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The observed spatial and spectral variations in
the photon imaging of the Ag chain (Figs. 3C and
4B) are dominated by the LDOS of the Agj
chain, as described by Eq. 4, and coupling to the
plasmons serves to strengthen the emitted light
intensity. Because of the relative spatial uniformity
of the initial state, the emitted light intensity is high-
lighted by the gradient of the final state, %, In
(7), the data led to the conclusion that light emis-
sion is caused by the coupling of the initial state |7)
and final state |f’) via the IET process, (i|V|f),
where V is the interaction potential. In our exper-
iment, it is refined by Fermi’s golden rule, in which
| and | /") are connected by the momentum op-
erator p, as (i|p| /). This refinement and the asso-
ciation of 'V with p are not revealed by spectroscopy
at discrete points as in (7). The transition still goes
through the same initial and final states, but the
momentum operator in the matrix element gives
rise to the seemingly surprising spatial images.

Although only results from Ag, are pre-
sented here, the correspondence between nodes
and emission maxima was also observed for Ag,
through Ago. The wave functions for the particle-
in-a-box—like atomic chains are simple and ex-
hibit distinct features in energy and space, most
notably the nodal structures. By varying the bias

voltage to control tunneling electrons and the
radiative transition in inelastic tunneling, the STM
is used to obtain spatially and spectrally resolved
photon images that lead to direct visualization of
Fermi’s golden rule, one of the fundamental prin-
ciples in quantum mechanics. In addition, these re-
sults reveal the basic mechanisms underlying optical
phenomena at the nanoscale, where light fields with
wavelengths much greater than the dimension of the
radiator are enhanced by coupling to plasmons.
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Homogeneous Distribution of %°Al in
the Solar System from the Mg Isotopic
Composition of Chondrules
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The timing of the formation of the first solids in the solar system remains poorly constrained.
Micrometer-scale, high-precision magnesium (Mg) isotopic analyses demonstrate that Earth, refractory
inclusions, and chondrules from primitive meteorites formed from a reservoir in which short-lived
aluminum-26 (%°Al) and Mg isotopes were homogeneously distributed at +10%. This level of
homogeneity validates the use of 2°Al as a precise chronometer for early solar system events.
High-precision chondrule 2°Al isochrons show that several distinct chondrule melting events took place
from ~1.2 million years (My) to ~4 My after the first solids condensed from the solar nebula, with peaks

between ~1.5 and ~3 My, and that chondrule precursors formed as early as 0.87" ;¢

odels of the evolution of the early
Msolar system rely on knowledge of

the precise time scales for the physical
and chemical processes that occurred in the
early accretion disk and led to the formation of
calcium-aluminum-rich inclusions (CAls) and
chondrules, which are the building blocks of
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+0.19 My after.

primitive meteorites (chondrites). Short-lived
25Al [half-life (7},,) = 0.73 million years (My)]
is possibly the most accurate chronometer for
the first few million years of solar system his-
tory, provided that it was homogeneously dis-
tributed in the disk. Previous studies of various
meteoritic components showed that 2°Al was
widespread in the disk, but its level of homo-
geneity has never been quantified precisely.
From numerous mineral 2°Al isochrons in CAls,
a canonical value of ~5 x 10> was inferred for
the initial A1/*’Al ratio [hereafter (*°Al/”Al)y]
when CAls crystallized (/). This value is slight-
ly lower than 5.23 (+0.13) x 10>, which was
determined from the bulk 2°Al isochron of

Allende CAIs (2) [used in our work instead of
5.85 (£0.05) x 107° (3)], which indicates that
the crystallization of CAls followed closely after
(50,000 years at most) the condensation of
their precursors. The bulk 2°Al isochron pre-
cisely defines an initial Mg isotopic composi-
tion (8°°Mg*) for CAI precursors of —0.040 +
0.029 per mil (%) (2). If °Al and Mg isotopes
were homogeneously distributed in the inner
solar system, then CAls 8°°Mg*, can be taken
as the initial Mg isotopic composition of the solar
system when “°Al/*"Al was 5.23 (+0.13) x 10,
Any object that formed later (when 2°Al”7Al <
5.23 x 10°) must be characterized by a more ra-
diogenic 8°°Mg*, value. The increase of 5°°Mg*,
is a function of the AI/Mg ratio of the reservoir
in which the object, or its precursors, resided
before the last melting event. Al-rich and ferro-
magnesian chondrules from unequilibrated or-
dinary chondrites (UOCs) and carbonaceous
chondrites (CCs) show mineral *°Al isochrons
with ((°AI*Al)y <2 x 107> (4-12); that is, much
lower than that of CAls. Because the 8**Mg*,
of chondrules has never been precisely deter-
mined, the data from chondrules cannot be com-
pared to those of CAlSs nor to the theoretical Mg
isotope growth curve calculated for the solar
nebula for a homogeneous distribution of *°Al
and Mg isotopes.

We developed high-precision analysis of Al
and Mg isotopes using the Centre de Recherches
Petrographiques et Geochimiques (CRPG)-
CNRS Cameca ion microprobe (ims 1270) to
determine precisely (even for low Al/Mg ratios)
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both the slope [from which comes access to
(*°Al/*7Al),] and the intercept (5°°Mg*o) of
mineral *°Al isochrons in chondrules. We per-
formed multicollection analyses of **Mg, **Mg,
25Mg, and *’Al using four Faraday cups (figs. S1
and S2) (/3) in the major silicate phases (olivine,
low-Ca pyroxene, and mesostasis) of 15 chon-
drules [three type I (FeO-poor), 11 type II (FeO-
rich), and one Al-rich] from the LL3.0 UOC
Semarkona. A typical external reproducibility of
+0.005%o0 (20) can be obtained for 8°°Mg* in
magnesium silicate standards (fig. S2) (/3). In
chondrules, internal errors (26) for §**Mg* were
+0.015%o to +1.98%o, depending on Mg content
(table S1).

The 14 ferromagnesian chondrules show
well-resolved mineral isochrons (two examples
are shown in Fig. 1, with the remainder shown
in fig. S4), with (*°A1/*’Al), ranging from 1.619
(#0.167) x 10~ to 3.023 (+1.240) x 10°® and
8%°Mg*, values ranging from —0.0185 (+0.0140)%o
to 0.0047 (£0.0098)%o for Sem-Ch138, Sem-
Ch83, and Sem-Ch121, respectively (table S1).
Because most Mg-rich olivines in type I chon-
drules might not have crystallized from the chon-
drule melt (14, 15), it is theoretically not correct
to calculate an isochron between olivine and
glass in Sem-Ch2. The (*°Al27Al), for Sem-
Ch2 can, however, be determined precisely (fig.
S4). The Al-rich chondrule (Sem-Ch4) shows con-
stant Mg excesses [6°°Mg* = 0.098 (+0.016)%o,

Fig. 1. (A and B) Back-
scattered electron image
of two Semarkona type Il
chondrules: porphyritic
olivine-pyroxene chon-
drule Sem-Ch114 and
porphyritic pyroxene
chondrule Sem-Ch138
(white circles show ion
probe spots). The major
mineral phases are oli-
vine (ol), low-Ca pyrox-
ene (opx) surrounded by
glassy mesostasis (mes),
and a few Fe-Ni metal
grains (met). (C and D)

fig. S4] that are not correlated with AI/Mg ratio
but would indicate that the last melting event
occurred at least 4 My after CAls; that is, when
CeAIAAl), < 107,

Because of their high precision, the present
chondrule Al-Mg data can be compared to the
growth curve calculated for Mg isotopes in the
solar nebula, assuming a simple closed-system
evolution (Fig. 2). If °Al and Mg isotopes were
homogeneously distributed in the nebula, any
chondrule formed at a given time 7, from pre-
cursors extracted from the nebula at that time,
must have (*°Al/*’Al), and 8**Mg*, identical to
those of the nebula growth curve at time z. The
present ferromagnesian chondrules do plot,
within errors, on the solar nebula growth curve,
on which Earth also plots (Fig. 2), implying a
homogenous distribution of *°Al and Mg iso-
topes in the inner solar nebula at the time of
formation of CAIs. The clustering of chondrule
data along the solar nebula growth curve im-
plies a relative heterogeneity of ~+10% (that is,
+0.5 x 107> for *Al/*’Al ratios and +0.004%o
for 52*Mg*, fig. S5). However, this is an upper
bound, because part of the chondrule variability
may be due to the following: (i) different closed-
system evolution paths for up to ~I My with
bulk 2’Al**Mg slightly different from chon-
dritic ratio and (ii) the possible presence within
chondrule precursors of CAl-type material.
One-million-year-old CAls would have a bulk

Isochron diagrams ob-
tained from 14 and 18

ion probe analyses, re- 1.1

spectively (open circles MSWD = 0.72
are for low-Ca pyroxene, 0.9f '
open triangles for olivine, g

and the open square for ;0.7

mesostasis, plotted with §’

2 error bars) (fig. 4, & o5

table S1) (13).

(26Al/27Al)g = 8.916 (+0.906) X 10°C
L 826Mg*o = -0.0024 (+ 0.0075) %o

8% Mg* of ~0.42%o (for a bulk >’ Al/**Mg of 2),
implying that their fraction in chondrule pre-
cursors could not be higher than ~1% (that is,
0.004/0.42). Finally, it can be seen from Fig. 2
that the bulk *°Al isochron for CAls with
(*°Al/77Al)y = 5.85 (+0.05) x 107> and
8%°Mg*, = —0.0317 (£0.0038)%0 (3) is not
consistent with a homogeneous distribution of
26Al, because that conclusion would imply a
positive terrestrial 8**Mg* value of ~0.015%o
(16), and is not consistent with most of our
chondrule data.

The 2°Al and Mg isotopic homogeneity of
the solar system inferred from our data are not
in conflict with the existence of supracanonical
20A1%7 Al ratios (up to 7 x 107°) (17) or of large
8*°Mg* variations in hibonites (up to 4%o) (18).
A variability of 0.5 x 107> for *°Al/*’Al ratio
simply implies that the fraction of components
having supra-canonical ratios within CAls and
chondrules precursors was less than ~7%. Simi-
larly, a variability of +0.004%o for 8*°Mg*
implies that the fraction of hibonite-type mate-
rial was less than ~0.1%. In such a homoge-
neous accretion disk, the composition of the
Al-rich chondrule can be simply understood as
the result of an earlier extraction of its precur-
sors from the nebula followed by a protracted
closed-system evolution until the last melting
event. A closed-system evolution model based
on the bulk 2’ Al/**Mg ratio of the Al-rich chon-

526Mg* (%o)

Sem-Ch114

D ™| (26a127A1) = 1.619 (0.167) x 10°
326Mg*g = -0.0185 (+ 0.0140) %o

r MSWD = 0.65

Sem-Ch138

8 12 16 0
27A1/24Mg

1 2 3 4 5
27A1/24Mg
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drule (determined at 0.70 from chemical mapping
by secondary electron microscopy) implies that
its precursors were extracted from the nebula
~0.87f8'1]69 My after CAls (Fig. 2). This could
have happened earlier if the precursors did not
remain as a closed system for Al and Mg and if,

Fig. 2. Solar system growth
curve (solid line) of Mg

for example, Mg was added to the precursors by
condensation, as has been proposed for Al-rich
chondrules (/9). For the ferromagnesian chon-
drules, which have 2’ Al/**Mg ratios close to the
chondritic ratio (0.10 to 0.23 for our 13 chon-
drules), it is not possible to identify an early ex-

Time after CAls (Myr)
1 0

0.15 L L — T T T
isotopes anchored by the oo 27A124Mg | |
(2AU#Al, and 5%°Mg*, of T ¢ 070 | 1
bulk CAls [red square, 5.23 Y _ ¢ 023 ||
(£0.13) x 10~ and —0.040 04l & Closed system evoution o017 |]
(i0‘029)%°] (2) and I o e Al-rich chondrule & 015 ]
calculated for a chondritic 3 AN /'/ g 8’:3 ]
Z7A12*Mg ratio of 0.101 £ [ 1\ \(\ & o011 | ]
(30). The green field corre- @ ol | O\ o010 |
sponds to the growth curve % Lo J
that could be calculated from & o Al-rich .
the bulk CAls isochron of ro _ chondrule 1
5.85 (+0.05) x 10> and L \ modelage  solar system ]
—0.0317 (+0.0038)%o (green 0% growth curve ]
square) (3). All ferromag- A L == .
nesian chondrules (colored Lo B
diamonds) plot on the solar Fot S 1
nebula growth curve and de- 005 1 1 7]
fine an error envelope (in red) [ | !
| ! v V¥ . Ly
0

at +0.5 x 107 for 2°AU%’Al
ratios and +0.004%. for
5%Mg* (red arrows). Type |

1x105  2x107®

1 1 L 1
3x10%° 4x10° 5x10®° 6x10°

26A1/27Al

Sem-Ch2 is not shown, because its 52Mg*, cannot be determined precisely (fig. S4). The steep solid line (and

its blue error envelope) show how a model age can be

calculated for the extraction from the nebula of the

precursors of the Al-rich chondrule (blue diamond) using its bulk 2’Al**Mg ratio of 0.7. Two sigma error bars

are shown.

Fig. 3. (°A/*Al), and Relative

corresponding relative

o
—_

age after CAls formation (Myr)
2 3 4‘1

ages after the formation

of CAls (2) determined

for the 15 Semarkona Pb-Pb ages

= |

T T
| |
| |
T t

chondrules (yellow squares I —O—
for type | chondrules, yel- 4%

HO—  FOHOD-OFOHOHHHOO— A
T

low circles for type Il chon-
drules, and yellow triangle
for the Al-rich chondrule)
compared with previous
analyses of chondrules in
the least-equilibrated or-
dinary and carbonaceous
chondrites. Curves show
probability density func-
tions (n = number of data
points in the distribu-
tion) of (2°AUZ"Al, in our
Semarkona chondrules
(yellow), all Semarkona

UOC chondrules
(n=53)

r CAls formation

Semarkona chondrules !

all data (n = 25)

CcC chor|1drules
(n=43)

—

Probability density

o]

chondrules (green), CC g
2x10°

chondrules (blue), and
UOC chondrules without
our data (red). All data

-
1.5x10 3

C5xi0® 0
(26AI/27Al),

are available in table S2. Vertical solid lines show peaks that are present in Semarkona chondrules and
often in UOC chondrules. Dotted lines show peaks that are present only in UOC chondrules and CC
chondrules. The upper window corresponds to absolute Pb-Pb ages calculated from CV Allende chondrules
(23) (dark and light blue squares), CR Acfer chondrules (20) (red and yellow squares), and CB Gujba (21)
chondrules (dark and light green), depending on assumed age for CAls (either 4567.2 + 0.6 My or 4568.5 +

0.5 My) (20, 22). One sigma error bar is shown.

REPORTS I

traction of their precursors (for example, 1 My
earlier) from the present data (with an error of
+0.01 to +0.02%0 on &8*Mg?*p), because their
evolution in a closed system before melting would
overlap, within errors, with the solar nebula
growth curve.

Because 2°Al and Mg isotopes are homoge-
neously distributed in the inner solar system
(within approximately +10%), different values
of (*®Al/’ Al), among chondrules imply the exis-
tence of individual melting events at different
times; for example, ~1.77% My between
chondrule Sem-Ch138 and chondrule Sem-Ch83
(table S1). Our data can be used, in conjunction
with data from previously published chondrules
(°AI/7Al), (table S2), to investigate whether
several major melting episodes can be identified
or whether chondrule formation was a continu-
ous process. Because data precision is variable, to
make a meaningful comparison between all the
data, we calculated a probability density dis-
tribution that sums the Gaussian distributions
Jsai7an, 0 caleulated for each chondrule. The
distribution of the 14 ferromagnesian Sem-
arkona chondrules clearly shows five distinct
episodes (Fig. 3) at 1.2, 1.6, 2.1, 2.4, and 2.9
My after CAls [taking (*°Al/*’Al), for CAls
of 5.23 x 107°] (2). These five episodes are
consistent with the (*°Al/*’Al), measured previ-
ously in 11 other Semarkona chondrules (Fig. 3
and table S2) (8, 10, 12); the two most prominent
peaks in the distribution are at 2.1 and 2.4 My.
Four other episodes of chondrule formation at
1.9, 2.2, 2.6, and 4.3 My can be tentatively
identified considering all the available data for
UOCs and CCs (Fig. 3 and table S2) (4-7, 9, 11).
A Kolmogorov-Smirnov statistical test applied to
these distributions confirms that the differences
shown in Fig. 3 are statistically significant: The
probability for the age distributions to be different
between UOC and CC chondrules is 99%. In ad-
dition, even with only 25 chondrules, the age
distribution of Semarkona chondrules is statisti-
cally the same as that of UOC chondrules (82%).
Available Pb-Pb ages [from 0.6 (+1.6) My to 5.8
(£1.0) My after CAls] (20-23) are consistent with
%5Al ages but not sufficiently precise to identify
specific episodes of chondrule formation. The
possible existence of a limited number of melting
events over a few million years is a fundamental
constraint to consider in models of chondrule
formation.

The large scatter in the age distribution of
chondrules (Fig. 3)—with ~10% of all chon-
drules formed between 0 and 1.5 My after CAls,
~40% formed between 1.5 and 2.1 My, ~40%
formed between 2.1 and 2.8 My, and ~10%
formed beyond 2.8 My after CAls—can be
interpreted in two opposite ways: (i) the peak
intensities reflect different magnitudes of chon-
drule formation at specific times and thus the
major episodes of chondrule formation (for UOCs
and CCs) would have taken place ~1.5 to ~3 My
after CAls; or (ii) the variable peak intensities
reflect the poor efficiency of chondrule preserva-
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tion in the accretion disk before the accretion of
UOC and CC parent bodies. In the later scenario,
chondrites would be enriched in chondrules formed
shortly before accretion (which was constrained
for H4 UOC at *AI”’Al = 2 x 107 from the
metamorphic cooling of the parent body) (24).
Although there is no evidence to favor one of
these two extreme hypotheses over the other, it is
obvious from the Al-rich chondrule that its precur-
sors were extracted from the nebula ~0.87+2:
My after CAls and that they remained isolated in
the nebula for up to ~3 My before chondrule forma-
tion. The presence of chondrules of different
origins and different ages in the same few cubic
centimeters of Semarkona is consistent with
astrophysical models of the disk. Radial mixing
by turbulence can efficiently distribute solids
within 10 astronomical units in several tens of
thousands of years, as long as these solids are
small (millimeter or centimeter size) and are
coupled to the gas (25), but the rate of destruction
of these solids by accretion either by the Sun or
by forming planetesimals is unknown. The ob-
served age distribution (Fig. 3) does not exclude
an early intense period (~1 My after CAls or even
before) of chondrule formation (or extraction of
chondrule precursors), as was suggested by high
Z6A1/27Al inferred from bulk analyses of chon-
drules (26-28).

Our results imply the following: (i) that 2°Al
was efficiently homogenized (within ~+10%) in
the inner solar system, (ii) that no substantial
Z6A1 (in excess of 2°AlI27Al = 5 x 107%) was
produced in the disk after time “zero” as defined
by the bulk isochron of CAls, and (iii) that the
2°A1-*°Mg systematic has a chronological signi-
fication. Nebular models do predict an efficient

homogenization of 2°Al at ~+10% in the case
of an external seeding of the accretion disk with
26Al injected by a nearby supernova (29). In the
case of the production of 2°Al by irradiation, it
is not clear that such a level of homogeneity can
be reached, unless most of the irradiated
material is evaporated before time zero.
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Adjoint Tomography of the
Southern California Crust

Carl Tape,** Qinya Liu,? Alessia Maggi,> Jeroen Tromp*

Using an inversion strategy based on adjoint methods, we developed a three-dimensional
seismological model of the southern California crust. The resulting model involved 16 tomographic
iterations, which required 6800 wavefield simulations and a total of 0.8 million central processing
unit hours. The new crustal model reveals strong heterogeneity, including local changes of
+£30% with respect to the initial three-dimensional model provided by the Southern California
Earthquake Center. The model illuminates shallow features such as sedimentary basins and
compositional contrasts across faults. It also reveals crustal features at depth that aid in the
tectonic reconstruction of southern California, such as subduction-captured oceanic crustal
fragments. The new model enables more realistic and accurate assessments of seismic hazard.

produce detailed three-dimensional (3D)
images of Earth’s interior by minimizing
the differences between simulated (or “synthetic™)
seismograms and recorded (or “observed”) seis-
mograms. Seismic tomography has been success-
ful in producing images of Earth’s interior, such

The objective of seismic tomography is to

as large-scale variations in the mantle (/, 2), sub-
ducting slabs (3), and mantle plumes (4). These
tomographic studies adopt a simple 1D (layered)
reference model (), which allows for computa-
tionally inexpensive procedures within the min-
imization problem. Highly accurate numerical
methods, such as the spectral-element method

(SEM), may now be used to compute synthetic
seismograms at regional and global scales, allow-
ing tomographers to start the minimization proce-
dure with more realistic 3D initial models and
simulations (6—9). We demonstrated in this study
that these numerical methods may be exploited
within the minimization problem by using adjoint
methods (10-12). We refer to this procedure as
“adjoint tomography” (13).

Southern California provides an excellent
setting for the two-fold objective of fitting seis-
mograms and characterizing the crust. The sta-
tion coverage (fig. S2A), especially in the Los
Angeles region, is one of the densest in the world.
A detailed 3D seismological model of the south-
ern California crust has been constructed from a
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