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Abstract

Raman spectroscopy is widely used to quantify CO, density in geological fluids, yet acquisition
parameters, spectral processing methodologies and densimeter calibrations vary widely between
laboratories. The precision of Raman CO, measurements, and the broader applicability of
densimeters generated for a specific instrument, are still debated. This study describes a series
of experiments to investigate the effect of different instrument and acquisition parameters on CO;
densities and their errors that can be performed on different Raman instruments, allowing users
to determine analytical best practices. First, we discuss the effect of spectral non-linearity,
demonstrating that shifts in the selected acquisition window and the choice of Ne lines used for
drift correction can generate a diversity of densimeters on a single instrument. However, our
repeat measurements of natural fluid inclusion (Fl) standards over ~3 years yield a 10 variation
of <0.01 g/cm?, indicating that when consistent methodologies are applied.to calibration data and
unknowns, Raman analyses are highly reproducible over many=wyearss'We then investigate the
effect of parameters such as acquisition time, laser power, and sample positioning on peak fitting
errors, rebutting recent suggestions that Raman analyses are associated with large uncertainties
in Fermi-diad splitting. We show that although high laser.powers greatly improve signal:noise
ratios (and thus reduce peak fitting errors), natural fluid inclusions hosted in olivine show changes
in density outside analytical error with increasing powers (density changing by ~0 to 0.09 g/cm?
per 10 mW of increased power). The amount of heating of the trapped fluid, and thus the change
in density, varies drastically on a sample-by-sample basis, with larger amounts of heating in
materials hosting the fluid with high absorption coefficients (melt inclusions, and low Fo olivines).
We recommend that users assess the degree of laser heating experienced by their samples and
select a laser power that limits density changes to a level that will not compromise the objectives
of their study. We also .offer practical strategies to optimize signal without raising laser power,

noting that small changes in focus and X-Y position can greatly increase signal intensity.

1. Introduction
Traditionally, the density of COgz-rich fluids in geological samples have been measured using
Microthermometry, a technique in which phase changes are observed during heating and cooling
of trapped inclusions. Starting in the 1930s, it was recognised that CO- fluid/gas/vapour has a
distinct signal when analysed by Raman spectroscopy, with two strong peaks at ~1285 and ~1388
cm™ (Fermi, 1931; McLennan and Smith, 1932). These peaks are collectively called the Fermi
diad. For brevity, we refer to the lower wavenumber peak of CO2 as diad 1 (also v- or 2v»), and
the higher wavenumber peak as diad 2 (also v* or v1+2v3). In the 1970s, the distance between

the two peaks — referred to as the Fermi diad separation, splitting, peak splitting or diad splitting
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—was shown to be related to the density of CO, (Wright and Wang, 1973). These findings opened
up the possibility of using Raman spectroscopy to quantify the density of CO; fluids, an important

parameter for many geological research questions (Rosso and Bodnar, 1995).

The relationship between diad splitting and CO; density on a given Raman instrument is described
using a densimeter, which is typically modelled as a polynomial function of Nth degree. A number
of groups have developed experimental apparatus to determine densimeters for different
instruments (DeVitre et al., 2021; Fall et al., 2011; Kawakami et al., 2003; Lamadrid et al., 2017,
Rosso and Bodnar, 1995; Song et al., 2009; Wang et al., 2019, 2011; Yamamoto and Kagi, 2006,
see Supporting Table 1). Not only do densimeters vary widely between Raman instruments (e.g.
Lamadrid et al. 2017, DeVitre et al. 2021); changes in hardware on a single instrument have also
been shown to affect the densimeter. For example, Lamadrid et al.«(2017) show that the
densimeter on a single instrument can be shifted by changing the laserwavelength (e.g. a ~0.02
g/cm? shift from 514 nm to 632 nm at 2400 g) or the instrument grating (e.g., a 0.02-0.04 g/cm?®
shift from 600-2400 g at 632 nm). They conclude that the same wavelength and grating must be

used for calibration and analysis of unknowns.

In contrast, recent work has argued that densimeters maysbe more universally applicable than
previously thought. Remigi et al. (2021) genérate,a calibration using natural fluid inclusion (FI)
standards with densities between 0.37-1.08 g/cm® and then compare their densimeter to
published densimeters using bootstrapping techniques to better account for uncertainty in
densimeter regressions. They suggestithat published Raman densimeters fall into two main
categories — those collected. oninstriments with higher spectral resolution (~0.4 cm™'/pixel) and
those collected on instruments with lower spectral resolution (~1-1.5 cm™/pixel). For CO densities
> 0.3-0.4 g/lcm?3, they show. that published densimeters within the high- or low-resolution category
are within error of each'other. They suggest that this may be because spectral resolution is related
to the ability of a Raman spectrometer to discriminate overlapping bands, and changes in spectral
resolution shifts peak center positions in a systematic way. They conclude that instrument-specific

densimeters may not be required if a densimeter exists for the spectral resolution of interest.

Remigi et al. (2021) use the term spectral resolution to describe the wavelength range recorded
in each pixel. For the remainder of this paper, we call this parameter pixel resolution. Following
Hagiwara et al. (2023), pixel resolution differs from the spectral resolution, which is the smallest
width of peak that can be resolved, typically estimated from the full width half maximum (fwhm)
of very sharp emission lines such as Ne or Ar, or calcite. These two resolution parameters are not

equivalent on many Raman instruments, and there is no simple way to deduce one parameter
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from the other. For example, using a 1200 grooves/mm grating (g), the pixel resolution reported
by Hagiwara et al. (2023, Table 1) is 0.482 cm™"/pixel while the spectral resolution estimated from
the fwhm of the Ne emission line at 1449 cm-1 as 1.59 cm™. However, using the 1800g, they
report a pixel resolution of 0.284 cm™'/pixel vs. a spectral resolution of 0.29 cm™. In Hagiwara et
al. (2020), the 1800g yields a pixel resolution of 0.29 cm™'/pixel but a spectral resolution of 1.1
cm estimated from the fwhm of calcite. The vast majority of studies do not report their spectral
resolution (Supporting Table 1), which makes it very hard to assess if spectral or pixel resolution
is controlling the densimeter equation, or whether the groupings of Remigi et al. (2021) appear
by chance as a function of all the high-resolution densimeters having been collected on similar
HORIBA LabRam HR instruments.

It is also notable that published densimeters show the largest relative differences for analyses of
gaseous CO; at room temperature (p~0-0.2 g/cm?®; Lamadrid et @l..2017), while Remigi et al.
(2021) only consider densities >0.3 g/cm?®. At low densities, densimeters can be offset by a factor
of 2. This has major implications in igneous petrology, becadse many melt inclusion vapor bubbles
have CO, densities below 0.2 g/cm? (see Fig. 21 of Wieser et al., 2025). Accurate measurements
of these low density vapor bubbles are essential for reconstructing the CO, contents of magmas,
with implications for determining magma storage depths and the cause of explosive eruptions
(Allison et al., 2021; DeVitre et al., 2023b; Moore et al., 2015). However, studies published after
the Lamadrid et al., (2017) paper. advoeating for instrument-specific densimeters still report
densities for CO- fluids with low densities Using calibrations published in other laboratories (e.g.
Anderson et al., 2024; Howe «tal., 2025; Venugopal et al., 2020). In this study, we critically
evaluate sources of densimeter variability, to evaluate whether generic calibrations based on a

simple instrument parameters can replace instrument-specific calibrations.

Another recent discussion of the utility of Raman spectroscopy for quantifying CO- densities was
provided by Bakker (2021). This work assessed the uncertainties associated with various parts of
the Raman method (e.g., peak fitting, instrument drift, etc) and suggested that errors in the
position of each diad propagate through to very large errors in diad splitting (+0.26-0.27 cm™') and
thus CO, density (~+0.1 g/lcm?®). The large quoted errors of Bakker (2021) are in contrast to the
very low theoretical errors for analyses of CO within a high pressure optical cell suggested by
Yamamoto and Hagiwara, (2024, 0.0005 cm™, 0.00015 g/cm?®). Thus, it is imperative to evaluate
these contrasting statements, and determine the analytical errors associated with analyses of

natural melt and fluid inclusions.
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Overall, the Bakker (2021) and Remigi et al. (2021) papers demonstrate that while a lot of
progress has been made in recent years optimizing Raman analyses of CO- fluids (DeVitre et al.,
2023a, 2021; Fall et al., 2011; Lamadrid et al., 2017; Le et al., 2021; Wang et al., 2011), there are
stil some fundamental disagreements in the community regarding the applicability of
densimeters, and the accuracy and precision of the Raman method when applied to natural
samples. In this study, we investigate the effect of acquisition and data processing strategies on
the precision and accuracy of CO, fluid measurements using a WITec alpha300 R in the
Department of Earth and Planetary Science, University of California, Berkeley (hereafter, UCB
WiITec). We describe a series of tests that readers can apply to their own instruments to guide the
development of laboratory-specific best practices, with the aim that this leads to a greater
understanding in the community of which sensitivities are instrument and hardware dependent,

and which are globally applicable.

2. Methods
We acquire Raman spectra on natural FI and melt inclusions (Ml).hosted in olivine using the UCB

WITec. The Ultra-High-Throughput-Spectrometer (UHTS600) was calibrated using a Hg-Ar lamp
using the WITec control software. The CCD chip (1024X127 pixels) was Peltier cooled to -60°C.
We use a green solid-state laser with a wavelength'ef 532.046 nm, and a Ne lamp in the beam
path to correct for instrument drift. For measurements of the CO; Fermi diad, the 1800
grooves/mm grating yields a pixel resolutionranging from 0.57-0.51 cm™'/pixel from wavenumbers
of 1042-1592 cm™'. The spectral resolution.estimated from the width of Ne lines is ~0.75-0.86 cm"
' (Supporting Fig. S1). To econvert diad splitting into CO, density, we apply the densimeter
developed for our instrument by DeVitre and Wieser (2024) using a gas cell calibration device
(adapted from DeVitre et al.,.2021). This calibration line is valid for CO- densities spanning 0.0096-
1.04 g/cm?3.

The laser was focused on the sample with a variety of objectives depending on the sample size
and heating set up; an Olympus 40X objective (0.6 NA, 2.7-4 mm working distance), a Zeiss 50X
objective (x0.55NA, 9.1 mm working distance), or a Zeiss 100X objective (0.95 NA, 4 mm working
distance). Laser power was controlled using the WITec TruePower module, which measures the
laser power in the optical fiber, and allows the user to enter values between 0-50 mW with +0.1
mW precision. We independently verify the laser power after it has left the fibre optic and passed
through the optical head using a ThorLabs S121C sensor attached to a PM100D2 optical power
meter. There is a strong linear correlation between the measured power through different

objectives, and the instrument TruePower, with intercepts close to 0 (Supporting Fig. S2). Placing
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the power meter at the opening of the objective turret with no objective screwed in yields laser
powers that are 85% of the TruePower value. For the 5-100X objective, we measure the power
by focusing on the laser power meter in the normal sample position (i.e. after passing through 1
cm of air). This yields powers that are 80% (5X), 79% (20X), 77% (40X), 62% (50X) and 43%
(100X) of the TruePower value (Supporting Fig. S2). Unlike our previous work examining the
effects of laser power which report TruePower values (DeVitre et al., 2023a), in this study all
subsequent mention of laser power uses the laser power at the sample, calculated using the

correction factors mentioned above:
POWersample = POWerTruePower X IOSS [Eq 1]

For example, if we set the TruePower value to 10 mW in the software, we report a power of 4.3
mW for 100X (10X0.43). This allows greater comparison between studies_performed on different

instruments.

Various methods were used to heat samples above the critical temperature of CO, to ensure a
single homogenous fluid was being analysed (DeVitre et al.;;2023a). For most analyses, samples
were placed on a glass slide in crystalbond and placed onia Peltier heating stage mounted within
a custom aluminium holder with a central hole«or transmitted light illumination (Supporting Fig.
S3). Temperature was monitored using a type K thermocouple taped to the slide with electrical
tape. The voltage to the peltier plate/was adjusted to yield a sample temperature of 37 °C,
matching the gas cell calibration temperature for this instrument (DeVitre and Wieser, 2024).
When sample temperature was being directly investigated (Section 3.6), crystals were double
polished and placed in a LinkamTHMSG600 stage (Supporting Fig. S4), where the crystal and
thus fluid temperature canbe read from the thermocouple output. To achieve the long working
distance required when‘the'stage lid is in place, we initially made measurements using the LWD
40X Olympus objective with a cover slip correction collar. After doing tests with and without the
top lid, we found that the stage lid cut out ~50% of the signal, and that there was no difference in
sample heating between heating series performed with and without the stage lid (Supporting Fig.
S5). Thus, later analyses were performed using the Zeiss 50X objective without the stage lid, but
with the small silver cap still placed on top of the sample to help with temperature stability
(Supporting Fig. S4).

All peak fitting and data processing was performed in the open-source Python3 tool DiadFit
(Wieser and DeVitre, 2024) using pseudovoigt peaks, except when investigating peak fit shapes.

Versions <v1.0.18 of DiadFit prior to March 2026 use an unweighted least squares routine to fit
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diad peaks, resulting in each pixel contributing equal weight to the fit. As part of this work, we
revise DiadFit (>v.1.0.19+) to use weighted least squares, with weights assigned to each pixel
proportional to the inverse square root of the background-subtracted intensity, consistent with the
expected errors from Poisson counting statistics. While Ne lines can now be fit with either routine
in DiadFit, we elect to continue using unweighted least squares for Ne lines for consistency with
all prior data collected in our lab, as switching Ne fitting routines causes a small systematic shift
in the densimeter. However, as section 3.1 shows, as long as consistency is used when fitting Ne
lines between calibration and sample, the exact choice of correction method doesn’'t matter.
Uncertainties in peak fit parameters are estimated from the covariance matrix, with the Imfit option
scale_covar=True applied to rescale parameter uncertainties such that the reduced chi-squared
value is unity. The peak positions do not change within the original uncertainties estimated by
v<1.0.18, but the errors on each peak position range from 10 to 80%higherthan estimates using

unweighted least squares (Supporting Fig. S6-9).

3. Results and Discussion

3.1 Neon line corrections and spectral non-linearity:
Instrument drift during a Raman session is commonly assessed using repeated analyses of the
spectral emission of neon generated by a Ne lamp (e.g. DeVitre et al., 2021; Lamadrid et al.,
2017. Fig. 1a). Two emission lines bracketing the,CO, Fermi diad are selected (the line segment
method, Bakker, 2021). The theoretical [distance between these lines is calculated from the
published wavelength of the observed emission spectra of Ne in air from the NIST webbook
(https://webbook.nist.gov/),. converted.to wavenumber using the wavelength of the laser outputted

by the WITec software (a fixedyvalue for each instrument).

1 1
~ — 7
Vline1 = 10 (_ -

Ao Aline1

1 1
= — 1 7 -
Vline 2 0 (/10 Aline 2

Where 7;;,,. 1 is the wavelength of Ne line 1, 1;;,. 1 is the Ne emission wavelength of line 1, and
Ao is the laser wavelength. No vacuum to air conversions were applied to the stated laser
wavelength. We note that the choice of laser wavelength cancels out when using the line

segment method, so knowing this value precisely does not affect the correction factor:

1 1

~ — ~ — 7
AvNe = Viine2 — Viine1 = 10 (A i 1
line1 line 2



218
219
220

221

222

223
224
225
226
227
228
229
230
231
232
233
234

235
236
237
238
239
240
241
242
243
244
245
246
247
248
249

The calculated theoretical distance between two Ne lines is then compared to the measured
distance in the acquired spectra. For example, if the theoretical distance between Ne lines is

330.4776 cm™, and the measured distance is 331.0587 cm™', the correction factor is

Theoretical distance (330.4776)
measured distance (331.0587)

diad splitting would be 0.9982*103 = 102.8192 cm™.

= 0.9982. If the diad splitting was measured at 103 cm™, the corrected

It has been suggested that the common method of correcting for instrument drift using the
distance between two Ne lines (e.g. Lamadrid et al., 2017) does not fully capture the complex
non-linearity of Raman spectrometers (Bakker, 2021). Non-linearity arises from the mapping
between detector pixel position and wavelength, which is typically ‘calibrated’” using numerous
peaks of known position. On our WITec instrument, this calibration is performed by the WITec
control software using a Hg-Ar lamp. Ideally, if spectrometer calibration-was perfect, the measured
wavelengths of all reference spectrum (e.g. neon and _argon Jlamps, benzonitrile, 4-
aceamidophenol etc, Liu and Hennelly, 2024) would match the'trie wavenumbers of these peaks
within peak fitting error. However, non-linearity is the normyrather than the exception, and Raman
spectra show clear offsets between measured and preferred peak positions, with the offset often
varying in linear or sinusoidal patterns as a function of wavenumber (Bakker, 2021; Liu and
Hennelly, 2024, Fig. 1b).

We investigate spectrometer non-linearity, and the effect of this non-linearity on instrument drift
and calculated densities using data_collected on the UCB WITec, and two additional alpha 300R
spectrometers at Cornell using data from DeVitre et al. (2021). On the UCB instrument, we first
perform 50 consecutive repeated acquisitions of the emission spectrum of Neon. We fit
pseudovoigt curves to the 6,major Ne lines within the spectral window for each acquisition using
DiadFit. For brevity, we'refer to these lines using the calculated wavenumber positions rounded
to the nearest integer for the 532.046 nm laser wavelength used in this study (565.66588 nm
=1117 cm™, 568.98163 nm =1220 cm™', 571.92248 nm=1310 cm-', 574.82985 nm=1399 cm""
576.44188 nm=1447 cm™, and 580.44496 nm=1567 cm, Fig. 1a, Kramida and Ralchenko,
1999). For the line at 1117 cm™, we iteratively fit two pseudovoigt functions to resolve the smaller
peak on the shoulder. Fig. 1b shows the fitted Ne line position divided by the theoretical position
calculated from the laser wavelength (532.046 nm) and the theoretical positions in air. This
comparison demonstrates that the spectrometer is indeed non-linear, with the correction factor
varying across the acquisition window (Fig. 1b). Spectral non-linearity has been noted as a

serious issue when trying to compare spectra collected between instruments, as it persists after
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performing the wavelength calibration methods built into Raman acquisition software (Liu and
Hennelly, 2024).

As Bakker (2021) correctly points out, the 'line segment' Ne correction method assumes that the
correction factor at any given point between two lines is the same. They suggest that a ‘bracketing
technique’ should be used instead, where a polynomial model is developed to describe how the
position of each Ne line deviates from the theoretical position as a function of wavenumber. This
polynomial allows a correction factor to be calculated for diad 1 and diad 2. These corrected peak
positions are used to calculate the splitting, rather than applying a correction factor to the splitting

as in the line-segment method.

The polynomial fit through these correction factors is shown for the ‘bracketing technique’ (grey
curve, Fig. 1c) for a single Ne acquisition. Correcting for the position,of the CO; diad using this
curve this would yield a corrected splitting for the diad position_shown_ by blue dotted lines that
would be equivalent to a line segment correction factor of 0:9977. The 'line segment' technique
for drift correction can be visualized by drawing a straight line between any two datapoints (circles)
on this polynomial curve (Fig. 1c). If the gradient of this linear segment is the same as the gradient
of a line drawn between where the x positions“of, the diad intercept the polynomial, the line
segment technique and bracketing techniques would give the same result. The line segment
method applied to the 1220-1399 cm™_lines results in a very similar correction factor to the
bracketing technique (0.9976 vs. 0.9977)¢ The disadvantage of choosing this pair is that the 1220
cm™ line is relatively small, resulting in larger fitting errors, meaning that correction factors show
substantially more variability.in @achsrun than using the 1117-1447 cm™' pair (see error bar on Fig.
1c). The 1117-1447 cm™ pair used by our laboratory yields a reasonably similar correction factor
to the bracketing technigue (0.9982 vs. 0.9977). However, applying the line segment technique
to the 1220-1567 cm™' lines (red dashed segment) would result in a Ne correction factor that is far

smaller than that determined using the bracketing technique (0.9991 vs. 0.9977), yielding a higher
apparent diad splitting (A%, "*"***=103.450 cm™" vs. ASOT*°9=103.648 cm").

The differences in correction factor mean that the choice of Ne line pair does indeed affect the
corrected splitting, and the relationship between CO. density and corrected splitting (i.e. the
densimeter). To demonstrate this, we take the CO; and Ne spectra from the analytical sessions
used to calibrate the UCB densimeter, which was originally calibrated from corrected splitting
calculated using correction factors from the 1117-1447 cm™' line pair (DeVitre et al., 2021; DeVitre
and Wieser, 2024, black dotted line, Fig. 2a-b). We reprocess the data using 4 new pairs of Ne
lines: ~1220-1447 cm™ (dashed red line, Fig. 2a, c), ~1117—1399 cm™' (dashed blue line), 1220-
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1398 cm™ (solid cyan line), and 1220-1567 cm™ (solid magenta line, Fig. 2a-b). For each CO;
spectrum collected on a fluid of known density in the calibration cell, this gives us 5 different
corrected splitting values (one for each Ne line pair). Using three polynomial fits for low, medium
and high densities (following DeVitre et al. 2021), we calibrate coefficients for 5 different
densimeter equations using these 5 sets of corrected splitting values (Fig. 2a-b). Despite being
collected on a single instrument using the same calibration dataset, the densimeters differ by up
to ~0.08 g/cm?® simply based on the Ne line pair used for data reduction. To put the magnitude of
these offsets into context, we underlay the densimeters collected on a wide variety of Raman
instruments (Fall et al., 2011; Kawakami et al., 2003; Lamadrid et al., 2017; Wang et al., 2011,
2011; Yamamoto and Kagi, 2006), colored using the high (grey) and low (salmon) pixel resolution
classifications from Remigi et al. (2021). This demonstrates that thesvariability from a single
instrument introduced through the choice of a Ne line pair is as large“as the‘differences between

Raman instruments, despite being collected at a single spectral-and pixel resolution.

If a gas cell apparatus is available for calibration of a specific instrument, the offsets between
densimeters determined using different Ne line corrections are only problematic if they yield
different results when analysing unknowns. We test whether this is the case using data collected
on FI from Fogo volcano collected by DeVitre and Wieser (2024), where there are independent
constraints on CO; density from microthermometry. We process the Fl data using each of the 5
different Ne line pairs (Fig. 2b), generating 5.values of corrected splitting for each spectrum, and
input these values into the densimeter corresponding to each Ne line pair (e.g. data reduced using
correction factors for the 1220-1399 pair was fed into the 1220-1399 densimeter). To visualize
the differences between these,data reduction strategies, we subtract the density calculated using
each line pair from thatscalculated using the 1117—1447 pair, which was shown to correlate very
well with Microthermometry (DeVitre and Wieser, 2024). The error bar on each datapoint shows
the combination of the peak fitting error, drift correction error, and uncertainty on the densimeter.
Densities for the 4 other line combinations are within error of the data reduced using the 1117—
1447 cm™ line pair. We also overlay lines showing the 10 uncertainty associated with
Microthermometry assuming a 0.1 °C and 0.2 °C error in sample temperature (Bakker, 2021). This
analysis demonstrates that the uncertainties in the choice of data reduction strategies are small,
and comparable to the errors associated with the stage temperature when performing

Microthermometry.

Repeated acquisitions of Ne lines at UCB in April 2022 and October 2024 shows that the non-

linearity response curve shifts up and down with time, but the shape is maintained (Fig. 3a, solid
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lines). We also tested recalibrating the UCB spectrometer in April 2024 using a Hg-Ar lamp
(WITec’s default calibration routine), and the same pattern is observed. Thus, while spectrometer
non-linearity is clearly significant, and likely introduces diversity in published densimeters, as long
as calibration and natural data is processed in the same way, the non-linearity introduces a
consistent offset through time, and choice of Ne line will not cause systematic offsets. This stability
also means that the bracketing technique is not necessary, and given the additional computation
steps, likely results in a larger uncertainty due to the large fitting errors associated with the weaker
Ne lines (e.g. 1310 cm™). However, if a laboratory wishes to change drift correction strategy, they

would need to reprocess their calibration data to use the same strategy.

This analysis demonstrates that not only does a densimeter need to be generated for each
instrument, but that each densimeter is only valid for a specific detector calibration and drift
reduction protocol. Supporting Table 1 shows that a wide variety of(calibration and drift correction
routines are being used by different laboratories publishing densimeters. This can be expected to
generate a wide variety of non-linearity responses, and thus'we speculate that a lot of the diversity
in measured densimeters in the literature is a result of spectral non-linearity, both in its original
effect on the diad splitting, and the compounding effect of the use of a line-segment Ne line
correction and other drift correction routines?®lt is possible that performing a polynomial fit like that
suggested by Bakker (2021) would resolve offsets between densimeters calibrated in different
laboratories; extensive testing using different Raman instruments for standards with known

densities would be a promising avenue, forfuture research.

3.1.1 The effect of changing,theispectral window

The significant non-linearity in the spectrometer response shown in Fig. 1b has other implications
for the densimeter equation” determined for a given instrument. When setting up a Raman
spectrometer, the user'must define the wavelength range that is recorded on the CCD. On the
three WITec instruments we use data from in this paper, this is specified by stating the spectral
center—the wavenumber at the center of the acquisition window. Along with the grating, this
center position determines the range of wavenumbers collected in a single spectral acquisition.
Shifting the center means that the photons at a specific wavenumber are collected on a different
pixel on the charge-coupled device (CCD) detector within the spectrometer. On other instruments,

the window edges rather than center position may be the tuneable parameter.

Given the strong spectral non-linearity shown in Fig. 1b, it is worth investigating whether shifting
the spectral center affects the measured splitting, because each pixel of the diad would shift to a

different part of the polynomial in Fig 1b (see also Bakker 2021). We perform repeated
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acquisitions on an olivine-hosted CO-rich Fl from Fogo Volcano with a bulk density of ~0.62
g/cm?® using different spectral centers. We started at the spectral center used for calibration of the
Berkeley  densimeter (1325 cm™), then decreased the  spectral center
(1325—1320—1275—1250—1225 cm™', magenta colors, Fig. 4a). To help resolve changes from
the spectral center vs instrument drift, we increased (green colors), decreased (yellow colors) and
then increased (cyan) the spectral center throughout the day (Fig. 4a). We acquired a Ne line at
the same spectral center as each FI measurement to correct each spectra (using the 1117-1447
cm line pair). For each individual acquisition, we calculated the corrected splitting using the Ne
line acquired at the same spectral center. Lastly, we calculated density using the UCB densimeter

developed using a spectral center of 1325 cm™.

The uncorrected splitting of the diad increases by ~0.22 cm™ as the spectral center is increased
from 1225 to 1350 cm™ (~0.0017 cm™" per cm™ of center shift, Fig. 4b)«The change in splitting for
spectral center shifts of only ~ 25 cm™ apart is far larger than the variation at a given spectral
center throughout the day (e.g. instrument drift). After corfecting“each acquisition using the Ne
line collected at the same spectral center, the change in'splitting is smaller, but still notable (~0.15
cm™ across the window, 0.0012 cm™ per cm™ of center shift, Fig. 4c). Calculated CO; densities
after a line segment Ne line correction change by 0.08 g/cm? across the window (Fig. 4c), which
is far outside the ~0.01-0.02 g/cm?® uncertainty of the Raman method at the densities of interest
(Dayton et al., 2023; DeVitre and Wieser, 2024). Overall, this test indicates that even just shifting
the spectral window on a given instrument can generate a new densimeter, and that unknowns
must be analysed at the same ‘spectral center/spectral window at which the calibration was

performed.

To further illustrateithe’influence of spectral center, we compare the densimeter developed
on the UCB WITec alpha300R with densimeters developed in two laboratories at Cornell
University: Cornell Center for Materials Research (CCMR) and Cornell Mass Spectrometry
Facility (CMa$S, DeVitre et al., 2021). These two laboratories were calibrated with a gas cell that
is very similar to that at UCB (DeVitre et al., 2021), and the Raman hardware for all three
instruments is very similar: a ~532 nm laser wavelength, 1800 grating, and Ultra-High-
Throughput-Spectrometer UHTS600. All data was reduced with the 565.66588—-576.44188 nm
Ne line pair (corresponding to 1117—-1447 for the UCB 532.046 nm laser wavelength). Comparing
the fitted Ne line positions to the theoretical positions (Fig. 3a) shows that each spectrometer has

its own unique signature of non-linearity.
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Despite CMaS and CCMR having more similar non-linearity responses, the CCMR
densimeter shows the biggest offset in densimeter equation relative to UCB and CMaS. We
suggest that this is because the UCB densimeter and the CMaS densimeter were both calibrated
using a spectral center of 1325 cm™', while the CCMR densimeter was calibrated with a spectral
center of 1340 cm™. The absolute difference between these densimeters reaches ~0.04 g/cm?
(Fig. 3c). Again, these densimeter differences cannot be explained by differences in resolution as
advocated by Remigi et al. (2021), because the pixel and spectral resolution of all three of these

WITec instruments is identical.

3.2 Densimeter stability as a function of time
The above tests make it apparent that small changes in instrument hardware can shift the

densimeter. It is interesting to assess whether temporal shifts oceur when using identical
acquisition conditions and spectrometer settings. We evaluate repeated analyses of internal fluid
inclusion standards from Fogo volcano (FG04_A1 4, N=286%and.«FI FG04_101_A, N=99)
collected at the start and end of analytical sessions over,~2.5 years. The standard deviation
calculated from the 280 repeats on A1_4 is 0.0086 g/cm® (Fig.'6a) and for the 99 repeats of 101A
is 0.0074 g/cm?®. For both inclusions, microthermometry measurements are within 0.01 g/cm?® of
these long-term averages and lie within or extremely.close to the 10 envelope around the mean
Raman measurement. Overall, this small deviation‘and lack of coherent trends with time indicates
that at least on the WITec, changes in spectrometer non-linearity does not cause any notable drift
in the densimeter, and densimeters are remarkably stable once calibrated. Repeated acquisitions
of a natural fluid inclusion in<a similarimanner to that performed here can be used to assess the

point at which a densimeter.recalibration is needed.

While the Ne Jine method is clearly robust, even with variations in non-linearity, it is
worthwhile to determine whether it actually helps correct for drift between and within runs.
Yamamoto and Hagiwara (2024) show that over short timescales (minutes) where drift is not
controlled by temperature, periodicity is seen in CO. peak positions that is not seen in Ne line
acquisitions. We reprocess the repeated Fl acquisitions using the median Ne correction factor for
all the standard analyses, rather than the correction factor calculated by regressing Ne correction
factors as a function of time in each analytical run. The standard deviation of both Fls is extremely
similar with and without an analysis-specific Ne correction. Interestingly, for FG04 one outlier is
generated using a Ne line correction specific to that analysis that goes away using the average
correction factor (Fig. 5a), while the opposite is true for standard FG19_101 (one outlier is

generated using the median Ne correction, Supporting Fig. S10). However, it is noteworthy that



414
415
416
417
418

419
420

421
422
423
424
425
426
427
428
429
430
431

432
433
434
435
436
437
438
439
440
441
442

443
444
445
446

after the instrument recalibration in April 24, the Raman was moved to a newly renovated
laboratory where the HVAC system yields temperature variations of <+1 °C per day, which means
temperature variations are minimal, which could explain the small differences between the
correction methods. We investigate the ability of line segment Ne line corrections to help minimise

drift during larger temperature variations in section 3.3 below.

3.3. Densimeter stability within a single analytical session
It is well know that changes in temperature can cause considerable drift in peak positions,

intensities and peak widths during Raman analyses (e.g.,Hagiwara et al., 2018; Inoue et al., 2023;
Jakubek and Fries, 2022; Lamadrid et al., 2017; Mestari et al., 1997). For example, Fukura et al.
(2006) tracked peak positions in ruby and napthalene, showing periodic fluctuations in peak
positions of ~ 0.1 cm™" with temperature fluctuations of 0.8 °C. However, they.show that the multiple
peaks of napthalene follow a similar trend, and the difference betwegen twospeak positions, which
is of most relevance for measurements of CO- fluid density, is™~8 Xssmaller than the absolute
peak shift. In contrast, Mestari et al. (1997) perturb room temperature by 1-2 °C and track the
relative positions of different Ne lines and show the wavenumber shifts are not identical for
different lines and diverge further as the experiment proceeds. This study also shows that amount
of relative wavenumber shift between two lines differs drastically as a function of the acquisition

conditions.

Hagiwara et al. (2018) investigate the effect of both room and sample temperature on CO
density measurements to isolate the effect of each. They show no notable change in splitting as
sample temperature is perturbed by 21-26 °C, but an abrupt shift in splitting of ~0.05 cm™ as the
room temperature is raised by 7°C. The splitting then rapidly shifts back to its original value again.
As the authors do not’plot splitting against room temperature, it is difficult to determine exactly
when this perturbation thappens relative to the onset of room heating. They suggest the splitting
change reflects thermal expansion induced misalignment of the spectrometer, as thermal
expansion of the host mineral will be negligible. The Ne line correction routines of Lamadrid et al.
(2017) and Lin et al. (2007) do not mitigate the change in splitting during this perturbation. Thus,
Hagiwara et al. (2018) suggest that repeated measurements of a CO; standard may provide a

better drift correction strategy than Ne lines.

Given the differential response to temperature Mestari et al. (1997) report using different
instrument settings on a single instrument, and conflicting reports of whether different peaks move
together (Mestari et al. 1997 vs. Fukura et al. 2006), we investigate the effect of room temperature

variations and whether the Ne line segment technique can minimise the effect on measured
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splitting on the UCB WITec alpha300R. We turned off the room heating and cooling system the
night before a day that was forecast to be particularly warm for the San Francisco Bay area (~28—
30°C). We started the test at ~ 6:30 am when the laboratory temperature was 23.5 °C, 30 mins
after the laser and Ne lamp were turned on and the spectrometer set to cool, Two Icelandic fluid
inclusions (Kahl et al., 2025) were double polished and placed in the Linkam THM600 stage with
a silver lid on top of the sample to keep the sample temperature fixed at 37+0.1 °C throughout the
day. We do not use the top lid of the stage, as it cuts out a large proportion of the Raman signal
(see Supporting Fig. S4-5). As the room warmed up, the two Fl were analysed repeatedly, with a
Ne line acquisition collected after each measurement of the two Fl. Room temperature was
measured using an Aranet4 sensor located on the table with the Raman and Ne lamp (Fig. 6a).
By 3pm, the room temperature had stabilized at ~26 °C as the outside’temperature peaked. To
get a larger temperature rise, a space heater was switched on. At 5'pm, the temperature began
to level out again, so a second heater was turned on, causing the laboratory temperature to rise
to 28 °C at ~ 7:30 pm. Two air filters with a combined clean-air'delivery rate of 500 cubic feet per
minute were used to circulate air within the room to helpshomogenize laboratory temperature. The
laser power recorded by the WITec TruePower stayed between 5.95 and 6.2 mW with no obvious
correlation with room temperature, showing_similar variability to analytical days where laboratory

temperature was stabilized (Supporting Fig. S14).

The peak positions of the 1417, 1220, 1400, 1447, and 1567 lines increase by ~0.2-0.3
cm™ over 5°C, which is very similarto the 0.3 cm™' shift of the peak position of GaN observed over
5°C of room warming by Guo et al.,(2020). Interestingly, the proportional change in peak position
is extremely similar for all the Ne lines (position at t=i/position at t=0), so the absolute change is
largest for the 1567 line and smallest for the 1117 line (Supporting Fig. S12). While the Ne
correction factors differ/for each Ne line pair, the proportional change in correction factor is within
uncertainty for all Ne line pairs (Supporting Fig. S12). This indicates that the magnitude of the drift

correction using Ne lines is independent of the choice of line pair.

Given the similar response of all Ne lines and their correction factors, for simplicity, we
only discuss the 1117-1447 line pair. The 1117-1447 correction factor shows a strong
anticorrelation with temperature (Fig. 6a, note the flipped y axis for temperature). By parametrizing
temperature vs. time and Ne correction factor vs. time using high order polynomials (Fig. 6a), a
laboratory temperature and correction factor was calculated for each FI measurement. We
calculate the corrected splitting using the Ne correction model (blue line, Fig. 6a) and compare

this to corrected splitting calculated using the first Ne acquisition at the start of the day (Ne1, Fig.
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6a). Fitting a linear regression for calculated density vs. laboratory temperature yields a far
stronger correlation when using a constant Ne correction factor from the first Ne acquisition of the
day vs. the polynomial Ne correction model (R?=0.57 vs. 0.14 for B30, and 0.74 vs. 0.39 for B23).
This indicates that during large temperature swings, the line segment Ne line correction does help
correct for instrument drift, keeping the rate of change within ~0.01 g/cm? for 10 °C of laboratory

heating, while not using a Ne lamp would generate ~0.03—0.04 g/cm? of drift.

In our experience with our hardware and specific analytical protocol, on a day without such
extreme temperature perturbations, measuring a Ne line every 40—60 mins is generally sufficient.
However, we have found that our Ne line acquisitions have helped us identify days where the
HVAC system was malfunctioning and frequent Ne line acquisitions have allowed us to use the
data collected on those days, whereas with less frequent acquisitions.we would have had to
recollect. Given the differing results reported for Raman temperaturessensitivity in the literature,
we suggest that analysts inspect room temperature logs to determine typical daily temperature
changes in any given laboratory to decide an appropriate intervalrat which to measure Ne lines.
In laboratories with large temperature swings, performing room temperature tests similar to that
described here on their instrument can help identify the best drift correction strategy. If other
Raman systems behave like ours during temperature perturbations, where very large temperature
swings can be corrected using Ne lines so the analytical error only doubles (from an already small
value, ~0.01 g/cm?®), this is excellent news for universities who want to conduct Raman
measurements but do not have aecess 10 temperature-controlled spaces. However, given our
instrument uses fibre optic,cables,to transmit photons, it is possible that instruments relying on
mirrors show larger shiftsggiven the increased number of components susceptible to thermal

expansion and contraction.

3.4 Peak fitting errors
The above analysis shows that developing a densimeter for a specific analytical conditions and
drift correction methods is key to remove the large systematic offsets between different
densimeters and generate accurate measurements of CO; density. Now, we focus our discussion

to optimizing the precision of Raman measurements.

Bakker (2021) raised concerns regarding precision, noting the discrete nature of Raman spectra,
where x coordinates (wavenumber) are collected on a CCD with a spacing defined by the grating
and other hardware. At each x coordinate, an intensity value is recorded, the magnitude of which
is dependent on the efficiency of each instrument. Bakker (2021) show that shifting the spectral

window one pixel spacing at a time along the CCD causes a lateral shift in the maximum peak
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intensity (Fig. 7). They suggest that the error on the peak center is equal to the magnitude of the
spectral shift. For two different Raman set ups, they estimate a splitting error of ~ £0.27 cm™. A
splitting error of £0.27 cm™ yields an error of +0.1 g/cm?® using the UCB densimeter. For a typical
melt inclusion vapour bubbles with 3% bubble volume, this corresponds to an uncertainty of the
amount of CO; held in the bubble of 1111 ppm. When propagated through to calculate saturation
pressure, this would introduce uncertainty of several kbar. Similarly, a Fl with a density of 0.3+0.1
g/cm?® corresponds to entrapment pressures spanning 0.5 to 1.25 kbar (Span and Wagner, 1996).
Peak fitting errors of the magnitude suggested by Bakker (2021) would render Raman
spectroscopy entirely unsuitable for melt and FI barometry, so it is essential to assess these

statements.

We obtain the spectra shown in Fig. 18 of Bakker (2021) and fit them with-pseudovoigt peaks for
the diads and hotbands. These spectra were collected as the spectralwindow was shifted ~3 cm-
"in steps of 0.137 cm™ on a LabRamHR (600 grating, pixel resolution'of 0.62 cm™"/pixel). To help
visualize the shift in the maximum y pixel intensity, we vertically“stack the acquisitions collected
using different spectral centers after normalizing the intensity for ease of visualization (Fig. 7a).
The positions of diad 1 and diad 2 do indeed move by significant amounts as the window is shifted
(Fig. 7b). Bakker (2021) suggest that these‘shifts reflect the error on the band positions. For this
dataset, both diad1 and diad2 shift by 0.226 cm™,as the window is moved (red error bar, Fig. 7c).
However, it is crucial to recognise that'diad.1 and diad 2 move in the same direction (Fig. 7b),
such that the calculated splitting variesiwery little and shows no systematic change as the spectral
window is shifted (cyan diamonds; Fig. 7c). The overall variation in calculated splitting (0=0.017
cm™) is very similar to the estimated splitting error combining the peak fitting errors on diad 1 and
diad 2 from Imfit in quadrature within DiadFit (0.017 cm™'; Newville et al., 2016). Thus, the splitting
errors suggested by Bakker (2021) are overestimated, because shifting the window causes the

position of diad1 and diad2 to move in the same direction, with no notable change in the splitting.

Bakker (2021) also suggest that the choice of different probability density functions (PDFs, e.g.
Voigt, PseudoVoigt, Gaussian) return different center positions, and that the errors on these
parameters are hard to estimate. Fortunately, modern peak fitting packages such as Fityk (Wojdyr,
2010), and peak fit packages in python such as sklearn or Imfit (used in DiadFit, Newville et al.,
2016) provide an estimate of the uncertainty on the peak center using the covariance matrix
obtained during the peak fitting process. We assess the difference in peak position using different
fits for Raman data collected on natural Fls from Fogo Volcano, Cabo Verde and Kilauea, Hawaii

(DeVitre and Wieser, 2024). We consider Voigt, PseudoVoigt, and Pearson4 functions, as these
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were identified as the most physically-plausible peak shapes for CO fluids by Yuan and
Mayanovic (2017). Peak positions obtained from different fits overlap within the calculated
uncertainty on the peak center (Fig. 8, Supporting Fig. S13). This analysis demonstrates that for
a wide range of CO; densities and signal intensity, differences between physically plausible peak

fit shapes are within the stated Imfit error on each model.

It is notable that the errors on the Pseudovoigt peak position are twice as large for diad 1 as diad
2, consistent with its lower intensity and slightly higher full width half maximum (Fig. 9a). Errors
are also larger at lower CO- densities. However, for all inclusions, peak fitting errors are still
significantly smaller than the 0.1-0.3 cm™ estimated by Bakker (2021). Comparing Raman
measurements with Microthermometry measurements provides another opportunity to assess
precision (and accuracy, Fig. 9b). We use data from N=58 FI from Fogolvolcano from DeVitre and
Wieser (2024) supplemented with N=39 new microthermometry and Raman measurements from
the Galapagos using the same methods. The Raman error was ‘estimated from Diadfit, by
combining the peak fitting errors with the uncertainty fromthe Ne“line correction model and the
densimeter. This error was combined in quadrature with the uncertainty in microthermometry
homogenization temperature (+0.2 °C) to create the y error bar shown in Fig. 9b. On Fig. 9c, we
perform the same analysis but now show efror bars estimated from multiple repeats of Fl
analyses, rather than the DiadFit peak fitting error. On both plots, the two Fl with the largest offset
between Raman and Microthermometry: have CO. densities very close to critical, where
Microthermometry errors are hard.te quantify. The majority of inclusions lie within the ~0.01-0.02
g/cm? error commonly quoted forthe Raman method (red bars, Dayton et al., 2023; DeVitre and
Wieser, 2024; Kobayashi et al., 2012; Remigi et al., 2021). In contrast, it is clear that when
propagated to density,«the proposed splitting errors of ~0.2—0.3 cm™" (grey dotted and dashed

lines) from Bakker, (2021) are not consistent with this dataset.

Although the errors estimated from comparing Microthermometry and Raman (Fig. 9), and
repeated measurements of standards (Fig. 5) are far smaller than that estimated by Bakker,
(2021), it is noteworthy that the standard deviation in density obtained from averaging multiple
repeats is about twice as large as the error estimated from DiadFit (using weighted least squares
or unweighted least squares, Fig. 9). Similarly, the average individual fitting error of the FI
standards (Fig. 5) are about half the total standard deviation in repeated measurements. This
indicates that the there are additional sources of uncertainty in addition to the uncertainty in peak

position, Ne correction models, and the densimeter itself considered by DiadFit. In Section 3.6,
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we suggest that a reasonable fraction of the unaccounted-for uncertainty comes from the

temperature of the sample, and other sources of instrumental variability.

3.5. Optimizing Signals
While the above discussion indicates that peak fitting errors are far smaller than those indicated

by Bakker (2021), it is still worthwhile investigating methods to reduce uncertainties as much as
possible. This is particularly important for low density CO; fluids (i.e. melt inclusion vapour
bubbles), where peak fitting errors can approach 50-100% near the instrument detection limit
(~0.01-0.02 g/cm?, Bearden et al., 2025). Peak fitting errors are highly dependent on both the
instrument hardware (e.g., spectrometer efficiency, spectral resolution, read and dark noise from
the CCD), analytical conditions (e.g., laser power, acquisition time, number of accumulations

averaged), and sample characteristics (e.g., density of CO, size of inclusion).

On most instruments, users can adjust the acquisition time (time spent collecting a single
spectrum) and the number of accumulations (number of individual spectra that are collected and
averaged). We investigate the interplay between these two parameters using a variety of samples
with low CO, densities (which have the largest peak fitting errors). We collect N consecutive
individual acquisitions of variable duration using the ‘slow series’ option in the WITec acquisition
software. This mode keeps the laser on continuously, and collects and outputs spectra every Xs.
This is analogous to a single accumulation when run in the regular mode. To simulate the software
collecting two accumulations of time Xs,we average the 1%t and 2™ collected spectra to get one
averaged spectra and then fit that'spectra. We then average the 2-3" acquisition, the 3—4"" and
so forth. For N=14 acquisitionsicollected, this yields 13 averaged spectra that we fit (shown as
individual dots on Fig. 10a). We also calculate the average and standard deviation of each peak
parameter for the 13/averaged spectra. To simulate 3 accumulations, we average the 1-2-3"
spectra, 2-3-4", and for4 accumulations, the 1-2—-3—4™ spectra, 2—3—-4-5" spectra etc. Tests
were performed for different integration times (30s, 45s, 60s, 90s, 120s and 200s). This allows us
to investigate how errors decline as count time increase through a combination of changing

accumulations and acquisition times.

Fig. 10 shows a CO capillary tube with a CO, density of 0.6 MPa, corresponding to
p=0.011£0.011 g/cm? (Le et al., 2021). Supporting Fig. S16-S17 shows the same plot for a low
density melt inclusion vapour bubble from Mauna Ulu, Kilauea (Wieser et al., 2019). Each
‘averaged spectrum’ is shown as a semi-transparent dot on panel a-b, and the overall average for
combinations yielding N accumulations is shown as a cross with an error bar. For a single spectra,

the errors are smaller for 90s compared with 45s, as expected given the more intense spectra,
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and higher signal to noise ratio (Fig. 10c vs 11d). The peak fit error for diad1 is about twice as
large as for diad 2. The error drops quickly as the number of accumulations is increased, and then
the trend flattens out (Fig. 10a-b). In terms of assessing ways to optimize instrument time, it is
useful to compare the errors in the context of the total acquisition time (Fig. 10e). There are no
clear differences in error outside of uncertainty the same total time for acquisitions 45s or greater.
For the two meltinclusion vapour bubbles, 30s acquisitions to return errors that are slightly higher

than all other times.

These observations can be understood when considering the factors that influence the uncertainty
in the intensity of each pixel collected on the CCD (Hagiwara et al. 2023). The error for each pixel
is a function of the shot noise (i.e., the Raman photons being delivered to the detector), dark noise
(arising from thermally produced electrons in the detector) and read(neise (introduced during
conversion of charge to voltage during readout). The variance in detected photon counts due to
shot noise (o,,,:2) is proportional to counts (number of detected photons), the variance in counts
due to dark noise (g,4,>) is proportional to exposure time, and"the variance from read noise
(0reaq”) is proportional to the number of times thé detector is read (i.e., the number of
accumulations). Although the absolute shot noise.ncreases,with the number of detected photons
(0shot X Vcounts), the signal increases more rapidly (< counts), so the relative contribution of shot
noise and the corresponding relative fitting uncertainty, decreases with increasing acquisition
time. In other words, increasing the'time spent collecting each spectrum will decrease the relative
contribution of ag,; to the overallerror, but increase the contribution from ¢;,,«, while performing

more integrations will increase the relative contribution from read noise (0,¢44)-

To determine the relative contribution of each of these noise sources, we collect 20 accumulations
of 2s, 5s, 10s, 30s and 60swwith the laser and room lights off using the WITec slow series option.
For each pixel (wavenumber) we calculate the variance after rejection of cosmic rays and then
calculate the median variance for all pixels. Plotting this variance (oy;4nq,*) against exposure time
yields a straight line (Supporting Fig. S19). We assume that the noise in the signal is given by
Osignal” = Oreaa” + Dt, where D is the dark current rate in counts? per second. We estimate these
parameters from the intercept and gradient of a linear regression. For our conditions, 0,.44°~ 5.8
cts? per read, and D = 0.014 cts? per second (Supporting Fig. S19). Our detector has a gain factor
(K) of 2.55, meaning that one intensity count corresponds to 2.55 electrons. Shot noise can be
expressed as gg,or 2 =Nounts/K. As shot noise scales with v/counts (the noise), and Raman signals

increase proportionally with counts and thus t (the signal), the signal to noise ratio from shot noise
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improves with time following +/t, and errors decreases proportional to 1/y/t. This means for a
theoretically perfect detector with no read or dark noise, the total acquisition time will control the
signal to noise ratio, which will be the same for 10s X 6 accumulations as 1X60s. The relatively
low read and dark noise from our detector relative to shot noise means that for strong signals,
this is approximately true. For example, for a single 120s accumulation, with a signal that is 1000

counts above background:

Orotal® = "M g0, + Dt = 1000/2.55 + 5.8 + 0.014*120 = 399.6 cts’.

This yields a signal to noise ratio of 50 (1000/+/399.6 ). Shot noise accounts for 98.1% of the error,
dark noise 0.4% and read noise 1.5%. This is an expected result on modern, cooled CCDs where
shot noise dominates (Liu et al., 2018). In contrast, for the same total.acquisition time, if the
spectrum was collected for n=4 accumulations of 30s, the signal would,be 4* weaker (250 cts),

yielding the following errors:

Orota? = Meounts 1 Oread” 4 Pt = 950/(4+2,55) + 5.8/4 + 0:014%30/4 = 26 cts?

nK

This yields a signal to noise ratio of 49. Shot noise, makeswp 94% of the error, dark noise 0.4%
and read noise 5.6%. The small increase in the relative contribution of read noise accompanying
more accumulations is relatively negligible for strong signals, explaining why the # of
accumulations has relatively little influence on the signal to noise ratio, and thus the overall peak
fitting error in Fig. 10. However, if we consider now a scenario where the 120s accumulation has
a signal only 100 cts above background (e.g. Supporting Fig. S17), a single 120sX1 accumulation
has a signal to noise ratio. of 14.6.(83% shot noise, 3.6% dark noise and 12.4% read noise) while
30sx4 accumulations with a‘signal of only 25 cts above background have a signal to noise ratio
of 12.5 (61% shot noise, 2:6% dark noise and 36% read noise). If there was no read or dark noise,
these signal to noise ratios would be the same. However, for very weak signals, the penalty of

multiple accumulations and the associated increase in read noise become significant.

Overall, these equations explain why peak fitting errors declines with 1/+/t for strong signals, and
there is little difference between different combinations of accumulations and acquisition times for
the same total analysis time. However, for the very weakest signals, acquisition times of 30s
generate noticeably larger errors (Supporting Fig. S16-17). On our system, because of the decline
in error following 1/+/t, we find that analysis times beyond about 4-5 minutes results in
increasingly diminishing returns (Fig. 10) and increased chance of sample drift on the stage mount

causing the laser to leave the center of the inclusion. Longer acquisition times also run the risk of
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real drift due to changes in laboratory temperature, Raman laser wavelength, and changing
sample and focus positioning. Further information on the transition from noise being dominated
by photon counting vs. drift can be found in Yamamoto and Hagiwara, (2024). As errors will vary
as a function of the Raman hardware and characteristics of the samples being targeted (e.qg.
density, fluid size etc), we suggest that performing these tests on each specific Raman instrument
can help inform an analytical strategy and total acquisition time that reduce peak fitting error while

remaining cost and time-effective considering the target analytical errors for any given study.

3.6 Sample Temperature
It is important to investigate the effect of sample temperature on calculated densities. This has

implications for how the sample should be heated during Raman analyses. Heating samples
above the critical point of CO2 (31.1 °C) ensures that a homogenous fluid can be analysed, which
removes issues associated with analysis of a mixture of gaseous and.liquid phases (see DeVitre
et al. 2023). We use a low-cost heating apparatus consisting ©f a $60 DC power supply, a $41
Peltier plate with a hole in it to maintain the ability to use transmitted light for sample navigation,
and a $24 type K thermocouple with a precision of +2/°C attached to the surface of the sample
with electrical tape (Supporting Fig. S3). However, the limited precision of type K thermocouples
means that the sample may be at 35 °C or 39 °C, even,if the display reads 37 °C. Determining the
error in splitting and density that results from this, uncertainty in sample temperature is important
to determine whether higher precision thermocouples or a more sophisticated heating apparatus

is needed (i.e. a Linkam stage with.a precision of £0.1 °C).

A number of studies havetinvestigated how sample (and thus fluid) temperature affects diad
splitting. Kawakami et aly'(2003) measured CO,-rich Fls with densities of ~1 g/cm?® in mantle
xenoliths and found that splitting stayed remarkably constant between 20—200 °C (see their Fig.
10). Thus, they deduce that splitting is sensitive only to density, and is insensitive of temperature.
Wang et al. (2011) investigate splitting vs. temperature for a CO-rich FI (0.72 g/cm?) and a H,O-
CO: FI (see their Fig. 11). Both these FI exhibit a drop in splitting of ~0.2 cm™' between ~40 and
200 °C, corresponding to a drop in calculated density of 0.08 g/cm®. As well as making
measurements on natural Fls with specific densities, Wang et al. (2011) also investigated
temperature sensitivity using a high-pressure optical apparatus where the analyte CO, gas was
held at a controlled pressure and temperature. Their acquisitions at 21, 25, 50, 100, 150 and 200
°C indicated that A decreases for a given CO; density as temperature increases (their experiments

span densities between ~0.2 and 0.7 g/cm3).
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More recently, Wang et al. (2019) use a high pressure optical cell to investigate the relationship
between splitting and density for a pure CO; fluid between -20 and 360°C, and pressures of 0.51
to 50 MPa. Their parameterization of how temperature affects splitting is shown in Fig. 11a. We
can also calculate the change in density that would occur if the splitting measured on a fluid
heated at higher temperatures was converted into density using the 37°C densimeter (Fig. 11d).
This is a scenario which may occur if a natural sample is analysed at a different temperature to
the densimeter, because of a lack of heating apparatus, an issue with the thermocouple on a
heating apparatus, or the heating of the fluid by the laser itself (see section 3.7). The Wang et al.
(2019) model predicts that the effect of temperature is largest for densities of ~0.5-0.6 g/cm? (Fig.
11d).

Sublett et al. (2021) also performed analyses on pure CO; in a high-pressure optical apparatus
at 22 °C, 50 °C, 100 °C, 200 °C and 350 °C, for pressures spanning 10-500 bars. Their
parameterization (Fig. 11b) is broadly similar to that of Wang et/al.(2019), except it shows a larger
sensitivity to temperature at the lowest densities, and the‘change in calculated density vs. true
density is more linear with increasing density (Fig. 11e). Finally, Hagiwara et al. (2021, hereafter
H2021) investigate the sensitivity of higher density fluids, using pressures from 7-250 MPa for
23-200 °C, yielding densities of ~0.65—1.2 g/cm®(Fig»11c). This confirms the downward trend in

temperature sensitivity towards higher densities indicated by Wang et al. (2019).

To assess these model predictions (Fig.11), we perform heating tests on natural olivine-hosted
Fls with densities spanning 0.4-0.9 g/cm?® (Fig. 11 d). Double polished wafers were placed within
a LinkamTHMSG600 stage and spectra were acquired with the TruePower meter set to 6 mW for
temperatures between 37:°C and"70 °C. Over this temperature window, thermal expansion of the
olivine induces negligible 'volume and thus density changes (<0.1 % following the approach of
Hagiwara et al., 2018; see also Yamamoto and Kagi, 2008). To account for the possibility of
instrument drift and non-reversable changes to the inclusion by heating, analyses were run with
increasing temperature and then decreasing temperature (2 repeats made at each temperature).
We fit a linear regression to temperature vs. apparent density calculated using the UCB
densimeter, and extrapolate this regression to calculate the density at 37 °C (Fig. 12). For each
acquisition, we then subtract this calculated 37 °C density from the density calculated from the
measured splitting using the 37 °C densimeter, and compare this to the prediction of the three
models (Fig. 11d, Fig. 12).

As predicted by all three models, heating causes the 37 °C densimeter to underestimate the true

density, and the density change is largest for Fl with densities of ~0.4—0.7 g/cm?, and smallest for
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ones at 0.9 g/cm3. The Wang et al. (2019) model does a very good job of predicting the density
change for 6 fluid inclusions (Fig. 11d, Fig. 12).

These temperature-density gradients can be used to assess the uncertainty introduced by
measuring the sample temperature. The x2 °C error introduced from the thermocouple plus offsets
of 1-2 °C we observed based on the type of tape used to stick the thermocouple down and the
exact positioning of the thermocouple contributes an additional error of ~+0.0016-0.0048 g/cm?,
(depending on the density of the fluid being analysed). For FG04_A1_4, the average analytical
error calculated in DiadFit is ~0.004 g/cm?®, while the standard deviation of hundreds of
acquisitions over many years is 0.0085 g/cm?®. Assuming the worst-case scenario of temperature
contributing the full 0.0048 g/cm?, this leaves a residual error of 0.0057 g/cm?® unaccounted for.
The remaining variability may reflect subtle variations in laser wavelength with time, laser
positioning within the sample, and temperature drift which is not fully"accounted for by Ne line
corrections (e.g. Fig. 6). However, to a first order estimate, peak fitting errors are a good estimate
of the uncertainty of Raman analyses within a factor of two, and“are certainly not several orders

of magnitude too small (c.f. Bakker, 2021).

3.7. Laser Power

These heating tests give us a framework to assess.the effect of laser power on CO; density. This
has been a topic of extensive debate in-the literature. Fall et al. (2011) suggest that the laser
doesn’t heat the inclusion more than,a few 10ths of a degree, based on observations that many
inclusions analysed in their laboratory which homogenized during microthermometry at
temperatures very close toilaboratory temperature still showed distinctive liquid and gaseous
phases when analysed by:Raman spectroscopy. However, Hagiwara et al. (2021b) simulate laser
heating with a numericalimodel, concluding that laser powers of just 10 mW can cause the
temperature to rise tens“or hundreds of degrees. Specifically, they show that the absorption
coefficient of the host mineral is the most important parameter determining the amount of heating,
because the CO; inclusion itself has very little absorption at the wavelengths of the laser. They
perform Raman analyses at varying laser powers, and use a thermometer based on hot bands to
determine the laser heating coefficient B (°C per mW of laser power) for Fls in olivine,
orthopyroxene, clinopyroxene, spinel and quartz. It is notable how much lower their B values are
for quartz (0.010-0.014 °C/mW) vs. mafic minerals such as olivine (0.02—1 °C/mW). In their tests,
as laser power is changed from 4—14 mW, the olivine Fl shows a ~0.02 g/cm?® decrease in density
while the quartz inclusion shows no change outside uncertainty. Thus, while Fall et al. (2011) do

not note the host mineralogy of the inclusions they draw their conclusions based on, the inclusion
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shown in their figure that they reference as evidence for a lack of laser heating is hosted in quartz.
If the Fall et al. (2011) observations are from quartz inclusions, they are not in conflict with the
results of Hagiwara et al. (2021b) who predict minimal heating for quartz. DeVitre et al. (2023)
also demonstrate the effect of laser heating on calculated CO- densities through the analyses of
olivine-hosted melt inclusion vapour bubbles with densities of ~0.3, 0.5 and 0.6 g/cm?®. They show
a clear drop in splitting (and thus density) with increasing power (~0.1 g/cm?® from 0—-20 mW using

TruePower readings).

It is vital to determine the effect of laser heating in different samples and bring some consensus
to the literature, because it is very tempting to use high laser powers for analysis to obtain strong
signals and small peak fitting errors. For example, Supporting Figure. S20 shows the peak fitting
error associated with the analysis of FIs and vapour bubbles using laser pewers ranging from ~5—
35 mW. A laser power of ~5 mW yields a peak fitting error 2—-3X higherithan a laser power of 35
mW. This reduction in error is highly beneficial for low density samples like melt inclusion vapour
bubbles (often 0.02—-0.04 g/cm?®), where peak fitting errors:can introduce an uncertainty of 20—

50% in density, but this is only true if the higher laser powers do not change calculated density.

We perform analyses using TruePower values of' =5, to 50 mW (scaling to 2.2—-30 mW at sample
depending on the objective) for 4 olivine-hosted melt inclusion vapour bubbles from Mauna Ulu,
Kilauea (Wieser et al., 2019) and the Cascades (Wieser et al., 2023), and 29 olivine-hosted Fls
from Iceland (Kahl et al., 2025), Fogoyoleano (DeVitre et al., 2023b), and American Samoa (kindly
supplied by Drew Downs). We also analyse 3 pyroxene-hosted Fl from the Galapagos (Gleeson
et al., 2025). These MI and\Fl span-a wide range of CO, densities (Fig. 13). Microthermometry
measurements and broad wavelength scans performed by the studies cited above demonstrate
that the vast majority of theseinclusions are pure CO- (e.g. Fogo and Iceland, DeVitre and Wieser,
2024; Kahl et al., 2025)..Some of the Galapagos fluid inclusions show anomalously low freezing
temperatures but no other Raman-active peaks, so are inferred to contain small amounts of
Raman-inactive noble gases (Gleeson et al., 2025). We also perform power series on the Fl and
melt inclusion vapour bubbles that were used for heating series (Fig. 14). As for temperature, we

analyse each FI with increasing then decreasing laser power.

We also conduct a series of tests to determine if a steady state is reached, given that Hagiwara
et al. (2021b) show that the time it takes for an inclusion to reach 90% of its max temperature
upon laser heating is 18.5s, and that this time is heavily dependent on the boundary condition.
Using the WITec slow series function where the laser remains on during the entire interval, we

collect 15 spectra spaced between 5s and 30s, and fit each of these spectra individually. There
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are no significant and consistent decreases in CO; density or changes with increasing # of
acquisitions (Supporting Fig. S21), indicating the majority of heating occurs in the first 5-10 s after
the laser is turned on. The power series show that the area ratio of the sum of the two hotbands
relative to the sum of the two diads increases with increasing laser power, providing evidence that
the laser is increasing the internal temperature of the inclusion (Supporting Fig. S22). There is no
notable change in the hotband to diad ratio during the slow series acquisitions, also indicating
that a steady state is reached quickly (within 2—4% of the total acquisition time for our typical 45s

x5 accumulations, Supporting Fig. S21).

The vast maijority of fluid inclusions show a notable drop in CO> density as the laser power is
increased (Figure, 13, Supporting Fig. S23-26). We calculate the gradient of a linear regression
between the laser power at the sample and CO- density, and find highly*variable gradients for
different samples (~0 to -0.006 g/cm?® per mW, Fig. 13a). In general,Fls show weaker negative
gradients than melt inclusions from the same samples (see also Supporting Fig. S27). However,
Fls show great diversity in gradients. One fluid inclusion (Fl 101C from Fogo volcano) shows a
very large change in density (~0.95 to 0.8 g/cm?, Fig. 13d). This corresponds to a change in
calculate depth of 8 km in the crust. The three Icelandic FI shown in Fig. 12c-e show density
change varies from -0.08 g/cm? to -0.018 g/em®for a 80 mW change in laser power. The drop in
density for B22_1_FIA corresponds to a change'in calculated depth of ~ 3 km (Fig. 12c, RH axis).
These changes in density are far larger than,the uncertainty on each Raman measurement (see

error bars, Fig. 12c-e).

Hagiwara et al., (2021b) suggest that the absorption coefficient of the host phase is the most
important parameter affecting laser heating. A wide variety of absorption coefficients for olivine
have been reported in the literature, making it hard to quantitatively model the heating process.
For their laser heating simulations, Hagiwara et al. (2021) use an olivine absorption coefficient of
1.14 cm™ based on measurements of a hydrothermal olivine from the Cola Peninsula, Russia
(Fogs Taran and Matsyuk, 2013). In contrast, Chassé et al. (2015) report an olivine absorption
coefficient at wavenumbers corresponding to a 532 nm green laser (~18800 cm™) of 11 cm™ (the
Fo content is not given). Other papers have shown that the absorption coefficient of olivine is
sensitive to the Fo content, and the crystallographic orientation of the host (Hazen et al., 1977;
Taran and Matsyuk, 2013; Ullrich et al., 2002). For example, at 532 nm, a Fogo crystal has an
absorption coefficient of ~6 cm™ parallel to a vs. 3 cm™ parallel to b (Ullrich et al. 2002). For Foo,
the coefficient parallel to the b axis is ~97 cm™ and 76 cm™ parallel to c. For comparison, Chassé

et al. (2015) show absorption coefficients for basaltic glass and melt inclusions of ~100 cm™ at
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532 nm. The order of magnitude higher absorption coefficient of basaltic glass vs. typical igneous
olivine forsterite contents (70-90) account for the higher rates of heating seen in melt inclusions

vs. fluid inclusions.

We investigate the relationship between heating rates and host forsterite contents for a subset of
Icelandic and American Samoa crystals that analyses of the host mineral chemistry, given the
expected increase in absorption coefficient as the olivine becomes more Fayalitic. Our data shows
a strong correlation between the measured gradient and the Fo content (Fig. 13b), but not
between measured gradient and CO; density, indicating that the absorption coefficient of the host
is likely controlling the amount of heating (consistent with the theoretical models of Hagiwara et
al.,, 2021b). However, olivine chemistry cannot explain all the variability in laser heating rates.
Crystal 101 from Fogo volcano contains three Fl in the same secondarystrail within ~100 ym of
each other. FIC experiences a very dramatic drop in density, from ~0:93 g/cm?® to ~0.75 g/cm?
over 30 mW of heating (gradient of -0.0053 g/cm?® per mW){ In contrast, FIB experiences no
change in density outside of uncertainty (gradient of -0.0001 g/cm®per mW), and FIA experiences
a minor change, with a gradient of -0.001 g/cm? per mW (Supporting Fig. S26). Hagiwara et al.
(2021b) show that in addition to absorption coefficient, the host crystal thickness and radius can
also affect heating rates, with higher heating coefficients for larger crystals, and lower heating
rates for larger host radius. However, these parameters are also the same for these three fluid
inclusions. We initially speculated that the‘extreme heating experienced by FIC may result from
its proximity to the surface (~6 um,depth). However, when the crystal was flipped over and a
power series was performed from the other side (~68 um depth), the gradient was almost identical
(Supporting Fig. S30). 3D mapping reveals that 101C contains carbonate (Supporting Fig. S31).
It has been suggestedsthat :microparticles which are not visible optically can enhance the laser
heating effect (e.g. Burke, 2001), so it is possible that carbonate is playing this role in this
inclusion. The two Icelandic samples that show higher heating than expected based on their Fo
contents (Fig. 12b) also contain notable carbonate in 3D maps. However, of the three FI from
American Samoa (pink edges, Fig. 12b), the two which follow the gradient-Fo trend defined by
the Icelandic samples contain abundant carbonate, while the one with more negative gradients
contains no carbonate. The three Mg# 79 pyroxenes also show very variable heating amounts
(Supporting Fig. S32), despite the fact these samples are very homogenous and there are no

apparent color differences between crystals (Gleeson et al., 2025).

As predicted from the modelling of Hagiwara et al., (2021b), we also note that the gradient

depends on the heating apparatus used, which controls the boundary condition by which the
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crystal loses heat. When FI 101C is heated when embedded in crystalbond on a glass slide, it
experiences a larger amount of heating (gradient of ~0.008 g/cm3/mW) than when placed on the
Linkam stage (Supporting Fig. S33). Overall, these power series demonstrate that while laser
heating can be partially predicted based on the absorption coefficient of the host, we still observe
extreme large changes in density for specific Fl, replicated across different analytical sessions.
Given that many melt and Fls are analysed prior to knowing the Fo content (as that is often the
final step of measurement) and that we cannot diagnose why a few FI show such extreme heating,
this work demonstrates that it is absolutely vital to use low laser powers, as the heating response
is currently not entirely predictable. Thus, we recommend each laboratory investigate laser
heating using similar tests to those performed here for new sample suites to determine the correct

laser power to use, as the heating response is currently not predictable:

Performing laser heating and laser power tests on the same FI| within.the Linkam stage allows us
to estimate the heating coefficient, B (°C/mW of laser power) for this specific geometry (B values
will vary depending on the exact mounting mechanism used and“the boundary conditions they
induce). For each FI we subsample the power series{o be within the range of densities seen in
the heating series, and calculate the gradient of density vs. temperature, and density vs. laser
power. On Fig. 14 (and Supporting Fig. S34), we adjust the power and temperature scale such

that the gradients of the two datasets align. We calculate B as:

o Grad (CY‘% / mw)
B (°C/mW) = erad (T o0 [Eq 2]

cm3

This is valid for heating vs..power series collected on a single fluid inclusion where the sample
and FI geometry, density and fluid composition are fixed, assuming that the two series cover a
similar temperature range..This method also assumes a steady state is reached rapidly during
exposure to the laser, and that the temperature and power results are linear over the regression

ranges used (see Fig. 14).

B-value errors were derived from the gradient uncertainties of each ordinary least squares (OLS)
linear regression, computed via scipy.stats.linregress, and propagated in quadrature. B values
mostly span ~0.3-0.7 °C/mW, although a few exceed 1 (Supporting Fig. S34). This compares to
0.02—-1°C/mW from Hagiwara et al. (2021), and ~0.36 °C/mW from Wang et al. (2024).

Overall, we suggest that users should conduct analyses of a subset of any new samples at
different laser powers, to determine the change in density as a function of power for their choice

of analytical conditions (the heating rate will vary as a function of the host phase, host geometry,
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and possibly the method used to mount the samples during analysis if heat sinks are present). By
determining the gradient of laser power vs. density (Fig. 13), the user can determine the maximum
acceptable power that keeps density changes within a range so as not to compromise the
objectives of their study. For example, for our Icelandic inclusions which exhibit density-power
gradients of 0.0004—-0.003 g/cm? per mW (Fig. 13b), laser powers of <3—4 mW limit the effects of
laser heating to ~0.01 g/cm?, which is comparable to one standard deviation of repeated standard
measurements in our laboratory (0.009 g/cm3; Fig. 5), and offsets between Microthermometry and

Raman Spectroscopy (DeVitre and Wieser, 2024).

3.5. Other strategies to optimize signal.

Having to use low laser powers to minimise heating is a real issue in terms of getting enough
signal to minimise peak fitting errors. In addition to optimizing the acquisition times (Fig. 10), it is
worth thinking about other ways to optimize signals. Our repeated measurements of Fl standards
(Fig. 5) not only allow us to track the stability of the densimeter, but also the intensity of signals
with time. If the FI standard returns lower peak heights than normal, we analyse a Si chip which
yields ~2000 cts for a 10s acquisition when the system is well aligned. We use the oscilloscope
feature (‘live spectra’ on HORIBA) to perform micro adjustments on the pinhole position to
enhance laser transmission through the fibre to achieve these counts. We find that these
adjustments can easily increase signals by a factor of 2—-3. We typically adjust the system every
few weeks, although sometimes it goes/manths with no decline in signal, and other times we have
to readjust after a few days. Typically, adjustments are needed after HVAC failures where the
temperature of the laboratory shas. fluctuated, suggesting this adjustment is required based on
thermal expansion/contraction,of components. On a mirror-based instrument, mirror alignments

will have a similar effect:

Once the system’s optics-are optimized, it is worth considering the analytical geometry. The depth
of the FI within the sample has been discussed in a variety of papers. Frezzotti et al. (2012) note
that the depth resolution of Raman spectroscopy degrades with depth in the sample, so it is best
to analyse Fl within 30 um of the surface. Burke (2001) states that ‘usually one strives to analyse
inclusions as near the surface as possible’ inclusions deeper than 50 um start to give problems,
especially if their density is not too high’. To assess the influence of Fl depth, we individually
ground 3 olivine-hosted FI down, performing analyses after each round of grinding and polishing.
We measure the depth by focusing on the surface of the sample in reflected light, and then
focusing down to the melt inclusion. We correct the movement of the Z stage to true depth

accounting for the refractive index of olivine (N, pine ~1.7, 1.64—1.67 for Fo, 1.84—1.89 for Fa).
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True depth = Nolivine Zstage movement [Eq 3]

We use the WITec autofocus function at each depth. Surprisingly, we find no coherent trends in
signal intensity (quantified here using the area of diad 2) or the error on calculated density with
increasing depth in the sample (Fig. 15a, Supporting Fig. 35-37). However, we do find big
changes with minor changes in focus at a single sample depth. To demonstrate this, we perform
acquisitions at different focuses when the Fl was 91.8 ym deep in the sample. We first find the
optical focus yielding a sharp inclusion edge (yellow box and spectra, Fig. 15). We then use the
WiITec autofocus feature at our maximum laser power. This collects spectra for ~3 s at various
depths to find the maximum intensity in user-selected spectral window. The z position was ~ 2 ym
close to the surface than the best optical focus and yielded very similar signal strengths (black
spectra and box). We then used the oscilloscope function to manually 'seroll through Z positions
to find the best signal (pink box and spectra). The 6 focus positions between -14.1 ym and 0 um
all yield optically reasonable images, and yet the signal strength varies by a factor of 3.
Interestingly, the blue focus position (+2.3 ym) yields an optically poor image, but still a better
focus than the oscilloscope feature found. This comparison clearly demonstrates that focus has
far more effect on spectral strength than changing.the depth in the sample by ~250 um (Fig. 15
c-d).

This result was replicated for several inclusions (Supporting Fig. S35-S37). We also find that the
signal can vary quite considerably ‘spatially, and small shifts in x-y position can also result in
stronger signals. This becomes very apparent when taking 2D transects through and across Fl
(Supporting Fig. S38-39). We suggest that when signals are weak, the autofocus or oscilloscope
feature should be used tofinvestigate different x-y-z positions around the optimal focus. Variability
in signal strength can/also be seen by performing 2D and 3D maps of signal intensity. We perform
these tests at high laserpower (~30 mW at sample) for speed, and the drop the power to perform
the analyses at the optimal Z position. Our samples do not show any evidence for damage when
exposed to high laser powers, but care should be taken with new samples which may experience
Fe-nanolite formation (e.g., if glass is exposed to high laser powers; Di Genova et al., 2018), or

possibly even decrepitation (we have never personally observed this occurring).

Conclusions
In summary, we investigate the effect of several instrument parameters and data reduction
methods on the accuracy and precision of Raman analyses. Our findings can be summarized as

follows:
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1.

Spectral non-linearity means that the spectral window/center and drift correction method
(e.g. choice of Ne and Ar lines) used for densimeter calibration must be replicated when
analysing unknowns in future sessions. Spectral resolution alone cannot account for the
diversity in published densimeters, shown by the fact even a single instrument can
generate a wide variety of densimeter relationships as the drift correction strategy or
spectral center is adjusted. We instead speculate that densimeter diversity in the literature
is likely related to non-linearity, causing the splitting to vary depending on which CCD
pixels the CO; diad is projected onto.

Estimates of peak fitting error from Pseudovoigt curves, combined with uncertainty in the
Ne line correction model, account for approximately half the scatter seen in repeated
Raman analyses of the same inclusion over ~ 2.5 years (~0.004 g/cm? for FI with densities
of >0.6 g/cm?®). These low uncertainties make suggestions of very large peak fitting errors
untenable. The additional 0.004 g/cm? of scatter seen in-repeated standard acquisitions
likely results from uncertainty in the temperature of the'sample and room, combined with
variations in laser wavelength and other parameters, with time.

We recommend tracking the density of a single standard during every run to ensure there
has been no drift from the laboratory densimeter relationship. These standards also help
to track the efficiency of the instrument (e.g. checking the peak heights are as high as
previous days), so the user knows'when re-alignment is required.

In a temperature-controlled laboratory, drift during and between analytical sessions was
minimal using our WITec alpha300R Raman. However, when the laboratory temperature
is perturbed, the Ne line correction helps to reduce instrument drift by a factor of ~3. Thus,
while it is better to'have a’Raman in a temperature-controlled laboratory, it is not essential.
Large temperature swings of +5 °C result in an additional uncertainty of <0.01 g/cm? if Ne
lines are used for drift correction.

Laser heating is a significant issue, particularly for materials with higher optical absorption
coefficients (e.g., silicate glass, lower Fo olivine). For all but the most strongly laser-heated
Fl investigated here, ~3—4 mW of laser power at the sample changes the calculated
density by less than the uncertainty on repeated FI measurements (<0.009 g/cm?, Fig. 5)
while still providing sufficient signal to obtain good peak fits. However, the amount of laser
heating should be investigated when working on new sample suites given variable heating
rates observed in this study, even within a single crystal.

To help counteract the relatively weak signals achieved using low laser powers, the analyst

should investigate the play off between uncertainty and acquisition time for their specific
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instrument. They should experiment with different focuses using an autofocus/live spectra
function of the oscilloscope at high power to find the optimum signal within the fluid. Focus
has a far larger effect than depth to the fluid within the sample (even at depths of ~250
pMm). Care should be taken with this approach, as some samples may be sensitive to
decrepitation and damage (e.g., Fe nanolite formation in glass) when exposed to high

laser powers.

We suggest that prior to performing Raman density measurements, users conduct the various

tests here to optimize analytical conditions:

1)

2)

3)

4)

Choose a spectral window over which to collect data, and if for.any reason you want to
change this after calibration, investigate the impact of this.change on the density of a
natural or synthetic FlI

Use a temperature logger to explore variationsqin daboratory temperature. If the
temperature fluctuates by several degrees, perfermirepeated analysis of a natural or
synthetic fluid inclusion, and test whether the selected drift correction method (Ne lines or
repeated standard measurements) minimises this drift or not.

Investigate the relationship between {aser, power and signal using the available power
options, and between analytical errors and acquisition time and accumulations

For the samples of interest (with" their different absorption coefficients), investigate the
effects of laser heating to chooseia laser power that gives sufficient signal without inducing

density changes.

Acknowledgments
PW and CD acknowledge funding from NSF EAR 2217371, EAR 2342156, the Sloan foundation,

the Berkeley Rose Hills Innovator Program and the Berkeley Heising Simons Faculty Fellowship.

IS was funded through a SURF and Ramsden summer fellowship at UCB. The authors are very

grateful to the producers of Imfit, without which this study would not have been possible. We thank

Maren Kahl for supplying the Icelandic samples, Drew Downs for the American Samoa samples,

and Matthew Gleeson for the Galapagos samples. We are grateful to Alex Bearden for his early

contributions to investigating laser heating in some Mauna Loa vapour bubbles. We thank Charles

le Losq and two anonymous reviewers for extremely detailed comments and suggestions that

greatly improved the manuscript.



1032
1033
1034
1035

1036

1037
1038
1039
1040

1041

1042

Supporting Information
All data and Jupyter Notebooks needed to recreate the figures in this study are provided in the
Github repository. We also supply a supporting spreadsheet containing processed data for each

figure (e.g. peak fits etc).

PennyWieser/Raman Best Practices: Code for Raman best practices paper by Wieser et al.

Author Contributions
PW and CLD conceived the project. PW, CLD and IS collected the Raman data and performed
peak fitting. PW wrote the manuscript. All authors contributed to the discussion of ideas and the

editing of the manuscript.

Figure Captions

- 3800 10012 °
v 0
3 o 1.0011 °
40000 1 ~l T 300 2 °
> 8 o 10010 o
= - O 2> o @
30000 f 2500 Z
5 B % % 1.0009 °
c -
© T cooalE 2 1.0008
< 20000} 8 £
o 2 = 1.0007
P 3 ~ C%5
- S 100 S 1.0006
10000 | o o
o
’ Nooo é 1.0005
Ot 1 1 1 1.0004 |b) 1 1 1 1
1200 1400 1600 1100 1200 1300 1400 1500
& -1
Wavenumber(cm ) Wavenumber (cm )
g 1.0012 ACO,"e= =103.738 s O
a '‘Bracketing' :
° 1.0011 polynomial fit 6 lines :
= 1 0010 1773 ANetr=0.9677
: ACO,%" =103 4
8 4@4(9/55%9_’;;; )" =103.450
S 1.0009 T S105R
3 %
S 1.0008
o
£ 1.0007
.% 1.0006 oe
— ) 399
o 0
0 1.0005 »‘70;3‘?978 'Line segment’
[= 9879 1398-1446, ANe"=0.9995
1.0004 c) . . . ACO,%" =103.690
1100 1200 1300 1400 1500

Wavenumber (cm_1)



https://github.com/PennyWieser/Raman_Best_Practices

1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053

Figure 1 — Examining the difference between the ‘line segment’ method and the ‘bracketing
method’ when correcting instrument drift using Ne lines. a) An example Ne line acquisition
compared to a diad. Note that the intensity of the Ne (left hand axis) is almost 10X stronger than
the diad (right hand axis). This is different from Fig. 8 of Bakker 2021 where Ne lines show very
low intensities. b) Comparing the measured peak position of Ne to the theoretical peak position
for repeated acquisitions of Ne lines through the day. For each line acquisition, a polynomial has
been fitted through the data. c) For the first acquisition (t0), we show the polynomial fit through
the 6 Ne peaks. The ‘bracketing technique’ would correct each diad position based on the value
for the polynomial at that wavenumber (where the blue dotted lines intersect the grey line). The
‘Line segment’ method will give similar results if the gradient drawn between two points is parallel

to the intersection of the dotted blue and grey lines.
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Figure 5- Long-term variability in repeat measurements of FI FG04_A1 4 at UCB. a) Data
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accounting for the uncertainty in the temperature reading of the stage. The black solid line shows
the mean Raman value for the standard, and the dotted black lines +1 o. The distribution of
densities is shown as a histogram, compared to a normal distribution based on the mean and
standard deviation. Supporting Fig. S10 shows the same plot for a second standard run less
frequently at UCB. Grey symbols use unweighted least squares fits (ULS), red symbols used

weighted least squares routines (WLS).
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1147  Figure 6 — Testing the sensitivity of Raman acquisitions to large fluctuations in room temperature.

1148  a) Temperature log from an Aranet4 logger (red dots) against time. The white circles with blue

1149  outlines show the Ne correction factor calculated for each Ne line acquisition. These series were

1150 fitted with a regression (black and blue lines) to calculate temperature and Ne correction factor
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Figure 7 a) Stacked spectra collected as the
spectral window was progressively shifted by
Bakker (2021). The red band shows their
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showing the changing position of diad1 and
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1179  uncertainty based on the Imfit peak positions propagated in quadrature using a weighted least

1180  squares routine.
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1182  Figure 8 - Comparison of peak centers obtained with Voigt (V), Pseudovoigt (PV) and Pearson4
1183  (P4) peak fits for Diad 1 (V1) and Diad2 (V2) for natural Fls from Kilauea Volcano. a-b)
1184  Comparison of Diad 1 and Diad2 position, with error bars showing the 10 error on each peak fit

1185  from Imfit. Comparison of PDF fits for Fogo inclusions are shown in Supporting Fig. S13.
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1187  Figure 9 — Peak fit errors for three different sample suites. a) Errors on each peak position
1188  obtained from Imfit for low and high density Fls from DeVitre and Wieser (2024) from Fogo and

1189  Wieser et al. (2025) from Mauna Loa. b) Comparison of densities obtained from Raman
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spectroscopy and Microthermometry (this study - white dots, DeVitre and Wieser, 2024 — blue
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densimeter uncertainty for Raman spectroscopy and Microthermometry combined in quadrature.
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averaged prior to fitting the peaks (analogous to accumulation). The dots show an individual fitted
spectra (e.g. spectra 1 to 14 for accumulations =1, average of spectra 1-2, 2-3, 3—-4 for n=2
accumulations etc.), and the cross and error bar show the mean and standard deviation of
averaged spectra for each number of accumulations (e.g. 14 individually fitted spectra for n=1
accumulations). c-d) Example spectra for 45s x 1 and 90s x 1. The signal to noise (S:N) ratio is
calculated as the height of the highest pixel divided by the standard deviation of the region
between the two diads. e) Error on peak fitting as a function of total acquisition time. For example,
five 120s acquisitions were averaged for the 10 minute total acquisition time. The same figure for

a low density melt inclusion vapour bubble is shown in Supporting Fig. 16-17.
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1215  Difference between true density of a FI and the density calculated using the 37 °C densimeter
1216  when analysed at T=X °C. We overlay the data from fluid inclusions we analyze at a variety of
1217  temperatures (See Figure 12).
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1219  Figure 12 — Changes in apparent density calculated using the 37 °C densimeter for fluid inclusions
1220 analysed at different temperatures while being heated on a Linkam stage. The ‘True’ density of
1221 the inclusion was determined from a regression between density and temperature, taking the
1222 value at 37 °C (the temperature of our gas cell calibration). This was then compared to the
1223  calculated density at T=X°C using the 37 °C densimeter (i.e. panel a, the density at 70 °C was
1224  0.046 g/cm?® lower than the intercept at 37 °C). The solid, dotted and dashed lines show the
1225  predicted change in density using the models of W19, S21 and H21 respectively. The W19 model
1226  provides an excellent fit to all fluid inclusions.
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