








Meguma terrane, so its nature is virtually unknown. However, 
immediately to the west of the transect, at about 68°20' W., 
40°50' N., drill hole G-1 bottomed in graphitic slate, schist, and 
phyllite dated at 540 to 450 Ma that may correspond to Meguma 
rocks (Klitgord and others, 1988; Schlee and Klitgord, 1988; 
Schenk, 1991). 

South of approximately 42° N. latitude, this transect overlaps 
Continent-Ocean Transect E-1 by Thompson and others (in 
press). The interpretive cross sections on both transects in this area 
are based on seismic reflection profile 19. Thus, from kilometer 
700 southeast to its end, our cross section coincides with their cross 
section. However, our transect stops north of theirs on what 
Klitgord and others (1988) call marginal oceanic crust. The region 
common to bpth areas is discussed by Klitgord and others (1988). 
The discussion of the Gulf of Maine embayment and Georges 
.Bank basin is based on Klitgord and others (1988). 

Mesozoic extension was so extensive that it led to continental 
breakup. Extreme extension is the dominant feature of the 
Meguma terrane within the transect, which is quite different from 
the type Meguma terrane in Nova Scotia. Numerous rift basins 
were formed during the Triassic and Early Jurassic. They are 
elongated northeast-southwest along the regional structural grain 
of the basement and were probably controlled by the reactivation 
of older faults. The rift basins contain as much as 5 km of terrestrial 
sediments, and some contain voluminous basaltic volcanic rocks as 
well as plutonic rocks locally. Some of the rift basins also contain 
evaporite beds near the top of the section. The rift basins in the 
northwestern part of Meguma on this transect have been deeply 
eroded so that only their lower parts remain. A tectonic hinge zone 
strikes northeast-southwest across the transect near kilometer 700. 
Southeast of the hinge zone, the rift basins are more completely 
preserved. The hinge zone developed shortly before crustal 
breakup produced oceanic crust (late EarlyJurassic=175 Ma). The 
Georges Bank basin is a marginal basin that is a successor basin to 
the rift basins. It contains as much as 7.5 km of post-rift sediments 
in the transect region and becomes even deeper to the southwest. 
Northwest of the hinge zone, onlapping, platformal, Coastal Plain 
sediments are up to 2 km thick. 

The Jurassic and Early Cretaceous paleoshelf edge was a 
carbonate-bank complex that built upward and seaward as the 
crust cooled after continental rupture. The carbonate-bank com­
plex separates shelf sediment deposits from slope-rise deposits 
seaward. Elongate salt diapirs or ridges intrude this sediment 
wedge just seaward of the paleoshelf edge. The continent-ocean 
boundary is marked by the East Coast Magnetic Anomaly, which is 
near the present continental shelf edge. 

Seismic data suggest that the continental crust of Meguma was 
thinned to about half by extension in the Mesozoic prior to rupture. 
The propagation of seismic energy is impeded by the thick blanket 
of post-rupture sediments, and no deep crustal refraction studies 
have yet been made in this region. By analogy to seismic refraction 
studies along the same margin off the Southeastern United States 
it is probable that the deep crust was extensively intruded by mafic 
dikes and that it has higher average density (and seismic refraction 
velocity) than continental· crust (Trehu and others, 1989; Austin 
and others, 1990). Underplating by upwelling mafic magma 
generated by pressure relief during rupture is quite probable but 
not demonstrated beneath Georges Bank. If underplated, the 
lower crust could be continuous from broken former continental to 
oceanic crust. We surmise that the strong magnetic anomaly about 
kilometer 830 represents the rise of Mesozoic mafic magma to form 
a magnetic pluton in the rifted crust. The interpretive cross section 
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is based on control from nearby deep wells and the limited seismic 
reflection data. 

Atlantic Oceanic Crust 

The continent-ocean boundary, marked by the East Coast 
Magnetic Anomaly, is poorly defined by anomalies at the south­
eastern end of the transect. Its label on the magnetic map follows 
the trend shown on maps for larger regions (Magnetic Anomaly 
Map of North America Committee, 1987). The strong magnetic 
anomaly at the southwestern comer of the transect is associated 
with Bear Seamount, one of the extensive chain of New England 
seamounts of Cretaceous age. 

Oceanic crust at the southern end of the transect contains 
seaward-dipping seismic reflectors (mafic volcanics?) in the base­
ment rocks beneath the sedimentary cover. This type of oceanic 
crust, called marginal oceanic crust by Klitgord and others (1988), 
forms a swath about 25 km wide just seaward of the salt diapirs. 
Individual reflectors can be traced only part of the way across this 
swath. All the reflectors merge upward into a conformable unit that 
covers the entire swath. The reflectors disappear at depth, and the 
zone of reflectors has no distinct base. This type of oceanic crust 
lacks the hyperbolic echoes in seismic;: reflection profiles that are 
typical of oceanic crust generated by sea-floor spreading processes. 

EVOLUTION OF THE PRESENT CRUSTAL FRAMEWORK 

The cumulative effect of the various Paleozoic orogenies 
undoubtedly was the formation of thick ( -60 km) continental crust 
as terrane after terrane was accreted. Structural features still 
preserved in the upper crust that attest to this thickening are (1) 
allochthonous sheets that can be imaged to depths of more than 20 
km, (2) areas of younger metamorphic rocks that contain mineral 
assemblages indicative of pressures as high as 9 kb ( -30 km) now 
exposed �~�n� the surface, and (3) extruded garnet rhyolite formed 
by fractional melting of felsic rocks deeper than 50 km. Our 
composite of seismic reflection profiles demonstrates that the upper 
crust still retains coherent regional structural dips; these may be 
opposed to each other in adjacent terranes as in the case of the 
Nashoba-Casco-Miramichi composite terrane and the Atlantica 
composite terrane between kilometer 325 and kilometer 550 on 
the interpretive cross section. 

The crust beneath the craton today, however, lacks overthick­
ened parts and is about 43 km thick over broad regions near the 
northern Appalachians. In this transect the composite of seismic 
reflection profiles shows a stepwise crustal thinning toward the 
ocean basin. Broad steps, 75 to hundreds of kilometers wide, and 
narrow risers, 2 to 4 km high and 10 to 20 km wide where the 
Moho shallows, are evident. Profiles elsewhere in the northern 
Appalachians (Marillier and others, 1989; Phinney and Roy­
Chowdhury, 1989) also do not show overthickened crust, but 
show broad regions of crust having little variation in thickness and 
narrow regions where the Moho rises or falls from 2 km to as much 
as 6 km over a few tens of kilometers. But on these other profiles, 
there is no systematic rise seaward as shown by this transect. In the 
northern Appalachians, steps on the Moho are not simply related 
to any terrane boundary mapped at the surface. Since the late 
Paleozoic, deep crustal processes have obliterated evidence of 
earlier Paleozoic orogenies, and the crust has been restored to 
normal continental thickness overall but is thinned toward the 
ocean. Undoubtedly some of the continental crust has been 
removed by erosion. Estimates based on fission track dates 



(Doherty and Lyons, 1980) suggest the erosion of about 6±1.km 
of rock since the Jurassic for western Maine. This must be a 
maximum. Obviously the amount of erosion was not uniform 
along the transect, as the Coastal Plain (shown by overprints on the 
geologic map) was the site of deposition for much of the time since 
continental breakup. Zen (1991) has described in detail the 
denudation in the New England Appalachians. 

Tectonic restoration of normal crustal thickness had begun in 
middle Paleozoic times, as evidenced by the hinge line in the rocks 
of the Central Maine synclinorium, a Silurian qnd Early Devonian 
successor basin. Thermal recovery of thick crust led to partial 
melting .and the diapiric rise of magma into and upon the cover 
sequences of deep basement, depleting the deep crust of quartz 
and alkali feldspar and thus imposing the compositional transition 
in the lower crust toward the higher density and seismic velocity 
observed now. The lower crust lost its stiffness as a result of added 
internal and external heat, some possibly resulting from mafic 
underplating. The upper crust remained stiff and brittle, although 
some heating may have occurred by the mechanical transport of 
heat by ascending magmatic diapirs and fluids. The softening of the 
lower crust together with global plate tectonic forces led fo the 
beginning of crustal transtension in the Mississippian and the 
formation of deep half graben such as the East Narragansett basin 
near kilometer 530 on the interpretive cross section. 

This transect demonstrates that the tectonic processes that 
disrupted Pangea, the supercontinent that was assembled near the 
end of the Paleozoic, imprinted their effects upon a swath of 
continental crust that is now about 650 km wide in the part still 
attached to North America. These effects increase in intensity from 
the craton toward the oceanic basin and are less apparent in the 
upper crust than in the lower crust. The effects in the upper crust 
are occult toward the craton and consist principally of normal faults 
and the intrusion of oriented dike swarms and small plutonic 
complexes. Only limited extension is indicated, possibly only a few 
percent. This appears to be the case from about kilometer 175 to 
kilometer 325 on the interpretive cross section. As the amount of 
extension in the upper crust increased, crustal blocks were rotated 
along favorably oriented older faults that were reactivated and 
probably become listric at midcrl!stal depths; rift basins were 
formed where the extension was localized in the upper crust. The 
upper crust may have been thinned by as much as 15 percent as 
is shown from about kilometer 325 to kilometer 625 on the 
interpretive cross section. More extensive rifting accompanied by 
basaltic volcanism occurred close to the locus of continental 
breakup. The upper crust may have been thinned as much as 40 
percent when the breakup occurred. This thinning is shown from 
kilometer 625 to kilometer 875. 

The effects of extension upon the lower crust and Moho were 
profound as is most evident in the seismic reflection and refraction 
data, as well as the broad southeasterly increase in the regional 
gravity field, most easily seen on the gravity profile. One of the 
most important consequences of extension was the demarcation of 
the lower crust itself. The top of the lower crust is defined by a 
gradual increase in the seismic compressional wave velocity from 
about 6.4 to about 6.8 krn/s over a depth of as much as 4 km 
(Stewart and Luetgert, 1990). The top of the lower crust is not a 
reflector at near-vertical angles of incidence as can be seen by 
comparison of the seismic refraction and seismic reflection profiles. 
Seismic refraction data both parallel and normal to regional strike 
show that the top of the lower crust has little relief, rising smoothly 
from about 24 km depth under the Brompton-Cameron (Bound­
ary Mountains) composite terrane to about 20 km beneath the 

northern part of the Atlantica composite terrane, a distance of over 
300 km. The top of the lower crust is not offset by any terrane 
boundaries or faults, as seen on the interpretive cross section. 
Using seismic refraction data collected after this transect was 
completed, J.H. Luetgert (written commun., 1990) contoured the 
top of the lower crust for much of Maine, New Hampshire,. and 
Vermont. Beneath this transect in Maine, Luetgert found that the 
top of the lower crust has a slight dip to the southwest, being as 
much as 2 km deeper near Farmington. Over a 600-km-wide 
region in northern New England, the relief on the top of the lower 
crust is only about 4 km and is not offset by any boundaries or 
faults. 

The velocity change at the top of the lower crust is sufficient to 
be observed only within the part of the orogen that experienced 
late Paleozoic or Mesozoic extension, which is shown by oriented 
dike swarms, rift basins, or steps in the regional gravity gradient 
parallel to the regional structural grain. Because the seismic velocity 
in shi,iJlow Grenvillian crust is higher (-6.6 krn/s), the top of the 
low~r crust cannot be clearly identified therein (Hughes and 
Luetgert, 1991 ). The interpretation that the lower crust attained its 
present configuration during late Paleozoic and early Mesozoic 
extension is supported by several other lines of evidence. 

Extension seems to have affected the properties of the Moho 
and the lower crust even where the effects in the upper crust may 
be occult. The Moho beneath the craton commonly is an indistinct 
gradational velocity change that does not yield a strong reflection at 
any angle of incidence or a sharp refraction. However, in regions 
where the orogen has been extended, a sharp crust-mantle 
boundary is reported (Taylor, 1989, fig. 5), which results in a 
stronger Moho signal. The transition can be seen from about 
kilometer 200 to kilometer 240 of the composite seismic reflection 
profile, and more distinctly in the more detailed figures in Spencer 
and others (1989). The Moho becomes stronger farther to the 
southeast and remains strong to near the end of the transect where 
it is lost beneath thick carbonate-bank sediments that inhibit 
transmission of reflected sound energy. 

As the amount of extension increases, reflectors in the lower 
crust become more numerous and stronger, although commonly 
they are subhorizontal and discontinuous, and individual reflectors 
are only about 10 to 15 km long. This phenomenon has been 
observed widely, although seldom have corresponding refraction 
velocity profiles been available for the identification of the top of 
the lower crust, as is the case for this transect for over 300 km 
between kilometer -200 and kilometer -540. The numerous 
reflectors observed in the lower crust of this transect suggest that 
during deformation much of the lower crust yielded ductilely along 
subhorizontal anastomosing shear zones, causing the reflective 
velocity contrasts. Not all crustal blocks yielded in the same way. 
The bands of reflections in the Gulf of Maine fault zone and the 
Fundy fault pass continuously from the bottom of the upper crust 
through most of the lower crust until they merge into a layer of 
subhorizontal reflections, 3 or 4 km thick that marks the bottom of 
the lower crust and reflection Moho. The crust has the same 
thickness in~is region as it does in blocks to the north and south, 
suggesting that ductile extension of the lower crust was concen­
trated at the bottom of the lower crust. It is possible that the dip of 
the bands of reflectors was reduced by southeastward plastic flow 
of the deep crust. 

Two observations gained by comparing coincident seismic 
reflection and refraction data support the interpretation that most 
of the lower crust was homogenized by plastic flow and recrystal­
lization during extension so that it lacks detectable through-going 
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faults. The first is that the strong seismic reflector at the top of 
autochthonous Grenvillian crust beneath the Brompton-Cameron 
(Boundary Mountains) composite terrane dies out at the 'Same 
depth as the top of the lower crust as determined by seisrilic 
refraction data. This would be expected if the boundary between 
the upper crust and the lower crust was a zone of rheological 
contrast that localized intense deformation and recrystallization, 
thus obliterating the strong fabric and compositional contrasts that 
cause the reflector. The disappearance of this reflector at the top of 
the lower crust makes interpretation of the southeastern extent of 
Grenvillian crust speculative; gravity and magnetic data are not 
definitive either. Geologic evidence from the northwestern end of 
the transect indicates that the Grenvillian crust was extended, so 
that it thinned and ruptured to form t~ lapetan passive margin. 
The later thrust imbrication of thinned Grenvillian blocks, inter­
preted to underlie the Brompton-Cameron composite terrane, 
must represent a considerable shortening of the lapetan passive 
margin. Geologic and isotopic evidence suggest that the basement 
that constitutes the upper crust of the Central Maine terrane may 
not be Grenvillian. However, the nature of the lower crust is not 
constrained. Therefore the interpretive cross section shpws an 
arbitrary boundary for the southeastern limit of Grenvillian lower 
crust. Another possible interpretation is that the top of Grenvillian 
lower crust continues to deepen at about the dip of the decolle­
ment surface until it pinches out near kilometer 320 on the 
interpretive cross section. Such a tapered edge would be the result 
of extensive plastic flow, as the end of the ruptured lapetan 
continental block probably would have been blunt-like crust at the 
present Atlantic continental edge. 

The second line of evidence is that young normal faults that 
break the upper crust, such as the one in the southeastern part of 
the central Maine synclinorium (kilometer ----340), become listric 
and are lost at or near the top of the lower crust as indicated by the 
rapid increase of seismic refraction velocity at a depth of 20 km. A 
geographically coincident approximate 4-km rise of the Moho 
occurs below the footwall of this listric fault as indicated by 
well-constrained seismic reflection and refraction data. The inter­
vening lower crust is strongly laminated with subhorizontal reflec­
tions. All of these observations support the interpretation of 
extensive plastic flow in the lower crust, in the direction of ultimate 
crustal rupture. Examples of the rise of Moho beneath the footwall 
of listric faults and the development of a well-laminated lower crust 
are numerous on seismic reflection profiles from the northern 
Appalachians (Phinney and Roy-Chowdhury, 1989; Marillier and 
others, 1989), although determinations of the refraction velocity 
changes are lacking. A conspicuous example occurs beneath the 
Franklin rift basin at about kilometer 675 on the interpretive cross 
section. Phinney and Roy-Chowdhury (1989, fig. 12d) give 
another good example from the eastern end of line USGS 36 on 
the Long Island platform beneath the early Mesozoic Nantucket rift 
basin. If th~ large normal displacements on mapped faults are 
consider~d (Lyons and others, 1991), COCORP line 6 in south­
western New Hampshire beneath the Bronson Hill anticlinorium 
and Central Maine synclinorium (Phinney and Roy-Chowdhury, 
1989, fig. 16) can be Interpreted. to show the same phenomenon. 
Seismic refraction data from northern New Hampshire (Hughes 
and Luetgert, 1991) suggest that the top of the ·lower crust is at 
about 18 km depth. This corresponds closely to the depth on 
COCORP line 6 at which east-dipping reflectors, interpreted as 
decollements, die out, and where laminated subhorizontal reflec­
tors appear in the lower crust in conjunction with a distinct Moho 
reflection. 
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The lower crust portion of the continental crust that has been 
extended more than 10 or 15 percent cannot be assigned with 
confidence to a terrane that lies above it. As reflectors that can be 
traced downward from structures at the surface are obliterated, 
identity is lost as one block of lower crust has much the same 
velocity structure and bulk comp~sition as another. The problem 
becomes more difficult the greater the distance from the craton, as 
the lower crust is thinned significantly more than the upper crust 
(Keen and others, 1987). Hence we have shown lower crust in a 
different pattern from the upper 'crust outboard from the arbitrary 
boundary of Grenvillian lower crust. The isotopic evidence of 
Ayuso and Bevier (1991) best describes the crust as it was in the 
middle Paleozoic when it was being sampled by partial melting and 
the ascent of granitic magmas. These data are not directly appli­
cable to the lower crust after it was reformed in the late Paleozoic 
and early Mesozoic. Suites of deep crustal xenoliths from Mesozoic 
dikes and plutons would provide .more reliable samples of lower 
crustal compositional variation now. Deep seismic refraction veloc­
ities below 7.1 km/s show that the lower crust is of sialic compo­
sition, probably plagioclase-rich pyroxene and amphibole granu­
lites. No tract of transitional or oceanic crust has been identified to 
underlie any terrane northwest of Meguma. 
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