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CHAPTER 1
INTRODUCTION
i fl s Intrusion

The Mesozoic basins of eastern North America occur in a linear zone extending
from Florida to the Grand Banks off Newfoundland (Hubert et al., 1978) (Figure 1.1).
The basins were formed by the extensional forces related to the breakup of Pangea, the
separation of North America from Africa and Europe, and the formation of the present day
Atlantic Ocean (Figure 1.2). In some areas the rifting may have taken place along low
angle detachment faults giving rise to half grabens along conjugate sets of lower and upper
plate margins (Manspeizer, 1888). In other areas, such as the Newark basin, it has been
suggested that Mesozoic faulting reactivated older Paleozoic low angle faults (Ratcliffe and
Burton, 1984). Magmatism associated with this rifting produced numerous basalt flows,
and intrusive dikes and sills. The flows are exposed in Mesozoic basins, but abundant
dikes and sills intrude country rocks outside the basins. Dike swarms occur along the
eastern margin of North America. The emplacement of some of the diabase dikes along the
east coast coincides with the rifting of the supercontinent, Pangea. King (1961) first
described the geographical distribution of these diabase dikes and noted a systematic
change in orientation of the diabases along the coast. May (1971) proposed that the
circum-Atlantic Mesozoic dikes were emplaced along radial fractures that are perpendicular
to a minimum principle stress axis. Based on their reactivation model, Ratcliffe and Burton
(1984) would suggest, that the dike and stress orientations are locally controlled by the
configuration of master faults in the basement rocks. Diabases associated with rifting can
provide important evidence as to the nature and sequence of these processes, and about the
crust and mantle conditions during rifting.

The temporal sequence of events that led to the formation of the Atlantic Ocean has
been difficult to constrain accurately. The onshore northern Newark basins were filled
with fluvial sandstones, interbedded lavas and lacustrine sediments limited to the Triassic
and early Jurassic. At this time offshore there was a major unconformity as documented in
the COST G-2 well (Manspeizer and Cousminer, 1988) (Figure 1.3). This major
unconformity marks the change from synrift to postrift deposition. The transition from
rifting to drifting, based on the sea-floor spreading record, was at approximately 175 m.y.,
assuming a constant spreading rate prior to the Tithonian. The end of rifting is believed to
have coincided with the final igneous event in the onshore rift basins (Klitgord and
Schouten,1986).

Offshore late middle Jurassic igneous activity at 140 m.y. was restricted to Georges
Bank. The main period of offshore igneous activity was concentrated in the
Aptian/Barremian, at 120 m.y. This activity consisted of dike swarms in the Baltimore
canyon, dikes, sills and strato volcanoes in the Scotia shelf, and strato volcanoes in the
Grand Banks (Jansa and Pe-Piper, 1988).

Regional tectonic events that were synchronous with major phases of igneous
activity in the Mesozoic are: the initial rifting of Pangea at 200-195 m.y., the beginning of
sea-floor spreading between North America and Africa at about 175 m.y., the initiation of
the rifting in the Labrador-Greenland region 140 m.y., the separation of the continental
plates between Iberia and the Grand Banks 115 m.y., and the separation of the Greenland
and European continental plates 83-92 m.y (Jansa and Pe-Piper, 1988; Klitgord,1988).
The majority of igneous activity occurred along old fracture zones that appear to have been
reactivated, and/or along new fractures or fracture zones in the continental crust. The new
fracture zones resulted from the changes in stress patterns caused by a change in plate
motion direction.
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Figure 1.2 Paleotectonic reconstruction of the southern North Atlantic region at the
Triassic-Jurassic boundary. Boundary between land and sea marked by ruled pattern.
Dotted pattern shows North American Mesozoic basins. Dikes and other intrusions in fine
black patterns. From Manspeizer (1988).
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Figure 1.3 Time-stratigraphic correlation chart of Newark strata in eastern North America based on palynofloral zones and extrusive
horizons. From Manspeizer and Cousminer (1988).



Previous Work
Geology '

Geological and structural mapping of the dikes and sills of this study was done by a
wide variety of workers, and was compiled and referenced by Zen et al. (1983). Rather

ghain give a summary here, references are given with the detailed locality descriptions
elow.

Paleomagnetism

The eastern North America diabases and basalts of the Newark Supergroup have
been an object of paleomagnetic studies for the last thirty years. The magnetic research on
these rocks includes that of Bowker (1960); Opdyke (1961); deBoer (1967, 1968); Beck
(1972); Smith (1976); Smith and Noltimier (1979); Brown (1979,1988); and Smith
(1986). Some have produced conflicting results, and certain studies, particularly the older
ones, are no longer considered valid. Others have produced acceptable and consistent
information. To date there has been surprisingly little paleomagnetic work on the intrusive
diabases in west-central Massachusetts, even though there are abundant outcrops. To the
south, in Connecticut, excellent paleomagnetic work on the diabase intrusions by Smith
and Noltimier (1979) produced valuable data that is widely used in calculating a polar
wander path for North America in the Mesozoic. Smith and Noltimier investigated possible
groupings of virtual geomagnetic pole (VGP) data. The paleomagnetic data combined with
40Ar/39Ar age determinations (Sutter and Smith, 1979) led them to suggest that there were
two pulses of igneous activity at 190 m.y. and 175 m.y. Using their own results and other
published data, Smith and Noltimier (1979) calculated an older Newark I pole and a
younger Newark II pole. The Newark Trend I and II poles have become widely accepted
as representative pole positions for the Early Jurassic. There are some inherent problems
with the Newark groupings. Smith and Noltimier (1979) grouped all the lava flows and
most of the large intrusions together, based on similar pole positions for the units in
Connecticut. This forms the basis for the older Newark I pole. All the "narrow" dikes and
sills in Connecticut, Pennsylvania and Maryland constitute the younger Newark II pole.
The present study has produced both confirmations of and disagreements with their
interpretations,
Geochemistry

Weigand and Ragland (1970) characterized the diabases throughout the eastern
North American province as tholeiites. In New England the diabases were studied in
Rhode Island, New Hampshire and Maine by Peirce (1970), McHone and Trygstad (1982)
and Hermes et al. (1982). The diabases from the central Newark basin in west-central
New Jersey and eastern Pennsylvania were studied by Husch et al. (1984) and Husch and
Roth (1988). The Watchung basalts of the Newark basin were studied by Puffer and
Lechler (1980). Puffer et al. (1981) did a limited reconnaissance study (39 samples) of the
Talcott, Holyoke, and Hampden flows of Massachusetts and Connecticut, of which only
23 samples were found to be unaltered. Philpotts and Reichenbach (1983), based on
melting experiments, concluded that there are successively lower liquidus temperatures for
the Talcott, Holyoke and Hampden flows respectively, and that these flows are related by
fractional crystallization. Philpotts and Martello (1986) concluded that the intrusives in
Connecticut are feeder dikes for the three flows, the Talcott, Holyoke, and Hampden.
Based on the number of oscillations in the lacustrine sediments between the Talcott,
Holyoke, and Hampden flows, Olsen, in a personal communication cited by Puffer and
Phlipotts (1988), concluded that the Holyoke flow is 138,000 years younger than the
Talcott Basalt and the Hampden is 345,000 years younger than the Holyoke Basalt. If this
is true, then it is unlikely that the Newark I and II poles can be correct, because they would
represent magnetic directions that are about 15 m.y. apart. The most extensive geochemical
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Route 122: Site Rd 122 is from a road cut exposure on Route 122 northwest of the
village of Paxton. The diabase intrudes the rusty quartzite member of the Paxton
Formation. In hand sample the diabase has gabbroic texture.

Quacumgquasit: Site Qp is on a powerline just southwest of Quacumquasit Pond.
The diabase intrudes the sulfidic schist of the Rangeley Formation (H. Berry pers. comm.
1988) The dike is poorly exposed, but appears to be vertical and with a trend of N5OE. It
has an approximate thickness of 10 m. The diabase is coarse-grained and has a late-stage
quartz-feldspar segregation texture.

Fiskdale: Site Fs is exposed on the Quinebaug River in Fiskdale. The dike is 50 m
thick and intrudes sulfidic schist of the Rangeley Formation (H. Berry pers. comm., 1988)
The trend is N17E and the dip is vertical.

ham- vil em

The diabases of the Pelham-Loudyville system crop out in the western half of the
field area. This system is subdivided into two distinct geographic groups. The Pelham
group crops out east of the Northfield, Deerfield and Hartford Mesozoic basins, and the
Loudville group crops out west of the Hartford Basin. These diabases (Figure 1.5) intrude
the metamorphic and igneous rocks of the Connecticut Valley synclinorium and Bronson
Hill anticlinorium, which are dominated by metamorphosed sedimentary and volcanic rocks
of late Proterozoic through early Devonian age, and Ordovician and Devonian intrusions
(Zenet al., 1983). Few dikes and sills are exposed in the Mesozoic basins in
Massachusetts. Those that are, are clustered close to outcrops of the Hampden Basalt and
Granby Basaltic Tuff, and were not included in the present study. In hand sample the
diabases of the Pelham-Loudville system are fine-grained with phenocrysts of plagioclase
and clinopyroxene. From paleomagnetic studies these diabases appear to be Early Jurassic
(McEnroe, 1988).

On the bedrock geologic map of Massachusetts (Zen et al.,
1983) only two diabase localities are shown west of the Hartford Basin in Massachusetts,
near Loudville. During the present study altogether seven areas of exposure were found,
and a series of ground-magnetic profiles (report in progress) shows that they belong to a
dike set trending N25E and extending over a distance of at least 6.7 km. The exposures of
the Loudville diabases represent a shallower level of intrusion than those of the Pelham
group, in that they are on the downthrown side of the Connecticut Valley border fault and
close to the unconformity at the base of the Triassic strata. Based on the middle cross
section of the bedrock geologic map of Massachusetts, this difference in level of intrusion
is estimated at about S km. From north to south, the sampled localities of the Loudville
group are as follows:

Sawmill Hills (Samples labelled SWM1, SWM2): Two exposures of diabases
were found that intrude the Littleton Formation and the Willamsburg Granodiorite.
Sawmill 1 consists of dikelets exposed on a southeast-facing wall of silicified granitic
pegmatite. Three dikelets with a general attitude of N35E dip 82SE were sampled. Based
on magnetic traverses there is a dike in the adjacent valley 9 m wide with approximately the
same trend. Sawmill 2 lies 150 m southwest of Sawmill 1. The outcrop consists of about
1 m of medium- to fine-grained diabase with columnar cooling joints that trend N53W and
plunge 16SE, suggesting a dike that strikes N37E and dips 74NW.,

Mineral Springs, Loudville (Samples labelled MS, MS2): Two areas of exposure
of a diabase dike that intrudes the Waits River Formation and the Williamsburg
Granodiorite were found in this vicinity. Two outcrops were sampled. In a roadcut on
Mineral Springs Road the northwest contact strikes N36E and dips 82NW, the southeast
contact strikes N20E and dips 87NW, and the dike has a maximum thickness of 17 m. A
second locality (MS2) west of the roadcut on the eastern bank of the north branch of
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samples for the present study were taken from the northeast segment. Here the dike is 11
m thick and can be traced for 200 m. The southeast contact at 613 is N12E 61SE; at 614,
N18E 72 SE. Samples were obtained from the chilled southeast contact to 8.5 m into the
dike.

Hill East of Dodge Hill (Samples labelled EDH): This diabase is best exposed on
the west slope of the hill east of Dodge Hill in the Belchertown quadrangle. It is the
southwestern-most and best exposed of four small lens-like intrusions portrayed on the
Massachusetts bedrock map that intrude the Fourmile Gneiss on the east limb of the Pelham
dome. The other three lenses were mapped on the basis of ground-magnetic anomalies and
very low outcrops ( P. Robinson, pers. comm., 1986). At the sample locality the
northwest contact was measured. The strike is N47E, and dip 69NW. The dike has a
thickness of approximately 14 meters. The chilled contact on the northwest side is very
well exposed and shows small xenoliths of Fourmile Gneiss.

Cadwell Creek, Quabbin Reservoir (Samples labelled CC): There are three diabase
dikes that intrude the Fourmile Gneiss located in the bed of Cadwell Creek near Quabbin
Reservoir. The northernmost dike is 1.2 m thick, strikes N65E and dips 67NW. The
second dike 2.4 m to the south is 18 cm thick, strikes N60E, and dips 7SNW. The third
dike about 1 m further south is also 18 cm thick, strikes N70E, and dips 87NW. The
southern dike has been fractured and weathered, and appears to have been hydrothermally
altered. All paleomagnetic and geochemical samples were from the northern dike,

Jabish Brook (Samples labelled 126,127): Two diabase dikes intrude the Pelham
Quartzite in an en echelon pattern. At locality 126, 134 m east of Jabish Brook, the strike is
N32E, the dip is vertical, and the maximum thickness is 12 m. At locality 127, 61 m
northeast of 126, the strike of the dike is N34E, the dip is vertical, and the maximum
thickness is 14 m. A ground-magnetic anomaly map of these two diabases produced by
gl? . Wise and K. W. Blake shows that these two exposures belong to two en echelon

ikes.

Turkey Hill, Belchertown (Samples labelled 615, 616): These diabase dikes located
near the summit of Turkey Hill intrude the Belchertown Quartz Monzodiorite (Guthrie,
1972; Ashwal et al., 1979). Eight outcrops of diabase can be traced for 61 m. The
maximum exposed thickness is 17 m and the dike thins north and south to about 11 m. The
trend is N17E and the dip is vertical.

Ware System

The diabases of the Ware system in Massachusetts extend in a northeast-southwest
trending en echelon pattern for 50 km from the Connecticut border of Massachusetts to the
eastern part of Barre. These diabases intrude the metamorphic and igneous rocks of the
Merrimack synclinorium as well as the Bronson Hill anticlinorium (Figures 1.4, 1.5).
Thirty-five km northwest of Barre, at the French King Bridge locality, a sill of this system
intrudes the Fourmile Gneiss of the Bronson Hill anticlinorium. This sill crops out in the
geographic region of the Millers Falls area of the Pelham group. In hand sample the
interior of the dikes and sills are subophitic plagioclase and clinopyroxene diabases. The
sample localities from the Ware system are described in order from northeast to southwest.

Barre (Samples labelled BA): This area of exposures is in Barre State Forest,
northeast of the village of White Valley. The dike intrudes the Partridge Formation ,
Littleton Formation, and the sulfidic schist and quartzite member of the Paxton Formation
(Tucker, 1977; Zen et al., 1983). It sarikes N56E, has a vertical dip, and a maximum
estimated thickness of 40 m. During field work of the present study, outcrops were found
southwest of those described by Tucker (1977), so that this diabase can now be traced in
the field for one km along strike. Southwest 2.5 kilometers from this locality a diabase
dike 40 m thick was exposed in the Quabbin tunnel (Fahlquist, 1935, section 78).
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Ware (Samples labelled W and WA): There is very good exposure south on the
powerline from the point where it intersects Route 9. The dike intrudes the Rangeley
Formation, Fitch Formation, and Coys Hill Granite. The strike of the dike is' N25E, the
dip is vertical, and the width is 30 m. This dike has been traced in the field for a distance
of 5.4 km (Field, 1975). This dike has been sampled at two localities 1 km - 2 km south
on the powerline from Route 9 and a small dikelet, less than 0.3 m thick that strikes N6E,
and dips 74E near site WA.

North of Fox Hill (Samples labelled PC): There are exposures on a powerline 200
m north of Fox Hill but no diabase contacts are visible. This area is mapped as the
northern extension of the Fox Hill dike that intrudes the Coys Hill Granite in the Palmer
quadrangle. This dike is shown as separate from but close to the Ware dike by Peper
(1966), but as part of the Ware dike by Field (1975).

Fox Hill (Samples labelled FX): The dike is exposed on the west slope of Fox Hill
in the Palmer quadrangle east of the powerline and intrudes the Coys Hill Granite. It
strikes N33E, has a vertical dip, and is 21 m thick. Samples FX-1 and FX-2 were
collected 9 m from the southeastern contact of the dike. Sample FX-3 was collected 3.7 m
from the southeastern contact. Samples FX-5 were collected for geochemistry only from a
dikelet 0.33 m thick in a block displaced less than one meter adjacent to the southeast
contact.

French King Bridge (Samples labelled FK): This sill lies 37 km northeast of the
Barre locality, in the Millers Falls quadrangle, on the east side of the Connecticut River,
northeast of French King Bridge, on a powerline that crosses the Connecticut River at
French King Rock. This sill is 0.2 m thick and intrudes parallel to foliation in the Fourmile
Gneiss that strikes northeast and dips gently northwest.

liss Hill Gr

The two diabases of the Bliss Hill group intrude the rocks of the Bronson Hill
anticlinorium (Figure 1.5). These are separated from the geographically overlapping
Pelham-Loudyville system because of distinct chemistry, paleomagnetism and ages. In hand
sample these are fine-grained with abundant small amygdules.

Bliss Hill North (Samples labelled 414): A dike 1.2 m wide intrudes the Clough
Quartzite and Rangeley Formation on the southern slope of Bliss Hill in the Mt. Grace
Quadrangle (Figure 1.6). The strike is N40E, and the dip is 70N.

Bliss Hill South (Samples labelled BH): The exposure is in a large excavation ditch
on Athol Rd 100 m west of the town line between Warwick and Orange, in the Mount
Grace quadrangle. The dike intrudes the sulfidic schist of the Rangeley Formation. The
strike is N16E, the dip is 81INW, and the thickness is 1 m.

Quabbin Reservoir Group

Three sills intrude the rocks of the Bronson Hill anticlinorium (Figure 1.5) in the
eastern part of the Quabbin Reservoir area. These are separated from the Pelham-Loudville
system because of the distinct chemical and paleomagnetic signatures, and Cretaceous ages.
In hand sample these are fine grained diabases with olivine phenocrysts and abundant
amygdules.

Chapman Island (Samples labelled C26): This sill, 1 m thick, on the east coast of
Chapman Island intrudes migmatitic schist of the Partridge Formation (Figure 1.5). It was
discovered in 1965 by Peter Robinson (pers. comm.) and is shown on the bedrock map of
Massachusetts (Zen et al., 1983). The sill strikes NSW and dips 42W. Ground-magnetic
profiles measured over the sill show unusual negative anomalies consistent with the strong
reversed polarity of the remanent magnetization (Figure 1.6).
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Baffle Dam Island (Samples labelled BF): A sill 0.3 m thick intrudes Monson
Gneiss at elevation 655' on the east facing cliffs near the summit of the island (Figure 1.5).
This was discovered in the present study during field search for Balk's South Baffle Dam
locality. The sill strikes N27E and dips 55SE. It has been traced along strike for a distance
of 100 m, and where last exposed at the north end, turns into a dike striking N62W and
dipping 63SW.

South Baffle Dam: This locality, originally mapped by Robert Balk (1940) during
construction of Quabbin Reservoir, is no longer exposed. It lies where the road from South
Baffle Dam follows the southeast shore of Baffle Dam Island. Ground-magnetic profiles
indicate a sill 1 m thick with strong reversed polarity. A sample from Balk's collection
housed at the University of Massachusetts was analyzed geochemically and for K-Ar.
Additional samples of a thinner chilled dikelet were obtained from rubble adjacent to the
road.
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CHAPTER 2
PETROGRAPHY

Introduction

In central Massachusetts the Mesozoic systems of intrusions into pre-Mesozoic
crystalline rocks are distinct in their petrographic character. Each system is discussed
separately in order of relative age as determined by paleomagnetism. Sixty-eight thin
sections of the diabase dikes and sills were examined using petrographic microscope
techniques. The phases present, textural relationships, and character and amount of
alteration were noted. Plagioclase compositions were determined using the Michel-Levy
method or estimated on the basis of CIPW norms calculated from chemical analyses
(Chapter 3,Tables 3.1 to 3.6).

Twenty-four polished-thin sections and nine polished cores 2.5 cm in diameter
were examined using oil immersion with a reflected light microscope. Crystal form,
exsolution, oxidation and alteration of the opaque minerals were noted. The classification
system of Haggerty (1976) was used to describe the extent of oxidation exsolution of
magnetite-ulvospinel solid solution members.

C1. optically homogeneous ulvospinel-rich magnetitegg.

C2: Magnetite-enrichedgs with a small number of "exsolved" ilmenite lamellae
parallel to {111} spinel parting planes.

C3: Ulvospinel-poor magnetitess with densely crowded "exsolved" ilmenite along
{111} parting planes of the cubic host.

The results of petrographic examination are presented in Tables 2.1 through 2.9.
These contain estimated modes and estimates of maximum grain size in millimeters in each
category, indicated by square brackets.

Holden System

Seventeen diabase samples from the Holden system were studied petrographically.
These included eleven thin sections, two from chilled margins and nine from well
crystallized interiors; and six polished cores, two from chilled margins and six from well
crystallized interiors. The estimated modes are listed in Table 2.1,

The average chilled margins contain 5% normally zoned plagioclase phenocrysts
Ansg.¢4, 1.3 to 1.6 mm long; 3% Mg-rich orthopyroxene phenocrysts (2V=-80-85), 0.8 to
1.5 mm long, altered up to 20% along the edges and in cracks; and 8% clinopyroxene
phenocrysts, including both augite and pigeonite of 0.8mm average length, commonly
occurring in aggregates of crystals. The matrix is composed of 36% plagioclase, 38%
clinopyroxene, red-brown biotite, 10% skeletal to euhedral grains of titanomagnetite
classified from C1 to C2, and discrete grains of ilmenite. The sulfides are pyrite and
chalcopyrite. The pyrite occurs as euhedral grains, filigree, and as an intergrowth with
titanomagnetite.

The interiors of the diabases are well crystallized and in some samples it is difficult
to distinguish phenocrysts from matrix minerals. The major minerals include 41-50%
normally zoned plagioclase, Ansg.72, ranging from 8.0 to 2.0 mm long; 2-10% of Mg-rich
orthopyroxene (2V=-80-85), 1.4 to 2.2 mm long; 22-42% clinopyroxene, including augite
and pigeonite, 0.8-2.0 mm long and 3% of red-brown biotite rimmed by green biotite, up
t0 0.7 mm long. The titanomagnetites have abundant "exsolution" lamellae of ilmenite and
are classified as C2 to C3 with increasing ilmenite. These show greater alteration than in
the chilled samples, to Fe-Ti amorphous oxides, to titanomaghemite, and possibly to
sphene in some samples. Discrete grains of ilmenite are common. Pyrite varies in texture
from droplets and filigree to euhedral grains. Chalcopyrite occurs in trace amounts, and




Table 2.1 Estimated modes of diabases from the Holden system. Sample numbers indicate type of specimen studied: FK -
polished thin section, FK - normal thin section, FK - polished core.

0X-3 OX-3 _0X-2 _0X38 _1681A

Phenocrysts
Plagioclase 10
Augite-Pigeonite 7
Orthopyroxene 2

Matrix
Plagioclase 37
Augite-Pigeonite 30
Biotite 4
Titanomagnetite 10
(Class)

Ilmenite
Amorph. FeTi
Pyrite
Filigree
Sulfide Droplets
Chalcopyrite

Alteration
Calcite
Chlorite
Sericite r

Xenoliths
Feldsp. Granulite X

[1.6] 3 [2.0]
[0.7] 5 [1.0]
[0.8] 4 [1.8]
[0.1] 40 [1.0]
[0.04] 40 [0.6]
[0.05] 2 [0.7]
[0.8] 10 [0.8] 9 [0.7] 7 [0.51 6 [0.3]
C1-2 C3 C3
1 [0.1] 1 [0.2]
r r [0.3]
1 [0.05]1 1 [0.05]
5 [3.0]
S5 [0.5]) r
r r
tr
tr

1681A3

10
10

[1.5]
[1.3]
[2.2]

[0.8]
[0.6]
[0.3]
[0.3]

1681B

(SSRU. N |

38

10

g

[1.5]
[0.8]
[1.4]

[0.2]
[0.15]
[0.05]
[0.15]

681B3

g5

61



Table 2.1_ (continued).

_1681C  1681C-1 1683 1683 1638 1683  _QP 0P _I2AR_

Phenocrysts
Plagioclase 5 [1.8] 5 [1.3] 10 [1.5] 15 [1.7]
Augite+Pigeonite 5 [2.0] 8 [0.8] 5 [0.6] 10 [1.4]
Orthopyroxene 10 [1.5] 3 [1.5] 6 [1.5]
Matrix
Plagioclase 45 [1.4] 48 [1.7] 51 [0.8] 33 [0.2] 40 [0.8] 37 [0.4]
Augite+Pigeonite 42 [1.1] 41 [1.2] 22 [1.0] 43 [0.2] 32 [0.4] 25 [0.3]
Orthopyroxene 5 [1.7] 2 [0.9]
Biotite 1 [0.2] 1 [0.3] 2 [0.5] 2 [0.7] 1 [0.15]
Apatite tr tr
Orthoclase+Quartz tr tr tr 2 tr
Titanomagnetite 4 [0.6] 6 [0.8] 4 [0.8] 4 [0.7]1 8 [0.2] 8 [0.2] 5 [1.01 5 [0.7] 5 [0.4]
(Class) C C3 C2 C3 C3
Imenite tr [0.5] 1 [0.5] tr 1 [0.7] tr [0.5]
Amorph. FeTi ? ? ? ? ?
Pyrite tr tr 1 tr r
Chalcopyrite tr tr tr
Pentlandite tr
Sulfide Filigree tr 1 [0.6] 1 [0.5]
Alteration
Calcite tr tr tr r 1 1
Chlorite 3 2 1 tr 3
Sphene tr ? tr

. Hematite ? r

0c
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pentlandite is present in one section. Micrographic intergrowths of alkali feldspar and
qQuartz are common and trace amounts of apatite and calcite are present in most samples.
Chlorite is present as an alteration product in the matrix of 80% of the sections.
Orthopyroxene is altered around the edges and about 15% of the plagioclase is sericitized.

The dikes of the Holden system contain certain petrographic features of particular
interest to petrogenetic interpretations. In the interiors of the diabases there are grains of
pigeonite rimmed by augite, probably indicating a peritectic relationship. These augite
rims contain exsolution lamellae, that are probably pigeonite, and are indicative of relatively
slow cooling. This is also suggested by local augite lamellae in the orthopyroxenes. The
orthopyroxenes are rimmed by a mineral of a more Fe-rich composition, that in most cases
has been replaced by a sheet silicate, This rim, before alteration, could have been olivine
which was produced on orthopyroxene as it reacted during decompression, in which the
field of primary crystallization of olivine expanded at the expense of the orthopyroxene
field (Philpotts and Reichenbach, 1985). The clinopyroxene phenocrysts in the chilled
margins have ragged edges which may indicate that they were also out of equilibrium with
the liquid at the time of intrusion. There are late stage pyrites that surround the
titanomagnetites, and pyrite and titanomagnetite intergrowths. The local micrographic
intergrowths of quartz and alkali feldspar, common to all the interior samples, probably
represent interstitial residual liquid of granitic composition.

Pelham-Loudville System
The diabases of the Pelham-Loudyville system were the most extensively studied in
thin section. Eight thin sections from chilled margins and twenty-two well crystallized

interior samples were examined in transmitted light. Eighteen specimens were examined in
reflected light. The estimated modes are in Tables 2.2 to 2.5.

The chilled margins contain 5-10% phenocrysts of plagioclase, Anss.70, 0.8 t0 2.0
mm long; 3-5% microphenocrysts of olivine (2V=-80-85), Fo75.85, 0.16 to 0.25mm in
diameter; and 2-7% clinopyroxene phenocrysts including augite and pigeonite that range in
length from 0.6 to 4mm. The plagioclase phenocrysts are commonly normally zoned and
approximately 3% of the plagioclase phenocrysts appear to have crystallized in
supersaturated conditions (Lofgren, 1974) as shown by the interiors of grains that have a
coalescing finger- like texture that evolve to a single grain. Dungan and Rhodes (1978),
alternatively, suggest that this texture in plagioclase may be produced by resorption during
magma mixing. Inclusions of pyroxenes (0.04 mm) are common in the large plagioclase
grains. The microphenocrysts of olivine are rimmed by augite and pigeonite. The widths
of the reaction rims on the olivine crystals increase from the contact inward toward the
interiors of the diabases until all the olivine is reacted out.

The matrix is composed of 39-47% plagioclase (0.1-0.2mm); 40-45%
clinopyroxene, augite (2V=+30-50) and pigeonite (2V=+0-10) average size 0.12mm; 10-
20% titanomagnetite (C1-C3), ranging from skeletal arrangements with herring-bone
texture to euhedral grains; 3% fine-grained titanomagnetite dust; 1% sulfides including
pyrite as sulfide droplets and euhedral crystals, and chalcopyrite; less than 1% biotite; and
discrete grains of ilmenite. Trace amounts of apatite, and zircon are also present. Quartz
xenoliths with reaction rims of pyroxene, ilmenite, and micrographic K-feldspar and
quartz are common in most thin sections. Secondary alteration is less than 10%, including
sericitized plagioclase that is more abundant in this system than in the Holden and Ware
systems, and the Quabbin Reservoir and Bliss Hill groups. 1-3% Fe-chlorite, possibly
replacing olivine is common. In some sections the titanomagnetites have been altered to an
amorphous Fe-Ti oxide. Trace amounts of secondary calcite, Fe and Mg-chlorite, biotite
and hematite occur in the matrix. In some sections there are thin veins or dikelets
containing red-brown high-temperature biotite and olive-green hornblende.




Table 2.2 Estimated modes of diabases, Loudville group, Pelham-Loudyville system. Sample numbers
indicate type of specimen studied: FK - polished thin section, FK - normal thin section.

Phenocrysts
Plagioclase
Augite+Pigeonite
Olivine

Matrix
Plagioclase
Augite+Pigeonite
Biotite
Titanomagnetite

(Class)
Ilmenite
Amorph. FeTi
Pyrite
Chalcopyrite
Sulfide Droplets
Apatite

Groundmass
Silicates
Magnetite Dust

Alteration
Calcite
Chlorite
Sericite
Hematite
Rutile

Xenoliths
Quartz

SwM2A  Ms2A _CR8  _CS7 2 _CS7A. _CS9

2 [1.8]
1 [0.8]
73 [0.5]

44 [0.4]
37 [0.25]

7 1[0.2]

=} qqu

HA w

m.—-é& 5#0\

we

[2.0] 4 [1.8]
[0.8]
[0.2] 7 [0.3]

[0.5] 43 [0.6]
[0.25] 40 [0.3]
[0.15]

[0.5] 7 [0.2]

=} qqqqg

72
15

— B W

2 [1.5]
1 [0.2]
71 [0.3]

NN

4 [1.5]
3 [1.2]
N [0.4]

43 [0.3]
36 [0.2]

10 [0.15]
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X [0.8]
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Table 2.3 Estimated modes of diabases, Millers Falls area, Pelham group, Pelham-Loudville system. Sample numbers indicate
type of specimen studied: FK - polished thin section, FK - normal thin section.

_NF2  _NF3 = _Li4 P _L7 LA _HH_ Butd

Phenocrysts

Plagioclase 4 [1.2] 5 [1.4] 5 [1.5] 5 [1.7] 5 [2.0] 1

Augite+Pigeonite 1 [0.3] 3 [0.5] 1 [0.5] 1 [0.8] 3

Olivine N [0.2] 1 [0.2] 71 [0.2]

Matrix

Plagioclase 45 [0.6] 42 [04] 41 [0.1] 46 [0.3] 45 [04] 45 [0.6] 43 [0.4]

Augite+Pigeonite 42 [0.2] 40 [0.2] 39 [0.05] 43 [0.2] 44 [0.2] 45 [0.2] 40 [0.3]

Biotite tr tr

Titanomagnetite 7 [0.2] 7 [0.25] 8 [0.02] 4 [0.15] 5 [0.3] 5 [0.4] 5 [0.4]
(Class) C3 C3 C2-3 C2-3 C2-3 C1-3

Magnetite Dust 2

Titanomaghemite tr

Ilmenite

Amorph. FeTi

Pyrite

Chalcopyrite

Apatite

Devitirified Glass 1

Groundmass

Silicates 70

Magnetite Dust 12

Alteration

Calcite

Chlorite 1 1 tr

Sericite 1 3 1 tr

Hematite 1

Xenoliths

Quartz X [0.8] X [0.2] X [5.0] X [3.0]

R " HA

ir
ir
ir

RR HRARAR

" AR =

Sy
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Table 2.4 Petrography of diabases, central area, Pelham group, Pelham-Loudville system. Sample numbers indicate type of
specimen studied: FK - polished thin section, FK - normal thin section.

Phenocrysts
Plagioclase
Augite+Pigeonite
Olivine

Matrix
Plagioclase
Augite+Pigeonite
Biotite
Titanomagnetite

(Class)
Magnetite Dust
Ilmenite
Pyrite
Chalcopyrite
Sulfide Droplets
Apatite

Alteration
Calcite
Chlorite
Sericite
Sphene
Hematite

Vein
Biotite
Homblende

Xenoliths

Quartz

RS  _RSIC _3C6 _8C9A  _202 = _NV6

5
2
42
41

6
3

[1.8]
[1.8]

[0.5]

[0.3]
[0.2]

5 [1.8] 8 [1.8]
2 [0.9] 3 [0.8]
42 [0.4] 43 [0.8]
42 [0.3] 40 [04]
1 0.15])
7 [0.15] 4 [0.6]
C2
2
tr
1 [0.08]
r [0.07]
tr
tr tr
tr 1
tr tr
tr r
X [1.0]

7 [1.2]
5 [1.3]
1 [0.2]

41 [0.2]
32 [0.1]

9 [0.05]
C1-2

=
— O\
e

RRA—g
(— o f—

ot -

ey

X [1.0]

_613-C1

5 [1.9] 3 [1.5] 6 [1.5]
3 [1.4] 2 [0.8] 3 [0.4]
1 [0.2]
41 [0.2] 45 [0.4] 39 [0.2]
38 [0.15] 41 [0.2] 40 [0.05]
2 [0.15]
10 [0.1] 7 [0.15] 11 [0.05]

C3

1 [0.1]

tr

1 [0.1]

tr [0.1]

tr
18 1 1

tr

tr
tr
tr 1 [0.15]
X [09] X [1.8]

6I3-C2

N L
ey
22

QO

42 [0.5
39 [0.2]
1 [0.05]
9 [0.01]

124



Table 2.5 Estimated modes of diabases, southwest Quabbin area, Pelham group, Pelham-Loudville system. Sample numbers
indicate type of specimen studied: FK - polished thin section, FK - normal thin section.

642 _EDH  EDH-X _I127A _126A _CCA_  _6I5  _6I6

Phenocrysts

Plagioclase 7 [1.5] 5 [1.2] 5 [1.5]) 4 [1.7] 7 [1.7] S5 [1.8] 4 [0.8] 4 [1.0]

MAugite+Pigeonite 3 [0.6] 2 [0.8] 2 [0.6] 2 [0.8] 3 [0.7] 3 [0.8] 2 [1.2] 2 [0.8]
atrix

Plagioclase 40 [0.6] 40 [0.6] 42 [0.6] 42 [0.6] 40 [0.8] 40 [0.4] 41 [0.8] 44 [0.4]

Augite+Pigeonite 41 [0.3] 42 [0.4] 43 [0.2] 42 [0.3] 43 0.3] 38 [0.3] 43 [0.25] 40 [0.2]

Hornblende 1 [0.2]

Biotite 1 [0.1] 1 [0.1] 1 [0.1] 1 [0.1] 1 [0.1] 1 [0.1] 2 [0.2]

Titanomagnetite 6 [0.3] 7 [0.2] 6 [0.2] 6 [0.5] 5 [0.3] 10 [0.2] 5 [0.3] 5 [0.2]
(Class) c2 C3 C2-3 - C2-3 C3 C3 C3

Magnetite Dust 2

Imenite tr tr tr tr

Amorphous FeTi tr tr tr tr tr

Pyrite r tr r tr tr tr r

Chalcopyrite tr

Sulfide Droplets tr tr tr tr tr

Apatite tr tr tr tr tr tr tr

Alteration

Chlorite 1 1 1 1 1 1 1 1

Sericite 1 2 tr 2

Hematite 1 1 1

Xenoliths

Quartz X [0.4] X [0.8]

€t






Table 2.6 Estimated modes of diabases from the Ware system. Sample numbers indicate type of specimen studied:

FK - polished thin section, FK - normal thin section, FK - polished core.

Phenocrysts
Plagioclase
Augite+Pigeonite
Olivine

Matrix

Plagioclase
Pigeonite+Augite
Biotite
Titanomagnetite
(Class)
Tlmenite
Amorph. FeTi
Pyrite
Chalcopyrite
Filigree
Apatite
Oxidized Glass
Devitrified Glass

Alteration
Calcite
Chlorite
Sericite
Hematite

Xenoliths

Quartz

FK2]

5 [1.8]
3 [1.2]
1?7

38 [0.6]

40 [0.2]
9 [0.15]

X [0.8]

FK2C FK BA-2
7 [1.7]

3 [1.0]

1 [0.2]

35 [0.1] 50 [1.6]
25 [0.8] 45 [1.8]

tr
15 [0.05] 10 [0.05] 5 [0.5]
C1-2 _

?

12

(S R=+
=01

W4

54 [1.0]
43 [0.6]

3 [0.2]

R AR ~"

WA-1

46 [0.8]
50 [04]

4 [0.3]

WA-3

48 [1.0]
47 [0.6]

4 [0.25]

LT



Table 2.6 (continued)

Phenocrysts
Plagioclase 5
Augite+Pigeonite 3
Olivine

Microphenocrysts
Plagioclase
Olivine

Matrix
Plagioclase
Augite+Pigeonite
Biotite tr
Titanomagnetite 5 [0.2]

(Class) C2-3
Ilmenite

Pyrite

Chalcopyrite
Filigree
Apatite

Alteration
Calcite
Chlorite
Sericite
Hematite

Xenoliths
Feldspar

42 [0.5]
45 [0.4]

g eof g

AR AR

EX5A

10

38
30

12

[1.0]
[0.5]

[0.2]
[0.15]

[0.04]
[0.05]

[0.01]

12

39

12

[1.0]
[0.6]

[0.3]
[0.15]

[0.1]
[0.08]

[0.04]

1 [1.8]

50 [0.8]
42 [0.7]
1 [0.3]
5 [0.4]

8¢
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Superimposed on the titanomagnetites are a high-temperature deuteric oxidation or possibly
a much later post-emplacement alteration, in which the grains were modified to an
amorphous Fe-Ti oxide. It is considered unlikely that this high-temperature alteration of the
titanomagnetites is later than the cooling of the diabases, because little alteration of the
plagioclases and pyroxenes was observed in these samples. This lack of alteration of the
silicate minerals would support deuteric alteration of the titanomagnetites rather than a much
later alteration by high temperature fluids. There are rare discrete grains of ilmenite.
Sulfides are common, typically making up 1% of the rock. Pyrite varies in texture from
droplets and filigree to euhedral crystals. Chalcopyrite is present in trace amounts. A red-
brown biotite commonly rimmed by green biotite is present in amounts up to 1% in the
interstitial matrix. Associated with this are trace amounts of apatite, quartz, K-feldspar and
calcite. Ten percent of the plagioclase is sericitized and secondary Fe-chlorite and an
oxychlorite are present in amounts less than 1%. Minor cracks are filled with late hematite.
Pigeonite is preferentially altered, typically along the circular cracks believed to have been
produced by structural contraction during the C to P inversion, whereas augite is less
commonly altered. Locally an unidentified greenish-brown sheet silicate has replaced
euhedral grains that may have been olivine.

In summary, based on petrographic characteristics, including the reaction
relationship between early olivine microphenocrysts and liquid, and later interstitial quartz
and alkali feldspar, the Ware system diabases are classified as tholeiites (Yoder and Tilley
1962). A distinguishing feature of this system, as compared to other systems is the marked
abundance of pigeonite relative to augite.

Bliss Hill Group
Five thin sections and one polished core from the two Bliss Hill diabases were
studied petrographically. The estimated modes are listed in Table 2,7. The northern
diabase, 1.2 meters thick intrudes Clough Quartzite; the southern diabase, 0.5 meters thick,

intrudes sulfidic schist of the Silurian Rangeley Formation. These dikes are
petrographically distinct and are discussed separately.

The northern dike (414) contains 3% phenocrysts of plagioclase, Ans2.55,1.2-1.8
mm long; 3% of augite 1.0 mm long; 2% orthopyroxene, En7s.g1, (2V=-70-75), 0.8 mm
long with red-brown inclusions that are possibly kaersutite; and 1% altered olivine, 0.8 mm
long. The matrix consists of 42% plagioclase, 0.4-1.0 mm long; 36% clinopyroxene, 0.2-
0.3 mm long; 11% titanomagnetite, C2 to C3; 1% oxide-charged devitrified glass; and 1-
2% amygdules, filled with calcite or devitrified glass. There are trace amounts of ilmenite
and pyrite. Minor alteration minerals include sericite and chlorite, replacing olivine, and as
trace amounts in the matrix, and up to 3% calcite.

The southern dike (BH) contains 3% plagioclase phenocrysts, Anss.57, 1.8 -2.2
mm long; and 1 % of augite, 0.8-1.2 mm long, and orthopyroxenes, Enggp-g5 (2V=-80-90),
0.6-1.0 mm long. The matrix consists of 38% plagioclase, 0.1-0.9 mm long, 34%
clinopyroxene, 0.05-0.5 mm long; 10% skeletal herring-bone and euhedral crystals of
titanomagnetite, C1 to C2; 2-5% devitrified glass, 5 % amygdules up to 2.0 mm in
diameter; and trace amounts of pyrite, pyrrhotite, and ilmenite. Alteration is minor.
Secondary minerals include calcite, chlorite, hematite. Amygdules are locally filled with
analcime, calcite. On the walls of the amygdules that are not filled by a secondary mineral
devitrified glass is present.

The orthopyroxenes are abraded at the edges and appear to be out of equilibrium
with the liquid. The presence of amygdules in these diabases, as contrasted to the more
abundant Jurassic diabases, may be characteristic of a shallower level of intrusion in the
Cretaceous than in the Jurassic.,












Table 2.9 Estimated modes, Baffle Dam Island and south Baffle Dam diabases, Quabbin Reservoir group. Sample numbers
indicate type of specimen studied: FK - normal thin section, FK - polished core.

I7-1 _6I7-2 617-3 617-4 6I7-5 O6I7 B44

Phenocrysts
Plagioclase 1 [0.8] 1 [0.6] 1 [1.0] 1 [1.0] 1 [1.6) 1 [0.8]
Olivine 5 [1.0] 5 [1.0] 5 [1.7] 5 [1.5] 5 [1.7] 5 [1.7]
Amygdules

3 [0.2] 3 [0.2] 2 [0.3] 3 [0.4] 3 [0.4] 1 [0.2]
Matrix 7
Plagioclase 40 [0.2] 40 [0.04] 44 [0.3] 45 [04] 40 [0.2] 44 [0.2]
Augite(+Pigeonite?) 28 [0.06] 26 [0.06] 25 [0.04] 22 [0.08] 29 [0.04] 26 [0.04]
Titanomagnetite 15 [0.05] 15 [0.05] 15 [0.08] 16 [0.05] 14 [0.05] 15 [0.1] 14 [0.05]

(Class) C1-2

Ilmenite
Pyrite tr [0.1]
Chalcopyrite tr [0.05]
Deyvitrified Glass 5 5 5 6 5 6
Alteration
Calcite tr
Chlorite 3 5 3 2 3 3
Hematite tr tr

€e












Table 2.12 Representative electron probe analyses and structural formulae of brown
unknown inclusions in orthopyroxene phenocrysts in sample 414A-1 from the northemn
Bliss Hill dike. Structural formulae calculated as amphibole on the basis of 23 oxygens
per formula unit. David C. Elbert, analyst.

Average of 5 Average of 4 Average of

analysis points analysis points all 9 points
SiOy 41.51 37.79 39.65
AlbO3 16.00 16.56 16.28
TiOp 4.14 6.01 5.08
MgO 6.42 6.64 6.53
FeO 19.26 20.18 19.72
MnO 0.20 0.23 0.22
CaO 8.50 9.48 8.99
NaxO 2.04 2.27 2.16
K20 035 031 0.33
Total 98.42 99.47 98.96

Structural formulae based on 23 oxygens

Si 6.232 5.673 5.953
Al 1.768 2.327 2.047
Sum 8.000 8.000 8.000
Al 1.063 .603 833
Ti 467 679 573
Mg 1.437 1.486 1.461
Fe 2.033 2.232 2.132
Sum 5.000 5.000 5.000
Fe 385 302 343
Mn 025 029 027
Ca 1.367 1.525 1.446
Na 222 144 183
Sum 2.000 2.000 2.000
Na 372 517 444
K 067 039 063
Sum 439 576 507

Mg/(Mg+Fe) 373 370 371

























Table 3.4 (continued).

CIPwW Norms2

3C6. _8C9 2W _NV6 613 614 _EDH _CC 126A _JD  _6I6
Qz 0.05 034 173 0.95 042 0.8
Or 307 3.3 282 315 3.01 295 324 394 284 285  6.67
Ab 1963 2141 19.69 1708 21.15 2031 2160 1807 1890 1935 2301
An 2418 2351 25.18 2616 23.15 2440 2275 2492 2542 2508 22.05
Ne 0.52
Di 2060 2100 1996 1851 2148 2054 2183 19.13 1999 2025 25.05
Hy 27.19 2403 2717 2850 2291 2553 2038 27.82 2747 2742
ol 2.12 332 131 4.89 17.81
Mt 232 232 227 232 238 232 233 232 227 231 2.19
Iim 256 256 248 261 258 254 254 259 250 254 231
Ap 037  0.37 035 037 037 035 036 0.37 035 03 50.31
Total 9998 10045 10026 10043 10037 10025 9992 100.10 10026 10035 99.92
An3 52 52 56 61 52 55 51 58 57 56 49
1 Atomic ratio.

2 Assuming 90% of Fe203 as FeO, 10% as FepO3.

3 Molar anorthite content of normative plagioclase.
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Table 3.5 Major- and trace-clement analyses and CIPW norms of samples

from the Ware system.

Sample FK BA3 _ _ W4 AD WA3 _PC3  FX-5 FX3
SiO 51.89 51.86 5226 5167 5146 52.10 5170 51.86
TiO2 0.83 0.78 0.81 0.82 0.79 0.78 0.79 0.83
AlbO3 14.61 14.84 1509 1512 1504 1487 1492 14.77
FepO3 11.80 11.78 11.55 1160 1159 1163 11.50 11.70
MnO 0.19 0.20 0.19 0.20 0.20 0.19 0.19 0.19
MgO 7.29 7.35 7.28 733 - 7.19 7.47 7.54 7.04
Ca0 10.60 1049 10.77 1107 11.07 10.69 10.87 10.69
Na20 2.35 2,07 1.64 2.15 1.98 2.25 249 2.62
K20 0.48 0.37 0.49 041 041 0.40 0.42 0.50
P20s 0.11 0.10 0.10 0.10 0.10 0.10 0.10 0.11
Total 100.15 99.84 100.18 10047 99.83 10048 100.52 100.31
Mg/(Mg+Fe)l 550 553 555 556 551 561 565 548
QaL(Cg-}ﬂa)_l J14 137 184 140 155 124 707 .693
Trace Elements (ppm)

Y 22 21 22 22 21 21 21 22
Sr 139 133 132 132 130 136 128 139
Rb 15 11 17 17 17 13 13 14
Th 1 1 0 0 1 1 1 1

Pb 7 6 4 4 6 4 5 5
Ga 17 17 17 17 17 18 17 16
Nb 4 5 4 4 4 4 5 5
Vi 70 65 70 67 68 65 66 72
Zn 93 91 86 98 88 88 94 95
Ni 61 62 55 64 58 57 64 59
Cr 178 182 156 205 181 168 198 176
\'/ 258 250 238 257 252 237 253 265
Ce 21 26 18 15 17 14 12 18

Ba 121 104 128 95 112 114 110 112
La i 4 5 6 1 4 8 8

9






Table 3.6 Major- and trace-element analyses and CIPW norms of samples from the Bliss Hill and Quabbin
Reservoir groups of intrusions and the Gassetts, Vermont, lamprophyre.

Bliss Hill Quabbin Reservoir
Sample 414 414A BH2C BH2I _C26N _C26Q OB4 OBS  6I7-3 6I74 B44 GS
SiOp 5030 51.12 5245 5196 5170 5180 5197 5194 5124 5145 5150 4737
TiOp 1.50 1.52 1.62 149 1.33 127 1.26 1.33 1.33 1.34 1.28 3.10
AlhO3 1496 1517 1555 1505 1458 1471 1473 1532 1460 1465 1470 17.73
Fep03 1267 1256 1213 1227 1225 1215 12116 1212 1237 1240 1237 1125
MnO 0.17 0.18 0.13 0.17 0.16 0.16 0.16 0.17 0.16 0.17 0.16 0.18
MgO 6.97 6.71 5.75 6.39 1.75 1.75 8.13 6.74 7.93 7.61 8.31 5.84
CaO 964 951 8.86 945 8.78 8.71 8.70 8.98 9.04 9.18 9.01 7.68
NapO 2.84 2.63 2.73 2.53 3.00 2.85 2.12 295 2.78 2.85 2.59 4.55
K20 0.63 0.63 0.54 0.52 0.61 0.60 0.59 0.60 0.51 0.57 043 2.01
P205 0.21 0.22 0.20 0.19 0.19 0.17 0.16 0.18 0.18 0.17 0.17 0.93
Total 99.89 100.25 9996 10002 10035 100.19 9998 100.33 100.14 10039 10052 100.64
Mg/(Mg+Fe)l 521 514 484 508 556 558 570 524 559 549 S 507
Ca/(Ca+Na)l 652 666 642 674 618 628 694 627 642 .640 658 483
Trace Elements (ppm)
Y 19 20 20 20 17 18 17 20 18 18 17 30
Sr 265 270 252 277 215 216 218 227 220 225 217 808
Rb 16 17 13 13 23 18 18 18 16 26 27 45
Th 2 2 2 2 2 2 2 1 2 1 2 6
Pb 5 4 4 5 4 5 4 5 3 4 2 7
Ga 18 18 20 20 19 19 18 19 18 19 18 16
Nb 20 20 16 16 18 18 18 18 18 18 18 81
Zr 111 114 116 111 104 104 103 111 103 103 102 236
Zn 116 120 129 116 119 120 113 125 122 124 123 112
Ni 161 167 164 155 219 234 222 192 223 223 253 23
Cr 163 176 156 143 279 285 273 257 279 279 290 33
v 182 179 189 183 176 170 163 184 175 174 172 189
Ce 30 39 27 31 27 26 24 31 27 26 27 101
Ba 212 183 167 177 174 170 169 225 146 156 152 757
La 11 14 7 8 8 10 8 15 11 12 12 56

17



Table 3.6 (continued).

CIPW Norms2

414 _4MA BH2C BH2I _C26N C260 _OB4 _OBS 6I7-3 6174 B4
Q 2.98 1.99 2.06 1.68
Or 3.72 3.72 3.19 3.07 3.60 3.54 348 3.55 3.00 3.39 2.55
Ab 2403 2225 23.10 2141 2537 24.15 1792 21.10 2350 24.12 2191
An 2621 27.73 28.58 28.18 2454 2557 2893 28.83 2588 2549 27.20
Di 16.76 1496 11.70 1448 14.65 13.62 10.81 12.04 1465 15.63 1348
Hy 16.19 2509 25.11 25.83 22.05 2563 3223 2797 2372 2210 2885
Ol 7.80 1.29 5.40 3.11 4.64 493 1.73
Mt 1.84 1.83 1.75 1.78 1.78 1.76 1.76 1.76 1.79 1.80 1.79
Im 2.85 2.89 3.08 2.83 2.52 2.42 2.39 2.52 252 2.54 243
Ap 0.49 0.50 0.46 0.44 0.44 0.40 0.38 0.41 041 0.40 0.39
Total 99.89 100.25 99.96 100.02 10034 100.19 9996 99.86 100.12 10040 100.34
An3 52 55 55 57 49 51 62 58 52 51 55
1 Atomic ratio.

2 Assuming 90% of Fe203 as FeO, 10% as Fe203.

3 Molar anorthite content of normative plagioclase.
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Figure 3.2 Diagram of weight ratio FepO3/(Fe203+MgO) versus wt.% TiO2. Dashed
lines indicate fields of low TiO2, high TiO2, and high Fe2O3 quartz-normative diabases
as defined by Weigand and Ragland (1970). All analyses of Massachusetts diabases
from this study are plotted. Symbols: Holden - open squares; Pelham-Loudville - open
diamonds; Ware - closed diamonds; Bliss Hill Quabbin Reservoir diabases - closed
squares.
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group are each tightly clustered. However, the analyses from the Holden system show a
large variation in TiO2 and MgO. The MgO, from 5.7 - 8.5 wt.% and TiO3 from 1.54 -
0.80 wt.% show a good negative correlation on Figure 3.3. This large variation in major
elements is characteristic of the Holden System. The MgO content of the Pelham-Loudyville
system is low at 5.9 wt.% and has normally higher TiO2 near 1.3 wt.%. The Ware system
clusters tightly in MgO about 7.0 wt.% and has markedly lower TiO» up to 0.8 wt.%,
distinguishing it from the other systems. The Bliss Hill dikes have the highest TiO2
contents of all the diabases, near 1.5 wt.%, with a range of MgO. The Quabbin Reservoir
sills are rich in MgO, near 8.0 wt.%, and have TiO; close to 1.3 wt.%.

As shown in a plot of weight percent Fe2O3 versus MgO in Figure 3.4, the Holden
system ranges in FepO3 from 9.2 to 12 wt.%. In the Pelham-Loudville system, the Fe2O3
is markedly higher from 15.4 to 16.6 wt.%, a distinct feature of this system, Surprisingly
the TiO2 content is not higher, as would be expected, if this were a FeTi basalt and the
amount of Fe2O3 were taken as a measure of how evolved the system was, The Pelham-
Loudville system is in the low range of Mg/(Mg+Fe) values, 0.399-0.445, for the
Massachusetts diabases. These values indicate an evolved magma. The Ware system varies
very slightly in FepO3 content from 11.5 to 11.8 wt.% . The Bliss Hill and Quabbin
Reservoir diabases are similar in FeaOs contents of approximately 12 wt.%.

The range in Al2O3 in the Holden system is from 13.8 to 15.9 wt.% with a weak
linear relationship to MgQ, as shown in Figure 3.5. The Pelham-Loudpville system is the
lowest in AlpO3, from 13 to 13.7 wt.%, and shows little variation. The Ware system
varies by only 0.5 wt.% in Al2Os. .The Bliss Hill diabases are the highest in A5O3 and
this decreases linearly with MgO content. The Quabbin Reservoir samples have a slight
variation in Al203 content of 14.7-15.3 wt.%.

The range in K20 content in the Holden system is from 0.3 to 0.9 wt.%, with some
trend of decreasing K20 with increasing MgO (Figure 3.6). The variation in the K20 in
the Pelham-Loudville system is quite large, from 0.4 to 1.13 wt.%, and appears not to be a
function of MgO content. This could be related to the sericitic alteration of plagioclase.
Sample 616 is sericitized. This might account from for the large increase in K20 content in
this sample compared to the average of 0.5 wt.% in the Pelham-Loudville system. In the
Ware system there is a slight increase in KO with decreasing MgO content. The Bliss Hill
and Quabbin Reservoir diabases have K70 values from 0.43-0.61 wt.%, that do not vary
linearly with MgO.

Trace Flements

The trace elements analyzed in this study were Nb, Zr, Zn, Y, Sr, Rb, Ga, Ni, Cr,
V, Pb, Ce, Th, Ba, and La. The trace elements provide further support for the subdivision
of the central Massachusetts diabases into four chemical systems.

The trace elements Zr and V are plotted in Figure 3.7. In this diagram there is no
clear trend in the Holden system, and Zr overlaps with the Pelham and Ware systems, and
the Bliss Hill and Quabbin Reservoir groups. The range in Zr is large in the Holden
system from 65 to 135 ppm, and V varies from 175 to 275 ppm. The Pelham-Loudville
system is the richest in V with up to 400 ppm that varies relatively linearly with Zr. In the
Ware system V and Zr vary only slightly from 250 ppm and 65 ppm, respectively. The
Bliss Hill and Quabbin Reservoir diabases are the lowest of the systems in V with
approximately 185 ppm and 175 ppm, respectively but are separated by Zr content. In the
plot of Y versus Zr in Figure 3.8 the same relationships are present, except that the Holden
system is more coherent in Y, which increases linearly with Zr, and plots in a distinct
region. The Pelham-Loudville system is the richest in Y with 32 to 39 ppm, and the Ware
system is tightly clustered with Y contents of 22 ppm. On average, Bliss Hill and Quabbin
Reservoir diabases differ by about 2 ppmin Y, well within the determinative errors.
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Figure 3.5 Plot of wt.% Al203 versus wt.% MgO. All diabase analyses from this
study are plotted. Symbols: Holden - open squares; Pelham-Loudville - open diamonds;
Ware - closed diamonds; Bliss Hill Quabbin Reservoir diabases - closed squares.
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Figure 3.8 Plot of Y ppm versus Zr ppm. All diabase analyses from this study are
plotted. Symbols: Holden - open squares; Pelham-Loudville - open diamonds; Ware -
closed diamonds; Bliss Hill Quabbin Reservoir diabases - closed squares.
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In a plot of Y versus Sr, Figure 3.9, the Holden system shows a significant spread
in Y, with little correlation to Sr. It is a surprise that, given this variation, there is no
overlap of the Holden system with any other system on this plot. The Pelham-Loudville
system varies only slightly in Sr content near 100 ppm, except for one isolated sample,
Cold Springs, with 230 ppm. The Ware system is again tightly clustered in Sr as well as
in Y. The Bliss Hill and Quabbin Reservoir diabases are the richest in Sr with about 220
ppm and 250 ppm, respectively, falling into two groups. In a graph of TiO versus Y there
1s a strong positive correlation in the Holden and Pelham systems, whereas the Ware
system shows no variation but a very tight clustering.

With P20Os, or Zr is plotted against Y, distinct chemical systems should form linear
trends radiating from the origin, if simple fractionation is the cause of variation within the
system. In Figure 3.10, with P2Os, there is no clear single grouping in the Holden system
but possibly two trends. These two trends are also noted in a plot of P2Os versus MgO. -
The Pelham-Loudville system clusters quite well, as does the Ware system, and neither of
these overlap with the other systems. The Bliss Hill and Quabbin Reservoir diabases on
average are relatively enriched P2Os compared to the other intrusions and plot in a distinct
region on this diagram.

Ti is plotted against Nb in Figure 3.11. The trends here are very similar to those in
a plot of P20s versus MgO. The Holden system shows a 50% variation in both Ti and
Nb. The Pelham-Loudville system shows a minor increase in Ti and Nb, and the Ware
system is tightly clustered in both of these elements. The Bliss Hill and Quabbin Reservoir
diabases have significantly higher Nb contents, near 18 ppm, and plot distinctly away from
the other intrusions.

The compatible element Cr, is plotted against a relatively incompatible element Zr in
Figure 3.12. There appears to be no coherent relationship between these elements in the
Holden system. But with Cr plotted against another compatible element, Ni, in Figure
3,13, there is a coherent linear trend with a steep slope for all the systems except for the
Bliss Hill and Quabbin Reservoir diabases. The Quabbin Reservoir samples are saturated in
olivine. Most of the chromium in the Quabbin samples is probably in the Cr spinels. Cr is
plotted against MgO in Figure 3.14. The Holden system appears to plot on two separate
trends. However, only a single very tight trend is shown in a plot of Ni versus MgO in
Figure 3.15. In the Pelham-Loudville and Ware systems there is a small range in Cr, Ni
and MgO (Figures 3.14, 3.15). In plots of Ni versus Zr, or Ni versus Nb in Figure 3.16,
the Holden system decreases in Ni and increases in Zr and Nb. The chilled contact samples
from the Holden system do not plot as end points. The samples richest in Ni, Cr and
poorest in incompatible elements are interior well crystallized samples. The Pelham-
Loudville system plots between the Holden and the Ware systems with relatively constant
Ni near 70 ppm, Zr about 100 ppm, Nb about 6 ppm. The Ware system has the lowest
values of these elements, Ni about 60 ppm, Zr about 68 ppm Nb about 4 ppm. The Bliss
Hill and Quabbin Reservoir diabases have higher contents of Ni, and Nb and plot well
away from the other intrusions, with no obvious direct relationship.

With Zr plotted against Nb in Figure 3.17, each system occupies distinct areas,
with no overlap. The Zr and Nb in the Holden system show the largest spread, but behave
quite systematically, showing a strong positive correlation. The Pelham-Loudville system
is low in Nb, and shows little variation in either element . The Ware system is low in Zr
and Nb. The Bliss Hill and Quabbin Reservoir diabases are significantly enriched in Nb
compared to the other diabases with 18-20 ppm. The Zr/Nb ratios for the Holden,
Pelham-Loudville and Ware systems range from 12 to 20, whereas in the Bliss Hill and
Quabbin Reservoir diabases are less than 8.
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Figure 3.11 Plot of Ti ppm versus Nb ppm. All diabase analyses from this study are
plotted. Symbols: Holden - open squares; Pelham-Loudyville - open diamonds; Ware -
closed diamonds; Bliss Hill Quabbin Reservoir diabases - closed squares.
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Trace El Spider Di

Rare earth element contents of igneous rocks are relatively resistant to changes
during alteration. Changes should not be expected except under the most extreme
conditions (Hanson, 1980), though subtle variations in REE, K, Nb, and Zr are reportedly
produced by high-temperature metasomatism (Menzies and Hawkesworth). The rare earth
element patterns give a key to the origin of an igneous body. " Poor man's rare earth
element" (PMREE) analyses are a relatively inexpensive way to obtain an analog to the
REE (Bougault, 1980; Bougault and Treuil, 1980), because most of the elements that were
originally selected for this method are routinely analyzed by XRF. Bougault selected Ti,
V, Y, Zr, Hf, Ta, and Th. The elements used are incompatible (Kd g 1), belong to a
transition series, and are not volatile under planetary accretion. Ce, a rare earth element,
has been added to this list because it is analyzed by XRF, and Hf and Ta are removed
because they are not. Sr is substituted for Eu because of similar ionic radii, and behavior.
All the PMREE diagrams are chondrite-normalized, and all data from this study are plotted
in these figures. The terms "LREE" and "HREE", though not strictly applicable to the
PMREE diagram, because few REE elements were analyzed, are used here in quotation
marks to describe element behavior on the left and right sides of the diagrams, respectively.
The patterns in these diagrams can be thought of as fingerprints of the different magmatic
systems, each quite distinct. Genetic relationships among the systems can be dismissed or
proposed, but there is insufficient evidence here to directly relate one system to another.

The slope of the PMREE pattern for the Holden dikes in Figure 3.18 is the steepest
of the Jurassic intrusions. From Ce to V the elemental abundances decrease in order of
REE position, except for the positive Sr anomaly. This anomaly probably is due to
plagioclase accumulation in the melt. Nb although depleted, is the least depleted in all of
the systems,

The Pelham-Loudville system produces a very gentle almost flat slope, except for
the negative Sr anomaly, as seen on Figure 3.19. This anomaly may represent a source
depleted in Sr for this system, as noted by Philpotts (1986), since the system is saturated in
plagioclase. The relatively enriched ""HREE"" and depleted "LREE" could indicate that the
magma evolved form a source that had been melted more extensively than the source for the
Holden system. This is supported by the lower Nb content of this system.

The Ware system produces a PMREE pattern in Figure 3.20 that is moderately
depleted in the "LREE" compared to the Pelham-Loudville system. Sr, Zr, and Y are
nearly constant in this system but Zr and Y are more depleted in comparison to the Pelham-
Loudville system and Sr is higher. The striking difference is the negative Ti anomaly.
Three possible explanations for this anomaly are that there is a residual Ti-rich mineral in
the source, that the melt had magnetite and ilmenite on the cotectic and that crystal settling
of these Ti-rich minerals occurred, or possibly that the melt was from a low-Ti source.
The average Nb in the Ware system is lower than all the other systems, indicating that the
magma melted from a more-depleted source.

The pattern for the Bliss Hill and Quabbin Reservoir diabases in Figure 3.21 is
completely different from any pattern produced by the other diabase systems. This pattern
is far more enriched in the "LREE", and more depleted in the "HREE". The Nb content,
which is 4 to 5 times higher than the other diabases systems, argues for a small degree of
melting of a source to produce this magma. Compatible elements Ni and Cr, which are
enriched in this system agree with a small degree of melting from a source rich in these
elements, and little crystal settling of olivine or spinel that would have removed Ni and Cr
respectively.
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Figure 3.19 Spider diagram of chondrite-normalized trace element concentrations in the
Pelham-Loudville system. Elements are arranged according to the theoretical REE
position by the method of Bougault (1980).
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Figure 3.21 Spider diagram of chondrite-normalized trace element concentrations in the

Bliss Hill and Quabbin Reservoir diabases. Elements are arranged according to the

theoretical REE position by the method of Bougault (1980).
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CHAPTER 4
PALEOMAGNETISM

Oriented samples for paleomagnetic study were collected from forty sites in west-
central Massachusetts shown in Figure 1.5. Thirty-six sites are Jurassic intrusions
representing the three major chemical systems discussed previously. Of these, seven sites
are from the Holden system, five sites from the Ware system, and twenty-four sites from
the Pelham-Loudyville system. The twenty-four sites of the Pelham-Loudyville system
include eighteen from the Pelham group and six from the Loudville group. Three sites are
considered Cretaceous, two from the Quabbin Reservoir group, and one from the Bliss Hill
group (Bliss Hill north). The other member of the Bliss hill group (Bliss Hill south) may
represent the only late Jurassic site, as indicated by a K-Ar date, Table 5.1. At the moment
the paleomagnetic direction at Bliss Hill south is considered preliminary and additional
demagnetization studies are needed.

Methods

Sixteen sites were drilled in the field with a gas-powered rock drill, then oriented
with a brass or aluminum orienter and a brunton compass. At the remaining sites, oriented
blocks were collected in the field, drilled, and oriented with a non-magnetic orienter in the
laboratory at the University of Massachusetts. Cores 2.54 cm in length and diameter were
cut for paleomagnetic analyses. Natural remanent magnetization (NRM) directions were
determined for each core using a Molspin fluxgate magnetometer. At least one core per site
was selected for step-wise alternating field (AF) demagnetization in progressive steps of
2.5, 5.0, 10, 20, 40, 60, and 80 mT, or §, 10, 20, 30, 50, 70, and 80 mT on a Schonstedt
AC Geophysical Specimen Demagnetizer. In some cases the overprinting was complex
and the entire site was stepwise AF demagnetized. After a stable remanent direction was
determined from the AF studies, the remaining cores were AF demagnetized at the
appropriate level. Mean coercivities are variable from site to site. Pilot specimens from
each system were selected for thermal demagnetization studies at 2009C, 300°C, 400°C,
5000C, and 5500C. These were compared to the directions obtained from the AF studies.
Site mean directions were calculated from AF data at the milliTesla (mT) level where the
stable remanent direction was reached and where the least in-site scatter was determined.
Fisherian statistics were then applied to the data (Fisher, 1953). Sites were grouped on the
basis of the chemical signature of the site, and not by geographical location or general trend
of the diabase as previous workers had done by averaging data.

A Curie temperature was determined for a Cretaceous Baffle Dam Island sample
using the Curie balance at the University of Massachusetts. An IRM acquisition study for
the Baffle Dam Island sample, as well as for a comparison sample from the Cretaceous
Cape Neddick Gabbro, Maine, was run at the University of Massachusetts.

Paleomagnetic Results

The natural remanent directions (NRM)of the Jurassic sites show considerable
scatter, whereas the Cretaceous sites cluster well in NRM directions. The NRM intensities
vary within each chemical system. The intensities for the Holden system range from 0.4 to
2.4 AMM, in the Pelham-Loudville system from 0.8 to 4.0 A/M, and in the Ware system
from 0.3 t0 2.4 A/M. Two unusual sites from the Pelham-Loudville system have NRM
intensities above 200 A/M. These sites showed considerable scatter in NRM directions and
after demagnetization. As a consequence these were excluded from the statistical analysis.
Based on the extremely high intensities these sites probably developed an isothermal
remanence from lightning strikes. The NRM intensities in the Cretaceous diabases range
from 1.7 t0 5.0 A/M.
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Figure 4.1 Normalized intensity plot for representative samples from the Holden system.
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Figure 4.3 Normalized intensity plot for representative samples from the Ware system.
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Figure 4.4 Normalized intensity plot for representative samples from the Quabbin Reservoir diabases.
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Figure 4.6 Vector end-point diagram of alternating field demagnetization study of a
sample from the Holden system, site Fiskdale, sample 2. Open circles are projections on
the vertical plane, closed circles are on the harizontal plane. Scales in A/m.



85

UP, NORTH
1.5 - i
1683
; ]
|
WEST EAST
4
-15 : ' =
05 DOWN, SOUTH 05

Figure 4.7 Vector end-point diagram of alternating field demagnetization study of a
sample from the Holden system, site 1683. Open circles are projections on the vertical
plane, closed circles are on the horizontal plane. Scales in A/m.,
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Figure 4.8 Vector end-point diagram of alternating field demagnetization study of a
sample from the Holden system, site Quinapoxet, sample 6. Open circles are projections
on the vertical plane, closed circles are on the horizontal plane. Scales in A/m.
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Figure 4.9 Vector end-point diagram of alternating field demagnetization study of a
sample from the Holden system, site Quinapoxet, sample 3. Open circles are projections
on the vertical plane, closed circles are on the horizontal plane, Scales in A/m.
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Figure 4.10 Vector end-point diagram of alternating field demagnetization study of a
sample from the Pelham-Loudville system, site Butterworth, sample 2. Open circles are
projections on the vertical plane, closed circles are on the horizontal plane. Scales in
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is a change from northeast to northwest for the horizontal component. This is due to the
dominant north component which is significantly larger than the east-west component.
There is a secondary component that is not removed until 60 mT, then a linear decay to the
origin. Note that the intensities in this system are an order of magnitude greater than in the
Holden or Ware systems. In Figures 4.11 and 4.12, both the North Valley and Lake
Pleasant both sites show a removal of a small viscous component at low ﬁelds (10 mT),
above which a stable remanent direction is reached and there is a linear decay to the origin.
In Figure 4.13, Laird 1 site, a larger soft component in the northwest direction is seen but
is removed by 30 mT. In the Pelham-Loudville system there is a variation in overprint
directions. These are easily removed and the majority of the sites indicate stable remanent
directions with good in-site, and site-to-site agreement after AF demagnetization.

Progressive AF demagnetization studies on selected samples in the
Ware system show the presence of two components of magnetization. A small component
is removed at low fields. Based on petrographic work the main magnetic carrier is
titanomagnetite. There is fine-grained unaltered pseudo-single-domain titanomagnetite in
the contact samples. The euhedral multidomain titanomagnetite grains in the interior
samples are altered to an Fe-Ti amorphous oxide. This alteration was probably deuteric
because the same remanent direction is obtained from the contact samples as the interior
samples. Individual vector end-point diagrams for three Ware sites are discussed below.

Vector end-point diagrams of interior sites from the Ware system diabases show
similar overprintings. In Figures 4.14 and 4.15, representative samples from Barre and
Ware sites are plotted. Both show a soft secondary component that is removed by 10 mT
in Ware and by 20 mT in Barre, and a stable direction results at higher fields. An equal
area net of a sample from the Fox Hill site in Figure 4.16, shows the removal of a
secondary component in a northwestward direction, then a clustering of directions after 40
mT, indicating that the stable remanent direction has been reached. The decay pattern from
the French King Bridge site shows little overprinting, Less than fifty percent of the
original NRM has been removed by 80 mT. There are abundant pseudo-single-domain
grains of titanomagnetite and single domain grains are inferred to be present. Very little
hematite was noted. The direction obtained from the French King Bridge site is the same
as th;, directions from the other diabases in the Ware system exposed 35 km to the
southeast.

iss Hi . The Cretaceous diabases in Massachusetts record both normal
and reversed polarity. The Bliss Hill north diabase (site 414) records cooling in a field of
normal polarity. This site shows the removal of a secondary component that is steeper
than the remanent direction. This may be a present-day overprint. The magnetic
component is quite soft and after 10 mT, less than ten percent of the original direction is
left. This direction is similar to one obtained on the lamprophyre at Gassetts, Vermont
(McEnroe et al., 1987). The Bliss Hill south diabase (site BH) also shows a soft magnetic
signature. The direction in this diabase is not yet understood and additional paleomagnetic
work is needed. A series of magnetometer traverses were run over the diabase and it is
definitely in place and not rotated, so the paleomagnetic direction is correct. It may be
representative of cooling during a transition of the earths field either in the late Jurassic or
early Cretaceous.

Quabbin Reservoir Group. The intrusions recording reversed polarity are located in
the Quabbin Reservoir area. These magnetic directions were compared to other New
England Cretaceous intrusions of approximately the same age. Progressive AF
demagnetization studies of selected cores from the reversed sites show the presence of a
normal secondary component as shown in Figure 4.17. This component is removed in all
sites by 10 mT, with stable remanence above this level. The Chapman Island sill, the West
Rutland, Vermont, dikes, and the Baffle Dam island sill all show a small normal overprint,
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Figure 4.11 Vector end-point diagram of alternating field demagnetization study of a
sample from the Pelham-Loudville system, site North Valley Rd., sample 6. Open circles
are projections on the vertical plane, closed circles are on the horizontal plane. Scales in

A/m,



UP,NORTH

LP

WEST

DOWN,SOUTH

91

EAST

Figure 4.12 Vector end-point diagram of alternating field demagnetization study of a
sample from the Pelham-Loudville system, site Lake Pleasant. Open circles are
projections on the vertical plane, closed circles are on the horizontal plane. Scales in
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Figure 4.13 Vector end-point diagram of alternating field demagnetization study of a
sample from the Pelham-Loudville system, site Laird 1, sample 7. Open circles are

projections on the vertical plane, closed circles are on the horizontal
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Figure 4.14 Vector end-point diagram of alternating field demagnetization study of a
sample from the Ware system, site Barre, sample 3. Open circles are projections on the
vertical plane, closed circles are on the horizontal plane. Scales in A/m.
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Figure 4.15 Vector end-point diagram of alternating field demagnetization study of a
sample from the Ware system, site Ware, sample 4. Open circles are projections on the
vertical plane, closed circles are on the horizontal plane. Scales in A/m.
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Figure 4.16 Equal area net of alternating field demagnetization study of a sample from
the Ware system, Fox Hill site, sample 1-2. Open circles are projections on the vertical
plane, closed circles are on the horizontal plane.
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Figure 4.17 Vector end-point diagram of alternating field demagnetization studies of samples from Cretaceous sites. Quabbin
Reservoir diabases, Chapman Island and Baffle Dam Island sites, are compared to the Cretaceous Cape Neddick intrusion in Maine
and West Rutland, Vermont, lamprophyre. Open circles are projections on the vertical plane, closed circles are on the horizontal

plane. Scales in A/m.
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then a stable direction that is southerly and with a steep negative inclination. There is a
larger secondary component of normal direction in the Cape Neddick Gabbro but it is easily
removed at low fields and a similar reversed direction is present. It is believed that the
stable remanent direction obtained in these studies is the primary remanence obtained by the
intrusions upon cooling. A thermal demagnetization study confirms the direction obtained
in the AF demagnetization, though the magnetite behaves viscously.

Thermal Demagnetization Studi

Thermal demagnetization studies on ten selected samples of Jurassic diabase, at
least three from each chemical system were run. The directions obtained confirm the
directions recorded from the AF studies. Figure 4.18, shows a vector-end point diagram
for a sample from the Ware system. This thermal demagnetization pattern shows stable
remanent directions that are identical to those produced by the alternating field decay
studies. In one of the Holden sites, 1681C, the dominant magnetic carrier appears to be a
later hematite, because it is stable at temperatures greater than 5809C and the original
intensities are very low. The steep and varying inclination obtained from this site in the AF
studies agrees with the thermal studies that suggest hematite is the main magnetic carrier.
This magnetic direction was acquired at a later post-solidification stage or possibly even in
the present field because the magnetic vector streaks toward a present-day direction under
AF and thermal demagnetization. The magnetites from this site are highly altered, in some
instances to non-magnetic sphene. The other Holden site selected for a thermal study from
this system, 1688, confirms the AF directions obtained. The thermal demagnetization
directions obtained in samples from the Pelham-Loudville system, from Mineral Spring,
Sawmill Hills, Laird 1, and Turkey Hill all confirm the trends and directions obtained in the
alternating field studies

Maenetic Site Directi

Table 4.1 is a summary of the mean magnetic directions and statistical parameters
determined for the forty sites studied. The reliable mean site directions are plotted on an
equal area diagram (Figure 4.19). Each diabase system is indicated by a separate symbol.

The Jurassic diabases are all of normal polarity, hence plotted in the lower hemisphere.
The Cretaceous diabases are of mixed polarity and plot in the upper (reversed) and lower
hemisphere (normal). The virtual geomagnetic poles (VGP) for the diabase determined in
this study, are given in Table 4.2,

The average paleomagnetic directions for each chemical system was then calculated.
Pole positions were calculated by averaging the virtual geomagnetic poles obtained for the
different chemical systems. These are listed in Table 4.3. Each chemical system records
statistically different pole positions. Three sites from the Holden system were omitted from
the average, either because a stable remanent direction could not be adequately obtained
through AF cleaning or thermal techniques, or because of large within-site scatter, Two
sites were eliminated from the Pelham-Loudville system due to extreme within-site scatter,
presumably due to lightning strikes. Two other sites were removed from the study due to
large within-site scatter, as indicated by large values of ag5. The removal of sites with
a95 >170 is consistent with rejection criteria values from 100 to 259 used in previous
studies of the eastern North America diabases (Smith,1987).

The mean paleomagnetic directions for the Jurassic systems are of normal polarity.
These are: Holden system D=15.2, 1=28.1, a95=3.30; Pelham-Loudyville system D=5,79,
1=32.99, a95=2.20; Ware system D=5.40, [=44.80, a95=2.30, These mean system
paleomagnetic directions are shown in Figure 4.20 with 95% confidence circles. The three
Jurassic groups are statistically distinct, with no overlap of the ag5, This indicates that each
Jurassic system recorded a different magnetic direction. The paleomagnetic directions
obtained for the Cretaceous diabases are of mixed polarity. The Bliss Hill north site (414,
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Figure 4.18 Thermal demagnetization vector end-point diagram from the Ware system,
site Fox Hill, sample 1-1. Open circles are projections on the vertical plane, closed
circles are on the horizontal plane. Scales in A/m.



Table 4.1 Summary of site mean directions and statistical parameters for Central
Massachusetts Mesozoic diabases.

JURASSIC DIABASES

Site
Site N L. L as. K. R LatN Long. E Demag
HOLDEN -
Qx. Res /8 18.7 334 49 154  6.96 424 288  20mT
1688 mn 193 299 4.8 160  9.96 422 280  40mT
1683 99 103 265 4.7 120 8.93 422 289  40mT
Fiskdale 8/8 143 236 100 32 7.18 42,1 288  40mT
1681* 6/6 36 538 340 5 499 422 288  40mT
Rd122* 3P 3460 153 185 19 478 422 288  40mT
Qp* 78 3459 276 20 10 6.41 42,1 288  25mT
WARE
Bare 6/6 133 458 5.5 151 597 424 288  20mT
Ware 6/1 7.6 463 7.1 90 5.94 422 288  25mT
WA3 8/8 1.5 469 4.5 154 795 422 288  30mT
Foxhill 8/10 42 438 32 308 7.98 422 288  40mT
FK- B. 5/6 1.7 394 7.1 116 497 426 288  60mT
PELHAM
NV 6/6 3532 413 42 259 598 422 288  20mT
202 4/6 98 28 111 69.6 3.9 423 288  30mT
8C9A mn 3531 296 54 126  6.95 423 288  40mT
8C9C 33 100 30.1 69 316 299 423 288  40mT
3Ce* 6/9 - - - - - 423 288 -
NF 6/6 04 283 5.6 143 597 42,7 288  20mT
MF mn 12.1 281 7.8 64 6.91 423 288  40mT
LP 88 71 256 5.2 113 794 42,3 288  30mT
Lairdl 6/7 141 246 123 40 4.9 423 288  40mT
LairdII mn 21 313 41 220 6.97 423 288  40mT
614,3 5/5 63 344 169 22 4.81 422 288  40mT
EDH 6/7 63 352 8.5 64 5.92 422 288  40mT
CcC 6/6 9.5 328 5.6 142 5.96 422 288 S0mT
126 9/10 3576 342 71 53 885 422 288  40mT
616 33 251 412 201 38 2.95 422 288  40mT
615 4/4 6.2 346 48 313 399 422 288  40mT
RS* 99 - - - - - 42, 288 -
BUT 8/8 3563 32 37 225 796 42,7 288  40mT
LP-B 1717 43 26 4.1 78 16.8 423 288  40mT
LOUDVILLE
Mineral mn 1.2 357 7.9 60 6.99 42,17 288  40mT
MS-2 5/5 394 338 123 40 4.99 42,17 2876 60mT
Cold R. 6/10 189 368 142 23 5.78 4228 2873 40mT
Cold S* 10/10 - - - - - 4228 2873 -
SMH1 5/6 15 44 87 7183 495 4233 2873 30mT

SWMII  4/5 2281 442 136 471 394 4233 2873 15mT
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Table 4.1 (continued)

LATE JURASSIC - CRETACEOUS DIABASES

Site

Site. aN L I 25 K _R_ LatN Long.E Demag
OQUABBIN

Chapman 10/11 1752 -61.8 5.5 79 9.89 4224 2878 20mT
Baffle 88 165.1 -60.0 23 557 199 4224 2878 40mT
BLISS HILL

414 6/6 76 639 122 31 5.84 42,68 287.7 20mT
BH 5/6 105.7  20.1 9.1 Ut 493 42,68 287.7 20mT

/N, number of samples/number collected; D, mean declination; I, mean inclination; ag95, radius of cone of

confidence at the 95% level around site mean; K and R, statistical parameters of Fisher(1953); Latitude and
Longitude of sites, peak demagnetization level.



101

PELHAM-
LOUDVILLE

QUABBIN

JaYAN

Figure 4.19 Equal area projections of site-mean magnetic directions from the central
Massachusetts diabases studied. Closed symbols are projections on the lower
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Table 4.2 Summary of virtual geomagnetic poles (VGP) and statistical
parameters for the central Massachusetts Mesozoic diabases.

Site Lat. -Long, dp _dm_
Jurassic Diabases
HOLDEN
Qx. Res. 61.1 69.1 3.2 5.6
1688 59.9 74.3 1.5 2.7
1683 60.0 84.9 2.5 4.6
Fiskdale 57.8 81 5.7 10.7
WARE .
Barre 713 68.2 4.5 7.0
Ware 742 824 5.8 9.1
Wa3 74,7 114.6 4,7 7.4
Foxhill 73.0 94,7 2.5 4.0
French K. B. 69.7 103.0 5.1 8.5
PEL
NV 70,6 126.6 3.1 5.1
202 614 87.7 6.7 12.1
8C9A 62.5 86.6 4.3 1.7
8C9A 62.5 86.6 4.3 1.7
NF 624 106.7 34 6.1
MF 60.7 83.3 4.6 8.3
LP 60.5 93.6 3.0 5.6
Laird 1 59.3 80.5 7.1 13.2
Laird II 64.5 103.0 2.6 4.6
EDH 66.6 92,7 5.7 9.8
CcC 64.3 86.5 3.6 6.3
" 126 66.9 112.1 6.2 10.8
615 66.3 94.5 5.0 8.7
6I6* 62.1 51.5 15.0 24,6
BUT 64.8 116.1 2.3 4.2
LP-B 59.0 121.7 10.9 20.5
LOUDVILLE
MS 67.6 104.6 5.3 9.2
MS2 49,1 40.7 8.0 14.0
CR 63.0 65.2 9.7 16.6
SWM1 70.3 88.2 59 9.7
SWM2 -8.6 244.7 10.7 17.1
LATE JURASSIC - CRETACOUS DIABASES
BLISS HILI,
414 83.8 347.1 15.5 194
BH 4.2 359.4 5.0 9.5
QUABBIN
Chapman Island -86.4 31.6 6.6 -8.5

Baffle Dam Island -88.7 2271 9.4 -3.5

Latitude in degrees north; Longitude in degrees east; dp and dm, semi-minor and semi-
major axis, respectively, of ellipse at the 95% confidence level around the pole.



Table 4.3 Mean pole positions for the Mesozoic diabases in central Massachusetts.

Pole Position
Site AN D I a5 K LatN Long. dp

JURASSIC DIABASES

HOLDEN 47 152 281 33 62 597 719
PELHAM 1924 5.7 329 22 352 652 95.0
WARE 5/5 54 448 2.3 1194 733 90.8

LATE JURASSIC - CRETACEOUS DIABASES

BLISSH.S. 1/1 1057 20.1 9.1 710 -4.2 3594
BLISS H. N. 1/1 54 576 9.6 29.6 839 63.2
QUABBIN 222 168.7 -61.6 4.0 77.1 -81.7 252

2.0
1.4
2.9

5.0
0.3
4.8

dm

25
23

9.5
14.1
6.2

n/N, number of sites used in computation of the mean (n), over total sites(N); D,
mean declination; I, mean inclination; a9s, radius of 95% confidence circle; K, a
statistical parameter of Fisher (1953); dp and dm, semi-minor axis and semi-major
axis, respectively, of ellipse at the 95% confidence limit around the pole.
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Figure 4.20 Mean magnetic directions of central Massachusetts diabase systems plotted
on an equal area net with ags cones of confidence shown. Closed symbols are

projections on the lower hemisphere, open symbols are on the upper hemisphere.
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normal polarity) and the Quabbin Reservoir group (reversed polarity) show expected
steeper inclinations than the Jurassic diabases. These directions are: .Bliss Hill north (414),
D=5.49, 1=57.69, a95=9.6%, Quabbin, D=168.79, 1=-61.69, ag5=4.00.

If the groups are listed in order of progressive steepening of the magnetic
inclination in the mean magnetic directions, it may be considered as a list ordered in
decreasing age. Steeper mean magnetic directions translate into higher paleopole latitudes,
and hence younger pole positions. Under normal behavior of the earth’s magnetic field
over time this relationship between paleopole latitudes and inclination is valid. Such a list
of inclinations gives the Jurassic Holden system at 28.19, the Jurassic Pelham-Loudyville at
32.99, the Jurassic Ware system at 44.80, site 414 of the Bliss Hill group at 57.60 and the
Cretaceous Quabbin group at -61.60 '

Pole Positions

These paleopoles suggest a difference in time for the emplacement of the diabase
systems. The paleopoles from this study are plotted on Figure 4.21, and are compared to
the polar wander curve for North America in the Mesozoic by May and Butler (1986). The
Holden paleopole plots near the Triassic-Jurassic track prior to the J1 cusp. The Pelham-
Loudville system, interpreted as intermediate in age, plots near the J1-J2 track, and the
Ware system, the youngest of the Jurassic dike systems, has a high latitude pole plotting
north of the J1-J2 track. The Massachusetts Cretaceous diabases plot well north and east
of the J2-K track. As a comparison, other Mesozoic pole positions for the Appalachians
are listed in Table 4.4. Smith and Noltimier (1979) did paleomagnetic work on the Newark
Supergroup intrusive rocks and basalt flows in Connecticut and related this to 40Ar/39Ar
age determinations (Sutter and Smith, 1979). .They calculated two pole positions for the
early Jurassic, suggesting two separate periods of igneous activity at 190 m.y. and 175
m.y. These two pole positions have become known as the Newark trend I and II poles.
These poles have been widely used in constraining the Early Jurassic part of the Mesozoic
polar wander paths for North America. DeBoer (1968) and Smith (1976) also presented
data that agree with two periods of igneous activity. '

Unfortunately in the work on the Connecticut intrusives Smith (1976) averaged the
southern extensions of the Holden, Pelham-Loudville and Ware systems together, leading
to an erroneously young pole position for the Holden and Pelham-Loudville systems and
an older pole position for the Ware system. It is also possible that the peak
demagnetization levels used by Smith (1976) were not sufficient to remove all overprints.
This also would have led to erroneous pole positions. In the present study overprinting
was still present at 30 mT in the Ware system, whereas Smith (1976) used 20 mT peak
demagnetization levels for the Ware system, 40 mT was needed to remove overprinting in
some sites in the Holden and Pelham-Loudville systems but Smith only used 15 mT for the
southern extension of the Holden and the Pelham-Loudville systems. Sutter (1979)

determined an age for the Buttress (Ware) dike of 176.0 + 3.8 by the 40Ar/39Ar method,
and Smith and Noltimier (1979) inferred this age for Higganum and Bridgeport systems.
Philpotts and Martello (1986) correlated the Massachusetts diabases with those in

. Connecticut (Higganum-Holden, Bridgeport-Pelham and Buttress-Ware). Smith and
Noltimier (1979), using published data combined with their own results, calculated an
oldeor Newark Trend I pole (639N,830E) and a younger Newark Trend II pole (65N ,
1030E).

Unfortunately a direct comparison of the pole positions from the present study to
those determined for the dikes in Connecticut in earlier studies cannot be made. Most of
the work of deBoer (1967) on intrusive diabases along the length of the Appalachians is not
considered valid due to his excessive AF demagnetization (Smith and Noltimier 1979) The
earlier work by DuBois (1957) and Bowker (1960) were largely reconnaissance surveys,
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Figure 421 Mesozoic apparent polar wander path for North America, after May and
Butler (1986). Paleopoles determined in this study shown by circles: H - Holden, P-L -
Pelham-Loudyville, W - Ware, WR - West Rutland, CN - Cape Neddick, GS - Gassetts,
CH - Chapman Island, BF - Baffle Dam Island. Closed triangles indicate published
Cretaceous paleopoles.
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Table 4.4 Pole positions for northern and southern Appalachian Mesozoic igneous rocks.

Northern Appalachians

Anticosti diabase dike,
Anticosti Island, Quebec

Avalon dikes and sills,
Newfoundland

Shelburne Dike, Nova Scotia

North mountain basalt,
Nova Scotia
Caraquet diabase, dike(C),
New Brunswick
Caraquet diabase, dike (N)
Caraquet diabase, dike (T)
Granby and Holyoke Lavas,
Massachusetts
Diabase dikes and sills,
Connecticut and Maryland
Connecticut diabases Group 1
Connecticut diabases Group 2
Connecticut Valley dikes and sills
Diabases and basalt flows
New Jersey
Watchung Basalts, New Jersey
Palisades Sill, New Jersey
Holden diabase system,
Massachusetts
Pelham-Loudville diabase
system, Massachusetts
Ware diabase system, Mass.
Bliss Hill south diabase (BH)
Bliss Hill north diabase(414)
Quabbin Reservoir diabases
(Chapman I, and Baffle Dam)

Southern Appalachians
Gettysburg intrusive
Diabase dikes, Georgia
and North Carolina
Haile-Brewer diabase dikes,
South Carolina
Diabase dikes, South Carolina
Northwest diabase dikes,
North Carolina
North-south diabase dikes,
North Carolina

LatON

75.7
729
69.0
66.0
78.0
74.0
62.0
55.0
68.6
63.0
653
64.2
63.6
63.0
74.4
59.7
65.2
733
42

839
-81.7

76.9
65.1

64.5

67.9
52.8

71.5

LongQE

84.7
87.8
98.0
113.0
143.0
133.0
82.0
88.0
100.9
832
103.2
86.4
98.5
90.1
97.5
71.9
95.0
90:8
3594

63.2
25.2

161.2
823

75.7

95.3
60.2

53.5

Source -

Larochelle (1971)

Hodych and Hayatsu
(1980)

Larochelle and Wanless
(1966)

Carmichael and Palmer
(1968)

Sequin et al.(1981)

Irving and Banks (1961)
Smith(1976b)
Smith and Noltimier(1979)

de Boer (1968)
Opdyke(1961)*

McIntosh et al. (1985)

Rigotti and Schmidt(1976)
This study

Beck (1972)
Watts(1975)

Bell et al.(1980)**

Dooley and Smith (1982)**
Smith(1987)

Smith(1987)

* Smith (1987) recalculated for the lavas and intrusives

**Smith (1987) recalculated for pole positions



108

with inappropriately low levels of demagnetization. Figure 4.22 is a histogram of the peak
demagnetization levels from this study. As noted earlier the average is significantly higher
than the levels used in most of the earlier studies.

Polar Wander Paths

The paleopoles from this study are compared to recently published paleopoles for
North America in the Mesozoic and to a presently accepted APWP for North America in the
Mesozoic. The present study has produced pole positions that are in some disagreement
with the apparent polar wander path for North America in the Jurassic and Cretaceous.
Plotted on Figure 4.21 is an apparent polar wander path for North America for part of the
Mesozoic, after May and Butler (1984). Also plotted are paleopoles from this study and
other recent published paleopoles. Smith (1987) has recently completed a study of the
diabase dikes in the North Carolina piedmont region and has interpreted these as being
emplaced during two different stress regimes in the early Mesozoic rifting of the North
Atlantic margin. The two groups yield significantly different VGP'S of 52.8%N, 60.20E
and 71.59N, 53.59E. These pole positions fall east of the Jurassic track near the J1 cusp
but removed south and north from it respectively. Van Fossen and Kent (1988) have
produced a paleopole (740N, 189CE) for the 120 m.y. intrusions in the White Mountain
Magma series that is displaced north and east of the J2-K track. Lapointe (1979) worked
on the 130 m.y. old lamprophyre dikes in Newfoundland which yield a north- and east-
displaced paleopole ( 710N, 2079E) (as cited by Globerman and Irving 1988). The 136
m.y. old peridotite dikes in New York have a paleopole of 850N, 207%E (DeJournett and
Schmidt,1975).

The pole positions determined for the Cretaceous intrusions in Massachusetts are
displaced farther north in latitude than the presently accepted pole position for North
America at this time. The pole positions from this study are plotted in Figure 4.21. These
indicate a smoother and more northerly apparent polar wander path for North America from
the Jurassic into the Early Cretaceous than presently accepted. Previous studies of the
apparent polar wander path for North America by Irving and Irving (1982), Gordon et al.
(1984) and May and Butler (1986) all indicate the critical need for additional paleomagnetic
data for the Cretaceous. Gordon et al. (1984) concluded that the "number and quality of
Cretaceous poles are inadequate to detect systematic motion along this track during the
Cretaceous”. The new data from the Massachusetts diabase intrusions indicate a more
northerly latitude for the North America plate at 120 m.y. than previously thought and point
to the critical need of additional paleomagnetic research from this period in areas such as
New England that have been tectonically inactive after the Mesozoic. These results indicate
that the apparent polar wander path for North America in the Jurassic needs to be
reevaluated.

Rock Magnetic Properties
IRM Acquisition Study

Methods. An isothermal remanent magnetization (IRM) acquisition study of the
Cape Neddick Gabbro and the Baffle Dam Island sites was run in the Phase Equilibria
Laboratory at the University of Massachusetts. An IRM is a laboratory- induced
magnetization that is very effective for distinguishing between the presence of Ti-poor
titanomagnetites and Ti-poor ilmenohematites. This is due to the magnetic moment
saturation of magnetite (by weight) which is two orders of magnitude greater than that of
hematite (Tarling,1983).

The samples were first subjected to an alternating field of 80 mT on an AC
Geophysical Specimen Demagnetizer. Demagnetized samples were subjected to an
increasingly higher direct magnetic field in 17 incremental steps of 0.025, 0.05, 0.01,
0.02, 0.04, 0.06, 0.08, 0.1, 0.125, 0.2, 0.25, 0.3, 0.4, 0.6 and 0.8 Tesla using a Cahn
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Figure 4.22 Histogram of peak alternating field demagnetization levels from the central
Massachusetts diabases.
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CHAPTER 5
K-Ar RADIOMETRIC AGES

Introduction

A crucial factor in any study of apparent polar wander paths is a program of
absolute age determinations on the rocks being studied paleomagnetically. Because the
pole positions from the present study are displaced from the currently used apparent polar
wander paths for North America, it is important to obtain accurate geochronological data.
Cooperation of Prof. Kenneth A. Foland of Ohio State University was enlisted in this
study. Professor Foland has a long experience of geochemical and isotopic studies on
igneous rocks of northeastern North America, and particularly the Jurassic White Mountain
Magma series and the Cretaceous New England-Quebec igneous province (Foland and
Faul, 1977; Foland et al., 1986; 1988) Thirteen samples were carefully selected for
primary analytical material. These were sawed into chips and then split in half. One half
was sent to Ohio State University for K-Ar analyses; from the other half a thin section was
made and the remainder prepared for XRF analyses.

It is fully recognized that the history of K-Ar age dating of Mesozoic dikes in
eastern North America has been complex and the problems with obtaining accurate dates
has been severe. Armstrong and Besancon (1970) attributed the difficulties of K-Ar
measurements to argon loss, possibly due to inhomogeneity in the distribution of K-Ar in
the material, or a low grade metamorphic event after emplacement. Other authors (Dooley
and Wampler,1983; Seidemann et al., 1984; Sutter and Smith 1979; Sutter.1985) have
attributed the problem to excess radiogenic argon. This excess argon in the samples has
been attributed to igneous assimilation of material from local country rocks, to igneous
assimilation from a deep-seated crust or mantle source, or to the introduction of
hydrothermal solutions following emplacement. In most instances the carrier of the excess
argon is not known, and might include igneous glass or devitrified glass, secondary
minerals replacing the glass or crystallized minerals, or a later low temperature secondary
mineral filling the vesicles.

Results

The K-Ar results from the Quabbin diabases and from the Vermont lamprophyres,
which were studied paleomagnetically for comparison with the Cretaceous Massachusetts
diabases, are listed in Table 5.1. The problem of excess argon was encountered very
severely in dating the Quabbin Reservoir diabases, where whole-rock K-Ar ages in
geochemically and mineralogically similar sills ranged from 190 m.y. to 119 m.y. (Figure
5.1). Two obvious possibilities in this case are a) that the finer-grained more glassy
samples from Baffle Dam Island (617) have captured and retained more excess argon than
the other more crystallized samples or b) that this thinner sill at Baffle Dam Island did not
permit degassing before it chilled. The coarser-grained samples from Chapman Island
produced consistent ages of 136 m.y. Given the regional excess argon problem, it is
believed that the youngest age of 119 m.y., given by the freshest coarser-grained sample
from south Baffle Dam, represents the maximum age. A preliminary 40Ar/39Ar release
spectrum on the sample from Baffle Dam Island confirms excess argon, giving an age of
190 m.y. falling of toward 120 m.y. in the high temperature fractions. The paleomagnetic
directions obtained from the Quabbin Reservoir samples (Chapman Island and Baffle Dam
Island ) are similar to the directions obtained from other well dated Cretaceous intrusions in
southern New England (Foland and Faul,1977; Foland et al. 1988, Zen 1972; and Foland,
pers. comm. 1988). The new paleomagnetic and radiometric data on the Quabbin
Reservoir and Bliss Hill diabases provide the first evidence of Cretaceous igneous activity
in Massachusetts. This extends the New England - Quebec Cretaceous igneous province
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Table 5.1 Summary of whole-rock K-Ar results. K. A. Foland, analyst.

40A1q
Sample K (wt.%) (10-10mol/g) Age (Ma)

Quabbin Reservoir Diabases

C26N-1 0.4728 1.197
0.4901 1.183
0.4934 1.199
Av. 0.485 Av. 1.193 136 %2
C26Q-2 0.4837 1.188
0.4829 1.175
0.4728 1.177
Av. 0.480 Av. 1.180 136 £2
617-3 0.4249 1.465
0.4313 1.453
0.4141 1.456
Av. 0.423 Av. 1.458 188+ 3
617-4 0.4177 1.461
0.4270 1.461
1.472
Av. 0.422 Av. 1.465 1903
B44 0.3625 0.7584
0.3535 0.7727
0.3557 0.7563
0.3481
Av. 0.358 0.7625 1192
Vermont Lamprophyres
Wr-1 1.701 4.077
1.701 4.081
1.694
Av. 1.699 Av. 4079 13312
GS-2 1.600 2.845
1.610 2.895
1.603
Av. 1.604 Av. 2.870 100+ 2
BRM-3 1.482 3.735
1.468 3.717
1.468

Av. 1,472 Av. 3.726 140+2
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Figure 5.1 Diagram showing the K-Ar ages from this study and others recently
published by Foland et al. (1987) for New England and adjacent Quebec. Dashed lines
and arrow for Quabbin Reservoir diabases shows results of stepwise Ar release study of

one of the samples, indicating excess argon giving an age of about 190 m.y. falling off

toward 120 m.y. in the high temperature fractions.
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south into Massachusetts (Figure 5.2). These diabases are the first tholeiites reported from
the New England - Quebec Cretaceous igneous province.

The K-Ar results on the two samples from the Ware system do not agree with a
Middle Jurassic age as indicated by the paleomagnetism. It is hoped that some of these
samples will be studied by the 40Ar/39Ar release method. Sutter (1979) did have success in
dating the Buttress dike from the Ware system in Connecticut by the 40Ar/39Ar method,
and determined an age of 176 * 3.8 m.y. Previous dates on the Buttress dike by
Armstrong and Besancon (1970) using the K-Ar whole-rock method gave ages of 194-223
m.y.
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CHAPTER 6
COMMENTS ON DIABASE PETROGENESIS

Although an investigation of the petrogenesis of the central Massachusetts diabases
was not a primary objective of this study, the availability of major- and trace-element
analyses, as well as detailed petrography, makes it possible to give some preliminary
observations and comments on this topic. These comments are in two areas: on the use of
major and trace elements as discriminants in helping to identify the tectonic settings of the
diabases; and on patterns in the major-element concentrations in the various diabases in
relation to their petrography and the bearing this may have on magma evolution.

ochemical Discriminant Di for Tectonic Seitti

Discriminant diagrams for the assignment of tectonic settings of basaltic rocks have
been widely used since Pearce and Cann (1971, 1973) developed a series of diagrams
based on Sr, Ti, Zr, Y, and Nb. Most of the eastern North American (ENA) diabases plot
outside of the contmental basalt fields on many of these diagrams.

Pearce and Cann (1973) use Ti, Zr and Y as discriminators for tectonic fields of;
ocean floor basalts and low-K tholeutes, calc alkaline basalts, and within-plate basalts. J.
A. Philpotts (1985) plotted the data of Wiegand and Ragland (1970), Smith et al. (1975),
Puffer et al. (1981) and his own unpublished data for ENA. These data plot in two of the
established fields: the field of ocean floor basalts and low-K tholeiites , and the field of
calc-alkaline basalt, but there is also a group that plots outside the boundaries of the four
fields. The central Massachusetts diabases plot in three areas (Figure 6.1). The Holden
diabases plot at a triple junction, where the fields of ocean floor basalts and low-K
tholeiites, of calc-alkaline basalt and of with-in plate basalts come together. The Pelham-
Loudville and Ware diabases are very well clustered and plot in the field of ocean floor
basalts and low-K tholeiites with no overlap to any other field. The Quabbin Reservoir and
flg.lisac, Hill diabases are distinct for the ENA diabases because these plot in the with-in plate

ield.

Shervais (1982) uses the elements Ti and V as tectonic discriminants. Ti, Zr, P,
Hf, Ta, and Nb are high field strength cations that are strongly incompatible and immobile
during low-temperature alteration. The transition elements that are considered immobile
during alteration and metamorphism are Ni, Co, Sc, Ti, V, and Cr, but only Ti and V are
incompatible elements. The incompatible elements are partitioned into the liquid during
melting, whereas the compatible elements are partitioned into the refractory residual phases
in partial melting and into early liquidus mafic phases during crystallization. Shervais
choose Ti and V as useful discriminators because these elements are neither compatible nor
subject to alteration. This plot is based on the variation in the crystal-liquid partition
coefficient for vanadium which is believed to be a function of oxygen fugacity. The
partition coefficients range from greater than 1 to much less than 1 with increasing oxygen
fugacity. Since the partition coefficients of Ti are much less than 1, the depletion of the
vanadium relative to titanium is a function of the oxygen fugacity of the magma and its
source, the degree of partial melting, and subsequent fractional crystallization
(Shervais, 1982). Shervais compiled 482 analyses of basalts from different geotectonic
settings and determined that the trends of related samples can be clearly distinguished.
Tholeiites and alkali basalts plot in distinct fields of Ti/V with minimum overlap separated
by a Ti/V ratio of 50. Mid-ocean-ridge basalts and continental basalts have Ti/V ratios from
20 to 50 though continental basalts have greater absolute abundances. Alkaline basalts
have ratios greater than 50.

All of the central Massachusetts diabases sampled plot within the Ti/V ratios of 18-
50 (Figure 6.2). The Holden diabases (12 samples) plot on two trends with Ti/V ratios of
23 and 27. These plot in both the Jurassic Atlantic field, defined by 13 samples, and in the
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Figure 6.1 Ti-Zr-Y discriminant diagram, after Pearce and Cann (1973) with plot areas
of Massachusetts diabase systems and groups shown. Basalt fields are as follows: A+B -

low K tholeiites; B - ocean-floor basalts; B+C - calc-alkali basalts; D - continent and
ocean island within-plate basalts.
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Figure 6.2 Discriminant diagram of Tippm/1000 versus V ppm, after Shervais (1985).
All diabase analyses from this study are plotted. Symbols: Holden - open squares;
Pelham-Loudville - open diamonds; Ware - closed diamonds; Bliss Hill Quabbin
Reservoir diabases - closed squares. Solid line outlines area of Jurassic Atlantic basalts;
dashed line, Atlantic basalts; dash-dot line, Columbia River flood basalts.
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Atlantic ocean field, defined by 61 samples, respectively. There is no overlap with the
Columbia River Basalt field which defines the continental flood basalt field (22 samples).
The Pelham-Loudville diabases (23 samples) with one exception plot in the range of
continental and mid-ocean-ridge basalts, with an average ratio Ti/V ratio of 23. These plot
near or in the Atlantic ocean field and do not overlap into the Columbia River Basalt fields.
The Ware system diabases (8 samples), with an average Ti/V ratio of 19, plot well within
the field detined by the Jurassic Atlantic samples. More than half of the samples that define
the Jurassic Atlantic have a Ti/V ratio of 20 or less. A field with Ti/V < 20 is characteristic
of modern island arcs and calc-alkaline volcanics. The Bliss Hill diabases ( 4 samples) plot
on the boundary of the tholeiite and alkali basalts (Ti/V > 50) field, and outside of the field
boundary of MORB. The Quabbin Reservoir diabases (12 samples) plot in the tholeiite
field (Ti/V=45), and outside any other field. The Holden, Pelham-Loudville and Ware
diabases have an affinity with Atlantic ocean samples and do not overlap the fields for the
Columbia River Flood basalts. Except for the Pelham-Loudville system, relative
abundances of Ti and V are not higher than the MORB'S (135 samples) used by Shervais,
as would be expected for continental basalts based on this discriminant diagram. The Bliss
Hill and Quabbin Reservoir diabases are distinct and all fall outside the fields defined by
MORB and continental Basalts.

J. A, Philpotts (1985) modified a log-log Ti ppm versus Cr ppm discriminant plot
of Pearce (1975). Philpotts suggests that this is the best discriminant diagram for
interpretation of eastern North America diabases. In Figure 6.3 the Holden dike system
plots generally in the high-titanium field with some spread into other fields. The Pelham-
Loudville system plots in the high-iron field. The Ware system is in the low-titanium field.
The Bliss Hill and Quabbin Reservoir diabases plot outside the discriminant fields on the
high titanium side.

Pearce and Norry (1979) use the immobile trace elements Zr and Y as discriminants
for tectonic settings for basaltic rocks. Figure 6.4 uses their plot of Zr/Y versus Zr with
their fields of mid-ocean ridge basalts (MORB), island arcs basalts, and with-in plate
basalts. Superimposed on this diagram is the field boundary (thick horizontal line)
separating continental arcs basalts from oceanic arcs after Pearce (1983).

In Figure 6.4 the Pelham-Loudville samples all lie in the MORB field, and all but
one sample lie below the continental arc-oceanic arc boundary line. The Ware samples lie
partially in the island arc field, close to the MORB field and just above the continental arc-
oceanic arc field boundary. The Holden samples plot near and on the field boundary of
within-plate basalts and distinctly away from the the other Jurassic intrusions. The Bliss
Hill and Quabbin Reservoir samples plot in the within-plate field. Like the Holden
samples, these plot well above the continental arc - oceanic arc field boundary. This
diagram suggests a more oceanic type magma for the Pelham-Loudville system and the
Ware system. The homogeneity in the major- and trace-element analyses from these two
systems also suggests a large or a well mixed source for these magmas. This diagram
would suggest a within-plate type setting for the Holden system, and for the Bliss Hill and
Quabbin Reservoir diabases.

Meschede (1986) uses the immobile trace elements Nb, Zr, and Y to discriminate
between N-type MORBS, P-type MORBS, within-plate tholeiites, and within-plate alkali
basalts. He chose Nb because it is a sensitive indicator of mantle enrichment or depletion
processes, and Zr and Y because they show these trends differently from Nb. This
discriminant diagram (Figure 6.5) is based on more than 1800 analyses from different
geotectonic settings of basaltic rocks. The suggested application is limited to tholeiites and
all types of within-plate basalts. Meschede reevaluated data from ancient rocks that were
known to be within-plate basalts, but in previous diagrams had plotted in the MORB field.
Using this diagram these plot as within-plate basalts. The success of this discriminant
diagram for ancient within-plate basalts makes the use of it pertinent. The Massachusetts
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Figure 6.3 Log-log plot of Ti ppm versus Cr ppm. Fields for eastern North America
diabases after J. A. Philpotts (1985). H, high-titanium diabase. L, low-titanium diabase.
O], olivine-normative (or non-quartz-normative) diabase. Ocean-floor basalts plot in field
A, island-arc tholeiites in field B. All diabase analyses from this study are plotted.
Symbols: Holden - open squares; Pelham-Loudville - open diamonds; Ware - closed
diamonds; Bliss Hill Quabbin Reservoir diabases - closed squares.
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Mesozoic diabases plot in three fields, and are discussed in order of relative age based on
the paleomagnetic data. The oldest, the Holden dikes, all plot in the field of within-plate
tholeiites. The Pelham-Loudville intrusions fall in the field of N-type MORB as do the
Ware diabases. The youngest, the Bliss Hill and Quabbin Reservoir Cretaceous diabases
plot in the field of within-plate alkali basalts and tholeiites.

The question arises whether the discriminant diagram of Figure 6.5 fails, or
succeeds. Obviously the Pelham-Loudyville and Ware diabases were intruded into
continental crust even though they have some trace-element characteristics of N-type
MORB. Based on thermal modelling of the structural evolution of the Newark basin,
Steckler and Karner (1988) suggest that the source of the Jurassic basalts in the Newark
basin may not have been beneath the basin, and that the magmas possibly migrated from a
region of greater crustal extension offshore, where the birth of the modern Atlantic was
about to take place. The oldest Jurassic diabases of the Holden system, and the Cretaceous
groups plot well inside the within-plate fields. These differences may well reflect the
significant changes in the thermal-tectonic regime over the extended period from earliest
Jurassic through the early Cretaceous. In this connection J. A. Philpotts (1985) states that
perhaps the best current interpretation for the eastern North American diabases calls for a
number of mantle source regions, perhaps subduction-related as proposed by Pegram
(1983) to account for his Nd, Sr, and Pb isotopic data. The low Nb contents of the
Jurassic diabases from the present study also imply a mantle source that has been involved
in subduction-related magmatic processes. Similar unusual isotopic data were also recently
reported by Lambert et al. (1988) for Mesozoic volcanic suites in the Canadian segment of
the eastern North American margin. Philpotts suggests that the conflicting results of the
discriminant diagrams, including the Ti/Cr diagram of Figure 6.3, may indicate a relatively
unusual and little sampled thermal-tectonic regime during the generation of some of the
Mesozoic diabases.

Based on these discriminant diagrams and the relative age constraints from the
paleomagnetic pole positions, a possible scenario for the emplacement of the central
Massachusetts diabases could be as follows:

1. Emplacement of the Holden dike system into a thick continental crust, as characterized
by the with-in plate chemical signature, prior to the opening of the Atlantic ( pre-J1 cusp).

2. Thinning of the continental crust, and development of a large offshore magma source in
the location of the newly forming Atlantic spreading center. The emplacement of the
Pelham-Loudville system (post-J1 cusp), possibly by migration from this large magma
source. This would account for the striking homogeneity in the chemistry and the oceanic
affinities in discriminant diagrams of this system. The migration of magma along fractures
from offshore in the Early Jurassic (post-J1 cusp) is supported by thermal and gravity
modelling of the Newark basin (Steckler and Karner 1988, Bell et al. 1989).

3. Change from a rifting to a drifting environment is thought to have occurred around 175
m.y. (Klitgord and Schouten, 1986). The Ware system diabases may be related to this
tectonic event. The chemistry of the Ware samples has oceanic affinities and there is a
strikingly similarity to the Early Jurassic Atlantic samples in Ti and V contents. The pole
position for the Ware system would indicate a younger age than the Holden or Pelham-
Loudpville systems. The possibility of an unusual magnetic signature due to secular
variation must be considered, however, because the K-Ar ages are inconclusive. This
could lead to an older age assignment for the Ware system than 175 m.y.

4. By 120 m.y. the thermal regime had changed. There was a well established spreading
center at the mid-Atlantic ridge far offshore. There was a return to with-in plate igneous
activity. The Bliss Hill and Quabbin Reservoir diabases are tholeiites, but are far more
enriched in Ni, Cr, Sr, Ba, Zr, and Nb than the Jurassic diabases. The stress orientations
at this time were possibly related to the separation of Newfoundland and Great Britain, but
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the igneous activity in Massachusetts may be related to a hot spot, as is postulated for the
Cretaceous intrusions in the Whlte Mountams (Foland pers. comm. 1988).

Grove et al (1982) devised a method for comparing the compositions of basalts
with experimental data on liquidus phase relations, particularly based on experiments with
mid-ocean-ridge basalts. Both the composition and experimental data are treated in a
normative tetrahedron olivine - calcic pyroxene - plagioclase - quartz, and are then plotted
on a projection from plagioclase onto the olivine (Oliv) - calcic pyroxene (Cpx) - quartz
(Qtz) base as in Figure 6.6. This shows fields of primary co-saturation of liquids with
plagioclase and each of the phases olivine (oliv), augite (aug), pigeonite (pig), and
orthopyroxene (opx). The 1 atmosphere field boundaries are the dark solid curves and the
fields of primary crystallization at 1 kbar pypo are shown dashed. The plagioclase-
orthopyroxene- calcic pyroxene plane that separates olivine-normative from quartz-
normative tholeiites appears in the plagioclase projection of Figure 6.6 as the
orthopyroxene - calcic pyroxene line. The approximate compositions of augite (Aug),
pigeonite (Pig), and orthopyroxene (Opx) coexisting with plagioclase, olivine, and liquid at
1 atmosphere are also plotted.

All except one analysis (CS) of the central Massachusetts diabases plot within the
triangle olivine-clinopyroxene-quartz and hence are tholeiites, but are clearly split into those
that are quartz-normative and those that are olivine-normative. The analyses from the
Holden, Pelham-Loudville and Ware systems all plot in the projected olivine field of
primary crystallization, yet show little to no olivine in their mineralogy. No olivine was
found at all in thin section in the Holden system. In the Pelham-Loudville and Ware
systems olivine was found in a few samples and there is the suggestion of a pertectic
reaction relationship in which olivine appears to have reacted with liquid to produce augite
and pigeonite. The presence of biotite could explain some normative olivine, because it is a
silica undersaturated mineral. The Bliss Hill diabases plot in two distinct areas. The
northern diabase (414) is olivine-normative and contains relict olivine. The southern
diabase (BH) is quartz-normative. The Quabbin Reservoir diabases are the only diabases
with abundant phenocrysts of olivine and with one exception all plot in the olivine-
normative field. The exception is from a chilled margin, which may not have contained any
phenocrysts of olivine. The Quabbin Reservoir diabases also have abundant augite in the
matrix.

Curiously, the Holden, Pelham-Loudville, and Ware diabases lic on trends that are
parallel to the olivine-clinopyroxene boundary suggesting that the chemistry in these
systems was controlled by co-saturation with both these phases. This fact is puzzling for
the Holden system in that the dominant primary phenocryst phase is orthopyroxene. The
Pelham-Loudville and Ware systems plot nearly perfectly on the olivine-clinopyroxene

(+plagioclase) boundary at 1 kbar pHoo. At 1 kbar pH20 the Holden system plots above
the olivine-clinopyroxene boundary and in the field of augite (+plagioclase). Biotite is
present in the thin sections from these systems that appears to be magmatic. This would
support some H20 present in the system. A completely different suggestion is presented
by the studies of McKenzie and Bickle (1988) on the composition of melt generated by
lithospheric extension. The suggestion is that these linear trends are unrelated to crystal
saturation during cooling, but represent mixing lines between early liquids of deep-seated
origin and later liquids of shallower origin, all produced by continuous decompressive
melting of the same mantle source (see especially their Figures 11 and 20).

These brief observations plus other features in the geochemistry, particularly in the
Holden system, suggest there is a range of intriguing petrogenetic problems yet to be
solved in these diabases.
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CHAPTER 7
CONCLUSIONS
The present study has led to the following conclusions.

1. The central Massachusetts diabases fall into five petrographically distinct systems or
groups, the Holden system, the Pelham-Loudville system, the Ware system, the Bliss Hill
group and the Quabbin Reservoir group. All are are quartz-normative or olivine-normative
tholeiites.

Chilled margins of the Holden system contain phenocrysts of plagioclase, Mg-rich
orthopyroxene, augite and pigeonite in a matrix of plagioclase, clinopyroxene, red-brown
biotite, skeletal to euhedral grains of titanomagnetite (C1 to C2), discrete grains of
ilmenite, pyrite and chalcopyrite. The interiors contain grains of pigeonite rimmed by
augite, indicating a peritectic relationship. The local micrographic intergrowths of quartz
and alkali feldspar, common to all the interior samples, probably represent interstitial
residual liquid of granitic composition.

Chilled margins of the Pelham-Loudville diabases contain phenocrysts of
plagioclase, augite and pigeonite, and microphenocrysts of olivine rimmed by augite and
pigeonite, in a matrix of plagioclase, augite, pigeonite, titanomagnetite, ilmenite,.pyrite,
chalcopyrite, and biotite. Titanomagnetites are classified C1-C3, and range from skeletal
arrangements with herring-bone texture, to euhedral crystals to fine-grained titanomagnetite
dust. The internal titanomagnetite textures include lit-par-lit, and "vermiform". Locally
there are thin veins or dikelets containing red-brown high temperature biotite and olive-
green hornblende.

Chilled margins of the Ware system contain phenocrysts of plagioclase, augite and
pigeonite, and microphenocrysts of olivine rimmed by clinopyroxene, indicating a reaction
relationship between olivine and liquid. The matrix is composed of plagioclase, augite and
pigeonite, devitrified glass, straw-colored oxidized glass and fine-grained herring-bone
skeletal titanomagnetite (C1). Most of the titanomagnetite grains in the interior of the
diabases are classified as C3. There are rare discrete grains of ilmenite and common
sulfides. A distinguishing feature of this system, as compared to other systems is the
marked abundance of pigeonite relative to augite.

The northern Bliss Hill dike contains phenocrysts of plagioclase, augite,
orthopyroxene, and relict olivine. The matrix consists of plagioclase, clinopyroxene,
titanomagnetite (C2 to C3), oxide-charged devitrified glass, amygdules filled with calcite or
devitrified glass, ilmenite and pyrite. The southern Bliss Hill dike contains phenocrysts
plagioclase, augite and orthopyroxenes. The matrix consists of plagioclase, titanomagnetite
(C1 to C2), devitrified glass, amygdules and trace amounts of pyrite, pyrrhotite, and
ilmenite.

The chilled margins of the Quabbin Reservoir diabases contain phenocrysts of
plagioclase, and skeletal olivines. The matrix consists of plagioclase laths, clinopyroxenes,
amygdules, and magnesium-rich titanomagnetites of several generations, some with blue-
gray chrome spinel cores. Very few oxidation exsolution lamellae are present and the
titanomagnetites are classified C1 to C2. Petrographically, these Quabbin Reservoir
diabases are distinct from the other Massachusetts diabases in the presence of abundant
phenocrystic olivine, and the chrome spinel cores in titanomagnetites. The presence of
amygdules in the Bliss Hill and Quabbin Reservoir diabases as contrasted to the more
abundant Jurassic diabases, may be characteristic of a shallower level of intrusion in the
Cretaceous than in the Jurassic.

2. Instead of a few isolated occurrences, there is a swarm of Jurassic dikes near Loudville,
west of the Hartford basin, belonging to the Pelham-Loudville system.
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3. One sill near French King Bridge in the Millers Falls area of the Pelham-Loudville
system is geochemically and paleomagnetically a part of the Ware system that is mainly
exposed 35 km to the southeast.

4. The Holden, Pelham-Loudville, and Ware systems of Jurassic age have distinct
chemical signatures that represent different magmatic sources.

5. The diabases of Bliss Hill north and Quabbin Reservoir groups of Early Cretaceous age
are chemically more enriched and possibly implying a deeper source.

6. The Bliss Hill south diabase may represent a Late Jurassic intrusion. The K-Ar age is
152 m.y., though it is geochemically similar to the Bliss Hill north diabase. The
paleomagnetic pole is not conclusive and may be transitional in nature. It is
petrographically distinct from the Bliss Hill north diabase.

7. Of the forty sites sampled, thirty-two sites yield stable directions after alternating field
cleaning techniques. These directions were confirmed by representative samples from each
system that were thermally cleaned.

8. The new paleomagnetic and radiometric data on the Quabbin Reservoir and Bliss Hill
diabases provide the first evidence of Cretaceous igneous activity in Massachusetts. This
extends the New-England - Quebec Cretaceous igneous province south into Massachusetts.

9. All the Jurassic diabases are of normal polarity. The Cretaceous diabases are of mixed
polarity. The reversed Quabbin Reservoir sites have directions that are consistent with
other well dated igneous intrusions in New England (McEnroe et al 1987).

10. There are four distinct paleopole positions found for the diabases in this study. The
two Early Jurassic poles from the Holden and Pelham-Loudville systems are in good
agreement with May and Butler's (1986) APWP and fall on opposite sides of the J1 cusp.
The Middle Jurassic pole would be in agreement with Irving and Irving's (1982) APWP
for North America , but not with May and Butler's APWP (1986). The Cretaceous
intrusions are all displaced north of all APWP for North America. These pole positions are
supported by recent work in Cretaceous intrusions in the White Mountains by Van Fossen
and Kent (1988) and other workers. If these pole positions are accurate and correct, then
they would indicate a short and smoother track for North America from the Early Jurassic
to the Cretaceous. This would also imply that North America arrived near to the present
day position in the Cretaceous.

11. The conflicting results of the geochemical discriminant diagrams, may indicate
relatively unusual and little sampled thermal-tectonic regimes during the generation of some
of the eastern North America Mesozoic diabases. The differences may well reflect
significant changes of regime over the extended period from earliest Jurassic through the
early Cretaceous. Perhaps the best current interpretation for the eastern North American
diabases, as stated by J. A. Philpotts (1985), calls for a number of mantle source regions.
This would be in agreement with the diversity of Mesozoic diabases in central
Massachusetts.

12. This study points to the need to reevaluate the Newark trend I and II paleomagnetic
data and group these data by rock geochemistry, and not by geographic trend as done by
previous workers. This study also points to the critical need for additional Early Jurassic
through Cretaceous paleomagnetic data to constrain the Mesozoic APWP for North
America.
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