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Abstract
In view of recently reported discrepancies in mineral solubility results obtained with the classical diamond trap method, 
an alternative approach to quantify the composition of high P–T fluids was developed. In this approach the high P–T fluids 
are trapped in laser-drilled holes within single-crystal diamond plates and subsequently analyzed by LA–ICP–MS using the 
same pit size as the one that was used to drill the holes, which allows more rigorous testing of the data reproducibility than 
in the case of the classical diamond trap, where the fluid resides in a large, open network. To reduce the spikiness of the 
LA–ICP–MS signals and minimize element fractionation, the aqueous solution within the holes was allowed to evaporate, 
and the solid residue was melted to a glass. Because this results in the partial loss of the internal standard elements that are 
usually used for quantifying the LA–ICP–MS signals we developed a new quantification procedure that works without any 
internal standard in the fluid but instead uses the carbon signal produced by the epoxy that was filled into the holes after 
melting the precipitates. The new method was first tested on holes filled with epoxy resins doped with known amounts of 
chemicals, then on holes filled with known amounts of minerals that were subsequently melted, and finally on real high P–T 
mineral solubility experiments at 1.0 GPa and 700–900 °C in the quartz–H2O and olivine–enstatite–H2O systems, for which 
reliable reference data exist. In all 15 experiments the measured concentrations agree within 1–21% (avg. 13%) with the ref-
erence values. In contrast, four mineral solubility experiments that were performed at identical conditions with the classical 
diamond trap method returned concentrations that deviated by 7–56% (avg. 28%) from the reference value. Furthermore, a 
strong fractionation effect that has been observed during the ablation of albite + H2O in a classical diamond trap is efficiently 
prevented in our single-crystal diamond trap (SCDT) approach. On the downside, we observe significant mobility of alkalies 
during the melting step in our approach.

Keywords  High P–T fluids · Mineral solubility · High P–T experiments · Single crystal diamond trap · LA–ICP–MS · 
Piston cylinder experiments

Introduction

Various experimental techniques have been used to study 
the composition of aqueous fluids at ≥ 1 GPa and ≥ 500 °C, 
including: (i) measuring the weight of single crystals before 
and after the experiment (e.g., quartz solubility in H2O; 
Manning 1994), (ii) constraining the fluid composition 
via phase relations (e.g., enstatite–forsterite–H2O system; 

Zhang and Frantz 2000), (iii) in-situ observation of dissolv-
ing minerals in the hydrothermal diamond anvil cell (e.g., 
rutile solubility in water; Audétat and Keppler 2005), (iv) 
trapping fluids in the form of synthetic fluid inclusions and 
subsequently analyzing them by laser ablation–inductively 
coupled plasma–mass spectrometry (LA–ICP–MS), which 
allows only elements that are not abundant in the host min-
eral to be quantified (e.g., Spandler et al. 2007), (v) in-situ 
synchrotron–radiation XRF in the hydrothermal diamond 
anvil cell (e.g., Schmidt et al. 2007), and (vi) the diamond 
trap method (e.g., Kessel et al. 2004). Of those, the dia-
mond trap method (in the following called "classical dia-
mond trap method") is the most versatile method, because 
it can be applied in compositionally complex systems, 
has virtually no limitation with respect to accessible P–T 
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conditions, and has also very little limitation with respect 
to the type and concentration of measurable elements. The 
diamond trap method was originally developed by Ryab-
chikov et al. (1989) and was subsequently modified and 
improved by Kushiro and Hirose (1992), Baker and Stolper 
(1994), Stalder et al. (2001) and Kessel et al. (2004). This 
method employs a layer of diamond powder in the experi-
mental capsule, into which fluids/melts infiltrate during the 
experiment and precipitate dissolved solids during quench-
ing. The diamond layer can subsequently be analyzed by 
bulk techniques, or—more commonly—by means of in situ 
LA–ICP–MS analysis. The latter approach has been sub-
stantially improved by introducing the “freezing technique" 
(Kessel et al. 2004), in which the sample capsule is kept 
frozen during the opening and the subsequent analysis by 
LA–ICP–MS. This approach avoids spatial fractionation of 
elements that remain dissolved in the fluid after quenching, 
such as Cs that is commonly used as internal standard for 
LA–ICP–MS signal quantification.

A basic assumption behind the diamond trap experi-
ments is that everything analyzed within the diamond trap 
was dissolved in the fluid at the time of quenching and was 
in equilibrium with the solid assemblage/mineral. However, 
this assumption may not always be valid. For example, if 
the solid starting material is added in the form of a silicate 
glass, then the aqueous solution will likely get supersatu-
rated during heating and precipitate crystalline phases that 
may remain in the system during the whole experiment. This 
phenomenon was documented by in-situ observation of the 
dissolution of a piece of andesitic glass in water during heat-
ing in a diamond anvil cell (Keppler 2017). Minerals that 
precipitate within the diamond trap during this process will 
be misinterpreted as dissolved fluid components. Minerals 
can also form within the diamond trap in response to tem-
perature gradients if the temperature of the diamond trap 
is lower than that of the surrounding material. High field 
strength elements (HFSE; Nb, Ta, Zr, Hf, Ti) oxides such 
as rutile and zircon appear to be particularly sensitive to 
this effect (Tropper and Manning 2005; Bernini et al. 2013; 
Rustioni et al. 2021).

Commonly, the LA–ICP–MS signal obtained during slow 
movement of a laser beam of 50–80 µm size over a frozen 
diamond trap is relatively constant for some elements, but 
highly variable for some other elements, such as high field 
strength elements, for example. The frequency of the sig-
nal peaks of the latter elements suggests that local accu-
mulations occur at the scale of 100–200 µm, which is rela-
tively large compared to the grain size of the diamond trap 
(15–25 µm). This observation raises the question whether 
these local accumulations represent de-localized solute pre-
cipitates that formed during the quench, or whether they 
reflect material that precipitated already during the run and 
thus should not be included in the signal interval. Another 

potential problem of the classical diamond trap method is 
elemental fractionation during LA–ICP–MS analysis. Rus-
tioni et al. (2021) analyzed a frozen diamond trap that con-
tained small albite grains and H2O (and was pressurized, but 
was never heated) and obtained SiO2/Al2O3 ratios that were 
about twice as high as the theoretical value of albite. In con-
trast, analyses on a larger piece of the same albite starting 
material that was analyzed on the same day with the same 
laser settings returned the correct SiO2/Al2O3 ratio. This 
suggests that in certain mineral–fluid systems severe ele-
ment fractionation may occur during LA–ICP–MS analysis.

We are aware of only three studies that performed accu-
racy tests on the diamond trap technique. Aerts et al. (2010) 
report an accuracy of 3% and a precision of 5% based on a 
single quartz solubility experiment in H2O performed at 0.88 
GPa and 700 °C, using the solubility data of Manning (1994) 
as reference. Tiraboschi et al. (2018) report an accuracy of 
5% for a single forsterite + enstatite solubility experiment 
in H2O conducted at 1.0 GPa and 800 °C, using the solu-
bility data of Newton and Manning (2002) as reference. In 
contrast, in a more extensive test series based on the solu-
bilities of quartz, forsterite + enstatite, corundum, rutile in 
H2O, and supercritical H2O–albite fluids at 700–800 °C and 
1.0–2.0 GPa, Rustioni et al. (2021) found deviations from 
reference values ranging from 3% to more than a factor of 
two, even among identical experiments. The reason for the 
large discrepancies in some experiments is not clear, but 
the data suggest that the accuracy of the method can vary 
dramatically from experiment to experiment, and potentially 
also from laboratory to laboratory, if, e.g., the temperature 
distribution or pressure correction in piston cylinder experi-
ments varies. Therefore, it is important to test alternative 
approaches that may lead to more reproducible results.

Here we present a new method that aims at minimizing 
the potential problem of mineral precipitation within the 
diamond trap during the experiment by trapping the high 
P–T fluid in pre-drilled holes in single diamond crystals, 
which allows more rigorous testing of the reproducibility 
of the results than analyzing small parts of the open pore 
network in a classical diamond trap. Furthermore, with 
the new method we try to reduce elemental fractionation 
effects arising from the ablation of spatially unconfined liq-
uid + solid mixtures by letting the liquid to evaporate from 
the pre-drilled holes and then melting the residue to a glass.

Methods

For our single-crystal diamond trap (SCDT) method we used 
polished, synthetic diamond plates of about 2.5 mm side 
length and 0.8–1.0 mm height purchased from Chenguang 
Machinery & Electric Equipment Co. Ltd., China (~ 10 
€ per piece). Two such diamond plates were used in each 
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experiment. Into one of them we drilled 9–16 holes (80 µm 
diameter; 50–70 µm depth) using a 193 nm ArF Excimer 
laser that provides a fluence of ~ 25 J/cm2 at the sample sur-
face (Fig. 1a). The two diamond plates were then placed 
on top of each other such that the holes that were drilled 
into one of the plates were covered by the other plate, and 
the whole stack was then loaded into a small Pt capsule of 
3.5 mm O.D., 3.2 mm I.D. and 5.4 mm length. The Pt cap-
sule was then welded shut, placed into a cold-seal pressure 
vessel filled with H2O, and then pressurized to 0.15–0.20 
GPa, such that the Pt capsule shrunk tightly around the dia-
mond plates (Fig. 1b). This step is necessary to keep the 
diamonds tightly together during the subsequent high P–T 
experiment. After removing the capsule from the vessel 
it was dried, and then one end of the capsule was cut off 
with a razor blade to render the diamonds accessible to the 
fluid. This small, diamond-containing Pt capsule was then 
loaded together with H2O and crushed minerals (63–160 µm 
fraction) into a larger Pt capsule of 5.0 mm O.D., 4.6 mm 
I.D. and 10 mm length that was sealed using the method 
described in Audétat and Bali (2010) (Fig. 1b, c). In a few 
classical diamond trap experiments that were conducted for 
comparison purpose, the same mineral starting materials 
were loaded together with a central layer of diamond pow-
der (1:1 ratio of 10–20 μm and 40–60 μm grain size) and 
aqueous solution containing 200 µg/g of Cs and Rb into 

Pt capsules of the same size. The fluid was added to these 
capsules in several steps following the approach of Rustioni 
et al. (2021). Finished capsules were checked for leaks by 
measuring their weights before and after placing them for 
2–3 h in a drying oven at 150 °C.

Piston cylinder experiments

High-pressure and high-temperature experiments were con-
ducted in an end-loaded piston cylinder apparatus using ½ 
inch NaCl–MgO assemblies with a stepped graphite fur-
nace. A constant friction correction of 0.12 GPa was applied 
based on calibrations involving the quartz–coesite transition 
at 790 °C and 2.93 GPa and the densities of synthetic fluid 
inclusions trapped at 800 °C and 0.37–9.58 GPa in quartz 
and corundum single crystals. Temperatures were meas-
ured using type S (Pt/Pt–Rh) thermocouples. After pres-
surization close to the target value, the sample was heated 
at a rate of 100 °C/min to the target temperature. In a final 
step, pressure was raised to the target value (i.e., hot piston 
in). Run durations varied depending on the studied system 
(Table 1), and the experiments were quenched by switch-
ing off the electrical power, which resulted in quenching 
to below 200 °C within 4–6 s. Once the sample had cooled 
to room temperature, the remaining pressure was released 
within 15–30 min. The recovered capsules were checked 

Fig. 1   a Photomicrographs of an undrilled (left) and a drilled 
(right) diamond plate. The holes measure ~ 80  µm in diameter and 
are ~ 50–70 µm deep; b sealed and shrunk inner capsule (left); one-
side cut-open inner capsule (middle); and an inner capsule sitting 

inside a platinum outer capsule before filling with fluid; c a schematic 
drawing of the capsule setup, showing the cut-open inner capsule sit-
ting on a bead of crushed minerals. The Pt disk was used to seal the 
fully fluid-filled Pt capsule of 5.0 mm diameter and 10.0 mm height
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for leaks by visual observation under the binocular and by 
checking their weights in intervals of several minutes. About 
one out of six capsules leaked during the experiment. Intact 
capsules were immediately opened and prepared in the case 
of the SCDT experiments, whereas in the case of the classi-
cal diamond trap experiments they were kept in a freezer at 
-20 °C until the day of the LA–ICP–MS analysis.

Capsule opening and sample preparation

SCDT capsules were cut open at room temperatures using 
a razor blade. Once opened, part of the liquid residing in 
the capsule was sucked up with a pipette. The inner capsule 
was then removed, and the diamond stack was recovered 
by cutting off some Pt wrapped around them, while the two 
diamonds remained contacting each other. Special care was 
taken to keep the diamonds wetted by liquid at all times, 
including the stage at which the upper diamond was slid off 
the lower, drilled diamond, as otherwise part of the liquid 
within the holes is dragged out by surface tension forces dur-
ing the separation of the diamonds. Permanent wetting was 
achieved by adding liquid from the pipette. After separating 

the diamonds, excess liquid on the lower, drilled diamond 
plate was quickly scratched off with a clean razor blade, and 
the holes were allowed to dry. In some cases, the surface 
was once more cleaned with the razor blade after drying. 
Attempts to directly fill the holes with epoxy and subse-
quently analyze them by LA–ICP–MS were not successful, 
because (i) the precipitates within the holes are commonly 
loose and ablate very fast, which leads to very spiky signals 
and (ii) because elements, such as Rb and Cs, which we 
wanted to use as internal standard, dissolved into the epoxy. 
As described further below, we thus completely refrained 
from using an internal standard and quantified the analyses 
based on the carbon signal of the epoxy filling instead.

To solve the problem with the spiky signals we developed 
a way to melt the precipitates within the holes and to quench 
them to a glass without losing too many elements through 
vaporization. For this purpose, a high-purity, MnO-contain-
ing Li2B4O7 glass was prepared. Addition of MnO was nec-
essary, because pure Li2B4O7 glass is difficult to ablate with 
the laser. One gram of Li2B4O7 (Alfa Aesar, 99.998% purity) 
was thus mixed with 2 wt. % MnO (Alfa Aesar, 99.99% 
purity) and melted at 1200 °C for 12 min in a crimped Pt 

Fig. 2   Photomicrographs 
of laser-drilled holes in the 
diamond plates: a empty hole 
before the experiment; b after 
a high P–T quartz solubil-
ity experiment, containing 
precipitated SiO2; c after adding 
Li2O4O7 powder and melting 
at 1000 °C; d after filling with 
epoxy resin, ready to be ana-
lyzed with LA–ICP–MS. The 
diameter of each hole is 80 µm. 
Images a and d were taken in 
reflected light; images b and c 
in transmitted light
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capsule. The capsule was then quenched in distilled water 
and the recovered glass was finely ground in an agate mortar. 
To add small amounts of this glass to each hole in the SCDT 
without losing solid precipitates, the fine glass powder was 
mixed into a ~ 2:1 acetone–ethanol solution. One drop of this 
suspension was then placed onto the drilled diamond plate 
and allowed to dry, resulting in a fine layer of precipitated 
glass powder evenly spread across the entire surface. Glass 
powder that precipitated between the holes was then cleaned 
away using a razor blade. Subsequently, the diamond was 
covered with a small piece of gold foil (0.2 mm thickness) 
that was held in place and slightly pushed down with the 
help of two SiO2 glass cylinders that fit neatly into a sintered 
Al2O3 tube. The whole setup was then heated for 10 min at 
1000 °C inside an 1 atm box furnace. As a result, the pre-
cipitates within the holes in the diamond melted and formed 
a thin glass layer (Fig. 2c). Finally, the holes were filled with 
epoxy resin (EPOFIX resin mixed with hardener from Stru-
ers GmbH, Germany; making sure that no air bubbles were 
trapped), and excess epoxy was cut away using a razor blade 
before the epoxy reached full hardness (Fig. 2d).

Preparation of test samples

To calibrate the new quantification approach based on the 
carbon signal of the epoxy and to test the analytical accuracy 
of the SCDT method we prepared test samples with known 
amounts of chemicals or minerals that were placed into the 
drilled holes in the diamonds. For this purpose, fine-grained 
Al2O3 (< 3 µm), TiO2 (< 1 µm), BaCO3 (< 5 µm) and CaF2 
(< 2 µm) chemicals were carefully mixed into epoxy resin 
in weight proportions of 0.32–5.3 wt. % and filled into the 
holes. Excess epoxy was cut away using a razor blade. The 
LA–ICP–MS data were used to calibrate the standardless 
quantification via the carbon signal (see below). To test the 
validity of the entire experimental approach including the 
partial melting step with the added Li2B4O7 it was neces-
sary to add known amounts of solids into the holes with-
out simultaneously adding epoxy. This was achieved by 
mixing relatively coarse-grained garnet (~ 5 µm), epidote 
(~ 5 µm) and tourmaline (~ 5 µm) pigments (Enogu min-
eral pigments series from Kremer Pigments, Aichstetten, 
Germany) into molten Crystalbond 509, which, after filling 
the mixture into the holes and cutting excess material away 
with a razor blade, was subsequently dissolved away using 
a 2:1 acetone–ethanol solution. The holes were then doped 
with MnO-bearing Li2B4O7 as described above and melted 
at 1000° C. Finally, the holes were filled with epoxy, and 
LA–ICP–MS analysis were performed after the epoxy had 
hardened overnight. The purity of the MnO-doped Li2B4O7 
and the epoxy was checked by LA–ICP–MS analyses. The 
MnO-doped Li2B4O7 contains 0.37 ± 0.03 wt. % SiO2 (prob-
ably from grinding and mixing the two components in an 

agate mortar) but otherwise is very pure (supplementary 
Table S1), and also the epoxy is very pure (supplementary 
Table S2). The concentrations and detection limits listed in 
supplementary Table S1 are representative of the detection 
limits that can be reached in the analyses of real experimen-
tal run products (i.e., less than a few µg/g for most trace 
elements). The small amount of SiO2 present in the lithium 
tetraborate does not significantly affect the calculated solute 
contents, because even at an extraordinarily high Li2B4O7: 
solute SiO2 weight ratio of five it causes only a (5/6*0.0037)/
(1/6*1.0) = 1.85% increase in the calculated SiO2 content of 
a SiO2-dominated fluid.

LA–ICP–MS analyses

Initially we performed the experiments with Rb- and Cs-
doped solutions, with the aim to use these elements as 
internal standard for quantifying the LA–ICP–MS analy-
ses. A test experiment performed at ambient conditions 
by filling the holes with a 5 wt. % Na2SiO3 solution doped 
with 100 µg/g each of Rb and Cs, returned reproducible and 
accurate results (4.9 ± 0.1% relative) for all elements. How-
ever, subsequent high P–T experiments performed on model 
systems (solubility of quartz or enstatite + olivine in H2O, 
and supercritical H2O–albite fluids) with Rb- and Cs-doped 
aqueous solutions were plagued by poor reproducibility and 
in average either too high or too low values, which seemed 
to be at least partly due to problems with the internal stand-
ard. Opening the capsules in frozen state and then allowing 
the ice within the laser holes to melt and slowly dry out in 
a controlled fashion did not solve the problem. Rather, tests 
with simple NaCl–KCl–Rb–Cs–Ba–B–Pb solutions (element 
concentrations ranging from 1 wt.% to 200 µg/g) revealed 
that freezing amplified the problem, probably because a part 
of the solution did not freeze and thus remained mobile at 
the temperature of -20 to -30 °C prevailing in the freezing 
chamber. Another big problem was the very short, spiky 
nature of the LA–ICP–MS signals.

To overcome these issues, we started to fill the holes with 
epoxy resin after they dried out. This increased the length 
of the LA–ICP–MS signals, but it did not solve the prob-
lems with the spiky nature of the signals and the internal 
standard. During these tests it was observed that the abla-
tion of epoxy produces a much higher carbon signal than 
the ablation of diamond (because the ablation rate in epoxy 
is much faster), which opens up the possibility to use the 
epoxy filling instead of a fluid component as the internal 
standard. However, such an approach is fundamentally dif-
ferent from the normal way of using internal standards: the 
carbon signal of the epoxy can only be used to quantify the 
weight of the precipitates relative to the weight of the epoxy 
that fills out the rest of the hole. To transform this value 
into the amount of solids dissolved within the fluid, it is 
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thus necessary to make corrections for the density difference 
between epoxy and fluid, and for the space occupied by the 
precipitates + Li2B4O7 (see below).

In the case of the few comparison runs performed with 
the classical diamond trap technique the capsules were first 
dropped into liquid nitrogen before opening them longitu-
dinally with a sturdy razor blade in an opening device that 
had a temperature of ca. -30 to -60 °C. One half of the fro-
zen capsule was then quickly transferred to an LA–ICP–MS 
sample chamber that was cooled to ca. -30 °C (according 
to tests with H2O–ethanol solutions) by means of a Peltier 
cooling element to keep the sample frozen also during the 
measurement (Kessel et al. 2004; Aerts et al. 2010). In those 
experiments, the Cs concentration in the starting solution 
was used as the internal standard for calculating absolute 
element concentrations, accounting for the lowering of the 
original concentration due to the dissolution of solids.

The LA–ICP–MS analyses were performed with a 
193 nm ArF Excimer laser (GeolasPro system; Coherent; 
USA) attached to a quadrupole mass spectrometer (Elan 
DRC-e; Perkin Elmer; Canada). To increase the length of 
the LA–ICP–MS signals the epoxy-filled holes were ablated 
with a lower repetition rate (5 Hz) and a lower energy 
(40–65 mJ) than the external standards (10 Hz, 90–110 mJ). 
For ablating the epoxy-filled holes in the diamonds we used 
the same laser diameter (80 µm) as the one that had pre-
viously been used to drill the holes. The sample chamber 
was flushed with He gas at a rate of 0.4 l/min, to which 
5 ml/min H2 was added on the way to the ICP–MS. The 
latter was tuned to a ThO production rate of 0.5–1.5% and 
a production rate of doubly–charged 42Ca ions of 0.15–0.30 
based on measurements on NIST SRM 610 glass. Analyzed 
isotopes include 7Li, 11B, 12C, 23Na, 25 Mg, 27Al, 29Si, 30Si, 
31P, 35Cl, 39 K, 43Ca, 49Ti, 53Cr, 55Mn, 57Fe, 59Co, 62Ni, 65Cu, 
66Zn, 85Rb, 88Sr, 89Y, 90Zr, 133Cs, 137Ba, 139La, 140Ce, 157Gd, 
175Lu, 208Pb, 232Th, and 238U, using dwell times of 10–20 ms. 
For external standardization we used either NIST SRM 610 
(Jochum et al. 2011) or USGS GSE-1G as reference mate-
rial (for the latter we used the GeoReM preferred values 
of 7/2018), plus a natural calcite crystal from Iceland as 
a calibrant for the carbon signal. Signal integration, spike 
removal, and numerical calculations were done using two 
in-house Excel spreadsheets. The quantification spreadsheet 
allows two external standards to be used simultaneously. As 
internal standard we used in a first stage the carbon signal 
of the ablated epoxy. Attempts to dope the epoxy with trace 
elements and use one of these elements as internal standard 
failed, because we did not manage to manufacture epoxy in 
which the trace elements are homogeneously distributed at 
the micrometer scale. Due to the different ablation behav-
ior of epoxy relative to minerals, it is not possible to take 
the actual carbon content of the epoxy as internal standard. 
Instead, we used a fictive carbon concentration of 100 wt.% 

and changed via the "goal seek" analysis tool in Excel the 
carbon content of the calcite until the best average result 
was obtained for the experiments in which the holes were 
filled with known amounts of Al2O3, TiO2, BaCO3 and CaF2 
using very fine-grained mixtures in epoxy. The same could 
have been done using the correct carbon concentration for 
calcite and finding via the goal seek function a fictive car-
bon concentration in the epoxy, but for the calculations the 
former approach is more practical. In either case, the fictive 
carbon value that is found via the goal seek function likely 
depends on ICP–MS instrument and laser ablation settings 
and thus has to be calibrated for each laboratory individu-
ally based on test samples as described above. However, it 
does not seem to be necessary to re-calibrate the fictive car-
bon in each analytical session, as test samples analyzed on 

Fig. 3   LA–ICP–MS signals of SCDT analyses; a signal of three dif-
ferent holes containing 18.0 ± 2.3 wt. % of tourmaline pigment; b 
three analyzed holes of the quartz + water experiment at 1.0 GPa, 
900  °C containing in average 12.0 ± 1.6 wt. % of SiO2. The shaded 
areas show the signal integration intervals of each hole
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15 different measuring days spread over a 5 months period 
using a constant fictive carbon value for the calcite (15 wt. 
% in our case) returned consistent results.

Another important difference to the normal way of inter-
nal standardization is that corrections need to be made to 
account for the difference in the density of epoxy vs. the 
density of the medium in which the solutes were dissolved 
or immersed originally. For example, if, e.g., SiO2 was 
originally dissolved in a high P–T H2O fluid with a den-
sity of 0.89 g/cm3, and the holes are then filled with pure 
epoxy with a density of 1.15 g/cm3, then a correction of 
(1.15/0.89)–1.0 =  + 29% has to be applied to the concentra-
tion values determined based on epoxy. Because we used 
calibrants with various densities (epoxy with 1.15 g/cm3, 
Crystalbond 509 with 1.31 g/cm3, and aqueous solutions 
with 0.85–0.89 g/cm3) we decided to normalize all concen-
trations to a solvent density of 1.00 g/cm3 before determin-
ing the fictive carbon concentration of the calcite (Table 1). 
This means that for any new solubility measurement the 
results are first obtained for an assumed solvent density 
of 1.0 g/cm3, and then a correction needs to be applied to 
account for the actual solvent density.

A last issue concerns the difference between the density 
of the solvent vs. the density of the bulk fluid (i.e., sol-
vent + solute). At solute contents of less than a few weight 
percent the difference between the two values is negligible, 
but at higher solute content it becomes significant, such that 
an additional correction is required. A visual way to deal 
with this issue is to think in terms of space occupied by the 
precipitated solutes (plus added Li2B4O7) vs. space occupied 

by the remaining solvent (now filled with epoxy). If, e.g., 
one-third of the hole is filled with precipitates (plus added 
Li2B4O7) instead of with epoxy, then the result calculated 
on the basis of an internal carbon concentration of 100 wt.% 
will turn out 33% too high. If the density of the epoxy, the 
weight percentage of the precipitates and the average density 
of the latter are known, then the amount of overestimation 
equals to:

However, the weight percentage of solute is what we are 
actually looking for, hence the correct value can only be 
found iteratively. In the first step, it is assumed that the entire 
hole is filled with epoxy, which gives a certain weight per-
cent solute. That value is then used to calculate a corrected 
weight percent value, which is then used to calculate a fur-
ther refined value. After three iterations a stable result (< 1% 
difference relative to the previous iteration) value is obtained 
even for high solute contents of 20–30 wt. %. It should be 
stressed that the magnitude of this final correction procedure 
is small: for 10 wt. % solute it amounts to ≤ 6% (the exact 
value depending on the fluid density, and thus on the P–T 
conditions), i.e., the value of 10 wt. % needs to be correct 
down to 9.4 wt. % at most. An Excel spreadsheet with the 
full calculation details of experiment SA31 is provided in 
the electronic supplementary material.

Results

Representative LA–ICP–MS signals obtained from SCDT 
experiments are shown in Fig. 3. Figure 3a shows the signals 
of three holes analyzed from a test experiment performed 
with 17 wt. % tourmaline pigment, whereas Fig. 3b shows 
the signals of three holes analyzed from a quartz solubil-
ity experiment in water at 1.0 GPa, 900 °C (the reference 
solubility value for the latter experiment is 12.6 wt. % SiO2; 
Manning 1994). The net carbon signal obtained from the 
ablation of epoxy is about 6 times higher than the net sig-
nal obtained during the ablation of diamond, hence even if 
part of the chosen signal interval extends into the diamond 
domain (Fig. 3a) the bulk of the net carbon signal is still 
heavily dominated by the epoxy. The reason why the sig-
nal of the melted solids within the holes commonly extends 
beyond the signal of the epoxy is that the glass tends to 
accumulate at the bottom of the hole. 

After calibrating the new method based on holes filled 
with epoxy that was doped with known amounts of chemi-
cals (Al2O3, TiO2, BaCO3, CaF2), the sample melting 
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Fig. 4   Comparison between measured weight percentages and ref-
erence values for tests and experiments conducted with the SCDT 
method (blue diamonds) vs. experiments conducted with silicate 
materials using the classical diamond trap method (red circles and tri-
angles). The black line represents the 1:1 line, i.e., perfect agreement 
between measured and reference values
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procedure with the added MnO-doped Li2B4O7 was tested 
with a series of experiments in which known amounts of 
mineral pigments (garnet, epidote, tourmaline) were filled 
into the holes with the help of Crystalbond 509 that was sub-
sequently dissolved away. The expected values (calculated 
from the weights of pigments mixed into Crystalbond) for 
the garnet, epidote, tourmaline tests are 22.9, 21.2 and 21.2 
wt. %, respectively, and the obtained results agree with these 
reference values within 5–16%. In addition, the measured 
compositions of the melted minerals agree well (within 1 
wt. % absolute) with those obtained through LA–ICP–MS 
analysis of densely pressed pellets produced from the same 
pigment powders, except for the Al2O3 content of the tour-
maline, which turned out 7 wt. % too high, and the K2O con-
tent of one of the two tests performed with epidote, which 
was 2 wt. % too high (supplementary Table S3). Whereas the 
reason for the higher Al2O3 content of the melted tourmaline 
is not clear, gains of K2O during the melting procedure were 
relatively common and appear to have been caused by con-
tamination of the furnace or some other parts of the melting 
assembly (see below).

A more detailed check for potential losses or gains of 
elements during the melting procedure was performed by 
loading small amounts of crushed GSE-1G reference glass 
plus MnO-doped Li2B4O7 at a weight ratio of ca. 2:1 into 
the laser-drilled holes in a diamond, melting them in the 
usual manner (i.e., at 1000 °C; with the holes covered by an 
Au foil), and then filling the remaining space of the holes 
with epoxy before the LA–ICP–MS analysis. The results 
(supplementary Table S4) reveal that most of the major and 
minor element concentrations remained unmodified, except 
for Na2O and K2O, which experienced gains of 50% and 

130%, respectively (1.8 wt. % Na2O and 3.4 wt. % K2O on an 
absolute basis). The results with respect to changes in trace 
element concentrations are varied: six out of 19 analyzed 
trace changed by less than 10%; nine elements decreased by 
10–25%; and Cs, Cu, Ag and Cd decreased by 35 to > 147% 
(supplementary Table S4).

A final test to investigate potential losses or gains of ele-
ments during the melting procedure was performed by adding 
variable amounts of albite powder into the holes (the exact 
amounts being unknown, but visually estimated to be in the 
range of 1–20 wt. %) and melting them as described above. 
The LA–ICP–MS analyses revealed SiO2, Na2O and Al2O3 
concentrations that agree within 2% with those of the start-
ing material, but about 3.8 wt. % K2O were gained (supple-
mentary Table S3). Remember that a similar test performed 
on an albite-doped classical diamond trap returned a SiO2/
Al2O3 concentration ratio that was wrong by a factor of two 
(Rustioni et al. 2021), apparently due to element fractionation 
occurring during the ablation of the diamond + albite + ice/
liquid H2O mixture (Rustioni et al. 2021). The present test 
thus suggests that the SCDT method greatly helps to reduce 
fractionation effects occurring during the LA–ICP–MS anal-
ysis of classical diamond traps, but alkalies may be signifi-
cantly gained (or lost) during the melting procedure.

Finally, the experiments were expanded to real solubility 
measurements at high pressure and temperature in the well-
studied H2O–SiO2 and H2O–enstatite–olivine systems, for 
which reliable reference data exist (Manning 1994; Newton and 
Manning 2002). A summary of all the previously described 
tests and the high P, T runs is provided in Table 1 and  Fig. 4. 
With regard to quartz solubility in water we performed two 
SCDT experiments at 1.0 GPa pressure and 800 °C and 900 °C, 
respectively, plus two classical diamond trap experiments at the 
same conditions for comparison. Previous experimental studies 
returned consistent results within this range of P–T conditions 
(Anderson and Burnham 1965; Fournier and Potter 1982; Man-
ning 1994), allowing us to use these data as a reference. Our 
experiments at 800 °C and 900 °C agree with the reference 
values within + 8% and + 11%, respectively. The same experi-
ments performed using the classical diamond trap method show 
20% deviation at 800 °C and 56% deviation at 900 °C. Aerts 
et al. (2010) report only -3% deviation for a classical diamond 
trap experiment performed at 0.88 GPa and 700 °C, whereas 
Rustioni et al. (2021) performed two experiments (also using 
the classical approach) at 1.0 GPa and 800 °C and found + 3% 
discrepancy in one of them, and -40% discrepancy in the other. 
The reason for the large discrepancies in some of these experi-
ments is not clear. If it was due to erroneous temperature read-
ing due to thermal gradients between thermocouple and sample, 
then these gradients would have to be nearly 100 °C, which 
seems unlikely (see below). Run duration should not have been 
the problem either, as our SCDT experiments were run only 
for 2–3 h and returned already good agreement, whereas our 

Fig. 5   Relative deviation (in %) of the measured weight percentages 
from the reference values as a function of the absolute weight per-
centages. Blue diamonds denote the SCDT method, whereas red cir-
cles and triangles denote the classical diamond trap method, Fig. 1
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classical diamond trap experiments were run for 5–7 h, and 
those of Rustioni et al. (2021) for 16–18 h. One potential expla-
nation would be preferential loss of H2O during the experiment, 
which would lead to an increase in the Cs concentration in the 
remaining fluid and thus in an underestimation of the SiO2 solu-
bility. Another potential explanation is that during the opening 
of the frozen diamond trap some Cs-rich, residual solution was 
expelled onto the diamond trap surface.

The solubility of SiO2 in the forsterite–enstatite–water 
system was measured at 1.0 GPa and 800 to 900 °C. Our 
SCDT results agree with the Newton and Manning (2002) 
data within + 21% at 800 °C, and within -11% at 900 °C. 
In comparison, the results of our classical DT experiments 
agree with the literature values within -31% at 800 °C, and 
within + 7% at 900 °C. A classical diamond experiment 
performed by Rustioni et al. (2021) at 1.0 GPa and 800 °C 
resulted in 47% underestimation of the SiO2 solubility, 
whereas Tiraboschi et al. (2018) obtained an agreement 
within + 5% at the same conditions. Again, run time is 
unlikely to be responsible for the discrepancies, as our 
SCDT experiments were run for 4–5 h, whereas our clas-
sical diamond trap experiments were run for 8–10 h, that 
of Rustioni et al. (2021) for 20 h, and that of Tiraboschi 
et al. (2018) for ~ 48 h. Considering all experiments and 
test runs, the new SCDT method produced results that 
deviate maximal 21% from the reference values (average 
deviation 13%), whereas identical experiments using the 
classical diamond trap method deviate by up to 56% (aver-
age deviation 28%; Fig. 5). The large negative deviations 
of some classical diamond trap experiments are unlikely 
to be caused by short run times, because other classical 
diamond trap experiments of similar duration returned cor-
rect results and because the SCDT experiments lasted only 
half as long. We tried to avoid unnecessarily long experi-
mental run times, because this promotes the dissolution 
and re-precipitation of minerals in thermal gradients and 
thus may cause positive deviations from reference values. 
One advantage of the new SCDT method over the classi-
cal diamond trap method is that it allows use of very high 
fluid/solid ratios. This facilitates the growth of large crys-
tals during the experiments and thus the determination of 
fluid–mineral partition coefficients of trace elements. For 
example, we conducted a SCDT experiment with a crushed 
eclogite as starting material and recovered large crystals 
of pyroxene, garnet and mica after a run duration of only 
15 h (supplementary Figure S1).

Discussion

According to the results presented above the new SCDT 
method provides more reliable mineral solubility data at 
high P–T conditions than corresponding data obtained 

with the classical diamond trap technique in our lab. How-
ever, as with any experimental or analytical technique, the 
results can be affected by a number of sources of uncer-
tainty. In decreasing order of estimated relevance these 
are: (1) temperature differences between the thermocou-
ple and the diamond trap; (2) loss or addition of mate-
rial from/to the holes during sample preparation after the 
experiments; (3) fractionation effects during LA–ICP–MS 
analysis; (4) gains or losses of alkalies during the melting 
procedure, (5) wrong assumptions made in the quantifica-
tion approach (e.g., regarding the density of the precipi-
tates); and (6) day-to-day variations in the sensitivity of 
the carbon relative to other elements.

Recent experiments to quantify temperature gradients 
within Pt capsules of piston cylinder experiments revealed 
that with the standard 1/2" assemblies used at BGI (a 
talc-pyrex-crushable Al2O3 assembly and a MgO–NaCl 
assembly; the latter being used in the present study) tem-
perature gradients between thermocouple and the center 
of the Pt capsule can easily reach ± 50 °C, depending on 
how the graphite heater deforms during initial pressuriza-
tion (Audétat et al. 2020). A temperature offset of ± 50 °C 
at our experimental conditions results in a SiO2 solubility 
difference of ± 0.5 wt. % in the forsterite–enstatite–H2O 
system, and ± 1–3 wt. % in the quartz–H2O system, cor-
responding to errors of 28% and 14–43%, respectively.

Loss or addition of material from/to the holes during 
sample preparation can occur due to shaky hands. In addi-
tion, excess minerals may form within some holes due to 
dissolution–reprecipitation in response to temperature gra-
dients, or due to metastability effects during heating (Kep-
pler, 2017). However, in contrast to the classical diamond 
trap method, these effects can be readily noticed in SCDT 
experiments by anomalous results obtained from certain 
holes. Indeed, in five of our fifteen SCDT experiments 
some holes were strongly anomalous and thus were not 
considered in the calculation of the average (see the calcu-
lations of experiment SA31 in the supplementary material 
as an example). This is perhaps the biggest advantage of 
the SCDT method over the classical approach, as each 
sample volume is clearly defined, whereas in the classical 
approach it is up to the user how to choose the integration 
intervals.

Our tests with mineral pigments and albite added to 
unheated single-crystal diamond traps suggest that frac-
tionation effects during laser ablation are small. In particu-
lar, the test with the albite revealed an agreement with the 
theoretical values within 6%, which is a major improve-
ment compared to a similar test performed by Rustioni 
et al. (2021) with the classical diamond trap, in which 
a discrepancy of a factor of two was noticed. The analy-
ses of garnet, epidote, tourmaline albite and silicate glass 
powders that were filled into the holes in the diamond and 
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subsequently melted in the presence of lithium tetraborate 
revealed SiO2, Al2O3, MgO, FeOtot and TiO2 concentra-
tions that generally agree within 1 wt. % with the composi-
tions of the starting materials, except for Na2O and K2O, 
which in some tests were gained in appreciable amounts 
(supplementary Tables S3 and S4).

The standardless quantification approach requires input 
of the density of the precipitates within the holes after the 
experiment, and that of the solvent at run conditions. The 
former can only be estimated. In our high P–T runs the bulk 
of dissolved matter was dominated by SiO2. For simplicity 
we thus assumed that the precipitates after the experiment 
consist of SiO2 glass, and that the density of SiO2 dissolved 
in the fluid was the same as that of SiO2 glass (although the 
latter is not perfectly true, e.g., Hunt and Manning 2012). In 
this case the density of the solvent corresponds to the density 
of H2O, which was calculated based on Saul and Wagner 
(1987). Since the amount of dissolved matter in our high P–T 
runs was relatively low (≤ 12 wt. %) the calculated concentra-
tions are rather insensitive to the assumptions regarding the 
density of the precipitates and the density of dissolved matter 
in the fluid: changing the value by 30% causes the calculated 
concentration of dissolved matter to change by only 2–3%. 
Finally, since the standardless quantification is based on the 
carbon signal, which shows a high background value (Fig. 3), 
day-to-day or within-day variations in the sensitivity of car-
bon relative to other elements may represent another source 
of uncertainty. However, within 15 measuring days spread 
out over 5 months we did not notice any systematic shift in 
the fictive carbon value of the calcite that was required to 
obtain optimal agreement between measured concentration 
values and the reference values. We thus believe that vari-
ations in the sensitivity of carbon do not represent a large 
source of uncertainty in the SCDT approach, at least if the 
ICP–MS is used in a similar fashion as in the current study.

Conclusions

Our newly developed SCDT method for studying fluid com-
positions in high-P and high-T experiments offers the follow-
ing advantages over the classical diamond trap approach:

•	 The use of spatially separated holes to retain the high-
pressure fluids during quench allows a more reliable 
testing of the reproducibility of solubility data. Outliers 
caused by growth of minerals within certain holes dur-
ing the run, or gain/loss of mineral precipitates during 
the sample preparation can be readily identified and be 
excluded from the data set.

•	 At least in the present study the SCDT method pro-
duced better reproducible and more accurate results 
than the classical diamond trap approach.

•	 Less element fractionation (i.e., test with albite)
•	 No freezing stage is necessary to analyze the diamond 

trap.
•	 The method can (but does not necessarily have to) be 

used with very high fluid/solid ratios, which promotes 
the growth of large crystals that are required to deter-
mine fluid–mineral partition coefficients for mineral-
incompatible trace elements.

The main disadvantages of the SCDT method are the 
following:

• Both the sample preparation before the experiments 
(drilling of diamonds; preparation of inner capsules) 
and the sample preparation after the experiments (addi-
tion of Li2B4O7; melting; filling of the residual space 
with epoxy) is more time consuming and requires clean, 
careful handling without shaky hands.
• Compared to the classical diamond trap approach also 
the quantification procedure of the LA–ICP–MS sig-
nals is more difficult and time consuming. On the other 
hand, the fact that no internal standard in the fluid is 
necessary may prove helpful in experiments in which 
none of the available elements behaves incompatibly 
enough to be used as internal standard.
• Alkalies may be gained or lost during the melting 
step.
• Finally, one needs to purchase single-crystal diamond 
plates. However, they cost only10–20 € each, depending 
where one buys them.

Overall, we believe that the SCDT method is a viable 
alternative to the classical diamond trap method and pro-
vides reliable mineral solubility data in high P–T fluids.
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