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Abstract
Diamond-anvil cell (DAC) experiments focusing on the solubility of carbonates and aqueous
carbon speciation at subduction zones require pressure monitoring with sensitive, chemically inert
sensors. Commonly used pressure indicators are either too insensitive or prone to contaminate pressuretransmitting media due to their increased solubility at high pressure and/or temperature (P-T). Here,
the P- and T-induced frequency shifts of the Raman vibrational modes of natural crystalline carbonate
minerals aragonite, calcite, dolomite, magnesite, rhodochrosite, and siderite have been calibrated for
application as Raman spectroscopic P and T sensors in DACs up to 500 °C and 6 GPa. The shifts of
all modes are quasi-constant over the observed P and T ranges and are generally less prominent for
internal modes than for external modes. Our method provides a sensitive and robust alternative to
traditional pressure calibrants, and has three principal advantages: (1) higher sensitivity (for particular
Raman vibrational modes), (2) monitoring P-T-induced shifts of several modes allows even more accurate P-T determination, and (3) no contamination of pressure-transmitting media by foreign materials
can occur. Additionally, the isobaric and isothermal equivalent of the Grüneisen parameter and the
anharmonic parameter for each of the traced modes have been determined.
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Introduction
Carbonate minerals are the dominant carbon-bearing phases
within Earth’s crust and lithospheric mantle, representing the
most stable carbon-bearing phases down to depths of at least
200 km, corresponding to pressures of up to ~6 GPa (e.g., Redfern 2000; Dasgupta et al. 2004; Dasgupta and Hirschmann 2006,
2010; Rohrbach and Schmidt 2011; Oganov et al. 2013). They are
the primary carriers of carbon into the deeper Earth at subduction zones, and their behavior in the high P-T environments of
the lithosphere determines how much, and on what timescales,
carbon gets recycled to the atmosphere and hence oceans, or is
retained in the mantle (e.g., Ague and Nicolescu 2014; Manning
2014; Kelemen and Manning 2015). Because of the important
role carbonate minerals play in the key geological processes
(such as subduction, arc volcanism, and dissolution in aqueous
fluids) of the Earth’s deep carbon cycle, the accurate determination of their physical and chemical properties under high P and
T conditions is of great importance. The interest in the topic is
reflected by a significant and increasing number of experimental
studies based on the coupling of Raman spectroscopy with DAC
techniques to understand the properties of carbonate minerals at
conditions corresponding to planetary interiors (Liu and Mernagh
1990; Kraft et al. 1991; Williams et al. 1992; Gillet et al. 1993;
Lin and Liu 1997; Minch et al. 2010a, 2010b, Farfan et al. 2012,
2013; Spivak et al. 2014; Facq et al. 2014, 2016; Cerantola et al.
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2015; Chaney et al. 2015; Pippinger et al. 2015; Xu et al. 2015;
Liu et al. 2016; Müller et al. 2016; Koch-Müller et al. 2016;
Maruyama et al. 2017; Chariton et al. 2017).
Monitoring, recording, and reproducing extensive thermodynamic variables such as pressure and temperature is crucial for
any high P-T study and is a particular requirement in diamondanvil cell (DAC) experiments. Pressure is typically measured in
such experiments based on the Raman or fluorescence frequency
shifts of a calibrant inside the compression chamber (e.g., ruby
or diamond). The principal limitations of traditionally used
optical pressure sensors of this type are discussed here. Ruby, a
Cr3+-doped a-Al2O3, is the most extensively used pressure sensor (Barnett et al. 1973; Datchi et al. 2007). Broadening of the
ruby R1 and R2 fluorescence peaks and the decreasing signal-tobackground ratio at high temperatures and the large uncertainty
on the pressure and temperature cross derivative of the frequency,
all significantly reduce the accuracy of pressure determination
(Ragan et al. 1992; Goncharov et al. 2005; Datchi et al. 2007).
A further complication is the chemical dissolution of ruby into
water (the pressure medium), due to its increased solubility at
high P-T conditions (Tropper and Manning 2007; Andreani et
al. 2013). This may become particularly significant in DAC experiments that aim to determine the solubility of carbonates and
aqueous carbon speciation via carbonate–water equilibria since
these experiments assume no chemical interaction between the
pressure-transmitting medium and the pressure sensor. For this
reason, it is imperative that the use of pressure sensors made of
materials soluble in the fluid phase in the DAC at high P-T is
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