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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   We measured the acoustic velocity of CaCO3 under high-pressure and high-temperature conditions.

■   Distinct velocity drops were observed in amorphous CaCO3 around 3 GPa.

■   The presence of 1–2 vol.% CaCO3 in the craton would form the seismic mid-lithospheric discontinuities.
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The cratonic  lithosphere  is  a  vast  host  for  deep recycled  carbon,  trapping
up  to  several  weight  percent  CO2 at  depths  overlapping  the  seismic  mid-
lithospheric discontinuities (MLDs). However, the role of carbonates, espe-
cially  for  the  latest  discovered  amorphous  calcium  carbonate  (CaCO3),  is
underestimated  in  the  formation  of  MLDs.  Using  the  pulse-echo-overlap
method in a Paris-Edinburgh press coupled with synchrotron X-ray diffrac-
tion,  we  explored  the  acoustic  velocities  of  CaCO3 under  high  pressure-
temperature  (P-T)  conditions  relevant  to  the  cratonic  lithosphere.  Two
anomalous velocity drops were observed associated with the phase transi-
tion  from  aragonite  to  amorphous  phase  and  with  the  pressure-induced
velocity  drop  in  the  amorphous  phase  around  3  GPa,  respectively.  Both
drops  are  comparable  with  approximately  35%  and  52%  reductions  for
compressional (VP) and shear (VS) wave velocities, respectively. The VP and
VS values of the amorphous CaCO3 above 3 GPa are about 1/2 and 1/3 of
those  of  the  major  upper-mantle  minerals,  respectively.  These  velocity
reductions caused by the presence of CaCO3 would readily cause MLDs at
depths  of  70–120  km  dependent  on  the  geotherm  even  if  only  1–2  vol.%
CaCO3 is present in the cratonic lithosphere.
 

INTRODUCTION
Cratons are the cores of  tectonomagmatically  quiescent continents for  at

least  2.5  Ga  featured  with  multiple  physicochemical  peculiarities,  amongst
which MLDs are the most distinguished one besides cool geothermal gradi-
ent,  strong  Fe- and  H2O-depletions,  and  multiple  metasomatisms.1,2 The
MLDs  produce  both  positive  and  negative,  but  mostly  negative,  seismic
velocity  gradients  at  depths  of  60–160  km  in  the  cratonic  lithospheres.3-9

Although  the  depths  of  the  majority  of  MLDs  are  slightly  different,  they  are
predominantly located at 70–120 km.4,10 The 2–10% reduction in the VS has
been attributed  to  several  attractive  origins  including  partial  melting,  elasti-
cally  accommodated  grain  boundary  sliding  (EAGBS),  layered  composition,
layered anisotropy,  and enrichment of  seismically slow metasomatic miner-
als.3-5 Recent studies indicate that partial melting and EAGBS are inadequate
to  account  for  the  MLDs  since  the  geotherms  of  most  MLDs  falls  between
approximately 1,000–1,200 K, which are well below the occurrence threshold
(>1,300 K) of partial melting and EAGBS.3,5,11 The observed wide depth ranges
of MLDs suggest a non-mineral phase transition origin,4 let alone the fact that
no  phase  transition  in  the  volumetrically  dominated  olivine  and  pyroxene
occur at  the relevant depth ranges in the upper mantle.12 The presence of a
composition  or  seismically  anisotropic  layer  is  insufficient  to  be  a  global
genesis as well.3,5

Currently, the accumulation of seismically slow metasomatic minerals has
attracted  the  most  attentions.3,11,13-15 Rader  et  al.4 and  Eeken  et  al.11 pointed
out that 5–10% hydrous minerals (e.g., amphibole and phlogopite) or 10–15%
CaCO3 aragonite  could  reproduce  the  observed  seismic  signatures  of  the
MLDs.  Notably,  amphibole  is  stable  below  3  GPa  and  1,350  K16 and  the
enrichment of amphibole can only explain the MLDs at depths shallower than
90 km. At depths greater than 90 km, phlogopite would be the main geologi-
cal origin of the MLDs. CaCO3 aragonite may work in the same way as these
hydrous minerals.4,11 However, the high P-T electrical conductivity of amphi-

bole  delimits  the  maximum  fraction  of  hydrous  minerals  less  than  1.5%  to
reconcile  the  magnetotelluric  observations.17,18 Another  consequence  of  the
enrichment  of  hydrous  minerals  in  the  MLDs is  the  young-age rocks  sand-
wiched by old rocks, but the global resetting of the age in these regions has
not been observed.19 The enrichment of carbon in the lithosphere is feasible
and  has  been  estimated  to  be  0.43–0.86  wt%.20 This  corresponds  to  ~3–6
wt%  carbonates  in  the  MLDs,  which  is  far  below  the  necessary  amount
(10–15%)  of  aragonite.  Intriguingly,  aragonite-structured  CaCO3 enters  the
amorphous  phase  above  2  GPa  and  1,000  K  relevant  to  MLD  conditions.21

Such an amorphous phase transition generally causes a dramatic reduction
in sound velocities, which potentially provides new insights into the origins of
the MLDs. 

MATERIALS AND METHODS
The  starting  material  is  reagent  CaCO3 powder  (grain  size:  ~1  μm)

purchased from Alfa Aesar Company with a purity of 99.99% (CAS No.: 471-
34-1). The CaCO3 powder was pre-compressed to a cylinder with 0.8 mm in
height  and  2  mm  in  diameter  using  a  tungsten  steel  compressor.  Then  the
sample cylinder was loaded into a standard high-pressure and high-temper-
ature  Paris-Edinburgh  (PE)  cell  assembly  (see  Supplementary  Information)
and  compressed  above  2  GPa  before  measurement.  The  sample  porosity
should be extremely low due to the soft nature of the sample. Although Paris-
Edinburgh press generates uniaxial stress, with the soft CaCO3 sample sand-
wiched  by  hard  Al2O3,  hydrostatic  compression  is  likely  achieved  during  the
experiments.

The  experiments  were  conducted  by  using  a  VX-3  Paris-Edinburgh  (PE)
press at the High-Pressure Collaborative Access Team (HPCAT 16-BM-B) at
the  Advanced  Photon  Source,  Argonne  National  Laboratory,  USA.  The
schematic  of  the  PE  cell  assembly  is  shown  in Figure  S1.  The  sample  was
placed between the Al2O3 buffer rod and the backing. An MgO ring surround-
ing the sample was used to calibrate the pressure. The pressure was deter-
mined by thermal equation of state of MgO which surrounds the sample (the
white part inner the graphite heater in Figure S1). The 2θ angle is 15° for all
the X-Ray diffraction measurements. Pre-calibrated power-temperature rela-
tions  was  calibrated  in  separated  no-X-ray  experiments  and  employed  to
determine the temperature.22 The uncertainties of pressure and temperature
are 0.5 GPa and 100 K, respectively.

The  pulse-echo  overlap  technique  was  employed  to  obtain  the  ultrasonic
VP and VS signals of the CaCO3 sample. An ultrasonic excitation sine wave of
3-periods  long,  containing  compressional  and  shear  components,  was
generated using 10˚ Y-cut LiNbO3 transducer. The wave was reflected at the
buffer-rod/sample  (R1)  and  sample/backing  (R2)  interfaces  and  the  travel
time (t)  of  the ultrasonic wave in the sample was determined by R1 and R2
signals.  Electrical  sine  waves  were  generated  by  a  waveform  generator
(Tektronix AFG3251)  from 12 to 45 MHz with a step of  1  MHz.  No overlap-
ping between the R1 and R2 echoes has been observed in all the experimen-
tal runs. Ultrasonic signals with 30-45 MHz and 12-20 MHz are employed to
obtain  the  travel  time  of VP and VS,  respectively.  The  sample  length  (l)  was
measured  by  polychromatic  X-ray radiography.  Althrough  significant  defor-
mation of the assembly could occur at high temperature, large volume expansion
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across the aragonite-amorphization phase transition would act as a tradeoff
to avoid the overlap of the R1 and R2 signal. The travel time (t) of the elastic
waves  through  the  sample  could  be  determined  by  R1 and  R2.  The  sample
length  (l)  was  delimited  by  white  X-ray  radiography  measurements.  The
acoustic velocity can be calculated by

V=
2l
t

(1)

where V corresponds to the VP or VS, l is the thickness of the sample, and t is
the  travel  time  of  ultrasonic  signals  determined  by  R1 and  R2,  respectively.
The method in more details can be found in Kono et al.22 When the Vp and Vs
derived  from  the  experimental  data  collected  at  different  frequencies  are
identical,  we  consider  these  velocity  measurements  are  reliable.  The  total
uncertainties  of  the  derived  acoustic  velocities  are  about  1.2%  which  origi-

nated  from  two  aspects:  (1)  uncertainties  in
the sample length and travel time (t)  of signal
in  the  sample  (less  than  0.5%)  and  (2)
frequency-induced uncertainty (0.7%). 

RESULTS
In  this  study,  we  measured  the  acoustic

velocities  of  aragonite  and amorphous CaCO3

at 2.0–5.5 GPa up to 1,373 K using the pulse-
echo  overlap  technique  in  a  Paris-Edinburgh
press. The  representative  radiograph,  ultra-
sonic  signals,  and  acoustic  velocities.  as  a
function  of  frequency  are  presented  in
Figure 1. A wide range of frequencies from 12
to 45 MHz were scanned with a step of 1 MHz
to obtain the travel  time (t)  of  the longitudinal
(VP)  and  transverse  (VS)  ultrasonic  signals
throughout the sample on the basis of their

different frequency sensitivities. High-quality R1 and R2 waveforms (Figures
1C-D) were obtained to determine the t up to 1,373 K at  high pressure.  The
acoustic  velocities  derived  from  varying  frequencies  agree  with  each  other
within the experimental uncertainties, indicating the reliability of the VP and VS

values measured in this study.
The  measured  acoustic  velocities  of  calcite,  aragonite  and  amorphous

CaCO3 are shown in Figure 2. At 300–373 K and 3.0 (1)–4.5 (1) GPa, CaCO3 is
in the calcite-III phase23 and its VP and VS values are about 6.2 and 3.2 km s−1,
respectively. They are in good agreement with previously published literature
values.24 At 473(100) K, the calcite-III transforms into aragonite.21 The VP and
VS values of aragonite are in the range of 6.00 (7) –6.51 (8) km s−1 and 3.08
(4) –3.48 (4) km s−1, respectively, at 473–973 K and 3.0 (1)–5.0 (1) GPa. The
pressure dependences of the VP and VS for aragonite are 0.14 (7) and 0.04 (3)
km s−1 GPa−1, respectively, whereas their temperature dependencies are fairly
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Figure 1.  Acoustic  velocity  measurements  of
CaCO3 at high pressure and temperature (A) Acous-
tic  velocities  as  a  function  of  frequency.  Black
squares: aragonite at 4.0GPa and 873K; blue circles:
amorphous  CaCO3 at  3.6  GPa  and  1,273K.  The
uncertainties  of  the  measured  acoustic  velocities
are less than 1.2% and the error bars are within the
symbols.  (B)  Polychromatic  X-ray  radiograph.  The
red  dashed  lines  denote  the  interfaces  of  the
sample/buffering  rod  and  sample/backing  rod.  The
sample  length  (l)  can  be  determined  by  the  pixels
between the two dashed lines in the image. (C) and
(D):  The VP and VS signals (R1 and R2) of  CaCO3 at
3.6  GPa  and  1,273  K  as  a  function  of  the  acoustic
frequency.  33–45  MHz  and  12–16  MHz  ultrasonic
echoes  are  used  to  determine  the  time  intervals  of
VP and VS, respectively.

 
 

 

Figure 2.  The  acoustic  velocities  of  aragonite/
calcite  (A)  and  amorphous  CaCO3 (B)  at  elevated
pressures  and  temperatures The  solid  lines  in  (A)
are  linear  fits  to  the  experimental VP and VS values
and  the  curves  in  (B)  are  drawn  to  guide  eyes.  The
uncertainty  of  the  pressure  is  0.5  GPa  at  high
temperature which is not plotted in the data for clar-
ity.  The  error  bars  of  the  acoustic  velocities  are
smaller than the symbols.
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small within the experimental uncertainties. It should be noted that no abrupt
changes in the acoustic velocities are observed across the calcite-III to arag-
onite phase transition.

As  the  temperature  was  increased  to  greater  than  1,000  K,  the  aragonite
gradually  transformed  into  an  amorphous  phase  as  reported  previously.21

This was clearly observed in the energy-dispersive X-ray diffraction (EDXRD)
patterns of the CaCO3 samples (Figure S2). The acoustic velocities of amor-
phous  CaCO3 exhibited  two distinct  characteristics.  Below ~2.6  GPa,  the VP

and VS values of the amorphous phase and aragonite are comparable.  That
is, there were no obvious difference can be identified even if the data scatter-
ing  is  considered.  As  the  pressure  increases,  both  the VP and VS values  of
amorphous CaCO3 gradually decrease within a narrow pressure range of ~1
GPa and then monotonically increase. The pressure-induced velocity reduc-
tions have been reported in amorphous SiO2, MgSiO3, (Fe, Al)-bearing silicate,
and Icelandic basaltic glass at 2–5 GPa.25-27 Such pressure-induced acoustic
velocity  reductions  appear  to  be  a  common  characteristic  of  amorphous
phases due to changes in the degree of polymerization.25-27 The drops of VP

and VS for  the  aforementioned  amorphous  phases  are  approximately  12%
and  18%  compared  with  their  crystalline  phases,  respectively.  Interestingly,
the  velocity  reduction  from  crystalline  aragonite  to  amorphous  CaCO3

reaches about 19–42% above 3.5 GPa. At a pressure around 3.6 (1) GPa, the
VP dramatically decreases from 6.20 (7) to 5.01 (6) km s−1 at 1,073 K and then
to 4.63 (5) km s−1 at 1,373 K, while the VS unexpectedly drops from 3.19(4) to
1.39 (3) km s−1 at temperatures above 1,073 K. The intermediate VP is caused
by  partial  amorphization  of  aragonite,  which  can  also  be  observed
at1073–1173 K and higher pressures. Moreover, at the maximum pressure of
5.2 (1) GPa in this study, the acoustic velocities greatly reduce from 6.25(8) to
4.19(5)  km  s−1 for  the VP and  from  3.19  (4)  to  1.54  (2)  km  s−1 for  the VS,
respectively,  when  the  aragonite-form  CaCO3 fully transforms  to  the  amor-
phous  phase.  The  minimum VP value  of  CaCO3 was  4.13  (5)  km  s−1 at
1,273–1,373 K and 4.0 (1)–5.5 (1) GPa �(Figure 2). Compared to the VP, the VS

is less sensitive to temperature and varies within a relatively narrow range of
1.23 (1)–1.76 (2) km s−1 at 1,173–1,373 K and 3.5 (1)–5.2 (1) GPa. Compared
to aragonite, the velocity reductions of the amorphous CaCO3 are as high as
35% and 52% for the VP and VS, respectively. 

DISCUSSIONS
CaCO3 is stable  in  the  cratonic  lithosphere  according  to  melting  experi-

ments  of  carbonated  peridotite  and  eclogite  below  5  GPa,28,29 and  the
Ca/(Ca+Mg)  value  of  quenched  carbonate  melts  approaches  0.96–0.99  as

the pressure  decreases  because  of  the  reac-
tion  between  dolomitic  parental  melts  and
clinopyroxene.30,31 Consequently,  most  of  the
carbonates  observed  in  xenoliths  originated
from depths  of  30–60 km are  near  the  CaCO3

endmember.4 Alternatively,  the  CaCO3-rich
carbonatites  in  the  Earth’s crust  could  origi-
nate  from  the  recycled  sediment-bearing
oceanic crust.31,32 CaCO3 is a crystallized phase
over large composition and temperature ranges
in  the  ascending  carbonatitic  melt,33 and  it
would be stable under the P-T conditions of the
cratonic lithosphere. As a matter of fact, CaCO3

in  the  aragonite  form  has  been  proposed  to
account  for  seismic  anomalies  observed  in

MLDs,4,11 although the amount of aragonite needed is much higher than the
suggested factions of carbonates in the lithosphere.20

The acoustic velocities of the amorphous CaCO3 are far below those of the
major  upper  mantle  minerals.  Clinopyroxenes,  olivine,  garnet,  pyrolite,  and
mid-ocean ridge basalts exhibit VP values of  about 8.4,  8.5,  9.5,  8.5,  and 8.0
km s−1,  respectively,  and VS values of about 4.7,  4.8,  5.2,  4.8,  and 4.3 km s−1,
respectively, under P-T conditions similar to this study.34-40 In comparison, the
acoustic velocities of amorphous CaCO3 are 47–56% for the VP and 65–71%
for the VS lower than those of the common upper mantle components. Even
for  aragonite,  its  acoustic  velocities are 8–35% lower  for  the VP and 8–38%
lower for the VS, respectively. The CaCO3 likely possesses the lowest seismic
velocities among all the common minerals and solid aggregates in the Earth’s
upper  mantle.  Both  the  crystalline-amorphization  transition  and  pressure-
induced  velocity  shrink  above  3  GPa  in  CaCO3 could  induce  low  seismic
velocity anomalies even if a small amount of CaCO3 is present. The solidified
CaCO3 from melts would distribute in the interstitial sites of the silicate matrix
according to both high P-T experiments29,41 and xenoliths,42 forming suitable
phase equilibrium aggregates for seismic velocity averaging.

Pyrolite represents the composition of the Earth's ambient upper mantle.43

Here,  we evaluate the effect of  CaCO3 on low seismic velocity anomalies by
incorporating 2 vol.% CaCO3 in the pyrolite. The calculated seismic velocities
are plotted in Figure 3 and Tables S1–S3. The shaded regions in Figure 3 are
bounded by the Voigt and Reuss bounds,44 which denote the upper and lower
limits  of  the  seismic  velocities,  respectively.  CaCO3 phases,  including  the
aragonite  and  amorphous  CaCO3 phases,  are  rheologically  and  elastically
weaker  than  the  co-existing  mantle  silicates  (e.g.,  olivine,  pyroxene,  and
garnet).34-40 Thus,  the  amorphous  CaCO3 phase  is  likely  to  be  strongly
deformed,  and  the  mineral  matrix  in  these  multi-phase  aggregates  cannot
completely obey either the constant strain assumption for Voigt bound or the
constant  stress  assumption  for  the  Reuss  bound.  The  Hill  average,  on  the
other hand, is likely to overestimate the elastic properties of this type of multi-
phase  rock  matrix.45 The  realistic  elastic  properties  of  pyrolite  +  2.0  vol.%
CaCO3 would  lie  in  between  the  Hill  average  and  the  lower  Reuss  bound.
Below 3 GPa and 1,073 K, the aragonite-form CaCO3 is stable and the incor-
poration of 2.0 vol.% aragonite can only lower the seismic velocity of pyrolite
by ~0.5%.  However,  at  higher P-T conditions (>3.5 GPa and >1,073 K),  after
aragonite transforms into the amorphous phase, the velocities of the CaCO3-
bearing pyrolite could be significantly decreased. At a depth of ~100 km, the
seismic  velocities  (VP and VS)  of  pyrolite  +  2.0  vol.%  amorphous  CaCO3 are
3.3–5.6%  and  5.3–10.3%  smaller  than  those  of  pyrolite,  respectively.  If  the

 

Figure 3.  The seismic velocities of the pyrolite + 2
vol.%  amorphous  CaCO3 along  a  typical  craton
geotherm  with  a  surface  heat  flux  of  40
mW/m2 The  solid  black  and  blue  curves  represent
the  seismic  velocities  of  pyrolite  and  amorphous
CaCO3,  respectively.  The  shaded  blue  areas  are
bounded  by  the  Voigt  (up)  and  Reuss  average  of
seismic  velocities  of  pyrolite  +  2  vol.%  amorphous
CaCO3.  The  dashed curve  is  obtained  using  the  Hill
average. The  red  arrows denote  the  velocity  reduc-
tions of the Reuss bound and Hill average compared
with those for pure pyrolite.
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geotherm is high enough to keep CaCO3 in the amorphous phase at a pres-
sure  as low as 2  GPa,  the pressure-induced velocity  reduction in  the amor-
phous CaCO3 would play the same role as the crystalline-amorphization tran-
sition  in  producing  the  low  seismic  velocity  anomalies.  Thus,  a  very  small
amount (e.g., 2.0 vol.%) of CaCO3 can significantly reduce the seismic veloci-
ties of pyrolite along the geotherm of the cratonic lithosphere.

CaCO3 is  the  major  carbonate  phase  stable  at  the  depths  of  MLDs
(Figure 4), which could be distributed in the interstitials of the grains of craton
chemical  compositions  (peridotite,  eclogite,  and  pyroxenites).28 The  analysis
of  xenoliths  indeed  shows  the  presence  of  CaCO3 at  a  depth  below  40-60
km.4 As  the  molten  carbonates  percolate  from  the  lithosphere-astheno-
sphere boundary (LAB) or the LAB retreats to greater depths because of the
cooling  of  the  Earth,  carbonates  would  crystallize  out.  Although the  primary
melts  contain  significant  magnesium  (Mg),  it  would  be  consumed  by  the
mantle  wall  rock  during  ascending  upward  and  the  carbonates  will  be
enriched in  CaCO3.  This  has been well  confirmed by laboratory experiments
and the CaCO3 content in carbonates reaches a maximum around 3–5 GPa.28

On the other hand, although the solidi of the carbonated peridotite or eclogite
are  in  debated,  they  are  much  higher  than  the  geotherms  at  the  MLDs,28

assuring  the  solid  state  of  CaCO3 under  the  explored P-T conditions.  Over
geological  time,  CaCO3 could  accumulate  at  depths  less  than  150  km.
According  to  the  phase  diagram  of  CaCO3 and  the P-T conditions  of  the
cratonic  lithosphere,  the  initial  solidified  CaCO3 would  be  in  the  amorphous
phase. At  depths  shallower  than  ~120  km,  the  seismic  velocities  of  amor-
phous CaCO3 are far  below those of  the main craton minerals  and its  crys-
talline phase. As CaCO3 migrates upward, it may transform to the high-veloc-
ity aragonite along a cold geotherm or to the high-velocity amorphous CaCO3

at depths shallower than ~80 km along a warm/hot geotherm. Then a seis-
mic velocity  discontinuity  would be present  at  depths of  80–120 km due to
the  crystalline-amorphization  transition  in  CaCO3 and/or  the  pressure-

induced  velocity  reduction  of  the  amorphous
CaCO3.  Another  potential  origin  of  MLDs  is
vertical  stacking  from  plume  interaction  or
oceanic  subduction.  The  CaCO3 precipitated
from  plumes  or  retained  in  the  oceanic
subducted  crust  would  play  the  same  role  as
that  crystallized  from  ascending  carbonates
from the LAB in the formation of MLDs. There-
fore, the observed 2–10% reduction in the VS of
the  MLDs3-9 would  be  readily  explained  by  the
presence of  as low as 2 vol.% CaCO3,  which is
less than the estimated amount of  carbonates
in the carbon-rich regions in the lithosphere.20

The enrichment  and  thermodynamic  stabi-
lization  of  the  metasomatic  CaCO3 in  the
cratonic  lithosphere  make  it  a  viable  and
compelling  mechanism  to  account  for  the
formation of  observed MLDs over  other  expla-
nations.  In  addition,  this  mechanism  could
avoid  constraining  the  CaCO3 in  a  confined
depth  range.  Even  if  CaCO3 distributes homo-
geneously from the surface to a depth of ~150
km,  the  crystalline-amorphization  transition  or
pressure-induced  velocity  reduction  could

guarantee a seismic velocity discontinuity at depths of 80–120 km. This also
meets the constraints of global resetting of the age in these regions,19 as well
as magnetotelluric observations.17,18
 

CONCLUSIONS
We measured the acoustic  velocities of  amorphous CaCO3 up to 5.5 GPa

and 1,373 K. Large velocity reductions are observed for both VP and VS across
the aragonite to temperature-induced amorphous phase transition above ~3
GPa  and  in  the  amorphous  phase  around  3  GPa,  which  are  up  to  35%  and
52%,  respectively.  These  two  distinct  features  of  CaCO3 make  it  a  viable
candidate mechanism  for  the  formation  of  the  MLDs  in  the  cratonic  litho-
sphere.  The  incorporation  of  ~2  vol.%  amorphous  CaCO3 could  cause  the
observed 2–10% reduction in seismic velocities in MLDs.
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