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Abstract

Mesozoic mafic dykes vary by region within igneous provinces along the Atlantic margin of North America.
The Early Jurassic Eastern North America (ENA) province comprises extensive swarms of quartz and
olivine tholeiitic dolerites along 2000 km or more of the eastern side of the Appalachians. A newly recognized
transitional to alkalic group of Triassic (?) dykes in eastern New England may be an early subprovince of
ENA dykes. Abundant Early Cretaceous lamprophyres are associated with alkalic plutonic complexes, and
trend across the Appalachian orogen in the New England-Quebec province and in the Notre Dame Bay
province of north-central Newfoundland. Chemical, radiometric, and tectonic characteristics of the dykes
indicate a history of distinct magmatic events and heterogeneous origins within regional groups. Different
but nearly contemporaneous dyke trends are found as regional domains within prouvince boundaries. The
dyke generations are linked to sequential rifting events that also opened sections of the North Atlantic Ocean.
The mafic dykes record a tectonic-magmatic pattern controlled by stresses from plate and mantle
movements, acting upon lithospheric structural anisotropies.

Résumé

Les dykes mafiques du Mésozoique varient selon les rédions a Uintérieur des provinces ignées situées le long
de la bordure est de 'Amérique du Nord. La province orientale de I'Amérique du Nord (ENA: Eastern North
America), du Jurassique inférieur, comprend des réseaux étendus de dolérites tholéiitiques a quartz et
olivine couvrant plus de 2000 km le long du versant oriental des Appalaches. Un groupe de dykes d'dge
triassique incertain, récemment identifié, de composition intermédiaire a alcaline et situé dans la partie
orientale de la Nouvelle-Angleterre pourrait éventuellement constituer une ancienne sous-province de Uest
de UAmérique du Nord. De nombreux lamprophyres du Crétacé inférieur associés o des complexes
plutoniques alcalins traversent les Appalaches dans la province de la Nouvelle-Angleterre et du Québec et
celle de la baie de Notre-Dame, dans le centre-nord de Terre-Neuve. Les caractéristiques chimiques,
radiométriques et tectoniques des dykes permettent d’identifier des événements magmatiques distincts et des
origines hétérogénes a lintérieur des groupes régionaux. Des directions différentes mais quasi
concomitantes constituent des domaines régionaux a Uintérieur des provinces. Les diverses générations de
dykes sont lides & la création ultérieure de rifts a Uorigine de l'ouverture de certaines sections de I'A tlantique
Nord. Les dykes mafiques présentent une configuration tectono-magmatique régie par les contraintes dues
aux mouvements des plaques et du manteau, effectués selon les anisotropies structurales de la lithosphere.
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INTRODUCTION

Mafic dyke swarms have been forming in the region of the
Appalachian orogen since late Precambrian times, appar-
ently in concert with tectonic events that opened the
Iapetus Ocean during the Eocambrian, produced shearing
and collisions of plates in the Paleozoic, and finally opened
sections of the North Atlantic Ocean through the Mesozoic
and early Cenozoic eras. The Precambrian and Paleozoic
mafic dykes survive only with varying degrees of meta-
morphic overprint in the eastern Appalachian orogen, and
little is known about their overall distribution and pe-
trology. We describe the best known of the temporal groups
— the Mesozoic dyke swarms.

The Mesozoic dykes are generally of two types: an exten-
sive Late Triassic to Early Jurassic swarm of tholeiitic
dolerites, followed in time by several smaller, local, and
more-alkalic provinces of lamprophyres and associated plu-
tonic complexes of Cretaceous and younger ages. In gen-
eral, the Mesozoic dykes are easily distinguished from
older intrusions by their post-metamorphic mineralogy
and field appearance. Many, perhaps hundreds, of pub-
lished and unpublished studies have been made on local
and regional aspects of the intrusions. Despite these stud-
ies, details of the locations and thus sampling availability
of mafic dykes have been variably neglected in bedrock
mapping projects, greatly impeding new work that at-
tempts to synthesize local dyke occurrences and petrology
into a regional model.

In this paper, we describe the distribution, ages, and
petrology of Mesozoic mafic dykes as members of regional
igneous provinces in eastern North America. In many ways
we are limited by only partial (and perhaps therefore mis-
leading) knowledge of several important features of the
intrusions, not the least of which is their genesis in relation
to the continent, the mantle, and the formation of the At-
lantic Ocean crust. Many new studies of the Mesozoic dykes
are underway, and will eventually provide one of the most
comprehensive data bases ever assembled for a major igne-
ous province. Models developed by this work emphasize the
link between magmatism and tectonics during lithospheric
rifting events.

We will first consider the enormous group of Early Meso-
zoic dolerite dykes comprising the Eastern North America
(ENA) province, describing their distribution, orienta-
tions, ages, and petrography. A new compilation of major-
element chemistry, by regional groups, is included. Smaller
provinces of Early Cretaceous alkalic lamprophryre dykes
in the Northern Appalachians are similarly treated. Fi-
nally, we point out some tectonic aspects that must be
considered in models of the origins and relationships of the
magmas.

EASTERN NORTH AMERICA
DOLERITE PROVINCE

King (1961, 1971) first outlined the extensive system of
tholeiitic dolerite dykes located throughout the entire east-
ern Appalachian region of the United States from Alabama
through southern New England (Fig. 1). Weigand and
Ragland (1970) studied their chemistry and provided the
commonly used name of “Eastern North America (ENA)
dolerite”. Other than an important paper by Bertrand and
Coffrant (1977), general descriptions of the dolerites of the
ENA province rarely include examples in northern New
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England and the Atlantic Provinces of Canada. It is now
known that alkalic to transitional dolerite dykes occur as a
subset of the ENA province in eastern and northern New
England, while large and widely separated tholeiitic dole-
rites are found in the easternmost provinces of Canada.
New work on dykes of these Northern Applachian regions
is discussed in this paper.

Petrographically, ENA dolerite grain sizes vary from fine
to coarse, depending upon dyke thickness and thus cooling
rates. All but the smallest dykes are subophitic and gener-
ally granular, rarely exhibiting porphyritic textures with
phenocrysts of olivine in the olivine-normative varieties,
labradorite, and glomeroporphyritic augite. Augite and la-
bradorite or andesine dominate the groundmass, com-
monly with olivine, orthopyroxene (hypersthene or
bronzite), and magnetite also present. The larger dykes of
quartz-normative dolerite show interstitial “granophyre”
zones of quartz and K-feldspar, derived as a fractionation
product. The titaniferous dolerites (chemistry described
below) contain augite phenocrysts with a distinctly rosy
tint, especially toward grain margins.

Radiometric ages

The majority of ENA dykes that have been radiometrically
dated show ages near 190 = 10 Ma (Armstrong and Besan-
con, 1970; Sutter and Smith, 1979; Dooley and Wampler,
1983; McHone, 1984; Papezik and Barr, 1981; Ross, 1985).
The dates are in accord with de Boer’s (1967) observation of
Jurassic paleomagnetic poles for the dykes. Dolerite dykes
of this age are sources for Early Jurassic basalt flows and
sills in Newark Group sedimentary basins in eastern North
America, including the famous Palisades Sill (Dallmeyer,
1975; Puffer et al., 1981; Puffer et al., 1982; Philpotts and
Martello, 1986). Dolerite dykes with apparent ages around
175 Ma are also observed across the Triassic-Jurassic New-
art Group basins from Maryland through Connecticut
(Sutter and Smith, 1979), and Deininger et al. (1975) noted
an age near 170 Ma for a dolerite group in Albama. In
southern New England, such dykes have been offset by the
Middle Jurassic boundary faults of the Connecticut River
basin (Philpotts and Martello, 1986).

As pointed out by Armstrong and Besancon (1970), Sut-
ter and Smith (1979), de Boer and Snider (1979), and Dooley
and Wampler (1983), K-Ar determinations for some of the
intrusions are plagued by excess argon, increasing their
apparent ages. However, present data (more than fifty radi-
ometric dates) indicate no systematic variation in dyke ages
along the Appalachian orogen of eastern North America.

Dyke trends and distribution

As seen in Figure 1, the ENA dolerite dykes show NW
trends in the Southern Appalachians of the United States,
an overlapping N-S group in the Carolinas through Penn-
sylvania, and NE trends from New Jersey through New
England and the Atlantic Provinces of Canada. Detailed
rose diagrams of the NW trends in the Southern Ap-
palachians indicate a slight change in orientation of max-
ima, from N35°W in Alabama through South Carolina to
N25°W in North Carolina and Virginia (Fig. 1). From New
Jersey northward to Newfoundland, ENA dykes have a
less-pronounced progression from around N30°E to N60°E,
generally, from south to north (Fig. 1).



EASTERN NORTH AMERICA

—2Z

Quebec

4 New
Brunswick
F AT,

A / ‘
/ C
/7 ) Maine

N 7 4
/,/

- (4
Cm onteregians T, Y

! | SR
fe . ——— /20
~ 75N ) ]
(\( - |
\J/ West N /F / \ __
Virginia 7
\ /'I ‘;\1‘\;:\";(. N
A R
) - W ‘* z\\/\ngima N D
A VN l
~ - [ DU
’ N N\
~ XENAY W O
-~ AV
VAN )
~ /G0 AR ortn
IR WP Carolina 2
ARG E
ARt SN
RN N Q__100 200 300 400
' : 'S Carolina ‘\\\t‘h ' KM
g\\\l N W\ ‘\ \ N
\ Georgia ™~ \\\Q\‘ |

t
\\:‘\\,./

Figure 1. General locations and province boundaries of Mesozoic dyke swarms in eastern North
America. Heavy lines are province boundaries, dashed where conjectural. Abbreviations: ENA = Eastern
North America dolerite province; NDB = Notre Dame Bay province; CNE = Coastal New England prov-
ince; NEQ=New England-Quebec province; BP=Boston Platform area; C=Caraquet dyke;
S =Shelburne dyke; A=Avalon dyke; H=Higganum dyke. Rose diagrams A-F are constructed from
mafic-dyke trends as follows: A = 129 NEQ lamprophyre dykes of the Monteregian area of Quebec; B = 155
NEQ lamprophyre dykes of western Vermont and adjacent New York; C =239 ENA dolerite dykes of the
Appalachians north of New Jersey; D =211 ENA dolerite dykes of Pennsylvania, Maryland, and Virginia;
E =184 ENA dolerite dykes of North Carolina; and F=179 ENA dolerite dykes of South Carolina,
Georgia, and Alabama.
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The large dolerite dykes of the Southern Appalachians
are partially mapped under the Coastal Plain sediments in
the Southern Appalachians by their aeromagnetic linea-
ments (Daniels et al., 1983). With aeromagnetic data and a
detailed map of dykes in North Carolina, Burt et al. (1978)
first pointed out the existence of the major N-S dyke set in
the SE Appalachians. Ragland et al. (1983) compiled maps
to show that the N-S dyke set overlaps NW-trending dykes
from South Carolina northward through North Carolina
and Virginia (Fig. 1). A few limited examples appear to
show that the N-S set crosscuts the NW-trending dykes.

May (1971) correlated these trends with pre-North
Atlantic dolerite dykes in NW Africa and northern South
America (Fig. 2), hypothesizing a single radial stress sys-
tem centred on the present south-central Atlantic Ocean.
Other discussions of Mesozoic stress patterns have been
made by de Boer (1967) and Swanson (1982), in which shear
strains are used to explain the trends and distribution of
the dykes.

ENA dolerites seem to vary in abundance along the prov-
ince, but not all blank areas in Figure 1 record a lack of
dykes. Post-Jurassic sediments of the Atlantic Coastal
Plain conceal many dykes whose extent is poorly known on
the basis of magnetic data. Likewise, extensive glacial drift
covers much of the Northern Appalachians. Closely spaced
and sensitive aeromagnetic surveys are needed to outline
even the large (>10 m wide) ENA dykes beneath surficial
cover, and such surveys are lacking for much of the prov-
ince. A reasonable approximation of dyke abundances
shows some increase from inland toward the continental
edge. Northern Maine and the Atlantic Provinces also
show a comparatively low dyke-frequency throughout their
areas.

ENA dolerite dykes of Atlantic
Canada

The best known early Mesozoic dykes in the Atlantic
coastal provinces of Canada (Fig. 1) are the Caraquet dyke
of New Brunswick and northern Maine (Burke et al., 1973),
the Shelburne dyke of Nova Scotia (Papezik and Barr, 1981),
and the recently discovered Avalon dyke of Newfoundland
(Papezik and Hodych, 1980). Stringer and Burke (1985)
have located and dated a smaller ENA dolerite dyke near
the coast of SW New Brunswick, with no report of composi-
tion.

The Caraquet dyke is the largest, measuring at least
40 m wide and 390 km long through its mapped area, with
perhaps another 150 km indicated by magnetic surveys in
Maine (Boucot ef al., 1964). The Caraquet dyke is roughly
on line with the large Higganum dyke system of southern
New England (Fig. 1; Philpotts and Martello, 1986). Other
large dyke segments are mapped in New Hampshire (the
Onway dyke of Dye et al., 1985), in SW Maine (the Hiram
Station dyke of Merrill and Perkins, 1930), and in SE Maine
(the Harpswell Neck dyke of Hussey, 1971). If connected
with the Higganum dyke, the Caraquet megadyke would
stretch at least 950 km. The Shelburne and Avalon dykes
are traceable up to 100 km or more. By analogy with more
southern areas (of the U.S.A.), additional and perhaps
smaller dykes related to these large Canadian intrusions
may be found with more detailed mapping. The Atlantic
Provinces dykes show typical dolerite petrography: fine to
coarse grained, with subophitic to ophitic textures. A
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Figure 2. General locations and trends of Early Jurassic
dolerite dykes around the initial central Atlantic Ocean
basin, modified from May (1971), with additions from
Ragland et al. (1983), McHone (1984), Ross (1985), Papezik
and Greenough (1985), H. Bertrand (personal communica-
tion, 1986), and Gibbs (this volume).

quartzo-feldspathic groundmass in all of the dykes indi-
cates that the last liquid to crystallize was very siliceous.
Some samples show glomeroporphyritic aggregates of
pyroxene, enclosing plagioclase laths. Augite is common as
phenocrysts and also in the matrix of all dykes, whereas
pigeonite and Fe-rich augite appear only in the
groundmass.

Coastal New England (CNE)
subprovince

Early Triassic ages for dolerites (Bellini et al., 1982) and
three syenitic plutons (Foland and Faul, 1977) outline an
alkalic, post-orogenic igneous province in a belt less than
75 km from the coasts of eastern Massachusetts, New
Hampshire, and Maine (Fig. 1; McHone and Butler, 1984).
Mapping of the Seabrook nuclear power plant in south-
ernmost coastal New Hampshire revealed numerous fine-
grained olivine dolerite dykes as much as 4 m thick, trend-
ing around N45°E. Maps of the cooling tunnels for the plant
show 38 dykes in a distance of 4.8 km. Nine whole-rock K-
Ar dates on the dolerite dykes at Seabrook and on others
nearby range from 212 to 237 Ma (Bellini et al., 1982).



In many areas, crosscutting relationships show the pres-
ence of CNE dykes in excellent exposures along the sea-
coast. From Seabrook, New Hampshire northward at least
to Kennebunkport in southern Maine, older fine-grained
olivine dolerite dykes are crosscut by coarser, commonly
porphyritic dolerites of probably Early Jurassic age
(McHone and Trygstad, 1982). Rare crosscutting camp-
tonite and monchiquite dykes are thinner and distinctive
in texture and mineralogy, and belong to the Cretaceous
igneous province described in a later section. We thus dis-
cern at least three groups of mafic dykes of differing ages
along the coast of New England.

ENA dolerite dykes of the Boston
Platform

At least five dyke swarms have been recognized among the
estimated 1000 to 2000 mafic dykes intruded into Pro-
terozoic to Silurian rocks of the northern portion of the
Boston Platform in Massachusetts (Fig. 1). The swarms
have general trends of NW (two swarms), NE, E-W, and
N-S, in order of decreasing dyke frequency. Seven pe-
trographic varieties of dolerites and altered dolerites and
three varieties of lamprophyres have been identified (Ross,
1984; 1985). The Boston Platform dykes are of special inter-
est because they record a longer, more complex history of
mafic dyke intrusion than is generally true elsewhere in
eastern North America, and they are located in a crustal
block believed to have been exotic to North America prior to
about the middle to late Paleozoic (Williams, 1978; Barosh,
1984).

Field evidence and eleven published K-Ar dates suggest
the N-S and NE-trending dolerites, and the NE-trending
lamprophyres are Triassic to Early Jurassic in age, and
that the remaining swarms are Cambrian to Permian
(Ross, 1985; unpublished dates by H. Krueger, personal
communication, 1985). The relationship of the Mesozoic
dykes of the Boston Platform to the Mesozoic dykes of east-
ern North America, and of New England in particular,
remains problematic. Their similar NE trend suggests
common tectonic controls, but their somewhat different
compositions and petrographies suggest different mag-
matic histories. Additional chemical and radiometric anal-
yses are needed before more definitive models and group
comparisons can be made.

Whole-rock geochemistry

On the basis of roughly one hundred analyses of ENA
dolerites, Weigand and Ragland (1970), followed by numer-
ous others, grouped ENA dolerites and basalts as olivine-
normative, high Fe quartz-normative, low Fe — high Ti
quartz-normative, and low Fe — low Ti quartz-normative.
Ragland and Whittington (1983) amended these categories
to divide olivine-normative dolerites into a group rich in
large-ion-lithophile (LIL) elements and another poorer in
LIL elements, and adding a group, based on the CNE sub-
province, of transitional to alkali-olivine basaltic chemis-
try. Ragland and Whittington (1983) further suggest that
the high-iron group is actually a variably differentiated
product of the other dolerite types, rather than a separate
group. Although high-Ti quartz and alkali-olivine dolerites
appear to dominate the Northern Appalachians, the groups
apparently co-mingle in many areas of the ENA province.

EASTERN NORTH AMERICA

Additional chemical data are further obscuring the distine-
tions between such compositional groups.

Bertrand and Coffrant (1977) and de Boer and Snider
(1979) used available ENA dolerite analyses to study re-
gional variations in compositions. A major problem with
their approach was the lack of comprehensive chemical
data for large regions, which are only now becoming avail-
able. Bertrand and Coffrant (1977) succeeded in showing a
statistically valid, compositional similarity between ENA
dykes of the Northern Appalachians and Early Jurassic
dolerite dykes of NW Africa. Much as in the model proposed
by Bryan et al. (1977), de Boer and Snider (op. cit.) at-
tempted to show regional chemical patterns suggestive of
“mantle-plume” basalts along an Appalachian-parallel
section of the ENA province.

We have compiled 649 whole-rock analyses for six regions
of the ENA dolerite province, and for two groups of
lamprophyres from one region discussed in a later section
(Table I). Many volcanic basalt analyses are also available,
but for this study, dyke analyses were specifically sought
and only averages of basalt compositions are included.
Studies underway or as yet unpublished will add several
hundred analyses to future compilations.

The transitional to alkalic character of the CNE subpro-
vince dykes is recorded by their low Si and high Ti as well as
high alkalis (Table I, Fig. 3). Dolerites of Virginia and
North Carolina appear to have especially “primitive”
values of high Mg and low Si, Ti, and K (Table I). As
indicated by large standard deviations in SiO, and MgO,
the chemical variations of the ENA dykes allow for both
quartz and olivine-normative types, but the means of the
southern regional groups are clearly olivine tholeiites
while quartz tholeiite dominates in the north (outside of
coastal New England).

The three major dykes of the Canadian Atlantic Provin-
ces represent quartz-normative tholeiite magmas, with
Si0, and alkali contents characteristic of the ENA prov-
ince (Fig. 3), but there are significant differences in TiO,,
MgO, CaO0, and the alkalies between ENA dykes from Can-
ada and those from New England (Table I). Except for SiO,
values, the Canadian dykes resemble the ENA dolerites of

NEQ (monch.)
NEQ (camp.}
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34 36 38 40 42 44 46 48 50 52

Wt. 4 Si0,

Figure 3. Alkali vs. silica diagram showing fields of
Mesozoic dolerite and lamprophyre dyke analyses from east-
ern North America. Discriminant lines are discussed in the
text. Abbreviations of igneous provinces are as in Figure 1.
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Table 1
Compositions of Mesozoic Mafic Dykes by Regional Groups
Group 1 2 3 4 5 6 7 8
N 37 54 25 84 186 93 133 37
Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D.
Oxide (Wt %)
Si0, 39.76 1.58 4349 1.19 4773 1.53 5141 1.24 51.20 1.89 4779 2.11 4881 1.21 48.38 1.64
TiO, 295 0.26 3.02 0.14 1.97 0.33 0.92 0.16 1.63 0.72 0.55 0.24 0.74 0.18 0.69 0.10
Al;O3 11.83 0.87 13.62 0.63 15.33 1.10 14.80 0.74 14.82 0.43 15.36 0.50 16.17 1.28 1598 0.98
FeO* 11.01 0.63 11.16 0.68 11.56 1.41 10.14 0.98 10.38 2.30 9.96 0.37 10.90 1.06 10.53 0.88
MnO 0.23 0.02 0.24 0.02 0.21 0.05 0.19 0.02 0.19 0.03 0.17 0.01 0.26 0.03 0.18 0.02
MgO 7.33 0.87 6.81 0.64 741 1.57 7.53 1.03 6.49 0.99 11.67 2.53 9.77 2.52 8.83 1.89
CaO 1261 1.54 10.20 1.09 9.33 131 10.30 0.99 9.60 1.24 10.59 0.60 10.34 0.69 11.06 049
NayO 3.51 044 3.08 0.35 253 0.49 2.16 0.55 259 045 1.69 0.22 2.12 042 2.07 0.23
K,0 2.17 0.30 1.73 0.24 0.94 0.38 0.57 0.23 0.80 0.35 0.40 0.20 0.28 0.15 0.40 0.30
P,05 1.28 0.18 0.74 0.13 0.33 0.15 0.14 0.05 0.20 0.06 0.08 0.02 n.a. n.a.
H,0 247 0.39 2.24 0.33 n.a. 0.85 0.42 1.22 0.56 1.02 0.31 n.a. n.a.
M (mol %)
Qtz 0.00 0.00 0.00 3.12 3.60 0.00 0.00 0.00
Hyp 0.00 4.36 15.97 21.80 17.29 16.54 17.31 14.28
Ol 10.76 11.34 4.20 0.00 0.00 13.00 10.04 8.88
Ne 8.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Di 17.06 7.97 13.33 17.25 16.14 14.81 14.23 17.69
Age (Ma) 96-136 101-130 212-236 189-201 175-200 175-200 185-200 175-200
Rock Transitional Quartz Quartz and Olivine
Type Monchiquite =~ Camptonite Tholeiite Tholeiite Tholeiite (mixed within regions)
M = CIPW normative mineral; N = number of analyses (single + multiple)
Groups:
1 = New England and Quebec (Hodgson, 1968; McHone, 1978)
2 = New England and Quebec (Hodgson, 1968; McHone, 1978)
3 = Coastal New England (McHone, 1978; Hermes et al., 1984; J. Bedard, unpublished data)
4 = Canadian Atlantic Provinces (Bertrand and Coffrant, 1977; Papezik and Hodych, 1980; Papezik and Barr, 1981; Dostal and Dupuy,
1984; Papezik and Greenough, 1985)
5 = New Jersey through New England (Walker, 1969; Weigand and Ragland, 1970; Bertrand and Coffrant, 1977; Maxey, 1973; McHone,
1978; Puffer et al., 1982; Husch et al., 1984; Ross, 1985; Philpotts and Martello, 1986)
6 = Maryland and Pennsylvania (Weigand and Ragland, 1970; Smith et al., 1975; Bertrand and Coffrant, 1977)
7 = North Carolina and Virginia (Justus et al., 1969; Weigand and Ragland, 1970; Drez, 1977)
8 = Alabama, Georgia, and South Carolina (Weigand and Ragland, 1970; Bertrand and Coffrant, 1977; Bell et al., 1979; Warner et al., 1985
Warner et al., 1986)

the central and southern Appalachians more than the ENA
dykes of New England.

The N- to NE-trending Mesozoic dykes of the Boston
Basin include quartz and olivine-normative tholeiitic dole-
rites, transitional-alkalic dolerite, true alkali-olivine dole-
rite, and alkalic lamprophyres. As shown in Figure 3, SiO,
and alkali values are generally higher, but overlap those
shown by olivine dolerites of the CNE dykes to the north
and southwest of Boston (Fig. 1).

Of the tholeiitic dolerites (columns 5 to 8, Table I), the
Northern Appalachian examples are clearly richer in Si,
Ti, and K, especially in the New Jersey — New England
segment, when compared with Southern Appalachian dole-
rites. Such chemical values have been taken to indicate
contamination of the dolerite magma by continental
crustal rocks, either by assimilation or by a selective leach-
ing process (Smith etal., 1975; Bryanetal.,1977; Dostal and
Dupuy, 1984; Campbell, 1985). However, Wiegand and
Ragland (1970), Pegram (1983), and Gottfried and Arth
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(1985) presented chemical models and data, especially Sr,
Nd, and Pb isotopic ratios, that argue against significant
assimilation. The chemical variations of the ENA dolerites
are best explained by heterogeneities of mantle sources,
varying degrees of partial melting, magma mixing, and
crystal fractionation at deep levels of the lithosphere.

NOTRE DAME BAY IGNEOUS
PROVINCE

Two gabbroic stocks and more than a hundred lamprophyre
dykes are found in a zone approximately 70 km by 100 km
across the shorelines and islands of Notre Dame Bay
(NDB), northern Newfoundland (Fig. 1). Despite Late
Jurassic (139 to 155 Ma, K-Ar) dates on the associated
Budgell Harbour stock, the dykes have Early Cretaceous
radiometric and paleomagnetic ages (Lapointe, 1979).
The dykes trend generally to the northeast except near the



Budgell Harbour stock, where they appear to be more
radial in distribution (Strong and Harris, 1974).

The lamprophyre dykes are mainly nepheline-normative
monchiquite, but many have ocelli of more leucocratic com-
positions (Strong and Harris, 1974). Although data are lim-
ited, the dykes appear similar in age, petrography, and
chemistry to lamprophyres of New England and southern
Quebec, discussed below.

NEW ENGLAND - QUEBEC
IGNEOUS PROVINCE

Early Cretaceous magmas of southern Quebec and north-
ern New England are generally bimodal (syenite-gabbro)
and alkalic, and include the classic Monteregian Hills in-
trusions (Gold, 1967) in Canada as well as several plutonic
complexes in Vermont, New Hampshire, and southern
Maine (McHone and Butler, 1984). Early Cretaceous
lamprophyre dykes in the region are mostly camptonite
with scattered groups of monchiquite, spessartite, and ul-
tramafic types, and form a continuous dyke province
among and crosscutting all of the coeval plutons. Dykes
with felsic and intermediate compositions are locally abun-
dant only near plutonic complexes, and are probably off-
shoots of differentiated magma chambers.

McHone and Butler (1984) group the dykes and plutons
under the name “New England — Quebec (NEQ) igneous
province”. Hodgson (1968), McHone (1978; 1984), and
McHone and Trygstad (1982) have described and mapped
more than 1300 of the estimated 10,000 to 20,000 dykes that
belong to the overlapping NEQ, CNE, and ENA provinces
in northern New England and adjacent southern Quebec
(Fig. 1). Radiometric ages (mostly K-Ar) range between 96
and 136 Ma (McHone, 1984; Eby, 1985).

The lamprophyre dykes are typically 40 to 140 cm wide
and rarely can be followed for more than a kilometre. The
NEQ dykes trend near N65°W in Quebec, nearly E-W in the
Lake Champlain Valley between Vermont and New York,
and between N45°E and N60°E in southern and eastern
Vermont and elsewhere in New England (Fig. 1). Unlike
some felsic and intermediate dykes in the region, the
lamprophyre dykes do not form radial patterns around the
NEQ plutons. Major topographic lineaments and local frac-
ture systems parallel the dyke sets, suggesting lithospheric
controls with orientations that follow both Appalachian-
parallel and transverse structures (Shake and McHone,
1986).

The most abundant regional lamprophyres are camp-
tonite and monchiquite, which are alkali lamprophyres
chemically similar to alkali-olivine basalts (especially,
basanite and nephelinite). Table I shows averages for camp-
tonites and monchiquites of the NEQ province. Camptonite
dykes tend to be widely distributed and abundant across
the province, while monchiquite dykes are mainly concen-
trated in the western Monteregians, western Vermont, and
smaller areas of eastern Vermont and New Hampshire
(Fig. 1, McHone, 1984).

The lamprophyres are easily distinguished from ENA
dolerites by their lower silica and higher alkali contents
(Table I; Fig. 3). In Figure 3, the alkaline basalt —
tholeiitic basalt discriminant line is defined by MacDonald
and Katsura (1964) as D, = 0.374 Si0, — K,0 — Na,O —
14.63, where alkaline basalts have D < 0 and tholeiitic
basalts have D, > 0. An analogous line for alkalic
lamprophyres separates at least 95 per cent of regional
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monchiquite (D, <0) from camptonite (D, >0), where D, =
0.526 8i0, — K,0 — Na,0 - 16.83.

TECTONIC MODEL: DISCUSSION
AND SUGGESTIONS

Early Jurassic rifting

As noted by King (1961), the extensive ENA dyke swarm is
generally confined to the eastern Appalachian Mountains,
and it is now clear that the province extends from the major
anticlinoria axes of the Appalachian highlands eastward to
the continental margin. Only a few dykes in the Carolinas
and Pennsylvania cross westward into the Valley and Ridge
province of the Appalachian orogen. The structure respon-
sible for this boundary is not known, but a logical feature
could be a relict basement boundary that functioned as a
Mesozoic strain limit. By Early Jurassic time, the dolerite
dykes surrounded the incipient central Atlantic basin. Pos-
sible structural controls on the eastern boundary to the
intrusions in present-day Africa and Iberia, and the west-
ern one in South America (Fig. 2) are not yet apparent.

The pattern, ages, and chemistry of the dykes are prime
evidence that the dolerites are related to the Jurassic
break-up of Gondwanaland. As discussed by Weigand and
Ragland (1970), Bryan et al. (1977), and Philpotts and
Martello (1986) among others, the dolerite magmas were
precursors of the developing mid-ocean ridge basalts that
formed the initial Atlantic Ocean crust (Fig. 2). Chemical
comparisons between the ENA dykes and the oldest Atlan-
tic crust are obscured by a lack of good samples of the ocean
crust near the continent, but Bryan et al. (1977) point out
that the ENA dyke compositions have higher K,O values
and 87Sr/86Sr ratios than do typical mid-ocean ridge
basalts. The large amount of partial melting involved in
seafloor spreading could have depleted incompatible ele-
ments that were initially present in the mantle.

The NE orientation of the Atlantic Provinces dykes ap-
pears to be caused by rift-related stresses during the open-
ing of the North Atlantic Ocean. The locations of emplace-
ment may have been in part structurally controlled,
crudely following the lithotectonic Humber Zone of
Williams (1978). In other areas associated with rifting
(Basaltic Volcanism Study Project, 1981), rift volcanic rocks
display a decrease in alkalinity in a direction towards the
rift axis and with increasing time after the inception of
stretching (Neumann and Ramberg, 1978). The Atlantic
Province dykes, separated by 300 km perpendicular to the
rift axis, show no such compositional changes in reference
to the regional Mesozoic rift basins and continental mar-
gin, unlike the suggestion made by Hermes et al. (1984) for
just such a relationship in southern New England.

The pattern of Early Jurassic dykes reflects extensional
stress regimes that varied along the initial Atlantic basin.
Some of this variation may be caused by domal uplift, as
suggested by May (1971) and others, but the dimensions of
the province segments — roughly 500 by 3000 km in North
America alone — make one uplifted area an unlikely
source for all the dykes. The three ENA dyke trends, and
trends of Early Jurassic dykes in Africa and South Amer-
ica, closely parallel three major rift directions that formed
the new ocean basin (Fig. 2). The upper mantle may have
had several flow patterns during the rifting stage, and
extensional stresses from such movements pulled apart the

285

.



McHONE ET AL.

40°

FRACTURE ZONE

KANE
FRACTURE ZONE

Il i 1

—
LYY
o)
090 Wag

.
* e
- 40° N New England k&qh/kOUNo R
*®. Seamounts O’URE ZLCA)::E
;)
W A
ATLANTIS

Figure 4. Locations of Cretaceous and younger igneous
provinces relative to the edge of the North American con-
tinent, and major oceanic fracture zones extrapolated into
the continent, modified from Sykes (1978). Abbreviations
are as in Figure 1, except: SM =Eocene intrusions of the
Shenandoah Mountains region (Johnson et al., 1971);
SS=Early Cretaceous volcanic rocks of the Scotian Shelf
(Jansa and Pe-Piper, 1985); Fogo=Fogo Seamounts;
NF = Newfoundland Seamounts.

lithosphere along three pre-existing structural zones. The
ENA dykes have permanently recorded the zones and
trends of extensional stresses and strains operating in
Early Jurassic time.

Early Cretaceous rifting

By Early Cretaceous times, ocean-opening events had
shifted to areas north and south of most of the Early
Jurassic magmatism (Bryan et al., 1977; Lapointe, 1979).
However, rifting in several areas of eastern North America
recurred as distinct zones of trans-lithospheric fracturing
and magmatism, rather than as the creation of major gra-
bens or new oceans.

Distributions of the Cretaceous and younger dykes of
eastern North America are essentially transverse to Ap-
palachian surface structures and the continental margin.
Le Pichon and Fox (1971), Marsh (1973), Sykes (1978), and
Black et al. (1985) have suggested that major fracture zones
can affect both sides of continent-ocean boundaries around
the Atlantic with magmatic and seismic activity. The post-
Jurassic intrusions are located along extensions of several
major oceanic fracture zones that are also followed by
chains of alkalic seamounts in the western Atlantic Ocean
basin (Fig. 4). The New England seamount chain has radi-
ometric evidence of a progression of ages between 103 and
82 Ma from west to east (Duncan, 1984), but many other
Cretaceous or younger alkali-volcanic seamounts in the
North Atlantic Ocean are scattered in distribution and
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show no such age progression (Keen et al., 1977; Jansa and
Pe-Piper, 1985).

Although the fracture zones and alkalic-dyke provinces
may together be aligned with plate-motion directions (as a
tectonic consequence of such motions), the continental
provinces do not show linear chains of age-progressive in-
trusion and volcanism. The large number of provinces,
their distribution, similar ages, and distinct boundaries,
all argue against an origin by a small number of long-
lasting mantle plumes (the “hotspot” model of Crough,
1981; and Morgan, 1983). The transverse dyke swarms rep-
resent alkalic basaltic magmas that rose from relatively
deep sources along tectonically active “weak zones” in the
lithosphere. The dyke trends record the late Mesozoic ex-
tensional stresses in the uppermost crust of eastern North
America along these zones.
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