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Anomalous mantle structure at the Proterozoic—Paleozoic

boundary in northeastern US
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Abstract. Using teleseismic P wave tomography we detect
very large (~5%) variation in the compressional velocity of
the upper mantle beneath the Proterozoic—Paleozoic
boundary in the Northeastern US. In this region, the upper
mantle is heterogeneous on the 100 km scale to a depth of
300 km. Below this depth, the mantle appears to be laterally
homogenous, at least on the scale of 200-250 km. Given
the tectonic history of the region, the large amplitude, short
wavelength heterogeneities can not be caused by temperature
variations, but may be due to chemical heterogeneity or
variations in the amount and orientation of flow-induced
seismic anisotropy.

Introduction

Lateral heterogeneity of upper mantle seismic velocity
has been documented on a variety of length scales [e.g.
Taylor and Toksdz, 1979; Humphreys and Clayton, 1990;

expression of the GP. The eastern edge of the Adirondacks
may be considered the surface expression of the boundary
between the GP and the AO.

The differences in deep seismic structure of the GP and the
AO were first documented 15 years ago [Taylor and Toksoz,
1979; Pesekis and Sykes, 1981]. Faster compressional
velocities were found under the GP, and a general correlation
was observed between the velocity features at depth and the
tectonic units observed on the surface [Taylor and Toksoz,
1979]. These findings have been recently confirmed in the
southeastern US by Vlahovic and Powell [1994], who also
reported along-strike variations of upper mantle seismic
properties within the AO. Heterogeneity of the upper mantle
at the GP—AO boundary has been recently studied by Ebel and
Hon [1994], who found the uppermost mantle of the GP to be
faster then that of the adjacent Avalon terrane by almost 3%.
Complexity of the crustal seismic structure and differences in
seismic properties of the crust between the Adirondack
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of 800°K is required for a 5% decrease of compressional
velocity.

A relatively localized change in mantle composition or
very localized change in the direction or the amount of
anisotropy must be invoked to account for the observed
reduction of compressional velocity. Assuming peridotitic
mantle, the change in composition that would lead to lower
velocities most likely would involve an increase in the
orthopyroxene content. Another possibility would be the
presence of water and, consequently, the existence of partial
melt. Delivery of hydrous minerals to the depth of 200 km
could have been achieved during the final closure of the
Iapetus Ocean during the Devonian, with parts of the oceanic
lithosphere being subducted under the already accreted
‘terranes of the AO [see Taylor, 1989].

The observed P-wave delays do not exhibit a clear
azimuthal variation that might be attributed to anisotropy.
Nevertheless, strong anisotropy is present in the mantle in
this area. Silver and Chan [1991] detect shear wave splitting
of ~1.0 s with a fast direction of N74°E at the station RSNY
in the northern Adirondacks (figure 1). We observe similar
splitting (~1.3 sec, fast N85°E) at station ECO in the central
Adirondacks. Hence the observed pattern of P-wave delays
may be affected by anisotropy as well as by true
heterogeneity.

If the slow anomaly #3 is due to the anisotropy, it may
represent a region where the orientation of the anisotropy is
different then elsewhere in the region. The fast direction of
the olivine crystals [100] is parallel to the flow direction
within the mantle. Since rays used in this study are
subvertical, the region where the fast axis of olivine is
relatively horizontal would show up as slow in comparison
to areas where there the orientation of the fast axis is
random, with a difference of about 8% in P-wave velocity for
the case of pure olivine. The amplitude of the anomaly (5%)
would then imply a high degree of orientation in the olivine
or just a relative excess of it. For comparison, 7%
anisotropy was required to explain P-wave traveltime delays
over a spreading ridge [Blackman et al., 1993], while Silver
and Chan [1991] estimated S-wave anisotropy of the upper
mantle under North America to be around 4%.

Whether anomaly #3 is compositional or anisotropic in
nature, it could have been created no later than the time of
the last large scale deformation in the region, and have
remained intact ever since. The same is true for #2 — it is
located in the region where last major deformations occurred
during Ordovician time. Existence of these velocity
anomalies within the upper mantle agrees well with the
notion of the "fossil" structure preserved in the
subcontinental mantle since the last tectonic episode [Silver
,and Chan, 1991].

In summary, the upper mantle under the transition zone
from the Precambrian Grenville Province to the Paleozoic
Appalachian Orogen is heterogeneous (on the order of 5%)
on a scale of about 100 km down to a depth of 300 km. This
heterogeneity is related to episodes of tectonic activity that
took place at least 275 My ago. The tectonic events that
created this Proterozoic—Paleozoic boundary have a complex
expression (in the sense of having induced relatively short
wavelength heterogeneities in chemistry or rock fabric) in
the lithospheric mantle. Whether such complexity occurs
only at major tectonic boundaries, or is a ubiquitous feature
of the cratonic lithosphere is an important issue for the
future study.

LEVIN, LERNER-LAM AND MENKE: ANOMALOUS MANTLE STRUCTURE

Acknowledgments Many thanks are due to Russell Such for his
help in assembling the dataset. Lamont-Doherty Contribution
Number 5267.

Referenses

Blackman, D., J.A. Orcutt, D.W. Forsyth and K.J. Michael, Seismic
anisotropy in the mantle beneath an oceanic spreading center,
Nature, 366, 675-677, 1993.

Creager, K.C. and T.H. Jordan, Slab penetration into the lower
mantle beneath the Mariana and other island arcs of the northwest
Pacific, J. Geophys. Res., 91, 3513-3589, 1986.

Dueker, K. and E. Humphreys, Upper-mantle velocity structure of the
Great Basin, Geoph. Res. Let., 9, 1327-1330, 1990.

Ebel, J.E. and R. Hon, The upper mantle boundary between Grenville
and Avalon in New England: seismic evidence and petrologic
implications, Seis. Res. Let., 65, 16, 1994.

Hu, G., W. Menke and C. Powell, Polarization tomography for P
wave velocity structure in southern California, J. Geophys. Res.
99, 15,245-15,256, 1994.

Hu, G., W. Menke and S. Rognvaldsson, A demonstration of the
joint use of P-wave polarization and traveltime data in
tomographic inversion: crustal structure near the South Iceland
Lowland network, Geoph. Res. Let., 20, 1407-1410, 1993.

Hughes, S. and J. H. Luetgert, Crustal structure of the Western New
England Appalachians and the Adirondack Mountains, J.
Geophys. Res., 96, 16471-16494, 1991.

Humphreys, E.D. and R.W. Clayton, Tomographic image of the
Southern California mantle, J. Geophys. Res., 95, 19,725-
19,746, 1990.

Lerner-Lam, A. and T. Jordan, How thick are the continents?, J.
Geophys. Res., 92, 14,007-14,026, 1987.

Moore, J.M., Introduction: The Grenville Province then and now,
Can. Geol. Soc. Special Paper, 31, 1-11, 1986.

Nataf, HK. and J. VanDecar, Seismological detection of a mantle
plume, Nature, 364, 115, 1993.

Pesekis, L.L. and L. R. Sykes, Major structural features in the
Northeastern United States as defined by P-wave traveltime
anomalies, EOS, 62, 962, 1981.

Powell, C.A. and B.T. Mitchell, Relative array analysis of the
southern California lithosphere, J. Geophys. Res., 99, 15,257~
15,275, 1994.

Silver, P. and W.W. Chan, Shear wave splitting and subcontinental
mantle deformation, J. Geophys. Res., 96, 16,429-16,453,
1991.

Simmons, G., Gravity survey and geological interpretation,
northern New York, Geol. Soc. Am. Bulletin,, 75, 81-98, 1964.
Sleep, N.H., Monteregian Hotspot track: A long-lived Mantle

Plume, J. Geophys. Res., 95, 21,983-21,990, 1990

Taylor, S.R., Geophysical framework of the Appalachians and
adjacent Grenville Province, in Geophysical Framework of the
Continental United States, eds: L.C. Pakiser and W.D. Mooney,
Geol. Soc. Am. Memoir, 79, 317-348, 1989.

Taylor, S.R. and M.N. Toks6z, Three-dimensional crust and upper
mantle structure of the northeastern United States, J. Geophys.
Res., 84, 7627-7644, 1979.

Vlahovic, G. and C. Powell, Velocity anomalies under the Souther
Appalachian regional Seismic Network, EOS, 75, 239, 1994.
Zielhuis, A and G. Nolet, Shear wave velocity variations in the
upper mantle under central Europe, in press in J. Geophys. Res.,

1994.

V. Levin, A. Lerner-Lam and W. Menke, L.D.E.O., Palisades, NY

10964 USA. Email: vadim@ldeo.columbia.edu.

(Received July 14. 1994; accepted September 18, 1994.)



