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EOCAMBRIAN PALEOMAGNETISM OF THE BOSTON BASIN: EVIDENCE FOR DISPLACED TERRANE
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Abstract. A paleomagnetic study of the Late
Precambrian Roxbury formation, consisting of
extrusives and clastic sediments, has yielded a
steeply downward directed and pre-folding charac-
teristic magnetization (D/I = 219°/71°, 095 = 59,
k = 311, paleopole at 13°N, 267°E, N = 4 sites),
which indicates a significantly higher paleolati-
tude (55°) than would be expected if the Boston
basin were part of the equatorial North American
craton in the latest Precambrian and earliest
Paleozoic. This characteristic magnetization
reveals dual polarities and is further supported
by a positive conglomerate test. A ubiquitous
post-folding late Paleozoic overprint is present
in nine sites (D/I = 183°%/14°, 095 = 8°, k = 42),
with a paleopole at 41°s, 285°E. The pre-folding
magnetization resides in hematite, which is infer-
red to have formed during early oxidation of the
rocks; the high stability of this hematite may
have prevented its magnetization from being reset
during the late Paleozoic chemical event respon-
sible for the magnetic overprint. The Boston
basin has a marked geological similarity to the
Avalon basement terranes in Nova Scotia and
Newfoundland, as well as the Armorican Massif in
France, and the high paleolatitudes observed for
all these terranes suggest a common paleogeogra-
phical affinity; a likely paleolocation is near
the northwestern margin of Gondwana which was
located at the southpole in the latest Precam-
brian and Early Cambrian,

Introduction

The Boston basin and much of eastern Massachu-
setts form part of the Avalon zone in the Appala-
chians, and there is now a general consensus that
the Avalon terranes may be exotic (Wilson, 1966;
Williams and Hatcher, 1983). They are thought to
have joined the North American craton during the
Devonian or Carboniferous as a result of the
closing of the Iapetus ocean. In order to test
and quantify the displacement hypothesis for
these terranes, paleomagnetic studies of latest
Precambrian and early Paleozoic rocks were initi-
ated. Several results have already been published
£for 'Cape Breton Island in Nova Scotia (Johnson
and Van der Voo, 1985, 1986; Van der Voo and
Johnson, 1985). Coupled with previous paleo-
magnetic work (Schutts et al., 1976; Hurley and
Shearer, 1981; Kent, 1982; 1Irving and Strong,
1985; wWeisse et al., 1985) a picture is emerging
that confirms the exotic nature of the Avalon ter-
ranes. However, some questions still remain to
be answered. For instance, did the terranes join
North America at the same time or did they arrive
as individually accreted terranes at different
times ? Where did the terranes originate ? This
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study addresses the last question, in so far as
the Boston basin is concerned.

Geology, Sampling and Laboratory Measurements

Figure 1 shows the general geology of the
basin, based on previous geological work (La
Forge, 1932; Billings, 1929, 1976, 1980, 1982;
Pollard, 1965; Cameron, 1979; Lenk et al., 1982;
Kaye, 1984). The basin, bounded on three sides
by faults and by Boston Bay in the east, consists
of the Dedham granite as a widespread basement
rock overlain by the Mattapan volcanic complex
and the volcano-sedimentary Boston Bay group.

The Dedham granite has yielded an age of 630 + 15
Ma with the U-Th-Pb zircon method and volcanics
of the Mattapan complex gave a zircon age of 603
+ 3 Ma (Kaye and Zartman, 1980). Contact rela-
tionships between these volcanics and the granite
are complex: in some places the volcanics overlie
the granite, elsewhere the granite appears to
intrude them. The Boston Bay group, however,
clearly rests on the Dedham granite and the Matta-
pan complex, and it is constrained in age by the
above-mentioned radiometric dates and the occur-
rence of an Eocambrian microflora in its upper
part, which correlates with fossils from locali-
ties in Greenland, Norway and central U.S.S.R.
(Lenk et al., 1982; Kaye, 1984).

The Boston Bay group is divided into two for-
mations, the Roxbury conglomerate and the younger
Cambridge argillite, separated by the Squantum
"tillites", a unique conglomeratic stratum of up
to 120 m in thickness but controversial because
of the long debate over its glacial origin (Cam-
eron, 1979). Structural analysis is hampered by
a lack of exposures, so that it is not clear
whether the overlying Cambrian formations are in
conformable contact (Kaye and Zartman, 1980) or
in fault contact (Billings, 1982) by the Blue
Hill thrust (BHT in Figure 1). Folding in the
area occurred during the Permo-Carboniferous Alle-
ghenian orogeny, although folding and faulting
during an Avalonian event at the Precambrian-
Cambrian boundary is likely as well. Folds are
large with gently dipping limbs and the east-west
striking fold axes that we could observe have a
plunge of 15°-20° to the east. Consequently, the
older rocks are generally exposed in the south-
west. Metamorphism is of very low grade, though
hydrothermal alteration has produced secondary
chlorite, epidote and kaolinite.

Sampling, with a portable drilling apparatus
in 1983, of 13 sites in the stratified volcanics
and red siltstones of the Roxbury formation was
designed to select sites with fresh rocks and
unambiguous structural control. The Natural Rema-
nent Magnetizations (NRM's) were measured with a
cryogenic magnetometer or a Schonstedt spinner
magnetometer; thermal or alternating field demag-
netizations were performed with Schonstedt equip-
ment. Chemical demagnetization on selected pilot
samples showed that satisfactory isolation of
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Fi1g. 1. Geological sketch map of the Boston
Basin (after Billings, 1976). BHT is the Blue
Hills thrust. Solid dots with numbers identify
the sampling sites.

magnetization components was not achieved, so0
this technique was not continued. Demagnetization
results were analyzed by plotting orthogonal dia-
grams (Zijderveld, 1967), great-circle analysis
(Halls, 1976), and the vector difference method
of Hoffman and Day (1978). The bedding correc-
tions included a correction for the plunge of the
folds, which results in minor declination changes
of up to 3° (see details in Fang Wu, 1984).

Paleomagnetic Results

NRM and Demagnetization Behavior

NRM intensities varied between 10-1 and 10-3
A/m, with NRM directions generally steeply down
(Fang Wu, 1984). Stepwise demagnetization re-
vealed univectorial magnetizations with moderate
to steep inclinations in a few cases (Figure 2a),
but more typically the orthogonal plots displayed
two or more components (Figure 2b). 1In samples
with discrete high blocking temperature magnetiza-
tions (670 to 680°C in Figure 2b), it appears
that a component could be isolated with a direc-
tion identical or antiparallel to those of the
univectorial magnetizations. These are called
the characteristic components in this paper and
are plotted with the site means in Figure 3 (see
also Table 1).

As is frequently the case in paleomagnetic
studies of clastic sediments and some volcanics,
a low-coercivity or low blocking-temperature
component with a northerly and steeply down
direction is first removed in the demagnetization
process (Figure 2b,c: below 660°C). This compo-
nent conforms to the direction of the present
geomagnetic field in Boston and is inferred to be
of recent origin.

A southerly and shallow component is seen in
many samples, often without the characteristic
component (Figure 2c), but occasionhally the
shallow component is seen as a lower-temperature
overprint on the characteristic component (Figure
2d). In these samples non-discrete blocking tem-
peratures, curved demagnetization trajectories
and apparently overlapping blockihg temperature
spectra are often observed (Figure 2d). Direc-
tions from samples with such curved trajectories
were analyzed with great-circle techniques, but
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without much success: because the great circles
were largely parallel, no well-defined irtersec-
tion could be determined. Consequently, where
suspicions existed about overlapping blocking tem-
perature spectra, no directions were included in
the final means. The directions of the shallow
and southerly components which did not overlap
significantly with the characteristic components
are given as site-means in Table 1.

Tests for the Ages of the Magnetizations

A fold test, a conglomerate test and a baked-
contact test were attempted to constrain the age
of magnetization. As can be seen in Figure 3,
the site~mean directions for the characteristic
magnetization cluster much better after correc-
tion for the tilt of the strata and the moderate
plunge of the fold axis. The statistical values
associated with this fold test indicate that it
is positive and significant at the 95% confidence
level for the characteristic magnetization, with
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Fig. 2. Orthogonal vector diagrams (Zijderveld,

1967) of representative samples, without correc-
tion for the tilt of the strata. Solid (open)
symbols represent projections onto the horizontal
(vertical) plane. Numbers denote temperatures
(°C) during thermal demagnetization. (a) volcanic
sample from site 6 showing a univectorial charac-
teristic direction. (b) red siltstone from site 6
showing the characteristic magnetization at high
temperatures. (c) red siltstone (site 1), showing
the Permian overprint at higher temperatures.

(d) volcanic sample from site 5 showing overlap-
ping blocking temperature spectra for the Permian
overprint and the characteristic component.
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TABLE 1. Summary of Paleomagnetic Results
Site Rock n/N Before T.C. After T.C.. k 095
type Decl./Incl. Decl./Incl.
Permian Overprint
1 S 3/8 172.1/+15.4 169.9/+ 3.0 54 17
2 v 2/8 179.4/+ 9.0 177.4/- 3.6 - -
3 v 6/11 200.0/+19.9 195.1/+10.7 8 25
4 v 5/6 179.6/+416.2 174.0/- 1.3 49 11
5 v 2/8 202.6/+20.0 198.9/+ 6.9 - -
6 s,V 2/14 169.8/+18.2 165.8/+35.0 - -
7 S 3/6 177.7/+ 7.3 177.3/+425.9 40 20
8 s Conglomerate test, random directions
10 \'4 3/18 184.1/+ 1.4 181.2/+28.5 37 21
11 \'4 2/2 182.4/+14.3 179.4/+40.8 - -
13 ] overlapping blocking temperatures
14 v no stable magnetizations
Mean* s,V 9/13 182,9/+13.8 180.1/+16.4 42 14
Characteristic Direction
6 s,v 12/14 214.5/+51.3 227.5/+471.6 131 4
9 S 9/9 184.0/+41.4 217.5/+70.9 62 7
10 \'4 5/18 208.9/+36.3 216.9/+65.2 22 17
12 s 3/4 205.8/+46,2 212.4/+475.2 62 16
Mean**s,v 4/13 202,9/+44.4 218.7/+70.8 311 5

n/N = number of samples or sites used to compute
the mean, versus the number of samples (sites) de-
magnetized; T.C. = tectonic correction; S = sedi-
ments, V = volcanics; *, mean with the precision
parameter (k) and cone of confidence (095) for
the case before and **, after tectonic correction.

the precision parameters after (k2) and before
unfolding (k1) giving a ratio (k2/kl) of 6.31.

On the other hand, the shallow and southerly
directions fail the fold test (k2/kl = 0.41), and
are therefore of post-folding age. Since all (or
at least a major part) of the folding was of Late
Carboniferous-Early Permian age, this implies
that the characteristic magnetization is older
than the Late Carboniferous and that the shallow
southerly magnetization is of Late Paleozoic or
younger ade.

Site 8 was sampled in a conglomerate just
above sites 6 and 7. Some of the cobbles were
derived from the Mattapan volcanics and they
revealed random directions of magnetization with
distributed blocking temperatures and univec-
torial demagnetization diagrams (Fang Wu, 1984,
his fig.9). This suggests that these magnetiza-
tions predate the deposition of the cobbles and
that some of the Eocambrian rocks escaped remag-
netization after their deposition. Moreover,
since some of the cobble magnetizations clearly
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Fig. 3. Equal area projections of the character-
istic directions of magnetization for samples
(left) and site means (right). Closed (open)
symbols are in the lower (upper) hemisphere.
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Fig. 4. Eocambrian paleogeographic map, with
North America shown in solid and in dashed lines:
these two positions represent alternatives on the
basis of normal versus reversed polarity paleo-
poles. NS = Nova Scotia's Avalon terrane, ARM =
Armorica, other continents are identified by
their first three letters. The shaded zone
indicates the most likely position(s) of the
Boston Basin area as suggested by this study.

reside in hematite, this mineral is inferred to
havé a very early origin. The remagnetizations
that were observed are thus more likely to be of
chemical than of thermal origin, and the more im-
permeable volcanic rock types could more readily
escape the fluid reactions that reset the
sediments.

Site 10 contained several large siltstone
xenoliths in basalt. Most of these baked silt-
stones revealed only the northerly magnetization
of recent origin, but two specimens showed the
same characteristic component as the basalt. This
test cannot be called conclusive for lack of sta-
tistical weight, but it is supportive of an early
origin for the characteristic magnetization.

Lastly, we can compare the directions of magne-
tization with those obtained for other North
American rocks. The shallow and southerly post-
folding magnetization gives a paleopole (40.7°N,
105.1°E) which falls near the Permian segment of
the North American polar wander path, whereas the
characteristic magnetization is much steeper
than, and quite different from, any latest Precam-
brian or younger magnetizations for the craton.
The paleopole is located at 13°N, 267°E, dp = 7.8°
and dm = 9.0°% We argue that it is safe to con-
clude that the characteristi¢ magnetization is
not representative of the known paleomagnetic
field for North America, though it cannot be pre-
cluded that it represents a (pre-Late Devonian)
remagnetization during the time that the Boston
Basin was not yet part of North America.

In summary of this section, we argue that the
age of the characteristic magnetization is pre-
Late Devonian and possibly latest Precambrian in
age, whereas the shallow and southerly overprint
is of Permian age.

Discussgion

The characteristic direction, though indicated
by the demaghetizations as present in most sites,
could ohly be defined precisely in four sites
(Table 1), because of overlapping blocking-temper-
ature spectra. Nevertheless, we believe that
secular variation has been averaged out in the
mean, because of the individual entries for sedi-
ments as well as extrusives, and that the mean is
representative of the ancient field at the time
of magnetization acquisition. This characteristic
magnetization does not resemble any known paleo-
magnetic field for North America for Phanerozoic
time, as already mentioned. This is our main
evidence for concluding that the Boston basin was
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indeed an exotic or displaced terrane, as had
been hypothesized earlier (e.g., Wilson, 1966;
Skehan and Rast, 1976; Williams and Hatcher,
1983; Zen, 1983). Similar conclusions have been
reached on the basis of Cambrian and Ordovician
paleomagnetic results for the Avalonian basement
of Nova Scotia (Johnson and Van der Voo, 1985,
1986; Vvan der Voo and Johnson, 1985).

In a more speculative mode we can attempt to
compare our result with those for other conti-
nents, under the assumption that the characteris-
tic magnetization of the Roxbury is of latest Pre-
cambrian age. Figure 4 gives a paleogeographic re-
construction for that time, with a paleolatitude
band around 55°S shaded to indicate the likely
position(s) for the Boston basin area. If our
choice for a southerly (rather than a northerly)
paleolatitude position is correct, it can be seen
that a position off the coast of northwest Africa
is supported by the new paleomagnetic data, in
agreement with previous postulates on the basis
of geological correlations (Cameron, 1979). A
similar, but slightly more northerly position is
indicated for the Avalon terrane of Nova Scotia
(Johnson and Van der Voo, 1986) and for Armorica
(Perigo et al., 1983), as shown in Figure 4.
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