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Basalt is an igneous rock originating from the cooling and solidification of magma and covers approximately 70% of

Earth’s surface. Basaltic glass melting in the deep Earth is a fundamental subject of research for understanding

geophysics, geochemistry, and geodynamic processes.

In this study, we design a laser flash heating system

using two-dimensional, four-color multi-wavelength imaging radiometry to measure the basaltic glass melting
temperature under high pressure conditions in diamond anvil cells. Our experiment not only determines the
temperature at the center of heating but also constructs a temperature distribution map for the surface heating
area, and enables us to assess the temperature gradient. Through precise temperature measurements, we observe
that the basaltic glass melting temperature is higher than those in previous reports, which is near the normal
upper-mantle isotherm, approaching the hot geotherm. This suggests that basalt should not melt in most of the
normal upper mantle and the basaltic melts could exist in some hot regions.

DOI: 10.1088,/0256-307X/39/2/020701

The high-pressure melting behavior of the sub-
ducted mid-ocean ridge basalt (MORB) has impor-
tant implications in research of mineral chemical re-
action, density profile, and rheology of Earth’s deep
interiors.[!l Accurate melting temperature measure-
ments of the basaltic glass are critical for examining
evolution and segregation between the surface and its
interior in Earth’s early history.

Over decades, different methods have been ex-
ploited to measure melting pressures of basalt at high
pressure, such as the floating diamond method!® and
the multi-anvil apparatus.['*! Those methods were
used to measure the high-pressure melting tempera-
ture below 25 GPa, which is equivalent to the depth
at the top of the lower mantle. For deeper depths, the
laser-heated diamond anvil cell (LHDAC) technique is
more common because of its more expansive pressure-
temperature (P-T') coverage compared to that of the
above-mentioned methods. LHDAC is a powerful
tool for simulating high-pressure (a few megabar) and
high-temperature (thousands of K) conditions on ma-
terials, which enables the measurement of physico-
chemical properties under extreme environments. !
Andrault et al. found that the solidus and liquidus
melting temperatures of basalt were 3800+ 300 K and
5050 + 300K at 135 GPa, respectively.[®l Pradhan et

al. suggested that the solidus temperature of basalt
is 3970 £ 150K at the same pressure and thus partial
melting compositions can be gravitationally stable at
Earth’s core-mantle boundary.”) Tateno et al. deter-
mined the melting temperature of basalt to be 3700 K
at 72GPa and 4300K at 135 GPa.l8! They observed
that davemaoite and silica are the first and second
liquidus phases above megabar pressures.[® Despite
these earlier studies, the melting temperature of basalt
under high pressure remains controversial due to the
large uncertainties of measured temperatures, which
hinders us from understanding the mineralogy of the
Earth.

Accurate interpretation of data obtained from LH-
DAC requires high-quality calibration of not only the
temperature at the center hotspot but also the as-
sociated temperature gradient, which is essentially
the root cause of the aforementioned controversies.['"]
During laser heating, temperature gradients can reach
as large as approximately 102 K/um spreading along
both the axial and transverse directions on the sam-
ple. In this study, we define the axial direction as
light passing through the optical window and it is usu-
ally followed by the incoming laser beam. Along the
transverse direction we signify a temperature gradient
on the sample surface area. In general, temperature
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gradients become more substantial at higher temper-
atures. The presence of temperature gradients results
from various types of imaging aberrations. For exam-
ple, chromatic aberrations that may have a spectral
signaturel'>'2l may significantly obscure the accuracy
of the obtained temperature. Thus, to properly inter-
pret measurements of physicochemical properties of
samples under in situ high pressure and temperature
conditions, it is necessary to reduce temperature gra-
dients and visualize the temperature profile quantity
of the sample during in situ heating.

In order to measure the high-pressure melting tem-
perature, we must establish a robust system with high-
quality heating and a minimal temperature gradi-
ent. The temperature gradients along the axial direc-
tion in LHDAC can be reduced by double-sided laser
heating.[13_15] It is also possible to quantify tempera-
ture gradients along the transversal directions through

the aperture, narrow-slit, or wide-slit methods.[*?! All
the above-mentioned methods require an emitted radi-
ation of a hotspot from the laser-heated sample, which
can be fitted to Planck’s black-body radiation equa-
tion as a function of wavelength such that the temper-
ature can be calculated accordingly.

The aperture and narrow-slit methods may be af-
fected by diffraction due to the presence of an aper-
ture when the operator measures the temperature
from the hotspot. Large numerical errors may stem
from a chromatic signature induced by diffraction.!*
Systematic errors can be produced through possible
small misalignments unless the aperture is perfectly
centered on the hotspot. The wide-slit method re-
quires a spatial transformation to reconstruct the two-
dimensional hotspot profile from a single spatial di-
mension collected by the imaging spectrometer.%!
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Fig. 1. Double-sided laser heating layout with four-color multispectral imaging radiometry. The top left illustration
shows the raw response data for the four-color system. DAC: diamond anvil cell; Laser: SPI 300W air-cooled fiber
laser; S: the white light source; L1: Mitutoyo NIR 5X Objectives; L2: Thorlabs AC254-200-B Achromat NIR lens
200 mm; L3: Thorlabs AC508-750-B Achromat NIR lens 750 mm; PCB: achromat concave lens; PXB: achromat
convex lens; F1: 905nm narrow-band filter; F2: 770 nm narrow-band filter; F3: 660 nm narrow-band filter; F4:
580 nm narrow-band filter; F5: 1064 nm narrow-band filter; M1: Thorlabs PF10-03-P01 silver mirrors; M2: laser
mirrors; BS1: cube beam splitters; BS2: Thorlabs BP145B1 Pellicle beam splitter (removed during heating and
calibration); BS3: OptoSigma 039-0265 cube beam splitters; BS4-10: OptoSigma 039-0260 cube beam splitters;
C1: Thorlabs DCC1645C CMOS camera. C2: SBIG ST-402ME.

Strategy for Accurate Temperature Measure-
ment with a Newly Designed Laser-Heating Sys-
tem. We measured two-dimensional temperature
gradients using four-color multi-wavelength imaging
radiometry.'”) This technique can substantially re-
duce the chromatic aberrations that occur in previ-
ous temperature measurements and yield a measure
of emissivity of the sample. In contrast to prolonged
heating, the flash heating technique (triggered by the
function generator for approximately 20ms) can ef-
fectively reduce the likelihood of chemical reaction,

sample instability, and thermal runaway.!'®! The opti-
cal schematic of the double-sided laser heating sys-
tem is shown in Fig.1. Although it was modified
based on an available system from literature,[9:17:19]
our design has made the following critical improve-
ments. Firstly, we used a single laser and single four-
color multispectral imaging radiometry spectrometer
to realize double-sided heating with precise tempera-
ture measurement; such laser power can be coherently
synchronized. Secondly, we introduced a certain level
of portability in this system, providing the potential
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for mobility. Finally, we used a fiber laser (model SPI
300W air-cooled) to allow remote control of the laser
output and to eliminate mechanical vibration, which
will influence the temperature gradient.

The initial laser beam (a flat laser flash pulse at
1064 nm and subsequent quick rise time of approxi-
mately 1ms) was split into two beams and then fo-
cused onto the sample inside the diamond anvil cell
(DAC) using a Mitutoyo NIR 5X objective lens L1,
which is optimized for near-infrared spectroscopy and
has a working distance of 37.5 mm. An achromat con-
cave lens (PCB) and an achromat convex lens (PXB)
were used to eliminate the possible unnecessarily small
laser-heated spot using only L129 and to adjust the
laser spot size by changing the distance between the
PCB and PXB. The IR laser was partially absorbed
by the sample in the DAC, and the sample emitted
thermal radiation as a function of temperature via
Planck’s law:

I\ T) = 26(\, T)mhe®A~° [exp (A% - 1)} Y

where [ is the spectral intensity, £ is the emissivity, A
is the wavelength, T is the temperature, h is Planck’s
constant, ¢ is the speed of light, and k is Boltzmann’s
constant.

The thermal emission was split into four wave-
lengths on each side using four narrow-band filters
(F1-F4). Then, the eight images from the two sides
were simultaneously received by a thermo-electrically
cooled charge-coupled device (CCD) (C2: SBIG ST-
402ME). Next, the images were spatially registered to
produce two-dimensional temperature maps and rel-
ative emissivity after correction for the relative re-
sponse and background of each image.

A standard coil lamp with a maximum power of
45W was used to calibrate the optical response of
the system for each of the eight wavelength bands.
The I(A) of the lamp complied with NIST standards
(Newport Corp. 63358). To project all well-separated
images onto the CCD camera, the lamp was placed
behind a 150 um pinhole in the focal plane of L1, and
the entire four-color optical system (from BS5 to C2)
was enclosed in a black box. The influence of the dis-
tance between the lamp and pinhole on the calibrated
results was minor. The main focus was to guarantee
that the eight images were correctly recognized with-
out overlapping on the CCD camera, such that their
central portions were free of diffraction edge effects.!!”!

Temperature Measurement. An intensity measure-
ment for the eight images and an accurate registration
to each other were required for the temperature deter-
mination of thermal emission in the LHDAC. The im-
ages were registered using the image correlation meth-
ods with linear interpolation to achieve a coincidence
within 0.2 pixels (approximately 0.1 pm). The corre-

lation coefficient R is expressed as
S K- X))
n o\ 2 n =2’
\/Zi:l (Xi — X) \/Zi:l (Yi-Y)

where X is the intensity, and Y is the shape. If the
correlated images are perfect, then R = 1. If the im-
ages are not correlated, then R = 0. Typically, R is
greater than 0.99 with a debugged system.

After correcting the intensity and establishing the
spatial correlation for the eight images, we fit a set
of pixel-by-pixel spectra using the Wien function pro-
vided by the intensities in each image:

R

(2)

. k 21hc?

Wien = e In [17/\5}, (3)
which can be simplified (as the system has only four
wavelength bands) by:

. 11 k

WlenNXT_Elng’ (4)
where k is Boltzmann’s constant, h is Plank’s con-
stant, c is the speed of light, and £ is the emissivity.
The temperature can then be obtained using the slope
of a weighted linear least-squares fit. We assumed that
the sample emissivity was independent of the wave-
length (A), and the intensities of the images were fit-
ted to two adjustable parameters: temperature and
gray-body emissivity (gray-body approximation). If
the temperature determination of the optical system
is based on full spectra rather than only four wave-
length bands, the approximation is no longer statisti-
cally supported. The calculated uncertainty is gener-
ally less than 5% using the gray-body Wien approx-
imation and is negligible below 4000 K compared to
that of the Planck fit.*!] Other system errors can in-
clude calibrations, corrections, or differences between
multiple measurements (<2%).

Table 1. The compositions of the basalt melt in units of
wt%. The numbers in parenthesis are uncertainties.

Composition Content (wt%)
K20 0.018(2)
CaO 11.13(5)
NazO 0.12(1)
MgO 12.59(24)

AlLO3 15.27(13)
Si03 50.97(21)
FeO 8.62(16)

Others 1.27(12)
Total 100.00

MORB Melting. We used the laser heating system
to measure the MORB melting temperatures at dif-
ferent pressures (Fig.2). Before loading the MORB
sample, the chemical composition was determined by
electron probe micro analysis (EPMA), as listed in Ta-
ble 1. The compositions of the samples were similar
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to those reported in previous studies.3] The sam-
ple was then loaded into a 100-um sample chamber
of a 300-um DAC to achieve high-pressure and high-
temperature conditions. The pressure was determined
using the ruby R; emission line.[??) The sample was
then heated at 10.8, 20.6, 25.6, and 37.2 GPa, respec-
tively.

The samples were viewed with C2 and both of
C1 during the laser heating measurements. The laser
power was increased until the thermal emission of the
basalt glass reached the desired level (but not satura-
tion), such that the image frame in the CCD detector
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(C2) was clear enough for capturing. Similar to the
representative data images shown in Fig. 2, the laser
heating spots were recorded at both sides simultane-
ously and separated into each of the four wavelengths.
The spot was approximately 50-60 um in diameter,
but not perfectly symmetrical. The temperature gra-
dient was calculated visually in the laser-heated spot.
Among the black curves for the melt area, the temper-
ature was not homogeneous. Generally, the tempera-
ture distribution was measured from the center of the
spot at 3200 K down to the edge of the spot at 2900 K
on one side and 3000 to 2700 K on the other side.

(b) 660 nm, right 770 nm
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(=]

50 100 150
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Fig. 2. The two-dimensional temperature maps based on the four-color method in the laser heating progress. (a)
and (c) The calculated temperature maps of the right side and left side of the heating sample, respectively. The
two black curves are the guide curves showing the laser spots, and the two white curves represent the melting area.

(b) and (d) The four obtained wavelengths (580, 660, 770,

and left side, respectively.

The image shown in Fig. 2 represents the melting.
The obtained temperature at the center of the heat-
ing exceeded the melting temperature of the basalt.
An accurate melting temperature is obtained by an
abrupt transition in the temperature-emissivity map
across the laser heating spot (Fig. 3).[2°) The emissiv-
ity points versus temperature were obtained from the
pixels across a vertical transect of the heating spot, as
shown in Fig.2. The emissivity will climb with tem-
perature before melting and remain on a downswing
upon melting. The shape of the temperature gradient
outside the laser spot was irregular in areas affected

and 905 nm) from the laser-heated spot of the right side

by the scattering light from the thermal emission of
the laser spot. We heated the sample at different pres-
sures before decompressing it to the ambient pressure
(inset in Fig.4). The optical image showed that the
laser heated spot displayed a concentric texture, in
which an opaque circle located at the center of the
spot was surrounded by a transparent portion. The
opaque pools reflected the melt area of the sample
(hottest at the center). The transparent portion rep-
resents the liquidus phase that dissolved at the spot
center and then precipitated at the liquidus tempera-
ture due to saturation gradient chemical diffusion.”]

020701-4
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Fig. 3. The emissivity £ versus temperature for a vertical transect across the center of the basalt hot spot in Fig. 2.
The red line in each subfigure shows the discrepancy in the emissivity maps, which is associated with the melting
temperature. The black dot-dashed lines are guide of the eyes for the discrepancy.
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Fig. 4. The basalt melting temperature curve in this
study is compared with other curves of the MORB and
mantle.[1:3:6:23=25] The inserted optical image of basalt
was obtained after flash laser heating and decompression.
Opaque melt areas were formed at the center of the laser-
heated spot surrounded by the transparent liquidus phase.

Figure 3 shows that the melting temperature of the
basalt was approximately 2800 £+ 190K at 10.8 GPa,
2880 £ 200K at 20.6 GPa, 2910 + 200K at 25.6 GPa,
and 3050 + 210K at 37.2 GPa, which represents lig-
uidus temperature. The obtained basalt melting tem-
peratures were higher than those of Hirose et al.,??!
lower than those of Andrault et al.[l using DAC, and
closest to the experiment of Hirose et all'l using a
multi-anvil press (MAP) (Fig.4). Our results were
200 to 400K higher than that of the MAP experi-
ment, which may be due to the minor difference in
the composition proportion of the sample, the effects
from the absolute values obtained by the absorption
coeflicients, and the differences in the wavelength-

dependent absorption that were parameterized in the
Wien approximation.l?*/ Compared our results using
DAC and the previous results,[!! the MORB melt-
ing temperatures are further constrained to be higher
than the mantle liquidus temperature in the upper
part of the lower mantle (25-37GPa). The sub-
ducted basalt should not melt at such depths,2°) ex-
cept in some hot spot areas such as the Archean
mantle plumes, in which the temperatures are 300
to 400 K higher than the temperature of the upper-
most lower mantle average geotherm.[26 The MORB
could melt in these areas and participate in crustal
recycling. In addition to those hot spot regions, the
MORB will continue to subduct deeper.2” Our re-
sults support that the subdued MORB may reach the
lowermost mantle and melt to create anomalies at the
core-mantle boundary. The subducted basaltic melt
could accumulate at the lowest mantle due to grav-
itational stability,/?! which can explain the ultralow-
velocity zones (ULVZs) in Earth’s core-mantle bound-
ary regions.[28]

In conclusion, we have established a powerful, af-
fordable double-sided laser heating system for in situ
two-dimensional (2D) temperature measurements us-
ing the four-color method that was based on multi-
wavelength imaging radiometry. Upon completing
this system, we created high-quality 2D temperature
maps using flash heating on both sides of the basalt
sample in LHDAC and resolved temperature gradi-
ent to derive melting temperatures. Our results show
that basalt melts above the average mantle isotherm
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in the upper part of the lower mantle. The basaltic
melt may subduct and accumulate at the lowest man-
tle and generate a sharp seismic velocity reduction to
be observed on the surface.
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