Eastport Fm.) and a younger-Devonian post-Acadian flow (the Perry Formation). Gates and Moench
(1981) conclude that volcanism lasted 20 M.y. in the Silurian, and a few more million years in the
Devonian.

" Further south, the 750 m thick Siluro-Devonian Thorofare Andesite is well exposed along the
south shore of North Haven Island in Penobscot Bay (Fig. 5).

The CVB flows of the Newbury Formation have been mapped by Shride, (1976) and chemically
analyzed by Hon and Thirlwall, (1985) and McKenna et al. (1993). Robinson and Hall (1980) interpret
the Newbury volcanism of the Nashoba and Boston tectonic terranes of Massachusetts (Fig. 5) as the
product of Silurian subduction related accretion. Paleontological evidence indicates that over 3000 mof
Newbury rhyolite, basalt, and andesite volcanism continued post accretion until late Silurian to earliest
Devonian time, (Shride, 1976). The basalt and andesite portions of the Newbury complex are
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Figure 5. Map of New England and Maritime Provinces modified after Gates and Moench (1981) showing the Silurian and
Lower Devonian CVB and the western boundary of the CAMP after McHone (http://jmchone,web,wesleyan.edu). The Silurian
Cortland complex of New York and New Jersey may be a southern extension of the CVB.

calc-alkaline and display distinct negative Nb anomalies on spider diagrams (McKenna et al., 1993).

At each of these locations the CVB flows are highly diverse and consist of three general
lithologies:

1) rhyolitic flows that have a clear arc affinity on granitic discrimination diagrams (Pinan-Llamas,
and Hepburn, 2002).

2) basaltic andesites that are calc-alkaline with strong negative Nb anomalies on spider diagrams,
rich in Al,(3; (16 to 18 weight percent), and low in Zr and TiO, (about 100 ppm and 1.2 wt %)
interpreted as generated in a subduction related environment (Pinan-Llamas and Hepburn, 2002; Hon and
Thirlwall, 1985) consistent with a convergent arc or complex extensional back-arc tectonic setting.

3) highly fractionated basalt characterized by low MgO content (4-6 wt %), high Zr and TiO,
(about 200 ppm and 2 wt %) interpreted on the basis of several discrimination diagrams as “within-plate”
continental basalt (Gates and Moench, 1981; Pinette, 1983; Pinan-Llamas and Hepburn, 2002; Dadd et al,,
2000; Van Wagoner and Dadd, 2003). Although most of the “within-plate” tectonic interpretations are
based largely on discrimination diagrams, including Pearce and Cann {1973), an alternative explanation
might be that early CVB arc and back-arc volcanism was followed by transtensional magmatism as
proposed by Barr et al (2002). These highly fractionated basalts are younger than the calc-alkaline flows
that preceded them.

The early CVB flows display clear calc-alkaline characteristics, such as the Leighton Thorofare,
and Newbury andesites. During the end stages of CVB volcanism, after Avalonia was docked and
subduction processes were replaced by transtension! processes, the character of the magmatism changed.
The titanium and zirconium enriched late CVB “within plate” basalts may, therefore, have been
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influenced by cooling temperatures and lower degrees of partial melting. To the extent that the late
(Devonian) CVB magmatism was generated by shallow or transtensional processes the source was clearly
independent from the early (mid-Silurian) CVB magmatism.

Although Cortlandt magmatism is alkalic, Gates and Lupulescu (this volume) have shown that it
is nevertheless consistent with a compressional environment like a magmatic arc. This is also consistent
with early mid-Silurian subduction related CVB (type 2, above) arc magmatism that was related to
subduction under Avalonia (Figs. 5 and 6). The geochemical data of Gates and Lupulescu (this volume),
therefore, supports a tectonic relationship between Cortlandt and early CVB magmatism during the mid-

Silurian.
Early Jurasic (CAMP) Tectonic Setting and Magma Source

The lithologies and aerial distribution of CAMP rocks have been defined and described by Marzoli
et al. (1999), McHone (2000), and Puffer (2001). The tectonic setting was clearly extensional and the
magmatism was very short-lived (Olsen et al., 1996; Hames et al., 2000; Et-Touhami et al., 2001; Olsen
et al., 2003). These are characteristics of the type of continental flood basalts described by Puffer (2001)
that were derived from mantle sources enriched by previous subduction.

Most CAMP magmatism occurred during the initial stages of Pangean break-up along the plate
boundaries that separated to form the Atlantic Ocean. The distribution of most CAMP magmatism,
however, also approximates the boundaries of plate sutures that closed during the assembly of Pangea,
perhaps even more closely than the break-up boundaries. For example, the Paleozoic suture along the
boundary of the Piedmont and Avalonian terranes is closer to most CAMP dikes and sills than is the
current continental margin of North American. Therefore, the rifts that were the source of CAMP
magmatism are commonly described as “failed rifts”and CAMP may be just as accurately described as
the Circum-lapitus-Magmatic-Province. The key to the understanding of the source of CAMP magma
may have more to do with what was happening along the Tapitan sutures than what was happening under
the initial Mid-Atlantic-Ridge.

There are at least two competing theories pertaining to the source of the CAMP. Some petrologists
favor a source that involves an upwelling deep mantie plume or superplume modified to varying degrees
by interaction with lithospheric rock while others favor a source that was independent of a plume,
generated instead by decompression melting, perhaps edge-driven melting, along previously developed
plate sutures.

A Plume Source

Most published models of continental flood basalt petrogenesis depend heavily on a plume or hot
spot to initiate volcanism that is modified by highly varying amounts of contamination or mixing with
sub-continental lithospheric material. For example, each of the continental flood basalts (CFBs)
described in the AGU Monograph “Large Igneous Provinces: Continental, Oceanic, and Planetary Flood
Volcanism” edited by Mahoney and Coffin (1997), with one possible exception, are interpreted as the
product of deep mantle plume induced melting. The exception is Sharma (1997) who considers the non-
plume or “perisphere” source proposed by Anderson (1994) as a source for the Siberian Traps although he
indicates that the existence of the perisphere “...as a viable mantle source is not accepted by many
geochemists.”

Several geologists have also proposed that CAMP or at least large portions of CAMP were
derived from deep mantle plumes. For example, Wilson (1997) and Emst et al. (2003) point out the large
radiating dike pattern of CAMP dike swarms as evidence of a large plume or super-plume. And
Greenough and Hodych (1990) interpret the pattern of lateral dike flow as evidence of a plume centered
opening of Pangea. CAMP magma was interpreted by Pe-Piper et al. (1992) as related to a hotspot on
geochemical grounds based on the progression from alkalic early (or pre?) CAMP to tholeiitic mid-
CAMP magmatism. In addition, Oliveira et al, 1990 has shown that the chemistry of HTi Amapa and Jari
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dike swarms of northern Brazil geochemically resemble plume related ocean island basalt magmatism, as
do the HTi Cassipore dikes of northern Brazil (De Min el al., 2003). A mantle superplume (the Cape
Verde plume) has also been proposed as an important influence on CAMP magmatism (Wilson, 1997).
The difficulty with a plume source application to CAMP is fivefold:

1. Continental flood basalt extruded from a plume head or superplume might be expected to be
compositionally symmetrical around the center of the plume with plume characteristics inversely
proportional to distance. Instead rift related ITi CAMP basalt, as indicated above is extremely uniform.
Recent data from Brazil (De Min., 2003) and Africa (Olsen et al., 2003), confirm this uniformity. In
addition, as pointed out by McHone (2000) a major plume responsible for all or most of CAMP is
inconsistent with the absence of a hotspot tract that would account for the northward drift of Pangea
during the Mesozoic.

2. Several interpretations of CAMP as plume related are based on analyses of OIB type flows that
are atypical of the province, particulatly late and eatly flows. McHone et al. (1987) present compelling
evidence that the early alkalic suite of Triassic (CAMP?) dikes exposed along the coast of New England,
as well as subsequent alkalic early Cretaceous dikes and seamounts, are the product of parallel leaky
transform fault zones oriented perpendicular to the eastern US coast line.

3, 4. Hames et al. (2000), McHone, (2000), and Puffer, (2001) argue that CAMP is inconsistent
with plume magmatism because of a lack of evidence for associated regional Mesozoic uplift and the
short duration of volcanism. Plume related flood basalts are instead characterized by prolonged volcanism
over several million years.

5. Puffer (2001) has shown that the chemistry of rift-related ITi CAMP is unlike any of the Earth’s
major continental flood basalts that are clearly plume related, such as the North Atlantic Magmatic
province, the Deccan, or the Ethiopian flood basalts. CAMP, as indicated above, is chemicaily more
closely akin to calc-alkaline basalt.

A reactivated calc-alkaline (enriched lihospheric) source

The alternative to a plume source for ITi CAMP is derivation from a mantle wedge that was
chemically modified by interaction during a previous subduction cycle. Arguments made by Puffer (2001,
2003) are based in part on the good fit that CAMP has with the non-plume or edge-driven model! of King
and Anderson (1995) as also proposed by Hames et al. (2000), and De Min et al. (2003). King and
Anderson (1995) propose an upper mantle flood basalt source located under thickened continental
lithosphere and partial melting triggered by “edge-driven” convection near plate sutures characterized by
different lithospheric thickness. The relative thickness of the Paleozoic terranes that underlie eastern
North American CAMP (Fig. 6) is uncertain but countless Paleozoic arching, rapid erosion, back-arc
thinning and arc thickening processes have effected some of these terranes more than others.

A CAMP mantle source previously influenced by subduction was first proposed by Pegram (1990)
on the basis of isotopic evidence and supported by additional geochemical and isotopic data presented by
Puffer (1992). Both sets of data indicate a close resemblance of several eastern North American CAMP
basalts to calc-alkaline volcanism.

More recently Puffer (2003) supports a similar subduction modified source but one that more
closely resembles back-arc basin basalt (BABB) than arc basalt. A back-arc basin basalt (BABB) source
interpretation for most CAMP basalt, is based largely on trace element data, particularly high field
strength elements (HFSEs). Woodhead et al. (1993) have shown that arc basalts have lower average
concentrations of incompatible HFSEs and Y, and consistently higher Ti/Zr ratios than BABB.

The source of both arc and BABB is mantle that has been modified to varying degrees by
subduction processes. It will be interesting to determine if both CVB and CAMP volcanism resemble
each other to the degree of detail permitting distinction between arc and BABB.

Ewart el al. (1994) show that BABB magmatism can develop in an extensional tectonic setting.
They describe the basin between the Lau Ridge and the Tonga Ridge as it occurred 3 million years ago as
a “basin and range” style basin. The Mesozoic basins of Eastern North America are commonly described
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in similar terms. In addition, some recent studies of the northern portion of the CVB including Barr et al
(1998 and 2002) suggest similar extensional tectonism.

Since the early work of Pegram (1990) and Puffer (1992) more recent data presented by De Min
et al. (2003) and Salters et al (2003) also propose a ITi CAMP source that may have been influenced by
subduction. In particular, Salters et al. (2003) suggested that both the ITi and LTi magma types have
relatively high concentrations of subduction related source components compared with most continental
flood basalt. De Min et al. (2003) suggest that Brazilian CAMP magmatism is concentrated along
Proterozoic mobile belts at the boundaries of the Amazonia craton and may have been derived from
sources enriched during Proterozoic subduction.

However, not enough is currently known about the tectonics of Pangean assembly to rule out
Paleozoic subduction activity along each of the CAMP sutures subsequently reopened during Pangean
break-up. It has also been proposed (Pegram, 1990} that Proterozoic subduction may have modified the
source of CAMP. However, it is likely that most of the mantle wedges active
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Figure 6. Proposed tectonic model illustrating a similar back-arc source for both the Silurian calc-alkaline flows
(such as the Leighton) and for CAMP ITi basalts 200 Ma later. Duration of CAMP volcanism was constrained by
the limited flux content of the source.
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during the Proterozoic were overridden or depleted during considerable early and mid-Paleozoic
continental plate motion and calc-alkaline magmatism during the assembly of Pangea

Instead, it is here proposed that the source of CAMP was mantle enriched during Paleozoic
subduction. Evidence is presented that at least the eastern North American portion of CAMP was mantle
enriched during the Silurian subduction described above that coinsided with the extrusion of the CVB.

McKerrow and Ziegler (1971) and Dewey and Kidd (1974) were among the first to describe the
CVB as a volcanic arc above a subduction zone. This interpretation is consistent with most tectonic
models that describe subduction related to the accretion of Avalonia during the early stages of the
Acadian orogeny. Although there are several competing models, most describe Avalonia as an exotic
terrane that can be traced from Nova Scotia to the Southern Appalachians that was accreted in a
convergent environment that included subduction as it approached (Hatcher, 1989; Cook et al. (1979);
Robinson and Hall (1980). Fig. 6 is a plausible cross section through Avalonia that is consistent with
most of these published models. However some tectonic models, including Pinan-Llamas and Hepburn
(2003) suggest that the CVB was formed on the Avalonian margin during plate conversion above a SE-

——dipping slab. Pinan-Llamas and Hepburn (2003) conclude that declamination of a downgoing
lithospheres slab and related decompression led to the extensional tectonic regime described above by the
time Devonian magmatism began. The evidence in support of eastward vs. westward dipping slabs is
inconclusive. However in either case the mantle beneath Avalonia was chemically modified by
subduction.

The subduction zone depicted in Fig. 6 includes a mantle wedge that was probably the source of
at least the Silurian portion of CVB volcanism. This same shallow subcontinental source may have also
been the source of subsequent CAMP volcanism (Fig. 6). CVB volcanism was the last major extrusive
event along the margin of Avalonia until resumption of volcanism during the CAMP event. Scotese
(1997) has shown that by early Devonian time, Gondwanaland had almost merged with Laurentia, only a
few kilometers away.

In contrast to subduction related early CVB magmatism, the final closure of the
Iapitus ocean during the Allaganian Qrogeny was largely transpressional. Some felsic plutonism occurred
during the Allaganian orogeny but was probably derived from shallow sources unrelated to CAMP
sources. Although only one Avalonian subduction slab is modeled on Figure 6 for the sake of simplicity
and in agreement with Scotese {1997) and Torsvik et al. {(1996), the actnal tectonic scenario may have
been much more complex. Hatcher (1989) describes two Avalonian arcs, a western and eastern separated
by a “Theic-Rheic Ocean” only one of which was accreted during the Acadian Orogeny. The
Ammonoosuc - Piedmont arc was accreted during the Penobscottian Orogeny. The western Avalonian
terranes accreted during the Taconic Orogeny and the eastern Avalonian terrane during the Acadian
Orogeny according to (Hatcher, 1989). The final complex along the eastern margin of North America
may have included at least six large terranes and several additional smaller terranes accreted during the
Paleozoic (Williams and Hatcher, 1982).

At the northern end of the CVB tectonic complexities increase still more. Barr et al, (2002)
describe a complex collage of originally peri-Gondwanan continental fragments in the outboard parts of
the northern Appalachian orogen that include seven terranes separated by zones of transtension,
subducted slabs, or undefined sutures. Some of these terranes are presumably underlain by depleted
mantle, others by enriched mantle wedges. The tectonic synthesis of the northern Appalachians and plate
margins that may have influenced the source of CAMP magma is, therefore, controversial and is the
subject of ongoing revision. However, evidence of Silurian subduction related volcanism stratigraphically
beneath the eastern North American CAMP is generally agreed upon.
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CONTRASTING ENVIRONMENTAL IMPACTS OF MAGMATIC EVENTS

Neoproterozoic Environmental Impact

Although major volcanic events are commonly associated with environmental hardship and even
mass extinction, the LOIB event correlates with the beginning of a major expansion in the diversity and
quantity of marine life during the early Cambrian. Larson’s (1991) study of the geological consequences
of superplumes does not extend as far as the Neoproterozoic largely because of a lack of good data on the
magnetic field reversal process that he uses to identify superplume events. However, the two superplume
events that he has highlighted occurred during the mid-Cretaceous (124-83 Ma) and the Pennsylvanian-
Permian (323-248 Ma). The mid Cretaceous supetplume event has been particularly well characterized
(Caldeira and Rampino, 1991; Larson, 1991a, b; and Tatsumi and others (1998) and correlates with global
warming, Tising séa levels, and mantle outgassing, particularly carbon dioxide and nutrients. Both of the
superplumes that were described by Larson (1991a, b) occutred over an extended period of time,
comparable to the 615-550 Ma range measured for the LOIB, and were also associated with a major
increase in the growth rate and deposition of marine life, comparable to that of the late Vendian to early
Cambrian. In addition, both the Mesozoic and Paleozoic superplumes correlate with rapid increases in
convection in the outer core and with a rapid increase in seafloor spreading rates as was probably also the
case with the early Cambrian (Gurnis and Torsvik, 1994; Soper (1994); Dalziel (1997); Scotese, C. R,
1997).

Silurian Environmental Impact

Silurian magmatism locally and on a regional scale included both alkalic and calc-alkaline
activity. However, calc-alkaline magmatism and alkalic magmatism have never been correlated with
mass extinction events. Despite the large volumes of volcanic activity during the mid-Silurian there is no
evidence of rapid change in global biodiversity (Sepkowski, 1996). Most of earth’s large igneous
provinces that have been cotrelated with mass extinctions are instead tholeiitic continental flood basalts.

Most alkalic basalt provinces are confined to isolated hot spot tracts that are constrained by the
size of a point source (a plume / hot spot). Calc-alkaline (arc) provinces such as the Andies Mountain
system are instead generated along subduction zones that may extend several thousand kilometers.
However, subduction zones are generally compressional with intrusive systems that rarely permit rapid
delivery of magma through the kind of rifts that open up in extensional settings. Massive outpourings of
calc-alkaline basalt or andesite on the scale of continental flood basalts are therefore rare if non existent.
Calc-alkaline magmatism is also constrained by the rate of subduction which rarely undergoes sudden
change.

Finally, alkalic and calc-alkaline magmas are both characteristically viscous and prevent efficient
release of potentially toxic volatiles. The relatively high SiO, and ALO; content of alkalic and calc-
alkaline basalts result in lower viscosities than tholeiitic basalt such as Siberian Traps and CAMP basalt
(Shaw, 1972).

Early Jurasic (CAMP) Environmental Impact

Evidence of mass extinction at the end of the Permian, and Triassic periods is well documented
(Sepkowski, 1996). In both cases major episodes of volcanic activity, the Permian (~250 Ma) Siberian
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