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Continental geotherm and the evolution of rifted margins
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ABSTRACT

M odels of melting accompanying mantle upwelling predict far
more melt than is observed at nonvolcanic margins. The discrep-
ancy may be explained if the paradigm of a uniform asthenosphere
isincorrect. Work on the velocity structure of the continents has
shown that the convecting sublithospheric mantle may have a po-
tential temperature as low as 1200 °C, ~100 °C cooler than that
beneath the oceans. The continental geotherm derived from studies
on xenoliths brought up by kimberlites is also compatible with a
cool sublithospheric mantle except where perturbed by mantle
plumes. Upwelling of such cool mantle during rifting leads to little
melt production, even for rapid extension rates, explaining the for-
mation of amagmatic margins away from mantle plumes. However,
the transition to seafloor spreading and the development of
nor mal-thickness oceanic crust requires the invasion of the amag-
matic rift by hotter oceanic asthenosphere and/or plume material.
This influx may cause a transient thermal uplift, recorded as a
breakup unconformity. Conversely, at volcanic margins, the onset
of seafloor spreading is accompanied by the escape of the hot
plume puddle along the mid-ocean ridge system away from the
volcanic margin, leading to a pulse of rapid subsidence.
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INTRODUCTION

The 6-7 km of basalt (Bown and White, 1994) produced by de-
compression melting of upwelling mantle with a potential temperature
(Ty—the temperature the mantle would have if it rose adiabatically to
the surface) of 1300 °C matches the relatively uniform thickness of the
oceanic crust (Spudich and Orcutt, 1980; White et al., 1992). Conse-
quently, the T, of the convecting upper mantle has been assumed to
be ~1300 °C (White et al., 1992; Bown and White, 1994), except near
mantle plumes (White and McKenzie, 1989). This paradigm appears
incompatible with the structure of nonvolcanic rifted margins such as
the Iberia Abyssal Plain (IAP in Fig. 1) west of Portugal. During Early
Cretaceous rifting over a period estimated as <5 m.y. (Wilson et a.,
2001) or 15 = 5 m.y. (Minshull et a., 2001), mantle rocks were ex-
humed in a 150-km-wide continent-ocean transition zone (Whitmarsh
et a., 2001), implying infinite crustal-stretching factors. If such stretch-
ing factors are extrapolated to the entire lithosphere, 4-5 km of melt
(Minshull et al., 2001) should have been produced during the upwelling
of normal 1300 °C asthenosphere (Fig. 2). However, estimates of the
actual igneous thicknesses are in the low end of the range 0-2 km
(Minshull et a., 2001).

The Iberia Abyssal Plain is only one, if the best studied (Perez-
Gussinye et al., 2001; Whitmarsh et al., 2001), of at least eight non-
volcanic rifted margins that exhibit similar geophysical characteristics
(Minshull et al., 2001). At a Jurassic rifted margin (Fig. 1) now ex-
posed in the Alps (Desmurs et al., 2001), rifting leading to mantle
exhumation lasted much less than 25 m.y. (Wilson et al., 2001). Models
would predict >3 km of magma due to decompression melting of 1300
°C asthenosphere (Fig. 2), but little melting accompanied the extension
and mantle exhumation (Desmurs et al., 2001).

As the relevant geologic and geophysical data sets have improved
(Whitmarsh et al., 2001), it has become increasingly unlikely that the
missing kilometers of igneous rock are present but not observed. The
magma is unlikely to have been trapped beneath the less dense conti-
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nental crust (Herzberg et al., 1983): where most melt production is
expected (Buck et al., 1988), either the crust is thin and brittle (Perez-
Gussinye et al., 2001; Reston et d., 1996), facilitating magma transport
along fractures, or totally absent (Whitmarsh et al., 2001; Wilson et
al., 2001; Desmurs et a., 2001) (Fig. 2). It is unlikely that much mag-
ma froze within the highly extended subcontinental mantle, as melt
migrates quickly through the lithosphere (McKenzie, 1989); only minor
gabbros are observed in the Alpine mantle sections (Desmurs et d.,
2001).

Most ways to reduce melt production are unsatisfactory. Distrib-
uting mantle extension over a wider area than crustal extension can
reduce the amount of mantle upwelling (and hence melt production)
beneath the rift axis (Keen and Dehler, 1993), but such mechanisms
cannot easily explain the paucity of magmatism at the effectively in-
finite stretching factors implied by the unroofing of 150-km-wide belts
of mantle (Minshull et al., 2001). Lithospheric-scale low-angle detach-
ments have not been observed (Reston et a., 1996; Perez-Gussinye et
al., 2001; Minshull et a., 2001) and are in conflict with available sub-
sidence and (for active rifts) heat-flow data (Buck et al., 1988). Time-
dependent extension rates (accelerating rifting) can decrease melt thick-
ness by as much as 1 km, but become less effective at short rift
durations (Fig. 2). Invoking a constant-viscosity mantle (Shen and For-
syth, 1992) may broaden the region of mantle thinning (Minshull et
al., 2001), but isin conflict with known flow laws of mantle minerals
(Shen and Forsyth, 1992; Karato and Wu, 1993), and the results of the
low-resolution numerical experiment of Shen and Forsyth (1992) have
not been reproduced by other higher-resolution studies using similar
parameters (Sotin and Parmentier, 1989; Cordery and Phipps Morgan,
1993). Finite-element modeling (Bowling and Harry, 2001) of west
Iberia extension predicts that mantle extension should focus before
crustal separation, leading to the production of 5 km of melt below the
rift axis before the crust has thinned to ~4 km.

A remaining possibility is that the paradigm that the convecting
asthenosphere has a uniform T, of 1300 °C is incorrect.

SUBCONTINENTAL GEOTHERM

Estimates of the temperature of the upper mantle come from four
sources. heat flow, xenoliths—especially those brought up by kimber-
lites, the thickness of the mantle transition zone, and seismic velocities.
The Kaapvaal cratonic geotherm deduced from mantle xenoliths from
kimberlite pipes (Fig. 3) shows a pronounced increase in temperature
at ~190 km (Kohler and Brey, 1990; Lenardic and Moresi, 2000), from
a T, of ~1200 °C to one close to 1400 °C. This increase can be ex-
plained by the heating of continental lithosphere previously subject to
a cooler geotherm (Parmentier and Turcotte, 1974; Lenardic and Mo-
resi, 2000). Other thermobarometers, including those that most faith-
fully predict the presence or absence of diamond (Pearson et a., 1994),
yield similar, if slightly cooler, geotherms. As the very kimberlites that
transport these xenaliths to the surface are thought to be generated by
the impact of a mantle plume on the base of the lithosphere (Crough
et a., 1980), applying Occam'’s razor would imply that the heating is
caused by the impact of the mantle plume and occurs at the very base
of the lithosphere (200 km). This scenario implies that the T, at the
base of the lithosphere prior to plume impact was ~1200 °C. Ignoring
thermally peturbed xenoliths yields similar cool steady-state geotherms
for other kimberlite provinces (Russel and Kopylova, 1999; Fig. 3).
These results are consistent with the T, (~1200 °C) predicted for the
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Figure 1. Cross sections across typical nonvolcanic rifted margins (NVRMs). Cross-hachures—rifted crust; white—

postrift sequence; gray—mantle; black—oceanic crust. Top: Iberia Abyssal Plain margin (IAP; Whitmarsh et al.,

2001)

along Ocean Drilling Program drilling transect (numbered lines are Leg 149 and 173 drill sites). TWT—two-way traveltime.
Below: reconstruction of margin now exposed in Alps (Froitzheim and Manatschal, 1996). Mantle rocks form top of

basement at both these and other NVRMs.

base of cratonic lithosphere from heat flow models (Jaupart et al.,
1998), expected values of thermal conductivity and heat production in
the mantle, and heat flow across the cratonic Moho (Jaupart and Ma-
reschal, 1999).

More globally, variations in the depths to the 410 and 660 km
discontinuities imply that temperatures deep beneath some continents
are as much as 100 °C lower than those beneath the oceans (e.g.,
Gossler and Kind, 1996). Seismic velocity, constrained by heat flow
data, provides an estimate of the continental geotherm (Rdhm et a.,
2000; Goes and van der Lee, 2002), revealing the expected variation
in the lithosphere and different lithospheric thicknesses according to
lithospheric type. At depths between 100 km (for tectonic provinces)
and 200 km (for cratons), the geotherms become parallel to mantle
adiabats, indicating the convecting sublithospheric mantle with a T, in
the range 1050-1350 °C (Fig. 4). Although active tectonic provinces
have dlightly higher average temperatures (~1250 °C) than cratons and
stable platforms (both on average ~1200 °C), there is considerable
overlap. Given the estimated errors of £150 °C (Rohm et al., 2000),
even if the seismically derived geotherms systematically underestimate
the temperature, many sublithospheric geotherms must occur well be-
low the 1300 °C adiabat. If any errors are more random, it appears
likely that away from hotspots the convecting subcontinental mantle
has an average T, closer to 1200 °C.

The relative similarity in temperature structure beneath different
types of lithosphere implies that any compositional differences below
200 km have been removed by convective mixing: the idea of a deeper
stable tectosphere has also been weakened by the demonstration that
the mantle beneath ~200 km is anisotropic, requiring active shearing

Figure 2. Plot of melt thick- 6
ness vs. rift duration (Min-
shull et al., 2001) at litho-
spheric stretching factor
of 50 (effectively infinite)
for potential temperatures
(T,, curves) 1200, 1250,
and 1300 °C. If mantle po-
tential temperature was
~1300 °C, between 3 and 5
km of basaltic magma
should be generated by
decompression melting of
upwelling mantle for rift 0 10 20 30
durations of <25 m.y. Up to . .

1 km less melt thickness is Rift duration (m.y.)
possible at longer rift durations if rifting accelerated (dashed line)
(Minshull et al., 2001). However, much less than 2 km of igneous
rocks is observed at well-constrained nonvolcanic rifted margins
with rift durations (Minshull et al., 2001; Wilson et al., 2001; Desmurs
et al., 2001) shown by error bars (IAP—Iberia Abyssal Plain margin).
Lithospheric stretching over cooler mantle (7, = ~1200 °C) can ex-
plain this lack of melt and formation of nonvolcanic margins.
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(Gung et a., 2003). The resulting anisotropy may reduce the need for
cool temperatures slightly but cannot eliminate it entirely, as even the
subcontinental slow direction is faster than adjacent oceanic astheno-
sphere (Gung et a., 2003).

The temperature beneath the lithosphere may be controlled by the
proximity of mantle plumes rather than by lithospheric structure (R6hm
et a., 2000). The average geotherm for the western United States (Goes
and van der Lee, 2002) (asymptotic to the 1300 °C adiabat; Fig. 4)
may be influenced by both the Yellowstone and Raton plumes and by
the influx of oceanic asthenosphere from the Gulf of California In
contrast, the average geotherm for eastern North America (away from
such plumes) is asymptotic to the 1200 °C adiabat (Fig. 4).

In summary, the potential temperature of the convecting mantle
beneath the continental lithosphere may in places be considerably cool-
er than 1300 °C (the T, of oceanic asthenosphere) and perhaps as low
as 1200 °C. The concept of a subcontinental convecting mantle cooler
than that beneath the oceans is implicit in some models of mantle
convection. Lenardic and Moresi (2000, 2003) used scaling arguments
to show that if the continental and oceanic geotherms are coupled and
in equilibrium, they must be different due to the thick, buoyant, and
heat-producing continental crust. The continents may be underlain by
downwelling limbs of cooled, plume-fed oceanic asthenosphere (Len-
ardic and Moresi, 2000), or beneath the 0-100-km-thick oceanic lith-
osphere, plume-fed oceanic asthenosphere may form a thin hot layer
(Phipps Morgan et al., 1995) not present beneath the thicker continents,
except where they overlie a mantle plume.
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Figure 3. Cratonic geotherm from xenoliths in kim-
berlite pipes. Lines: steady-state geotherms de-
rived from North American, Lesotho, and Siberian
kimberlite pipes (Russel and Kopylova, 1999).
Shading: geotherm derived from all Kaapvaal kim-
berlite xenoliths (Kohler and Brey, 1990). Dark
shading: xenoliths from base of Kaapvaal litho-
sphere heated by mantle plume that led to kimber-
lite eruption (Crough et al., 1980). Unheated (light
shading) and other steady-state geotherms reach
1200 °C adiabat at base of lithosphere, suggesting
that away from plumes, convecting sublithospher-
ic mantle has potential temperature (7,) of ~1200
°C.
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Figure 4. Continental geotherm from P-wave and S-wave veloc-
ities, and heat flow. Global curves: R6hm et al. (2000); averaged
North America and U.S. curves: Goes and van der Lee (2002).
Note large variations in lithospheric structure, but in convect-
ing sublithospheric mantle, geotherms parallel mantle adiabats
(gray lines) with potential temperature (T,) commonly below
1300 °C.

CONSEQUENCES FOR RIFTING AND BREAKUP

Pressure-release melting of a hot (T, > 1400 °C) mantle plume
produces the thick sequences of igneous rocks found at volcanic rifted
margins (White and McKenzie, 1989; Bown and White, 1995; Hopper
et a., 2003). Lowering the T, of the sublithospheric mantle to below
1300 °C similarly leads to a decrease in the amount of melt generated
at effectively infinite stretching factors (Fig. 2). For a base lithospheric
T, of 1200 °C, <2 km of basalt is predicted, even for very rapid
stretching (Minshull et al., 2001). As the mantle is too cool to melt
sufficiently to produce new oceanic crust, continued stretching over
severa million years leads to separation of the continental crust fol-
lowed by the amagmatic unroofing of a broad expanse of mantle
(Perez-Gussinye et a., 2001). The little melt produced will be enriched
in incompatible elements (Maaloe, 1985), as are those few basalts that
have been sampled within the continent-ocean transition west of Iberia
(Seyfert and Brunotte, 1996).

In our model, true seafloor spreading only begins at a nonvolcanic
rifted margin when hotter suboceanic asthenosphere penetrates laterally
beneath the rifting region. This influx follows the connection of the
rift to the ridge network and is controlled in part by the shape of the
base of the lithosphere, itself dependent on the three-dimensional evo-
lution of the rifting and spreading system (one possibility, not meant
to represent any particular margins, is shown simplified in Fig. 5). The
rate of asthenospheric influx beneath the rift is a complex function of
the temperature (hence viscosity and density) contrast between oceanic
asthenosphere and cooler subcontinental mantle, the thickness of the
asthenospheric layer, the proximity of mantle plumes, and the kine-
matics and geometry of rifting. At the Iberia Abyssal Plain, the J-
anomaly ridge marks the onset of seafloor spreading and is consistent
with the northward influx and subsequent upwelling of hot astheno-
sphere beneath a previously cool rift, leading to increased melting (Fig.
2). Farther north, the Janomaly and ridge are absent, implying that
breakup west of the Galicia Bank occurred later and that the spread of
1300 °C asthenosphere beneath the thinned lithosphere was more grad-
ual. Initial oceanic crustal thickness there (Bown and White, 1995) is
<4 km, perhaps reflecting the rate at which the warm asthenosphere
could invade the rift rather than just cooling by the adjoining conti-
nental lithosphere.

Reduced sublithospheric temperatures are compatible with the
subsidence history of rift basins (McKenzie, 1978) and rifted margins:
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Figure 5. Plan-view sketches of possible evolution of adjacent vol-
canic rifted margin (VRM) and nonvolcanic rifted margin (NVRM)
during breakup. A: VRM and NVRM start as plume-influenced and
cool amagmatic rifts, respectively. B: Crustal separation leads to
seafloor spreading and formation of oceanic crust (stripes) at
VRM, but to mantle unroofing (light shading) at amagmatic rift. C:
Hotter plume (or oceanic) asthenosphere invades amagmatic rift,
initiating melting. D: Propagation of new mid-ocean ridge (MOR),
accompanied by thermal uplift of NVRM, reflecting rate at which
hotter asthenosphere penetrates (dashed line) beneath amagmatic
rift. Escape of hot plume material from beneath VRM accelerates
subsidence there.

the effect on synrift and postrift subsidence is less than that due to
uncertainties in other parameters (e.g., lithospheric thickness or
thermal-expansion coefficient). However, the change in sublithospheric
temperature that occurs when hot asthenosphere invades the rift axis
should have a resolvable effect on subsidence. The influx of hot as-
thenosphere from the global ridge system should not only initiate melt-
ing and the formation of oceanic crust, but also cause simultaneous
transient thermal uplift of the margin, providing an explanation for the
breakup unconformity found at many margins (Braun and Beaumont,
1989; Embry and Dixon, 1990). Most estimates of the required uplift
(perhaps 200 m; Embry and Dixon, 1990) imply only modest rates of
hot asthenosphere influx. Conversely, at volcanic margins, the transi-
tion to seafloor spreading should provide a pathway for hot plume
material to escape laterally and be replaced by cooler mantle. At such
margins, breakup should be marked by a pulse of accelerated subsi-
dence that could be confused with a pulse of extension. Such an event
occurred over much of the northwest European margin at the
Paleocene-Eocene boundary, when seafloor spreading began in the
Norwegian-Greenland Sea (Hopper et al., 2003; Joy, 1992). The re-
duced influence of the plume on northwest Europe &fter this time has
also been inferred from the pattern of clastic deposition in the region
(White and Lovell, 1997).

ACKNOWLEDGMENTS
We thank the Deutsche Forschungsgemeinschaft (grant Re 873/7) for sup-
port and J.-C. Mareschal and L. Moresi for helpful reviews.

REFERENCES CITED

Bowling, J.C., and Harry, D.L., 2001, Geodynamic models of continental ex-
tension and the formation of non-volcanic rifted continental margins, in
Wilson, R.C.L., et a., eds., Non-volcanic rifting of continental margins:
A comparison of evidence from land and sea: Geological Society [Lon-
don] Specia Publication 187, p. 511-536.

135


http://geology.gsapubs.org/

Downloaded from geology.gsapubs.org on August 11, 2015

Bown, JW., and White, R.S., 1994, Variations with spreading rate of oceanic
crustal thickness and geochemistry: Earth and Planetary Science Letters,
v. 121, p. 435-449.

Bown, JW., and White, R.S., 1995, Effect of finite extension rate on melt
generation at rifted continental margins: Journal of Geophysical Research,
v. 100, p. 18,011-18,029.

Braun, J., and Beaumont, C., 1989, A physical explanation of the relation be-
tween flank uplifts and the breakup unconformity at rifted continental
margins: Geology, v. 17, p. 760-764.

Buck, W.R., Martinez, F, Steckler, M.S.,, and Cochran, JR., 1988, Thermal
consequences of lithospheric extension; pure and simple: Tectonics, V. 7,
p. 213-234.

Cordery, M.J., and Phipps Morgan, J., 1993, Convection and melting at mid-
ocean ridges: Journal of Geophysical Research, v. 98, p. 19,477-19,503.

Crough, S.T., Morgan, W.J., and Hargraves, R.B., 1980, Kimberlites: Their re-
lation to mantle hot spots: Earth and Planetary Science Letters, v. 50,
p. 260-274.

Desmurs, L., Manatschal, G., and Bernoulli, D., 2001, The Steinmann Trinity
revisited: Mantle exhumation and magmatism along an ocean-continent
transition: The Platta nappe, eastern Switzerland, in Wilson, R.C.L., et al.,
eds., Non-volcanic rifting of continental margins: A comparison of evi-
dence from land and sea: Geological Society [London] Special Publication
187, p. 235-266.

Embry, A.F, and Dixon, J., 1990, The breakup unconformity of the Amerasia
Basin, Arctic Ocean; evidence from Arctic Canada: Geological Society of
America Bulletin, v. 102, p. 1526-1534.

Froitzheim, N., and Manatschal, G., 1996, Kinematics of Jurassic rifting, mantle
exhumation, and passive-margin formation in the Austroalpine and Pen-
ninic nappes (eastern Switzerland): Geological Society of America Bul-
letin, v. 108, p. 1120-1133.

Goes, S, and van der Lee, S,, 2002, Thermal structure of the North American
uppermost mantle inferred from seismic tomography: Journa of Geo-
physical Research, v. 107, ser. B3, DOI 10.1029/2000JB000049.

Gossler, J., and Kind, R., 1996, Seismic evidence for very deep roots of con-
tinents: Earth and Planetary Science Letters, v. 138, p. 1-13.

Gung, Y., Panning, M., and Romanowicz, B., 2003, Global anisotropy and the
thickness of the continents: Nature, v. 422, p. 407-411.

Herzberg, C.T., Fyfe, W.S,, and Carr, M.J,, 1983, Density constraints on the
formation of the continental Moho and crust: Contributions to Mineralogy
and Petrology, v. 84, p. 1-5.

Hopper, JR., Dahl-Jensen, T., Holbrook, W.S,, Larsen, H.C., Lizarralde, D.,
Korenaga, J., Kent, G.M., and Kelemen, P, 2003, Structure of the south-
east Greenland margin from seismic reflection and refraction data: Impli-
cations for nascent spreading center subsidence and asymmetric crustal
accretion during N. Atlantic opening: Journal of Geophysical Research,
v. 108, ser. B5, 2269, DOI 10.1029/2002JB001996.

Jaupart, C., and Mareschal, J.-C., 1999, The thermal structure and thickness of
continental roots: Lithos, v. 48, p. 93-114.

Jaupart, C., Mareschal, J.-C., Guillou-Frottier, L., and Davaille, A., 1998, Heat
flow and thickness of the lithosphere in the Canadian Shield: Journal of
Geophysical Research, v. 103, p. 15,269-15,286.

Joy, A\., 1992, Right place, wrong time; anomalous post-rift subsidence in sed-
imentary basins around the North Atlantic Ocean, in Storey, B.C., et a.,
eds., Magmatism and the causes of continental break-up: Geological So-
ciety [London] Specia Publication 68, p. 387—393.

Karato, S., and Wu, P, 1993, Rheology of the upper mantle: A synthesis: Sci-
ence, v. 260, p. 771-778.

Keen, C.E., and Dehler, S.A., 1993, Stretching and subsidence: Rifting of con-
jugate margins in the North Atlantic region: Tectonics, v. 12,
p. 1209-1229.

Kohler, T.R, and Brey, G.P, 1990, Calcium exchange between olivine and cli-
nopyroxene calibrated as a geothermobarometer for natural peridotites
from 2 to 60 kb with applications: Geochimica et Cosmochimica Acta,
v. 54, p. 2375-2388.

Lenardic, A., and Moresi, L., 2000, A new class of equilibrium geotherms in
the deep thermal lithosphere of the continents: Earth and Planetary Sci-
ence Letters, v. 176, p. 331-338.

Lenardic, A., and Moresi, L., 2003, Thermal convection below a conducting lid
of variable extent: Heat flow scalings and two-dimensional, infinite Prandtl
number numerical simulations: Physics of Fluids, v. 15, p. 455-466.

Maaloe, S., 1985, Principles of igneous petrology: Berlin, Springer-Verlag,
374 p.

McKenzie, D.RP, 1978, Some remarks on the development of sedimentary ba-
sins; Earth and Planetary Science Letters, v. 40, p. 25-32.

136

McKenzie, D.P, 1989, Some remarks on the movement of small melt fractions
in the mantle: Earth and Planetary Science Letters, v. 95, p. 53-72.
Minshull, TA., Dean, SM., White, R.S., and Whitmarsh, R.B., 2001, Anoma-
lous melt production after continental break-up in the southern Iberia
Abyssal Plain, in Wilson, R.C.L., et a., eds., Non-volcanic rifting of con-
tinental margins: A comparison of evidence from land and sea: Geological

Society [London] Specia Publication 187, p. 537-550.

Parmentier, E.M., and Turcotte, D.L., 1974, An explanation of the pyroxene
geotherm based on plume convection in the upper mantle: Earth and Plan-
etary Science Letters, v. 24, p. 209-212.

Pearson, D.G., Boyd, ER., Haggerty, S.E., Pasteris, J.D., Field, SW., Nixon,
PH., and Pokhilenko, N.R, 1994, The characterisation and origin of graph-
ite in cratonic lithospheric mantle: A petrological carbon isotope and Ra-
man spectroscopic study: Contributions to Mineralogy and Petrology,
v. 115, p. 449-466.

Perez-Gussinye, M., Reston, T.J., and Phipps Morgan, J., 2001, Rheological and
magmatic evolution during extension at passive nonvolcanic margins: The
effect of initia lithospheric structure, in Wilson, R.C.L., et a., eds., Non-
volcanic rifting of continental margins: A comparison of evidence from
land and sea: Geological Society [London] Specia Publication 187,
p. 551-576.

Phipps Morgan, J., Morgan, W.J., Zhang, Y.-S., and Smith, W.H.F, 1995, Ob-
servationa hints for a plume-fed, suboceanic asthenosphere and its role
in mantle convection: Journal of Geophysical Research, v. 100,
p. 12,753-12,767.

Reston, T.J.,, Krawczyk, C.M., and Klaeschen, D., 1996, The S reflector west
of Galicia (Spain); evidence from prestack depth migration for detachment
faulting during continental breakup: Journal of Geophysical Research,
v. 101, p. 8075-8091.

Rohm, A.H.E., Snieder, R., Goes, S., and Trampert, J., 2000, Thermal structure
of continental upper mantle inferred from S-wave velocity and surface
heat flow: Earth and Planetary Science Letters, v. 181, p. 395-407.

Russell, JK., and Kopylova, M.G., 1999, A steady-state conductive geotherm
for the north central Slave, Canada: Inversion of petrological data from
the Jericho Kimberlite pipe: Journal of Geophysical Research, v. 104,
p. 7089-7101.

Seyfert, K., and Brunotte, D., 1996, Geochemistry of weathered mid-ocean
ridge basalt and diabase clasts from Hole 899B in the Iberia Abyssal Plain,
in Whitmarsh, R.B., Sawyer, D., et a., Proceedings of the Ocean Drilling
Program, Scientific results, Volume 149: College Station, Texas, Ocean
Drilling Program, p. 497-515.

Shen, Y., and Forsyth, D.W., 1992, The effects of temperature- and pressure-
dependent viscosity on three-dimensional passive flow of the mantle be-
neath a ridge-transform system: Journal of Geophysical Research, v. 97,
p. 19,717-19,728.

Sotin, C., and Parmentier, E.M., 1989, Dynamical consequences of composi-
tional and thermal density stratification beneath spreading centers: Geo-
physical Research Letters, v. 16, p. 835-838.

Spudich, P, and Orcutt, J., 1980, A new look at the seismic velocity structure
of the oceanic crust: Reviews of Geophysics and Space Physics, v. 18,
p. 627-645.

White, N., and Lovell, B., 1997, Measuring the pulse of a plume with the
sedimentary record: Nature, v. 387, p. 888-891.

White, R.S., and McKenzie, D.P, 1989, Magmatism at rift zones; the generation
of volcanic continental margins and flood basalts: Journal of Geophysical
Research, v. 94, p. 7685-7729.

White, R.S., McKenzie, D.P, and O’'Nions, R.K., 1992, Oceanic crustal thick-
ness from seismic measurements and rare earth element inversions: Jour-
nal of Geophysical Research, v. 97, p. 19,683-19,715.

Whitmarsh, R.B., Minshull, TA., Russell, SM., Dean, SM., Louden, K.E., and
Chian, D., 2001, The role of synrift magmatism in the rift-to-drift evo-
lution of the west Iberia continental margin: Geophysical observations, in
Wilson, R.C.L., et a., eds., Non-volcanic rifting of continental margins:
A comparison of evidence from land and sea: Geological Society [Lon-
don] Specia Publication 187, p. 107-124.

Wilson, R.C.L., Manatschal, G., and Wise, S., 2001, Rifting along non-volcanic
passive margins. Stratigraphic and seismic evidence from the Mesozoic
of the Alps and Western lberia, in Wilson, R.C.L., et d., eds, Non-
volcanic rifting of continental margins: A comparison of evidence from
land and sea. Geological Society [London] Specia Publication 187,
p. 429-452.

Manuscript received 3 July 2003
Revised manuscript received 10 October 2003
Manuscript accepted 15 October 2003

Printed in USA

GEOLOGY, February 2004


http://geology.gsapubs.org/

Downloaded from geology.gsapubs.org on August 11, 2015

Geology

Continental geotherm and the evolution of rifted margins
Tim J. Reston and Jason Phipps Morgan

Geology 2004;32;133-136
doi: 10.1130/G19999.1

Email alerting services click www.gsapubs.org/cgi/alerts to receive free e-mail alerts when new articles
cite this article

Subscribe click www.gsapubs.org/subscriptions/ to subscribe to Geology

Permission request click http://www.geosociety.org/pubs/copyrt.htm#gsa to contact GSA

Copyright not claimed on content prepared wholly by U.S. government employees within scope of their
employment. Individual scientists are hereby granted permission, without fees or further requests to GSA,
to use a single figure, a single table, and/or a brief paragraph of text in subsequent works and to make
unlimited copies of items in GSA's journals for noncommercial use in classrooms to further education and
science. This file may not be posted to any Web site, but authors may post the abstracts only of their
articles on their own or their organization's Web site providing the posting includes a reference to the
article's full citation. GSA provides this and other forums for the presentation of diverse opinions and
positions by scientists worldwide, regardless of their race, citizenship, gender, religion, or political
viewpoint. Opinions presented in this publication do not reflect official positions of the Society.

Notes

Geological Society of America F
THE
GEOLOGICAL
SOCIETY

OF AMERICA


http://geology.gsapubs.org/cgi/alerts
http://geology.gsapubs.org/subscriptions/index.ac.dtl
http://www.geosociety.org/pubs/copyrt.htm#gsa
http://geology.gsapubs.org/

