The Seismic 8° Discontinuity and Partial Melting
in Continental Mantle

H. Thybo* and E. Perchué

Strong, scattered reflections beyond 8 degrees (8°) offset are characteristic features of
all high-resolution seismic sections from the continents. The reflections identify a low-
velocity zone below approximately 100 kilometers depth beneath generally stratified
mantle. This zone may be caused by partial melting, globally initiated at equal depth in
the continental mantle. Solid state is again attained at the Lehmann discontinuity in cold,
stable areas, whereas the zone extends to near the 400-kilometer discontinuity in hot,
tectonically active areas. Thus, the depth to the Lehmann discontinuity may be an
indicator of the thermal state of the continental mantle.

Three fundamental seismic discontinuities
in the outer 1000 km of the Earth are well
established from seismological data: the
Mohorovicic discontinuity (Moho), the
400-km discontinuity, and the 650-km dis-
continuity (1). Another discontinuity, the
Lehmann discontinuity, was originally in-
terpreted at a depth of ~220 km below
Europe from earthquake data and below the
North American craton from GNOME nu-
clear explosion data (2). Other seismic
studies of cratonic areas have identified
similar discontinuities at ~220 km (150 to
280 km) depth with positive velocity con-
trasts (3), whereas studies of noncratonic
areas do not reveal such a discontinuity (4).
Recent interpretations of the Lehmann dis-
continuity have focused on an abrupt
change in anisotropy (5) or disappearance
of a zone of partial melting (6). Zones of
high- and low-velocity layers in the upper-
most mantle below the Moho are well es-
tablished (7, 8). Recently, a characteristic
change in seismic structure at a depth of
~100 km below the Baltic Shield was in-
terpreted (9). Here, we extend this inter-
pretation and present seismic and seismo-
logical evidence for “the 8° Discontinuity”
at a depth of ~100 km. The discontinuity is
identified in all available seismic, long-
range profiles, which indicates that it is a
global characteristic of the continental
mantle.

The 8° discontinuity is identified from a
change in seismic character at ~8° (700 to
900 km) offset. It cannot be identified from
single seismograms or low-density record
sections because of the negative contrast in
seismic velocity across the discontinuity.
Detection was possible because of access to
high-density, long-range seismic sections of
higher resolution than other seismological
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data. We compared seismic record sections
and travel time picks from continental areas
in the offset interval from 300 to 2500 km.
Only a few high-density seismic experi-
ments at such long ranges have been carried
out, and the profiles are thus unevenly dis-
tributed on the globe (Fig. 1 and Table 1).
The travel times (Fig. 2A) fall into two
distinct categories: (i) “cold areas,” which
are tectonically stable, aseismic regions,
generally characterized by low heat flow,
and (ii) “hot areas,” which are tectonically
unstable, seismically active regions with
high heat flow.

There is only a slight difference in arriv-
al time and linearity for the two regions at
source-receiver offsets to ~500 km. At larg-
er offsets, the difference in travel time
through the continental mantle increases to
a maximum of ~6 s for offsets larger than
~1500 km (10). All seismic sections show
coherent, linear first arrivals out to ~8°
offset, which indicates that the mantle is
stratified to depths of ~100 km (zone I, Fig.
2C). The resolution or detection limit cor-
responds vertically to the seismic wave-
length, which is of the order of 1 km, and
horizontally to the Fresnell Zone diameter,
which is of the order of 10 km. The P,
wave, refracted from underneath the Moho,
is observable to offsets of 400 km, beyond
which the general trends of travel time
picks correspond to average velocities of 8.2

km/s in cold areas and 8.0 km/s in hot areas.

At offsets larger than ~800 km, the first
breaks are delayed and the arrivals are scat-
tered in the sense that seismic phases can-
not be correlated, the amplitude variation is
strong, and there is a strong coda of several
seconds duration (zone II, Fig. 2C). This
qualitative description applies to both cold
and hot areas despite the different travel
times. We interpret these arrivals as reflec-
tions from bodies in a low-velocity zone
below depths of ~100 km. A high-density
seismic section from the BABEL Project
(11) shows that the horizontal extent of the
individual reflecting bodies cannot be more
than 10 to 20 km beneath the Baltic Shield
(9).

The scattered arrivals extend to offsets
of ~1800 km for hot areas, whereas the
picks are linearly aligned beyond offsets of
~1300 km (1100 to 1500 km) for cold
areas, which is indicative of the Lehmann
discontinuity (zone III, Fig. 2C). Strong
coherent, secondary arrivals at offsets be-
yond ~1700 km are indicative of the 400-
km discontinuity, which is a global conti-
nental feature (zone 1V, Fig. 2C).

Synthetic seismic sections (Figs. 3 and
4) illustrate these differences. They were
calculated with the reflectivity method
(12), which is based on one-dimensional,
spherically or horizontally layered models of
the Earth. Therefore, the synthetic sections
provide qualitative images of the interfer-
ence effects from the fine layering, even
though they cannot describe true three-
dimensional effects from scattering bodies.

Seismic record sections from the Baltic
Shield for FENNOLORA shot point I (13)
are examples from a cold area (Fig. 3, A and
C). Linear seismic phases (P1 through P3)
are interpreted as refractions from the strat-
ified zone I above the 8° discontinuity. No
phase correlation is possible between offsets
of 800 and 1200 km, where the first arrivals
follow the dashed curve in front of a strong
coda of 4- to 6-s duration. The linear first
arrivals at offsets beyond 1300 km indicate
refractions from depths below ~180 km.
The reflection from the 400-km discontinu-
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Fig. 1. Location of the analyzed high-resolution seismic profiles. Numbers refer to the list in Table 1.
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ity is a secondary phase beyond 1650 km.
The synthetic sections (Fig. 3, B and D) are
qualitatively in agreement with the seismic
sections except for minor differences in ex-
act travel times and amplitude relations, for
example, at the local advance in travel time
from crustal structure at offsets between
1300 and 1500 km.

The extensional center of the Gulf of
California is an example of a hot area from
which the earthquake-based record section
in Fig. 4A was selected (14). The first ar-
rivals are scattered in arrival time and am-
plitude from the beginning of the section to
an offset of 18°. The strong ringing of sev-
eral seconds duration in this interval is
modeled as a series of reflections from a
layered structure. The synthetic section
(Fig. 4C) and the seismic section appear to
be similar, even though the scattering and
its duration are not fully resolved, primarily
because of the applied one-dimensional
model. The arrival times are linear and the
amplitudes vary smoothly for the strong
phases from the 400-km and 650-km dis-
continuities, which shows that the offsets
and onset times of the earthquakes are cor-
rectly estimated for the construction of the
section, thus substantiating that the seismic
phases are scattered between offsets of 9°
and 18°.

Our analysis requires two fundamentally
different velocity-depth distributions for
hot and cold areas (Fig. 2C). The cold area
model comprises four depth intervals in the

Table 1. Sources of data (3, 8, 10, 13, 14, 24)
analyzed for this study and origin of travel time
picks plotted in Fig. 2A. NA, North America; WA,
western North America; BS, Baltic Shield; EA,
Eurasia; S, Siberia; EU, Europe; Al, Australia and
Indonesia; NE, nuclear explosion; CE, chemical
explosion; EQ, earthquakes; H, hot area; C, cold
area. Numbers correspond to the seismic profiles
in Fig. 1. Dashes indicate projects lacking acro-
nyms.

Num- Re- Name of Source  Model
ber  gion project type type
1 NA GNOME NE HCT
2 NA  Early Rise CE CH#
3 WA - CE H
4 BS FENNOLORA CE* C
5 EA - NE C
6 EA QUARZ NE* C
7 S RIFT NE* C
8 EU - EQ C
9 EU Brest CE* C
10 Al - EQ* H
11 WA  SCARLET EQ* H
12 WA  PAC-NW EQ H
13 WA - NE* HCt

*Only selected travel time picks are shown in Fig.
2A. tProfiles from western (eastern and center) North
America show hot (cold) character. $Profiles reach-
ing into western North America show the characteristic
delay of the hot model.
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uppermost mantle. Zone I extends from the
crust-mantle boundary to a depth of ~100
km (90 to 120 km) and is characterized by
subhorizontal layering in which the high-
velocity layers have velocities between 8.0
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and 8.7 km/s. Zone I is a low-velocity zone
that extends to a depth of ~200 km (150 to
280 km), depending on the location. Arriv-
al times and amplitudes of waves from this
interval are scattered, which implies that
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Fig. 2. (A) Selected travel time picks and calculated travel time branches for 0
representative models of hot, tectonically active (purple points, red curves) |
and cold, tectonically quiet areas (green points, blue curves). Travel times 1008 deg.
are reduced by 8 km/s so that seismic phases with velocity of 8 km/s E
appear along horizontal lines. Travel time picks are from the projects de- <= 200
scribed in Table 1, and calculated travel time curves are for the generalized §_
models in (C). Only first breaks are included except for interpreted seismic & 300|
phases from the 400-km discontinuity. There is an increasing time differ-
ence between picks from cold and hot areas from an offset of 500 km to a 0
maximum difference of ~6 s at offsets beyond ~1500 km. (B) Generalized .

interpretation of the travel time picks in (A). The 8° discontinuity marks the 6
transition from short duration, linear seismic phases to scattered seismic

8 10
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arrivals with a long duration coda. The refraction from below the Lehmann discontinuity (L-refr.) is a
characteristic of cold areas and marks the transition from scattered character to linear arrivals. “400"
indicates the 400-km discontinuity. (C) Generalized velocity models for cold and hot areas. Zones | to IV
represent the four main depth intervals in the uppermost mantle, separated by the 8° discontinuity (8
deg.), the Lehmann discontinuity (L), and the 400-km discontinuity (400). Zone Il and the Lehmann
discontinuity are exclusively determined in cold areas.

Fig. 3. (A and C) Seismic sec-
tions for FENNOLORA shot
point | (13) from the “cold” Baltic
Shield. The linear seismic phas-
es P1 through P3 are from zone
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the mantle is inhomogeneous on a scale
corresponding to the seismic wavelength
and Fresnell Zone diameter. The Lehmann
discontinuity to zone III is identified from a
clear, linear, refracted seismic phase of
smooth amplitude variation. The 400-km
discontinuity is identified globally from a
strong reflection and a linear refraction.
For hot areas, the velocities of the upper
zone | are lower than for cold areas (Fig.
2C). Velocities below the 8° discontinuity
at a depth of ~100 km are comparable to or
slightly lower than those for cold areas. The
scattered arrivals are observed out to long
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Fig. 4. (A) Seismic section from the “hot” Gulf of
California (74). The section illustrates how the
scattered reflections from zone Il below the 8°
discontinuity continues to far offsets (of 18°)
where arrivals from the 400-km discontinuity
dominates. The arrivals from the 400-km (*400")
and the 650-km (“650") discontinuities are contin-
uous, which shows that static shifts have been
correctly applied. (B) Calculated travel times for
the hot velocity model in Fig. 5A superimposed on
the section. The scattered coda reflections from
zone |l are illustrated by a series of reflections. (C)
Synthetic seismograms calculated with the reflec-
tivity program (74) for the hot velocity model in Fig.
5A. There is a qualitative similarity between data
and synthetic seismograms, even though the
scattering from zone Il may not be fully described
with the applied one-dimensional, spherically lay-
ered model. There is no indication of arrivals from
a Lehmann discontinuity in hot areas. Reduction
velocity is 0.1° per second {(~11.1 km/s).
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offsets, indicating that zone II at depth ex-
tends to near the 400-km discontinuity. No
evidence has been observed for a Lehmann
discontinuity into a high-velocity zone III
for hot areas. The 400-km discontinuity is
as pronounced in hot areas as in cold areas
and shows only small depth variation.

Seismological data, with low frequency
content and coarse spatial sampling, gener-
ally reveal low-velocity zones in the depth
interval down to 400 km in hot areas but
rarely in cold areas. Because of the limited
resolution, such data cannot reveal a ~40
km-thick low-velocity zone at a depth of
100 km (I15). Hence, the global velocity
profiles PREM and 1ASP91 (16) do not
include a low-velocity zone below ~100
km. Zones of low P- or S-wave velocity
beneath a depth of ~100 km are identified
from high-resolution surface wave or tomo-
graphic studies in Europe, lberia, Tibet,
western North America, and across the
Urals in Russia (17). Hence, other seismic
methods resolve the 8° discontinuity when
data quality allows optimum resolution.

We conclude that a low-velocity zone at
depths below ~100 km is a global feature of
the continental mantle, because (i) it is
identified from all available high-resolution
data, except for one record section from the
Canadian Shield and (ii) it does not con-
tradict other data sets. It is likely that the 8°
discontinuity is interrupted at subduction
zones, active orogens, and rift zones. Most
of the existing data were acquired in cold
areas, and there is a need for further data
acquisition, for example, from western
North America, central Europe, and south-
east Asia.

The stratified zone 1 with intermixed
high- and low-velocity layers may consist of
depleted and primitive, possibly metaso-
matically enriched, upper mantle rocks,
mainly peridotites (18). The low velocities
of zone II may indicate the presence of (i)

Fig. 5. Petrological model of the uppermost con-
tinental mantle of peridotitic composition based
on expected geotherms. (A) Shown are the veloc-
ity models of the upper mantle that were applied
for calculation of the synthetic seismograms in
Figs. 3 and 4 for cold (blue) and hot (red) areas; 8
deg, 8° discontinuity; L, Lehmann discontinuity.
(B) The temperature-depth diagram shows (1) two
proposed solidus curves for peridotite with small
amounts of C-H-O and (2) the solidus curve for dry
peridotite (27). Generalized geotherms for cold
and hot areas show: (3) an average geotherm for

volatile-free, high-temperature partial melt;
(ii) volatile components that may exist as a
separate fluid phase or dissolved in partial
melt; or (iii) variations in mineralogy. The
zone includes seismically reflecting bodies,
and it cannot merely be explained by a
difference in bulk composition to the sur-
rounding intervals. The low velocities are
probably caused by depth-constrained pet-
rological changes, because the zone is ev-
erywhere at approximately the same depth
for both hot and cold areas. The low veloc-
ities of the zone indicate that magma or
fluids are present. Even small amounts of
melts or fluids (<1 to 2%) can decrease the
seismic velocity substantially (19). In view
of expected geotherms, it is unlikely that
dry peridotites or eclogites, in general, may
generate partial melts from depths of ~100
km, whereas the presence of volatile com-
ponents requires the existence of partial
melts from this depth (Fig. 5B). A layer
with partial melts has a low velocity and it
may also generate scattered reflections. The
interval may be interpreted as solid perido-
tites with patches of partial melt.

Patches enriched in a fluid or vapor
phase could, in principle, also cause seismic
scattering and low velocities. However, tak-
ing likely geotherms into consideration, the
presence of volatile components in a peri-
dotitic matrix would result in generation of
partial melts (Fig. 5B). The seismically scat-
tering bodies could also be caused by inclu-
sions of contrasting rock types. Eclogite and
piclogite have higher densities and compa-
rable or higher velocities than peridotites
(20). Therefore, this would imply a zone of
higher velocity than interpreted, unless the
interval was in a state of partial melt. Con-
sidering the low velocities, it is unlikely
that differences in composition and miner-
alogy may be the primary explanation of the
observations.

Continental geotherms for both hot and
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shield areas (27); (4) proposed geotherm for the northern Baltic Shield, which is a cold area (9); and (5)
the average geotherm for hot areas (23). The geotherms cross solidus (1) at approximately the same
depth of ~100 km because of the kink in the solidus, even though their general slopes are different.
Partial melting is indicated below the 8° discontinuity, which explains why the scattered reflections from
the low-velocity interval appear from approximately the same depth for cold and hot areas. Geotherm (4)
crosses the solidus again at a depth around 200 km, illustrating that the Lehmann discontinuity is the
lower termination of the partial melt zone. Geotherm (5) has no second crossing of the solidus, indicating
that the zone of partial melt may extend to near the 400-km discontinuity.
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cold areas cross the wet mantle solidus
curve (21) around a depth of ~100 km (Fig.
5B). Because of the characteristic kink on
the solidus curve, the zone of partial melt-
ing is reached at approximately the same
depth in all regions, provided volatiles are
present. The thickness of the zone depends
on the thermal state of the area. The base of
the zone may be near the 400-km disconti-
nuity in hot areas, whereas it is shallower in
cold areas. We interpret the base of the
partially molten zone as the Lehmann dis-
continuity; its depth is thus an indicator of
the thermal state of the mantle.

The presence of a partially molten layer
beneath continents at a relatively constant
depth of ~100 km will affect the rheology
of the mantle. Such a soft layer is a likely
detachment for relative motion between
plates. The viscosity of the layer is probably
low, which may explain the apparent differ-
ences in thickness of the lithosphere as
determined from' seismological and rheo-
logical studies (22). One seismic profile, the
N-striking Early Rise profile, does not re-
veal the 8° discontinuity. This is likely be-
cause the mantle below the central Cana-
dian shield is cold, as indicated by the thick
elastic lithosphere.
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Paleomagnetic Evidence of a Low-Temperature
Origin of Carbonate in the Martian Meteorite
ALH84001

Joseph L. Kirschvink, Altair T. Maine, Hojatollah Vali

Indirect evidence for life on Mars has been reported from the study of meteorite
ALHB84001. The formation temperature of the carbonates is controversial; some es-
timates suggest 20° to 80°C, whereas others exceed 650°C. Paleomagnetism can be
used to distinguish between these possibilities because heating can remagnetize
ferrimagnetic minerals. Study of two adjacent pyroxene grains from the crushed zone
of ALH84001 shows that each possesses a stable natural remanent magnetization
(NRM), implying that Mars had a substantial magnetic field when the grains cooled.
However, NRM directions from these particles differ, implying that the meteorite has
not been heated significantly since the formation of the internal crushed zone about
4 billion years ago. The carbonate globules postdate this brecciation, and thus formed

at low temperatures.

McKay et al. (1) proposed that carbonate
globules in the Antarctic meteorite
ALHB84001 may contain relict evidence of
early life on Mars. This meteorite is an
orthopyroxene cumulate (pyroxenite) that
crystallized 4.5 billion years ago (Ga) (2, 3)
and experienced shock metamorphism and
formation of the internal crushed zone
about 4.0 Ga (4, 5). It contains carbonate
globules that apparently formed after this
event (6, 7) but before the impact that
presumably launched the sample from the
surface of Mars approximately 15 million
years ago (8). The interpretation (1) that
these carbonates contain traces of ancient
life requires that they formed at low tem-
peratures, but their temperature of forma-
tion has been uncertain. An aqueous envi-
ronment between 20° and 80° C is suggest-
ed by stable-isotope studies (9) and the
co-occurrence of magnetite, iron monosul-
fides, and carbonate (1), whereas petro-
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graphic and electron microprobe results
(10, 11) have been interpreted in support of
carbonate formation temperatures of 650°
to 700°C. Bradley et al. (12), for example,
identified needle-like magnetite whiskers
with occasional twins in the carbonate
phase, and interpret them as high-tem-
perature vapor phase deposits. However,
needle-like magnetite crystals of similar size
and shape are also produced biologically on
Earth (13), as are twinned crystals (14).
Because magnetic minerals lock in the
magnetic field direction when they cool
below their crirical blocking temperatures,
paleomagnetism can be used to determine
the thermal history of the ALH84001 me-
teorite (15). Rock-magnetic studies of other
martian meteorites are consistent with the
presence of a magnetic field on Mars of 1 to
10 u T in strength, at least as recently as 1.3
Ga (16, 17), and evidence from the Earth
(18) and the moon (I19) is consistent with
the presence of a strong internal dynamo in
the terrestrial planets early in their history.
The Neél (~Curie) temperature of pure
magnetite is 580°C, and the Neél temper-
atures of the pyrrhotite mineral family are
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