
0.1, consistent with a small finite microwave oc-
cupation factor (nc ≈ 0.6 T 0.1) in addition to the
quantum fluctuations. In contrast, we do not ob-
serve a large increase in the mechanical fluctua-
tions in BAE as the imprecision decreases (red
dots in Fig. 3D). The expected back-action into
the measured quadrature due to the finite side-
band resolution (14) is 0:12x2zp at np = 4.7 × 106.
The measured back-action of 〈X2

1 〉ba ≈ 10x2zp is
likely due to thermal dissipation in our device.
Nonetheless, we demonstrate avoidance of the
back-action noise by 10.7 T 0.3 dB at np = 2.3 × 106

compared with non-BAE. Most important, we
show that the back-action 〈X2

1 〉ba is 8.5 T 0.4 dB
below the level set by quantum fluctuations of the
microwave field, 2ðGopt=GmÞx2zp, at np = 4.7 × 106.
In addition, the quadrature imprecision is be-

low x2zp at this point: 〈X2
1 〉imp ¼ ð0:57 T 0:09Þx2zp

(Fig. 3D, inset). This is approximately a factor of
200 above that of quantum-limited imprecision,
which is consistent with the detection efficiency
determined by kR/k ≈ 0.5, the microwave loss
between the device and amplifier (≈2 dB), and
the noise temperature (≈4 K) of the amplifier at
4 K stage.
Quantum fluctuations of a single mode in a

microwave field can be sensed with a mechanical
system, and, with the proper pump field, these
fluctuations can be steered into an unobserved
aspect of the motion. These results lead the way
toward measuring and manipulating the quan-
tum noise of a mechanical resonator. As described
in (14), feedback on the motion may be applied
to produce a squeezed state from a thermal state.
Using a nearly quantum-limited amplifier (25),
we expect the generation of a squeezed state
(〈X2

1 〉=x
2
zp < 1) with np ≈ 105, which would be

useful for detection of weak forces and fun-
damental studies of quantum decoherence (26).
Finally, we note that the mechanical mode reach-
ing 7.2 mK demonstrates a new application of a
micromechanical resonator as a primary ultralow-
temperature thermometer.
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EARTH’S INTERIOR

Dehydration melting at the top of the
lower mantle
Brandon Schmandt,1* Steven D. Jacobsen,2* Thorsten W. Becker,3

Zhenxian Liu,4 Kenneth G. Dueker5

The high water storage capacity of minerals in Earth’s mantle transition zone (410- to
660-kilometer depth) implies the possibility of a deep H2O reservoir, which could cause
dehydration melting of vertically flowing mantle. We examined the effects of downwelling
from the transition zone into the lower mantle with high-pressure laboratory experiments,
numerical modeling, and seismic P-to-S conversions recorded by a dense seismic array in
North America. In experiments, the transition of hydrous ringwoodite to perovskite and
(Mg,Fe)O produces intergranular melt. Detections of abrupt decreases in seismic velocity
where downwelling mantle is inferred are consistent with partial melt below 660
kilometers.These results suggest hydration of a large region of the transition zone and that
dehydration melting may act to trap H2O in the transition zone.

T
he water content of the upper mantle as
sampled by mid-ocean ridge basalts is
0.005 to 0.02 weight % (wt %) (1), but a
potentially much larger, deep reservoir
of water may exist in the mantle transition

zone between 410- and 660-km depth owing to
the 1 to 3 wt % H2O storage capacity of the major
mineral phases wadsleyite and ringwoodite (2, 3).
Convective mass transfer across the boundaries of
the transition zone could cause dehydration melt-
ing, and consequently filtering of incompatible
elements, if water contents in the transition zone
exceed that of the shallower or deeper mantle (4).
An open question is whether transition zone
water contents are sufficient to cause dehydra-
tion melting where there is downward flow into
the lower mantle.

Dehydration melting due to downward flow
across the 660-km discontinuity (660) would re-
quire both hydration of ringwoodite in the tran-
sition zone and low water storage capacity at the
top of the lower mantle. The recent discovery of a
~1.5 wt % H2O hydrous ringwoodite inclusion in a
diamond (5) demonstrates that, at least locally, the
mantle transition zone may be close to water sat-
uration. Regional detections of high seismic atten-
uation (6) and electrical conductivity (7) in the
transition zone suggest hydration at larger scales.
However, high-pressure experiments on the incor-
poration ofH2O into silicate perovskite varywidely
from 0.0001 wt % (8) to 0.4 wt % H2O (9), with
other estimates inbetween (10). Recent experiments
on coexisting phase assemblages indicate a high
H2O partition coefficient between ringwoodite and
silicate perovskite of 15:1 (11), suggesting a large
contrast in water storage capacity at the boundary
between the base of the transition zone and the top
of the lower mantle.
We integrated laboratory experiments, seismic

imaging, and numerical models of mantle flow to
investigatemass transfer andmelting at the inter-
face between the transition zone and lowermantle
beneath North America (12). We conducted in situ
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laser heating experiments to directly transform hy-
drous ringwoodite to form silicate perovskite and
(Mg,Fe)O in a diamond-anvil cell (DAC) and ana-
lyzed the recoveredsamplewithsynchrotron–Fourier
transform infrared (FTIR) spectroscopy and trans-
mission electronmicroscopy (TEM) (Fig. 1). FTIR
spectra taken away from the laser-heated spots
are typical for hydrous Fe–bearing ringwoodite
(13). Within the laser-heated spots where perov-
skite and (Mg,Fe)O formed, there is still strong
absorption in the OH-stretching region, although
notably different from absorption that occurred
before heating (Fig. 1B).Within laser-heated spots,
the maximum in OH-stretching absorbance oc-
curs at ~3400 cm−1, and there is a sharp peak at

~3680 cm−1 associated with brucite (8). Both
features are common to the spectra of previous
studies (9, 10) that reported 0.1 to 0.4 wt % H2O
in perovskite. Recovery of the sample from the
DAC allowed detailed study by TEM (Fig. 1C),
which shows that nanoscale, intergranular silicate
melt was formed around single crystals of perov-
skite. The broad, asymmetric absorption band
observed in Fig. 1B thus likely represents OH in
the melt phase, because the partition coefficient of
H2Obetween ringwoodite and silicate perovskite
is about 15:1 (11).
Partial melt in the mantle strongly affects seis-

mic velocities and can create sharp velocity gra-
dients where it is adjacent to subsolidus mantle. If

dehydration melting occurs where ringwoodite is
entrained downward across the 660, then in situ
detection would be feasible in areas with dense
seismic sampling. A major component of the Earth-
Scope project (14) is the deployment of broadband
seismometers with ~70-km spacing across the
United States (Fig. 2A). These data enable imaging
of geographic variations in seismic structure near
the 660. We isolated conversions of earthquake
seismic waves from P-to-S (Ps) as a result of sharp
vertical gradients in seismic velocity with receiver
function analysis (15). Ps receiver functions were
then mapped to depth using P and S tomography
models, creatingahigh-fidelity, commonconversion
point (CCP) image of vertical velocity gradients near

Fig. 1. Laboratory experiments on hydrous ringwoodite. (A) Single-crystal of hydrous ringwoodite (blue crystal) containing 1 wt % H2O inside a DAC
at 30 GPa. The sample was laser heated to 1600°C in several spots (orange circles) to perform direct transformation to perovskite and (Mg,Fe)O.
(B) Synchrotron-FTIR spectra of the recovered sample in three locations: an unheated part of the crystal (spectrum 1) and two locations within laser-heated
spots (spectra 2 and 3). FTIR spectra were collected with a 10 mmby 10 mmaperture, illustrated and numbered by white boxes in (A). (C) TEM within a laser-
heated spot (position 2) shows crystals of perovskite and intergranular amorphous quench (melt).

Fig. 2. Vertical cross-sections through the CCP image. (A) Map of the study region with broadband seismometers denoted by black triangles and the
locations of vertical cross-sections shown in (B) to (E) denoted by white dashed lines. (B) Vertical cross-section through the CCP image. The location of
the eastern end of the cross-section is shown as Bʹ in (A). The 660, which separates the transition zone and lower mantle, is clearly imaged by 2.5 to 4%
amplitude positive Ps/P arrivals in all cross-sections. Negative arrivals beneath the 660 have amplitudes ≤2.2%. (C to E) Vertical cross-sections through
the CCP image beneath the three other lines labeled in (A).
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the 660 beneath much of the continental United
States (12, 16).
Positive-amplitude Ps conversions clearly define

the abrupt velocity increase with depth at the 660
beneath the entire array (Fig. 2), and other, weaker
discontinuities are sporadically detected in the
mantle beneath the EarthScope array (16, 17).
Common secondary features in the CCP image
near the 660 are negative-amplitude Ps conver-
sions in the uppermost 120 km of the lower
mantle. A map of the locations of sub-660 nega-
tive Ps conversions with magnitude >1.25% of the
direct P-wave shows that these features are prev-
alent beneath a large area including the Great
Plains and near the northernmargin of the array
(Figs. 2 and 3). In contrast, negative Ps conver-
sions near the top of the lower mantle are absent
beneath the southwestern United States. The
amplitude of the negative Ps conversions from be-
neath the 660 is up to 2.2% of the direct P-wave

amplitude. For a negative Ps conversion near the
top of the lower mantle, 730 km, an amplitude of
2% is consistentwith a decrease in shear velocity of
2.6% over a depth interval of ≤20 km based on a
synthetic calculation of receiver functions (12). The
areas where negative Ps conversions are detected
are not correlated with volumes of anomalously
low-velocity mantle in tomography images (16, 18);
hence, a thermal origin for the reduced veloc-
ities is unlikely.
To assess the correlation between the loca-

tions of abrupt velocity decreases near the top of
the lower mantle and convective flow patterns,
we used numerical models of mantle circulation.
Computations were solved for flow using radially
varying viscosity and prescribed plate motions at
the surface (12, 19). Regional mantle flow rates
are controlled by the poorly constrained ratio be-
tween density anomalies and viscosity, but flow
directions are mainly determined by density

anomaly patterns. To explore this sensitivity,
we used multiple tomography models (15, 17, 19)
to infer density fields. For length scales less than
~500 km, the resulting vertical flow patterns at
660-km depth vary widely between models, but
circulationmodels yielda common long-wavelength
pattern of vertical flow across the 660 (Fig. 3). Down-
ward flow through the 660 is dominant beneath
the Great Plains and along theU.S.-Canada border,
and upward flow is dominant beneath the south-
westernUnitedStates (Fig. 3). This pattern is driven
by large volumes of anomalously high-velocity
lower mantle, which are inferred to be subducted
slabs sinking beneath central and eastern North
America (20–22).
Comparing the results of two flowmodels shows

that nearly all the locations of negative Ps conver-
sions beneath the 660 coincide with downward
flow (Fig. 3). One flow model is based on an inver-
sion of travel-time data from the EarthScope
stations using the TX-2008 global tomography
model (20) as a starting model (Fig. 3A, SH11-TX).
The other flowmodel is based on density structure
from the global tomography model S40RTS (18),
which does not include EarthScope seismic data
and hence only recovers long-wavelength struc-
ture (Fig. 3B). Consequently, the first flow model
includes stronger short-wavelength variations (19),
but the long-wavelength pattern is consistent.
Comparing the distributions of vertical velocities
across the 660 in the entire CCP image and the
subset of the CCP image where sub-660 negative
Ps conversions are detected demonstrates that
the latter area is biased toward regions of down-
ward flow (Fig. 4). For both flow models, less
than 3% of sub-660 negative Ps conversions are
found in areas with upward flow across the 660.
Comparisons with smooth three-dimensional ve-
locity structure at 660-km depth, rather than ver-
tical flow velocity, show some bias toward higher
tomographically imaged shear velocities in areas
with sub-660 negative Ps conversions, but less
similarity between the two models than is ob-
served for the comparison with vertical flow.
The correlation between abrupt seismic velocity

decreases near the top of the lower mantle and

Fig. 3. Vertical flow between the transition zone and lower mantle. (A) The background color shows
the vertical flow velocity at the boundary between the transition zone and lower mantle predicted by a
mantle circulation model using density structure inferred from the SH11-TX tomography model. White
squares denote locations where the seismic CCP image detects velocity decreases with depth in the
depth range of 670 to 800 km. (B) The background color shows the vertical flow velocity predicted using
the S40RTS tomography model. In both models, velocity decreases near the top of the lower mantle are
absent beneath the southwestern United States where upward flow is predicted and prevalent in areas
where downward flow into the lower mantle is predicted.

Fig. 4. Distributions of vertical flow and seismic velocity variations at
660 km. (A) Probability density functions (PDFs) of vertical flow velocity
at 660-km depth from the convection model using SH11-TX tomography.
The PDF in red represents the subset of the CCP image where negative
velocity gradients are detected beneath the 660 (sub-660 NVG), and the
PDF in black represents the cumulative area from the CCP image. The

cumulative area of the CCP image includes the area within 200 km of the
seismometers shown in Fig. 2A. (B) PDFs of vertical flow velocity from the
convection model using S40RTS tomography. (C) PDFs of mantle shear
velocity variations near the 660 from the tomography model SH11-TX.
(D) PDFs of mantle shear velocity variations from the tomography mod-
el S40RTS.
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areas of downwelling across the 660 is consistent
with the occurrence of dehydration melting as ob-
served in our laboratory experiments. An alter-
native bulk-compositional origin of low velocities
near the top of the lowermantle is segregatedbasalt
that may be neutrally buoyant (23) and would re-
duce seismic velocities (24).
However, long-term accumulation of basalt near

the top of the lower mantle is not expected to be
preferentially present where there is downwelling
across the 660 and absent where there is not.
The areas of downward flow across 660 do not
all coincide with local presence of subducted
slabs, so a direct link to composition of the sinking
Farallon slab cannot explain the negative velocity
gradients below 660. Assuming that the velocity
reductions result from partial melt, and that the
shear-velocity decrease per percent of melt is be-
tween 2.6 and 3.8%, as predicted for partial melt
near 400-km depth (25), then 0.68 to 1% melt
could explain a 2.6% shear velocity reduction indi-
cated by negative Ps conversionswith amplitude of
2% in the CCP image.
Prediction of partial melt percentages at

660-km depth for various H2O contents requires
knowledge of water partition coefficients between
minerals andmelts at relevant pressure-temperature
(P-T) conditions in the peridotite-saturated com-
positional system. At present, experiments in the
hydrous peridotite system at conditions near the
660 have not been performed. However, using
experimental results for partial melting near the
410-km discontinuity (410) in a bulk peridotite
system with 1 wt % H2O indicates that ~5% par-
tial melt at 410 km is expected (26, 27) where the
partition coefficient of H2O between wadsleyite
and olivine is at least 5:1 (11). We can expect at
least 5% partial melt in a bulk 1 wt % H2O perid-
otite system where the partition coefficient between
ringwoodite and silicate perovskite is 15:1 (11). Thus,
production of up to 1% melt by dehydration melt-
ing of hydrous ringwoodite viscously entrained into
the lower mantle is feasible.
The density of hydrous melt near the top of

the lower mantle is uncertain, but it is likely
buoyant with respect to the top of the lower
mantle (28). Hence, we expect that the velocity
decreases imaged beneath the 660 are transient
features resulting from ongoing downward flow
through the 660 that is driven by sinking slabs
in the lower mantle. Eventually, the slightly
buoyant hydrousmelt would percolate upward,
returning H2O to the transition zone (4). Dehy-
dration melting has also been suggested to oc-
cur where hydrous wadsleyite upwells across
the 410 and into the olivine stability field (3, 27).
Experiments indicate that hydrous melt is grav-
itationally stable atop the 410 (28), so oncemelt is
generated, itmay remain or spread laterally rather
thanmaintaining a clear correlation with ongoing
vertical flow patterns. Seismic detections of a low-
velocity layer atop the 410 are common but lateral-
ly sporadic beneath North America and globally
(29, 30). The combination of dehydration melting
driven by downwelling across the 660 and up-
welling across the 410 could create a long-term
H2O trap in the transition zone (4).
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DINOSAUR PHYSIOLOGY

Evidence for mesothermy
in dinosaurs
John M. Grady,1* Brian J. Enquist,2,3 Eva Dettweiler-Robinson,1

Natalie A. Wright,1 Felisa A. Smith1

Were dinosaurs ectotherms or fast-metabolizing endotherms whose activities were
unconstrained by temperature? To date, some of the strongest evidence for endothermy
comes from the rapid growth rates derived from the analysis of fossil bones. However,
these studies are constrained by a lack of comparative data and an appropriate energetic
framework. Here we compile data on ontogenetic growth for extant and fossil vertebrates,
including all major dinosaur clades. Using a metabolic scaling approach, we find that
growth and metabolic rates follow theoretical predictions across clades, although some
groups deviate. Moreover, when the effects of size and temperature are considered,
dinosaur metabolic rates were intermediate to those of endotherms and ectotherms and
closest to those of extant mesotherms. Our results suggest that the modern dichotomy of
endothermic versus ectothermic is overly simplistic.

O
ver the past few decades, the original char-
acterization of dinosaurs by early paleon-
tologists as lumbering, slow-metabolizing
ectotherms has been challenged. Recent
studies propose that dinosaurs were ca-

pable of an active lifestyle and were metaboli-

cally similar to endothermic mammals and birds
(1–3). This debate is of more than heuristic inter-
est; energy consumption is closely linked to life
history, demographic, and ecological traits (4).
Extant endothermic mammals and birds pos-
sess metabolic rates ~5 to 10 times higher than
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