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volumetric capacitance is similar to what wasmea-
sured on a ~300-mm-thick traditionally processed
electrode (~80 F/cm3).

As the coating thickness decreases to ~2 mm,
the volumetric capacitance increases to nearly
180 F/cm3 in TEABF4 electrolyte and ~160 F/cm

3

in 1M H2SO4. The spacing between cracks is
larger than the film thickness (Fig. 3B); thus,
electrolyte transport is controlled by the transport
from bulk electrolyte to the current collector
through the entire film thickness, making crack
influence on capacitance marginal at best. Also,
the crack volume in comparison with the pore
volume of the CDC layer (>50%) does not lead
to a substantial increase in electrolyte volume or
electrode surface area (<1%). Simply removing
~50% of empty volume between particles in
traditional electrodes would provide volumetric
capacitance numbers of ~100 F/cm3 in organic
electrolyte and ~160 F/cm3 in sulfuric acid elec-
trolyte; it is believed that this is the major reason
for the thin-film results. The extremely intimate
contact between the underlying current collector
and CDC film would also facilitate good electron
transfer into the film, limiting the voltage drop
through this interface and resulting in higher
charge compensation in the double-layer, which
could explain capacitance values above what is
expected based solely on sphere-packing assump-
tions. The decrease in capacitance with thicker
films is most likely due to microstructural rear-
rangement from surface stresses relaxing, which
results in porosity collapse and perturbation of
the interconnected structure that facilitates elec-
tron conduction. The effects of electrolyte starvation
with thicker films coupled to structure collapse
may also play a role in the drop in capacitance
values [as previously shown by Zheng et al. (28)],
with thicker films requiring a larger number of

ions to migrate from the bulk electrolyte into the
pore structure.

Although we observed microcracking in the
TiC-CDC films in this study, it has previously
been shown that dense coatings can be made to
200-mm thickness for SiC-CDC films (29). Earlier
work chlorinating sputtered amorphous TiC,
which is the simplest method for patterning
carbide substrates for micro-supercapacitors on
devices, has shown that TiC-CDC can also be
produced crack-free, at least in the form of 0.5-mm
films (21). Therefore, in terms of extrapolating
these results to realizable micro-supercapacitors,
we expect that what may be viewed as techno-
logical hurdles should, in fact, lead to better-
functioning devices.
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Constraints on the Formation Age
of Cometary Material from the
NASA Stardust Mission
J. E. P. Matzel,1,2* H. A. Ishii,1 D. Joswiak,3 I. D. Hutcheon,1,2 J. P. Bradley,1 D. Brownlee,3
P. K. Weber,2 N. Teslich,1 G. Matrajt,3 K. D. McKeegan,4 G. J. MacPherson5

We measured the 26Al-26Mg isotope systematics of a ~5-micrometer refractory particle, Coki,
returned from comet 81P/Wild 2 in order to relate the time scales of formation of cometary
inclusions to their meteoritic counterparts. The data show no evidence of radiogenic 26Mg and
define an upper limit to the abundance of 26Al at the time of particle formation: 26Al/27Al < 1 × 10−5.
The absence of 26Al indicates that Coki formed >1.7 million years after the oldest solids in the
solar system, calcium- and aluminum-rich inclusions (CAIs). The data suggest that high-temperature
inner solar system material formed, was subsequently transferred to the Kuiper Belt, and was
incorporated into comets several million years after CAI formation.

The Stardust mission to comet 81P/Wild 2
was designed around the premise that
comets preserve pristine remnants of the

material from which the solar system formed; in

2006, Stardust returned the first samples from a
comet. The mission was expected to provide a
unique window into the early solar system by
returning a mix of solar system condensates,

amorphous grains from the interstellar medium,
and true stardust (crystalline grains originating in
distant stars). Initial results, however, indicate that
Wild 2 instead contains an abundance of high-
temperature silicate and oxideminerals analogous
to minerals in carbonaceous chondrites (1–5).
The detection of Wild 2 particles that resemble
calcium- and aluminum-rich inclusions (CAIs)
(6) is particularly noteworthy because CAIs were
most plausibly created within 1 AU of the infant
Sun (7) and are the oldest objects formed in the
solar nebula (8). The presence of inner solar
system material in Wild 2 (1–3, 9) underscores
the importance of radial transport of material
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over large distances in the early solar nebula,
and it raises key questions regarding the time
scale of formation of comets and the relation-
ship between Wild 2 and other primitive solar
nebula objects.

With a half-life of 730,000 years, the decay
of the short-lived radionuclide 26Al to 26Mg
provides a high-resolution relative chronometer
for events occurring during the first several
million years of solar system history. Assuming
a homogeneous initial distribution of 26Al within
the solar nebula (10), differences in the inferred
initial 26Al/27Al can be ascribed to the passage
of time. Most CAIs contain radiogenic 26Mg as
a result of the in situ decay of 26Al (10). CAIs
that contain little to no radiogenic 26Mg fall
primarily into two categories: (i) highly refrac-
tory grains [e.g., (11)] and rare FUN inclusions
named for their fractionation and unidentified
nuclear isotopic effects, which are believed to
have formed very early (12); and (ii) CAIs that
show clear petrographic evidence for later re-
processing (10).

We applied the 26Al-26Mg isotope system to
a recently discovered refractory particle from
Wild 2 (C2061,3,141,0,0; hereafter Coki). Coki
contains no detectable radiogenic 26Mg, strongly
suggestive of late formation at least 1.7 million
years after most CAIs. The 26Al-26Mg data from

Coki provide an important constraint on the
accretion time scale of comets such as Wild 2
and the timing of radial mixing of thermally
processed, high-temperature materials from the
inner solar system to the outer reaches of the
solar nebula.

Coki is a polycrystalline refractory particle
~5 mm in diameter, likely a fragment of a once
much larger particle (13); it is composed mostly
of anorthite with minor calcic pyroxene and an
Al-Si-rich glass occurring around the edge of the
particle (Fig. 1). The glass may be due to melt-
ing experienced by the particle during capture
into the Stardust silica aerogel collector. Small
(<200 nm) spinel crystals are enclosed in glass
and anorthite. The abundance of anorthite and
absence of melilite (either within the Coki par-
ticle or anywhere along its deceleration track) sug-
gest that Coki most closely resembles a minor
class of CAIs (type C) or plagioclase-rich chon-
drules (6, 14, 15). Coki pyroxene compositions
are Ti-rich and Fe- and Cr-poor (Fig. 2, fig. S1,
and table S1) relative to pyroxene commonly
found in plagioclase-rich chondrules [e.g., (14)],
which suggests that Coki may bemost comparable
to typeCCAIs. Both typeCCAIs and plagioclase-
rich chondrules show clear petrographic evidence
for complex multistage histories, including melt-
ing of refractory precursor materials and assim-

ilation of late-stage metamorphic minerals in
the chondrite-forming region (6, 14–16).

We used a secondary ion mass spectrom-
eter with nanometer-scale spatial resolution,
the Cameca NanoSIMS 50, to measure the Mg
isotope composition of Coki anorthite. An
electron-transparent section, ~3 mm in diame-
ter and 0.1 mm thick, was first mapped by trans-
mission electron microscopy energy-dispersive
spectroscopy (TEM/EDS) (13) (Fig. 1). The
section was then prepared for NanoSIMS anal-
ysis with the use of a focused ion beam instru-
ment to deposit a Pt support film behind the
Coki section and to remove interfering Mg-rich
minerals (13). We simultaneously collected four
ion images corresponding to 24Mg+, 25Mg+,
26Mg+, and 27Al+ secondary ions. The ion im-
ages were subdivided into three spatially con-
tinuous regions on the basis of 27Al/24Mg ratio,
and Mg isotope ratios were calculated by sum-
ming the total ion intensity of each isotope over
each region (13) (Table 1).

The Mg isotope composition of Coki
anorthite is indistinguishable from that of the
terrestrial plagioclase standards. We found no
evidence in Coki for either radiogenic 26Mg from
the decay of 26Al or mass-dependent fractiona-
tion of Mg isotopes (Table 1 and Fig. 3). The
upper limit for the initial abundance of 26Al at the
time Coki crystallized is 26Al/27Al < 1 × 10−5,
according to the 2s upper bound to the slope of a
line fitted to the data. The absence of substantial
mass-dependent fractionation of Mg isotopes
indicates that Coki is not a member of the rare
group of CAIs known as FUN inclusions (12).

Fig. 1. (A) Secondary electron
image of the Coki section analyzed
in this study, showing mineral shards
surrounded by compressed aerogel.
(B) Corresponding false-color min-
eral map overlaid on a montage of
bright-field TEM images (13).
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Fig. 2. Coki pyroxene chemical compositions as
compared to type C CAIs (15, 16) and plagioclase-
rich chondrules (14, 16, 33).

Table 1. 26Al-26Mg isotopic data from Coki. Un-
certainties are two standard deviations.

Sample 27Al/24Mg d26Mg (‰)*

Coki 1† 342 T 34 –17 T 37
Coki 2‡ 150 T 15 18 T 45
Coki 3§ 6.9 T 0.7 1.6 T 6.5
*Per mil deviation in 26Mg/24Mg relative to terrestrial Mg after
correction for mass-dependent fractionation. See (13) for
details. †Includes pixels with 27Al/24Mg > 200. ‡Includes
pixels with 27Al/24Mg between 100 and 200. §Includes pixels
with 27Al/24Mg < 10.
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The 26Al-26Mg isotope systematics of primi-
tive solar system materials establish a framework
for the interpretation of the Coki Al-Mg data.
The initial abundance of 26Al in CAIs provides
the anchor point for the 26Al-26Mg chronometer;
the 26Al-26Mg record of CAIs and chondrules is
best explained by formation in an isotopically
homogeneous nebular reservoir characterized
by an initial 26Al/27Al ratio of ~5 × 10−5 (10).
Recent high-precision studies of 26Al in CAIs
(17, 18) and chondrules (19) support the infer-
ence of a uniform initial distribution of 26Al/27Al
in the solar nebula and a very short time inter-
val (<20,000 years) for the primary crystalli-
zation of CAIs. Type C CAIs and chondrules,
with initial 26Al/27Al ratios of << 5 × 10−5,
typically show textural and mineralogical evi-
dence for extensive melting of precursor ma-
terials [e.g., (20)], consistent with the absence
of 26Al. The 26Al-26Mg record of plagioclase-
rich chondrules indicates that the time interval
between CAI formation and the onset of chon-
drule formation is ~1 million years (21, 22)
and that transient events capable of producing
high-temperature nebular components in the
inner solar system persisted for close to 4 million
years (23–25).

Our determination that Coki formed with
an initial 26Al/27Al of < 1 × 10−5 indicates that
Coki crystallized at least 1.7 million years after
the onset of CAI formation. This value is con-
sistent with data for type C CAIs and plagioclase-
rich chondrules that typically yield initial
26Al/27Al ≤ 1 × 10−5 [(23) and references there-
in; (26)]. The lack of 26Al in some highly
refractory phases [e.g., hibonite (11)] has been
interpreted as very early formation prior to the
incorporation or homogenization of 26Al in the
accretion disk. However, the petrography and
mineral composition of Coki are inconsistent
with formation as very early condensates. The
lack of 26Al in Coki is also unlikely to be
attributable to later redistribution of radiogenic
26Mg either on Wild 2 or during capture in
aerogel. The poorly consolidated and fine-
grained nature of the material collected from
Wild 2 indicates that it had not been lithified and
altered in Wild 2 by internal processes such
as heating, compaction, or aqueous alteration

(3). Although all particles were modified to
some degree by capture in aerogel, particles that
are larger than 1 mm, such as Coki, are typically
well preserved and appear to have been pro-
tected by their own thermal inertia (3). We
estimate that the distance over which Mg dif-
fused in anorthite [using the diffusion coefficient
of (27)] during the conditions of capture in
aerogel [i.e., T ≈ 2000 K, t > 1 ms (3)] is less
than 1 nm.

We postulate that Coki formed by melting of
solid precursor materials during transient high-
temperature events in the inner solar system,
analogous to the formation of type C CAIs and
chondrules (20, 28). The chemical and isotopic
data suggest that Coki is transitional between
the only other CAI-like particle described from
Wild 2, named Inti (1, 3, 9), and the chondrule-
like objects from Wild 2 described by Nakamura
et al. (2). As such, Coki may provide a direct
link between primary CAI formation and later
chondrule formation. Inti closely resembles type
B CAIs in its mineralogy and 16O-rich isotope
composition (1, 9), whereas the ferromagnesian
chondrule-like objects have less refractory chem-
ical compositions and display a range of O-isotope
compositions suggesting that they experienced
oxygen isotope exchange in a 16O-depleted
reservoir (2). These observations lead to the con-
clusion made in previous studies (1–4) that Wild
2 contains an abundance of chemically and ther-
mally processed high-temperature material from
the inner solar system. In this sense, Wild 2 is
analogous to carbonaceous chondrite meteorites
(5).

As an additional member of the collection
of refractory materials from Wild 2, Coki adds
weight to the evidence suggesting that high-
temperature silicate and oxide mineral assemblages
formed close to the Sun and were subsequently
transported to the region of comet accretion. Coki
provides a temporal constraint demonstrating that
refractory material supplied to the Kuiper Belt
crystallized at least 1.7 million years after the
onset of CAI formation. This observation in turn
requires transport of inner solar system material
to the outer reaches of the solar system at dis-
tances exceeding 30 AU and incorporation into
cometary bodies over an extended period of at

least several million years. Outward transport of
Coki to the Kuiper Belt must have occurred as
late as (if not later than) the time over which
chondritic meteorites and the oldest differen-
tiated meteorites formed [see (29)]. The age
constraint derived from Coki indicates that
the transport mechanisms that supplied high-
temperature inner solar system material to the
outer reaches of the solar nebula—whether by
lofting above the disk in an X-wind model (30)
or via mixing processes within the solar nebula
[e.g., (31, 32)]—operated over a time scale of
>2 million years as solids settled to the mid-
plane and the disk evolved.
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Asian Monsoon Failure
and Megadrought During the
Last Millennium
Edward R. Cook,1* Kevin J. Anchukaitis,1 Brendan M. Buckley,1 Rosanne D. D’Arrigo,1
Gordon C. Jacoby,1 William E. Wright1,2

The Asian monsoon system affects more than half of humanity worldwide, yet the dynamical
processes that govern its complex spatiotemporal variability are not sufficiently understood to
model and predict its behavior, due in part to inadequate long-term climate observations. Here
we present the Monsoon Asia Drought Atlas (MADA), a seasonally resolved gridded spatial
reconstruction of Asian monsoon drought and pluvials over the past millennium, derived from a
network of tree-ring chronologies. MADA provides the spatiotemporal details of known historic
monsoon failures and reveals the occurrence, severity, and fingerprint of previously unknown
monsoon megadroughts and their close linkages to large-scale patterns of tropical Indo-Pacific sea
surface temperatures. MADA thus provides a long-term context for recent monsoon variability that
is critically needed for climate modeling, prediction, and attribution.

Monsoon failures, megadroughts, and
extreme flooding events have repeat-
edly affected the agrarian peoples of

Asia over the past millennium. Despite its critical
importance to human populations and ecosys-
tems, not enough is known about the long-term
spatiotemporal variability of the Asian monsoon
to explain the complex mechanisms that drive its
variability. A scarcity of long-term instrumental
climate data for many remote regions of Mon-
soon Asia (1) (fig. S1) impedes progress toward
resolving these issues. In addition, global climate
models fail to accurately simulate the Asian
monsoon (2) and related tropical Indo-Pacific
forcings (3), and these limitations have hampered
our ability to plan for future, potentially rapid and
nonlinear, hydroclimatic shifts in a warming
world. Under such warming, Monsoon Asia ap-
pears to be particularly vulnerable (4, 5).

To better elucidate the spatial complexity of
the Asian monsoon (Fig. 1A), a large-scale, spa-
tially explicit, long-term data set is needed. Such
a long-term perspective is essential both for vali-
dation of climate models and for integration and
comparison with other proxy, historical, and ar-
chaeological data. This context is provided here
by our Monsoon Asia Drought Atlas (MADA),
which offers an absolutely dated, annually re-
solved reconstruction of Asian monsoon spatio-

temporal variability over the past thousand years.
The MADA provides a seasonal- to centennial-
scale window into the Asian monsoon’s repeated

tendency for extended dry and wet extremes with
distinct spatial flavors of response—for example,
to the El Niño–Southern Oscillation (ENSO) and
to Pacific Decadal Variability (6, 7).

Proxy records have been produced for the
past millennium for regions of Monsoon Asia
and the adjacent tropical Indo-Pacific from corals
(8), ice cores (9), speleothems (10), ocean sedi-
ments (11), and historical data (12). By their na-
ture, these records are typically restricted by their
spatial and/or temporal resolution. Many cannot
provide calibration and validation estimates of
reconstruction skill, and/or they do not provide
the detailed land area coverage needed for
resolving the Asian monsoon’s complex spatio-
temporal variability. Here, we used tree rings
frommore than 300 sites across the forested areas
of Monsoon Asia to reconstruct the seasonalized
Palmer Drought Severity Index (PDSI) for the
summer (June-July-August) monsoon season,
using a well-known, gridded measure of relative
drought and wetness for the globe’s land areas
(1, 13). The gridded reconstructions that com-
prise the MADA are directly analogous to the
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Fig. 1. (A) Map showing
the complex regional expres-
sions of the monsoon over
Africa, India, East Asia, and
south into northern Australia
[redrawn from (11)], with the
overall MADA domain en-
closed by the interior black
rectangle. The MADA domain
limits cover all but the African
portion of the greater mon-
soon system. (B)Moredetailed
view of the MADA domain;
the 534 grid points of in-
strumental PDSIs (13) (red
crosses) were reconstructed by
the 327-series tree-ring chro-
nology network (1) (green
dots). Contributors to the de-
velopment of this tree-ring
network are listed in table
S1 (1).
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