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Gamma-ray observations indicate that
nuclear interactions between energetic pro-
tons and ambient gas occur at various
depths in the solar atmosphere, especially
those associated with the lower chromo-
sphere or the photosphere (/7). The gam-
ma-ray observations also indicate that these
reactions occur prodigiously; in number,
the interacting protons are generally more
numerous than those escaping from the Sun
(12). Preliminary theoretical estimates sug-
gest that the time-averaged solar flare pro-
duction at the surface of the Sun is on the
order of 0.1 °Be/cm?s (13). The SW es-
cape rate from the Sun is ~10'* H/cm?s,
corresponding to a SW removal rate of 3 X
10%¢ H/cm? per million years. This corre-
sponds to a column depth of gas extending
down about 2000 km into the photosphere.
If the '°Be produced in the top 10?4 H/cm?
of the Sun’s atmosphere is not mixed any
deeper than 2000 km into the photosphere
in a million years, we would expect the SW
to carry away the entire '°Be production at
the rate of 0.1 atom/cm?s. If the 1°Be is
mixed within that time through the solar
convective zone, probably 1 to 2 X 10° km
below the photosphere, then the mean °Be
concentration would be diluted by four to
five orders of magnitude. Our result sug-
gests that most of the '°Be is ejected in the
SW and large flares without mixing and
loss into the deeper solar convective zone.
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Seismic Observations of
Splitting of the Mid-Transition
Zone Discontinuity in Earth’s
Mantle

Arwen Deuss* and John Woodhouse

The transition zone of Earth’s mantle is delineated by globally observed dis-
continuities in seismic properties at depths of about 410 and 660 kilometers.
Here, we investigate the detailed structure between 410 and 660 kilometers
depth, by making use of regional stacks of precursors to the SS phase. The
previously observed discontinuity at about 520 kilometers depth is confirmed
in many regions, but is found to be absent in others. There are a number of
regions in which we find two discontinuities at about 500 and 560 kilometers
depth, an effect which can be interpreted as a “splitting” of the 520 kilometer
discontinuity. These observations provide seismic constraints on the sharpness
and observability of mineralogical phase transitions in the mantle transition

zone.

The characteristics of the mantle transition
zone (between 410 and 660 km) are impor-
tant for our understanding of Earth’s dynam-
ics. Constraints on seismic velocity disconti-
nuities in the transition zone can be obtained
from reflection observations of seismic
waves and high-pressure experiments on
mantle rocks. The 410-km discontinuity is
generally thought to be caused by the phase
transformation of low-pressure olivine (o-
phase) to wadsleyite (3-phase) and the 660-
km discontinuity by the phase transformation
of ringwoodite (y-phase) to perovskite and
magnesiowlistite (/, 2). Over the past de-
cades, a number of seismic studies have dem-
onstrated the global existence of these dis-
continuities and have mapped their topogra-
phy (3-6).

A number of studies have reported a
weaker discontinuity, in the mid—transition
zone, at about 520-km depth. The 520-km
discontinuity is generally believed to be
caused by the transition in the mantle olivine
component from wadsleyite (B-phase) to
ringwoodite (y-phase) (I, 7); the Clapeyron
slope of this transition is 4 MPa K™!. The
most consistent seismic evidence for the 520-
km discontinuity comes from long-period S
wave observations using SS precursors (3, 6,
8, 9) or ScS reverberations (/0). Some studies
claim that the 520-km discontinuity is a glob-
al feature (8, 9), whereas others find that it
can be observed only in certain regions (5) or
that it is not found beneath continental shields
(6). Tt is much more difficult to observe
reflections from this discontinuity in short-
period data (//), and refracted wave studies
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(12, 13) do not find evidence for a disconti-
nuity at 520 km, suggesting that it is not a
sharp reflector, but a velocity gradient with a
wide transition interval (/4).

We investigate the characteristics of the
520-km discontinuity in detail by using
precursors to the SS phase, which are un-
derside reflections at a discontinuity below
the SS bounce point. Long-period SS waves
are used to investigate properties of the
520-km discontinuity, because they are
sensitive to weak discontinuities. The pre-
cursors have small amplitudes and cannot
be observed in individual seismograms.
Thus, we stack the traces in the slowness-
time domain to suppress incoherent noise
and to enhance the visibility of the precur-
sors. Such stacks amplify and clarify the
peaks in amplitude associated with the ma-
jor discontinuities at 410 and 660 km and
provide a means of investigating hypothe-
ses about the existence and regional varia-
tion of the weaker 520-km discontinuity.

We use a global data set of 7018 seismo-
grams collected from the Incorporated Re-
search Institutions for Seismology/Interna-
tional Deployment of Accelerometers (IRIS/
IDA) global network (15); this is the type of
data set that has been used in other studies to
obtain global maps of topography on transi-
tion zone discontinuities. A stack of all seis-
mograms in our data set shows reflections
from “410” and “660” and a weaker reflec-
tion from a depth of about 520 km (Fig. 1).

We divide Earth’s surface into 407 spher-
ical caps with 10° radius (/6) and stack all
seismograms with bounce points in each cap.
North America and the north Pacific provide
an excellent region to observe small-scale
regional variations in the 520-km discontinu-
ity, because it is well covered by SS wave
bounce points. The North American cross
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sections go from the tectonically active west
to the stable shield in the east. In the mid-
Pacific, all except for three traces show one
relatively clear reflection from a depth of
around 520 km. In nine traces for North
America—in particular, below the shield re-
gion in the east—there are two equally large
reflections from depths of about 506 and 562
km (Fig. 1). In three traces in the east Pacific,
a small secondary arrival can be seen arriving
next to the much larger first arrival.

Double reflections from 500 to 515 km
and 551- to 566-km depth are also found in
the Indonesian subduction zone and the North
African shield (Fig. 2). However, the South
American shield and the Indian shield show a
single reflector at 530 km. The Pacific also
shows a single reflector from 530-km depth,
but there are no clear reflections close to the
equator in this section, although the stacks
contain more than 100 traces each.

We have used a bootstrap resampling al-
gorithm (/7) to determine the robustness of
the splitting observations. Examples of resa-
mpled stacks and 95% confidence levels are
provided as supplementary material (/8). We
also refiltered the data in shorter and longer
period bands. For shorter periods, the two
peaks are more pronounced (Fig. 3). For
longer period filtering, the two split peaks
become less distinguishable, and this might
explain why previous long-period shear wave
studies find only one reflector.

The global observations of single and split
reflections of the mid—transition zone discon-
tinuity show a complex structure (Fig. 4). We
have employed a cross-correlation technique
(19) to decide on the type of reflection (single
or double), and additionally, checked the re-
sult by visual inspection. There is no obvious
correlation (20) between the characteristics of
the 520-km discontinuity and surface tecton-
ics, as suggested by others (5, 6). However,
there are substantial regional variations in
depth and observability, and these can be
compared with fast/cold regions versus slow/
hot regions in tomographic models. The cold
subduction zone region of the west Pacific
and Indonesia, and also the seismically fast
region in west Africa show double reflec-
tions, but double reflections also appear in
slow regions, for example, close to Green-
land, in the Atlantic Ocean, and in the mid-
Pacific. The earlier inference (6) that the 520-
km discontinuity was not found when data
were stacked for shield regions may result
from the fact that its character is variable
beneath different shield regions. For exam-
ple, the double reflections beneath the North
American and African shields and the single
reflections beneath other shield regions could
lead to a null result when all shield data are
combined in a single stack.

We seek an explanation for splitting of the
mid—transition zone discontinuity from min-
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eral physics. Apart from the transition in the
mantle olivine component from wadsleyite
(B-phase) to ringwoodite (y-phase), the
nonolivine components should also be taken
into account for a pyrolite composition of the

mantle. It has recently been shown that the
nonolivine component is important for the
660-km discontinuity; the addition of a trans-
formation to garnet explains multiple reflec-
tions from the base of the transition zone

Fig. 1. Stacked traces

for an east-west cross
section through North

America. On average,
160 seismograms are
stacked in one trace.
The traces show peaks
in amplitude related

to reflections from the
major discontinuities
at about 410 and 660

km. Between the
“410" and "660" arriv-
als, there are signals
from a range of
depths; all traces with
two reflections are
marked (gray boxes).
Note the multiple ar-

rivals from “660” in
cross  section ¢C
(white box), confirm
earlier observations of
multiple discontinui-
ties in this region (27).
Numbers (1) and (2)
above the traces indi-
cate the traces shown
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Fig. 3. Stacks refil-
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(1), 25-60s 15-75s 15-40s  (2), 25-60s 15-75s 15-40s  (3), 25-60s 15-75s 15-40s

tered in different peri-
od bands; the exam-
ples correspond to the
numbered stacks in
Figs. 1 and 2. For
shorter periods (15 to
40 s), the two split
peaks become sharper;
for longer periods (25
to 60 s), the two peaks

-

Time to SS (sec)
%
8

-250

410

520

660

become less sharp and for stack (2) even indistinguishable.

Fig. 4. Global observations of single
reflections and splitting of the mid—
transition zone discontinuity. Dou-
ble reflections determined using the
cross-correlation  technique are

marked with a bold plus. Weaker
double reflections (obtained by visu-
al inspection) are also shown. In the
case of a single reflection, the to-
pography on the mid-transition
zone discontinuity is determined
and plotted as deviation from the
average depth of 525 km. The to-
pography measurements are cor-
rected for crustal (37) and mantle
(25) structure.

+ double
A -25km
V+25km

Fig. 5. Synthetic seis-

A 150
mograms  computed 3
with WKB/ ray tracing e
(32). (A) No mid- D e
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4.8% [i.e., the total contribution of the garnet and olivine transition (30)] at depths of 525, 540,
and 565 km. (C) Split mid-transition zone discontinuity with the impedance contrast from
mineralogy (1.66% and 3.13%) and one with slightly larger impedance contrasts of 2.4% and 4.3%.

(21), a feature which can also be seen in our
data (Fig. 1). A transformation of garnet to
Ca-rich perovskite occurs in the mid—transi-
tion zone with a Clapeyron slope of 0 to -2
MPa K~! (2, 22, 23). This transformation
may be an important contributor to the 520-
km discontinuity as well as to continuous
changes in transition zone mineralogy
through to the 670-km discontinuity (24).

If both transformations contribute to the
characteristics of the 520-km discontinuity,
then this could result either in two separate
reflectors or one single reflector, depending
on composition and temperature. Using the
data summarized by Ita and Stixrude (2),
and assuming that the two components do
not interact chemically, we find that these
two transformations will appear at the same
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depth for an average mantle temperature of
1500 K. In this case, a single reflection
would be observed. Because both transi-
tions are sensitive to temperature, the tran-
sitions will move to a different depth for
locally higher or lower temperature and
result into two discontinuities.

Correlations with tomographic models
(25) indicate, however, that the depth varia-
tions that we observed are not well explained
by temperature variations alone. We infer that
the observed variations must be an effect
dependent upon both temperature and com-
position. For example, local variations in mi-
nor phases containing Fe and Ca would have
an effect on the location and visibility of the
boundaries; Fe-partitioning between the gar-
net and the B- and y-phases of (Mg,Fe),SiO,

could reduce the transition width, rendering
both transformations seismically observable
(24). The B-y transition is also sensitive to
Mg/(Mg+Fe) (26) and does not occur if the
Fe content is too high. If the Ca content of the
garnet is too low, there will be no pseudo—
first-order transition to Ca-perovskite (24).
Other trace components—for example, wa-
ter—would change the sharpness of the B-y
transition (27, 28). Thus, a single reflection
could correspond to Ca-poor regions, high Fe
content, or dry mantle conditions.

To illustrate the seismological effects of
such a single or double discontinuity, we
compute synthetic seismograms for the Pre-
liminary Reference Earth Model (29), modi-
fied to contain one or two discontinuities in
the mid—-transition zone (30), and compare
them with the observations. The synthetic
without a 520-km discontinuity (Fig. 5)
shows a small side-lobe of the 410-km dis-
continuity, but the amplitude is much smaller
than the observations for the mid—transition
zone discontinuity. The models with one dis-
continuity are similar to observations with
one reflection. The side-lobe of 410 produces
a small secondary peak, but the amplitude of
this secondary arrival is much smaller than
our splitting observations, and it does not
result in two separate peaks. Note that for a
depth of 565 km, the signal becomes very
broad and is similar to the small amplitudes
we observed in the Pacific near the equator
(Fig. 2E). Only the models with two discon-
tinuities can produce the two separate peaks
that we observe for the “split” observations
and match the splitting observations as seen,
for example, in Indonesia (Fig. 2B).

Our data show the regional occurence of
either a single reflector at around 520 km or
two reflectors at 500- and 560-km depth; this
can be used as a probe for composition in the
mantle transition zone. The substantial re-
gional variation in depth and observability of
the 520-km discontinuity shows that the man-
tle transition zone is less homogeneous than
is generally assumed.
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An Ossified Meckel’s Cartilage
in Two Cretaceous Mammals

and Origin of the Mammalian
Middle Ear

Yuanqing Wang,"* Yaoming Hu,"?2 Jin Meng,?* Chuankui Li’

An ossified Meckel's cartilage has been recovered from two early Cretaceous
mammals from China. This element is similar to Meckel's cartilage in prenatal
and some postnatal extant mammals and indicates the relationship of Meckel's
cartilage with the middle ear in early mammals. The evidence shows that brain
expansion may not be the initial factor that caused the separation of post-
dentary bones from the dentary as middle ear ossicles during mammalian
evolution. The failure of the dentary to seize reduced postdentary elements
during ontogeny of early mammals is postulated as an alternative mechanism
for the separation. Modifications of both feeding and hearing apparatuses in
early mammals may have led to the development of the definitive mammalian

middle ear.

In nonmammalian vertebrates with jaws, the
craniomandibular joint is between the quad-
rate region of the palatoquadrate and the ar-
ticular region of Meckel’s cartilage (or its
replacement). In unequivocal mammals (Z,
2), the joint is between the squamosal and the
dentary. The definitive mammalian middle
ear (DMME) is formed by transference of
accessory jaw elements, including the angu-
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lar, articular plus prearticular, and quadrate,
to the cranium of mammals as strictly audi-
tory ossicles (renamed as the tympanic, mal-
leus, and incus) (3). This transference is one
of the central topics of comparative anatomy
and evolutionary biology of vertebrates (3—
8). Although developmental studies of extant
mammals have long demonstrated homolo-
gies of these elements among jawed verte-
brates (9, 10), the only fossil evidence on this
critical transference is the presence of persis-
tent grooves on the medial surface of the
dentary bone, which may have lodged the
anterior end of the postdentary unit (PDU,
consisting of the endochondral articular and
dermal prearticular, angular, and surangular)
in some early mammals (3).

Four nearly complete Repenomamus adult
skulls with articulated lower jaws (/1) and
one with articulated lower jaws of an un-
named Gobiconodon species (Figs. 1 and 2)
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were discovered from the Yixian Formation
of the lower Cretaceous in Liaoning, China
(12). Of the two taxa, Repenomamus (11)
represents one of the largest Mesozoic mam-
mals, and is most closely related to gobicon-
odontids (/3-15) in sharing basic structures
of jaws, teeth, occlusal pattern, and some
cranial features (Figs. 1 to 3). Gobiconodon-
tids are related to triconodontids within tri-
conodonts, a diverse grade of basal mamma-
liaform groups with uncertain relationships
(2, 15-18) (Fig. 3). Among these specimens,
a structure that we recognize as an ossified
Meckel’s cartilage (OMC) was preserved in
two skulls of Repenomamus (IVPP speci-
mens V12549 and V12728) and one skull of
Gobiconodon (IVPP V12585). Of the two
OMCs in Repenomamus, the one in V12549
is in its original location (Figs. 1, A to C, and
2, A and C), whereas the other in V12728 is
displaced and lies between the mandible and
the skull (Figs. 1D and 2B). The OMC is
rod-like, with a pointed anterior tip and a
flared posterior end. It measures 33 mm long
in V12549 and 40 mm in V12728. The ante-
rior portion of the OMC in V12549 is lodged
in a depression that appears to be an expand-
ed posterior portion of the meckelian groove.
The OMC-dentary contact may have had
some mobility. During preparation, the OMC
was separated from the dentary. In all lower
jaws of Repenomamus, the anterior tip of the
meckelian groove is below m3 (the third
lower molariform tooth) and continues ante-
riorly as a slit that parallels the course of the
mandibular canal within the dentary. The
mandibular canal, as revealed by radiograph-
ic imaging, is low in position, ventral to the
long roots of the check teeth, and extends
anteriorly to the symphysis. The radiograph
shows that in lateral view, the mandibular
canal turns slightly dorsally at the position
where the anterior tip of the OMC is situated,
and extends posteriorly to the mandibular
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