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Abstract. Femtosecond laser ablation (fs-LA) coupled to a multicollector inductively coupled plasma mass
spectrometry (MC-ICP-MS) instrument has been proven to be a powerful means to analyze isotope ratios of
“non-traditional” stable isotope systems with high spatial resolution, precision, and accuracy. The technique
has been successfully applied, e.g., to investigate diffusion-generated isotopic zoning of the elements Li, Mg,
and Fe in magmatic crystals. Here, we present a novel sampling technique employing a fs-LA system that is
equipped with a computer numerical control (CNC) laser stage, using the open-source software LinuxCNC.
Combining this laser set up with ICP-MS or MC-ICP-MS allows us to perform depth profile analyses of major
and trace elements, respectively, as well as metal stable isotope variations of Fe and Mg in olivine crystals and
in experimental diffusion couples.

Samples are ablated in circular patterns with profile diameters of 100–200 µm using a laser spot size of 25–
30 µm. Depending on the scan speed and the repetition rate of the laser, each ablated sample layer is between
300 nm and 3.0 µm thick. The integrated signal of one ablated layer represents one data point of the depth profile.
We have tested this technique by analyzing 5–50 µm deep depth profiles (consisting of 15–25 individual layers)
of homogeneous and chemically zoned olivine crystal cuboids. The minor and trace element analyses of the
zoned cuboids, conducted by fs-LA-ICP-MS, were compared with “horizontal” profiles analyzed in polished
sections of the cuboids with electron probe microanalysis (EPMA). Furthermore, we analyzed Fe–Mg isotopic
depth profiles of the same cuboids with fs-LA-MC-ICP-MS, of which the chemically zoned ones also showed
isotopic zoning at identical scales. Isotopic depth profiles were also conducted on an unzoned olivine cuboid that
was coated with a 26Mg- and 56Fe-enriched olivine thin film (of ∼ 800 nm) in order to investigate top-to-bottom
contamination during depth profiling.

Our results indicate that (i) concentration data acquired by fs-LA depth profiling match well with EPMA data,
(ii) precise and accurate Fe and Mg isotopic data can be obtained (i.e., precision and accuracy are ≤ 0.12 ‰
and ≤ 0.15 ‰ for both δ26Mg and δ56Fe, respectively), and (iii) potential top-to-bottom contamination during
depth profiling of isotope ratios can be avoided. The technique presented herein is particularly suitable for the
investigation of minerals or glasses with chemical and/or isotopic gradients (e.g., diffusion zoning) vertical to
planar surfaces. It can also be applied in materials sciences in order to analyze thin films, coatings, or surface
contaminations on solids.
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1 Introduction

Depth profile analyses using laser-based sampling techniques
have repeatedly been performed during the last 2 decades to
investigate the elemental compositions of a variety of mate-
rials on a micrometer to sub-micrometer scale (Plotnikov et
al., 2001; Pisonero and Günther, 2008; Limbeck et al., 2017),
in many cases focusing on the characterization of coatings
on steel or other high-tech industrial materials. In particu-
lar, the coupling of laser ablation (LA) systems with induc-
tively coupled plasma mass spectrometry (ICP-MS) has been
shown to be a versatile depth profiling tool to resolve small-
scale chemical, as well as isotopic variations (Sarah et al.,
2007; Krachler et al., 2019; and references therein). Conven-
tionally, such LA-ICP-MS depth profile analyses have been
conducted by ablating a single spot on the sample for a cer-
tain duration with a low ablation frequency (1–5 Hz) at low
laser fluence (< 2 J cm−2 ), thus slowly drilling into the sam-
ple and continuously recording a rather unstable signal with
the ICP-MS instrument (Pisonero and Günther, 2008). This
approach yields ablation rates of a few tens to hundreds of
nanometers per pulse and vertical spatial resolutions on the
order of 0.3–9 µm. The vertical spatial resolution is influ-
enced by the laser beam shape (Gaussian vs. flat-top), surface
roughness of the sample and the LA crater, ablation behavior
of the sampled material, and mixing of sample material from
different layers during ablation and transportation (Pisonero
et al., 2007).

Apart from applications in the field of materials science, it
has been demonstrated that – in the realm of Earth sciences
– LA depth profile analyses are also suitable to investigate
Hf isotope variations, U–Pb ages, and trace element zoning
in zircon (Woodhead et al., 2004; Steely et al., 2014; Marsh
and Stockli, 2015; Zirakparvar, 2015; Nakazato et al., 2022).
Despite the widespread use of LA multicollector ICP-MS
(LA-MC-ICP-MS) systems for spatially resolved measure-
ments of radiogenic and stable isotopic compositions of geo-
materials – for an overview of recent advances see, e.g., De-
gryse and Vanhaecke (2016), Woodhead et al. (2016), and
Balaram et al. (2022) – studies of laser-based depth profile
analyses of metal stable isotopes have, to our knowledge, not
yet been conducted, except for Li isotope diffusion profiles
in experimental Li phosphate glasses (Welsch et al., 2017).
Femtosecond laser ablation systems coupled to a MC-ICP-
MS instrument should be particularly suitable for such depth
analyses, as it has been demonstrated that femtosecond laser
ablation (fs-LA) is capable of sampling a variety of minerals
stoichiometrically (d’Abzac et al., 2013, 2014; Zheng et al.,
2017). Furthermore, stable isotope measurements by fs-LA-
MC-ICP-MS can be performed with high precision and high
accuracy and without the need of sample–standard matrix
matching (Horn et al., 2006; Fernández et al., 2007; Stein-
hoefel et al., 2009; Oeser et al., 2014; Lazarov and Horn,
2015; Zheng et al., 2018; Steinmann et al., 2019; Kaufmann
et al., 2021; Xu et al., 2021, 2022a; Lin et al., 2019, 2022),

although significant differences in, e.g., Fe isotopic compo-
sitions exist between fs-LA-produced particles with different
sizes (d’Abzac et al., 2013, 2014; Zheng et al., 2017). Still,
in order to obtain highly precise stable isotope ratios, the
detection of a sufficiently large number of ions in a certain
amount time is required. This can be achieved by maintain-
ing a high signal intensity measured on the detector and/or
by increasing the total integration time for an analysis. Fur-
thermore, high-precision isotope ratio analyses by MC-ICP-
MS have additionally aimed at acquiring a statistically sig-
nificant number of individual isotope ratio measurements for
a single analysis (typically > 20 integrations; Schoenberg
and von Blanckenburg, 2005; Dauphas et al., 2009). These
constraints require both a sufficiently high and stable signal
to be recorded for several seconds (i.e., at least 4 s given a
minimum integration time of ∼ 0.2 s for an individual ratio
measurement). However, because of larger signal instabili-
ties of previously used sampling approaches of “single shot”
LA-MC-ICP-MS depth profile analysis (Cottle et al., 2009;
Krachler et al., 2019), long integration times for single shot
analyses is challenging to attain. Here, we present a novel
laser-based approach in which sample material is ablated in
circular patterns for > 50 s, employing a computerized nu-
merical control (CNC) of the laser ablation stage in the x
and y direction, building on the approach briefly presented
in Welsch et al. (2017).

High vertical and/or horizontal spatial resolution of chem-
ical and/or isotopic data is frequently required to resolve
small-scale variations in these data in minerals. One prime
example of such variations is the coupled chemical and iso-
topic zoning in crystals from igneous rocks (Jeffcoate et al.,
2007; Sio et al., 2013; Oeser et al., 2015; Richter et al.,
2016; Collinet et al., 2017; Oeser et al., 2018). Likewise,
experimental studies investigating chemical diffusion and
the diffusion-driven isotope fractionation in minerals rely on
high-precision analytical methods with high spatial resolu-
tion, such as (MC-)SIMS (secondary ion mass spectrometry)
or LA-(MC-)ICP-MS (Dohmen et al., 2010; Richter et al.,
2014; Jollands et al., 2016a; Richter et al., 2017; Sio et al.,
2018). However, respective diffusion-driven zoning patterns
are frequently short with length scales < 50 µm, limiting the
applicability of laser-based sampling techniques given a typ-
ical laser spot size of 20–30 µm. On the other hand, in situ
MC-SIMS analyses of stable isotope ratios can provide a hor-
izontal spatial resolution on the order of∼ 5–10 µm (Fiege et
al., 2014; Kita et al., 2003; Richter et al., 2016; Villeneuve
et al., 2019), but these analyses appear to suffer from sample
composition and instrument-dependent matrix effects (Bell
et al., 2009; Sio et al., 2013; Su et al., 2015). In order to
meet the need for an in situ method capable of resolving short
(< 50 µm) chemical and isotopic diffusion profiles, this study
presents a fs-LA depth profiling technique which allows for
high-precision analyses of chemical and isotopic composi-
tions of minerals and glasses, achieving a vertical spatial res-
olution of 1–2 µm. The sample material targeted in this study
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is San Carlos olivine crystal cuboids which are chemically
and isotopically zoned in Fe and Mg. However, the presented
technique can, in theory, also be applied to other matrices
(e.g., oxides, glasses, metals). The ability to perform high-
precision in situ analyses of stable isotope ratios and trace el-
ement contents on a micrometer scale in solids is also highly
relevant for diffusion studies in materials science. For exam-
ple, diffusion and diffusion mechanisms of cations in, e.g.,
spinel and rutile are frequently investigated (Kolli and Van
der Ven, 2021; Xiao et al., 2018; Dohmen et al., 2019), as
spinel (e.g., as LiMn2O4) represents an important electrode
material for Li-ion batteries (Bhattacharya and Van der Ven,
2010; Huang et al., 2021; Liu et al., 2022), while rutile is
used in a large variety of applications due to its potential to
be employed as a semiconductor (Hanaor and Sorrell, 2011).
Previous studies have demonstrated that diffusion-generated
metal isotope fractionation can characterize diffusion mech-
anisms in solids (Richter et al., 2014; Dohmen et al., 2010;
Richter et al., 2017; Van Orman and Krawczynski, 2015).
For spinel, it has been shown that, e.g., Fe–Mg interdiffusion
changes from a vacancy diffusion mechanism to an intersti-
tial mechanism with decreasing oxygen fugacity at constant
temperature (Vogt et al., 2015). The two different diffusion
mechanisms should then be associated with different iso-
tope fractionation factors which can be quantified by measur-
ing the diffusion-generated Fe–Mg isotopic variations. High-
precision in situ techniques with high horizontal or vertical
spatial resolution – as developed in the present study – are
thus a prerequisite for such investigations.

2 Samples and experimental setup

2.1 Samples

The samples analyzed in this study belong to a collection
of centimeter-sized, gem-quality olivine single crystals from
San Carlos, Arizona (USA). The same collection has previ-
ously been used in several studies which investigated diffu-
sion processes in olivine (Dohmen et al., 2002, 2007, 2010).
The olivine single crystals used in this study were oriented by
X-ray Laue diffraction and cut into cuboids (1× 1× 2 mm)
perpendicular to the [100], [010], or [001] axis (space group:
Pbnm) using a diamond saw. Representative images of the
San Carlos olivine crystal cuboids are shown in Figs. S1 and
S2 in the Supplement. The surfaces perpendicular to [010]
were polished. A centimeter-sized “reference” San Carlos
olivine single crystal was embedded in epoxy and polished
to expose its core.

The powder source employed for the diffusion experi-
ments was prepared from crushed and ground San Car-
los olivine crystals and was enriched in Fe (added as pure
Fe metal, Johnson Matthey Puratronic), Li (added as pure
Li4SiO4), and Si (added as pure SiO2), resulting in a nominal
composition of Fo60. Additionally, the powder was enriched

in 25Mg (using a 25MgO spike) and in 57Fe (using a 57Fe2O3
spike). Notably, as the crushed and ground San Carlos olivine
crystal material is “diluted” by adding a fayalite component
(Fe+SiO2; see above), the powder is depleted in several mi-
nor and trace elements (e.g., Ni, Mn, V, Cr) relative to the San
Carlos olivine crystal (SC-OLc) cuboids, triggering a diffu-
sive flux of these elements from the cuboids into the powder
during the diffusion experiments (see below). The powder
was homogenized in a mortar, annealed at 1200 ◦C for 24 h
in an Al2O3 crucible in a gas-mixing furnace with CO and
CO2 flux controlling fO2 at the quartz–magnetite–fayalite
buffer (QFM), and again homogenized in a mortar.

In addition to the powder source diffusion couples (see
Sect. 2.2), we prepared a thin film coating on a SC-OLc
cuboid by pulsed laser deposition using a setup at the Ruhr
University Bochum (Dohmen et al., 2002). Here, the syn-
thesized olivine powder was used as the target material for
the ablation with an excimer laser (Lambda LPX 305i) in a
vacuum chamber, generating a thin film of ∼ 800 nm thick-
ness with a composition of about Fo60 in contact with a
homogeneous SC-OLc cuboid. During the pulsed laser de-
position the thin film became strongly fractionated regard-
ing its Fe and Mg isotope compositions, with δ56Fethin-film ≈

3.9 ‰ (relative to IRMM-14) and δ26Mgthin-film ≈ 16.5 ‰
(relative to DSM-3). The δ57Fe and δ25Mg values of the
thin film are even higher, with δ57Fethin-film ≈ 140 ‰ and
δ25Mgthin-film ≈ 31 ‰ (see also Table S1 in the Supplement),
due to the fact that the target material for the ablation, the
synthesized olivine powder, had previously been enriched in
25Mg and 57Fe. The method of thin film coating is commonly
used for diffusion experiments. However, notably, this dif-
fusion couple was not annealed in an experimental run but
was rather used for testing whether the LA depth profiling
technique suffers from potential top-to-bottom contamina-
tion (see Sect. 4.5).

2.2 Powder source experiments

For the powder source diffusion experiments, three SC-OLc
cuboids were buried in the synthesized olivine powder in an
Al2O3 crucible and annealed in a gas-mixing furnace at at-
mospheric pressure. The applied conditions of the different
experimental runs are summarized in Table 1. After the dif-
fusion experiments, two of the three SC-OLc cuboids per
experimental run were embedded in epoxy and polished to
expose their cores for lateral analyses of the chemical diffu-
sion profiles by electron probe microanalysis (EPMA). The
third SC-OLc cuboid was used for depth profile analyses by
fs-LA-(MC-)ICP-MS.
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Table 1. Overview of experimental run conditions for generat-
ing Fe–Mg chemical and isotopic diffusion profiles in San Carlos
olivine crystal cuboids.

Experimental T Log fO2 Duration Nominal Fo of
run no. (◦C) (Pa) (h) powder (mol %)

3 1100 −5.0 146 60
4 1199 −4.8 139 60
5 1250 −4.7 93 60

3 Analytical methods

3.1 Electron probe microanalysis

The chemical composition of the crystals embedded in epoxy
was analyzed employing a JEOL JXA-iHP200F field emis-
sion electron microprobe. The applied microprobe settings
are as follows: probe current 15 nA, acceleration voltage
15 kV, and beam diameter 1 µm. The calibration reference
materials (CRMs) employed in this study include the Mon-
gOL olivine standard (Batanova et al., 2019; for Si and Mg),
as well as augite (for Ca), NiO (for Ni), and Fe2O3 (for Fe).
Counting times were 10 s on peak and 5 s on background on
each side of the peak. The accuracy and reproducibility of the
measurements were checked by repeated measurements of
MongOL (Batanova et al., 2019) and San Carlos (Jarosewich
et al., 1980) olivine standards (Table S2 in the Supplement).

On the large “reference” San Carlos olivine crystal, two
line analyses – with 50–60 individual measurements on each
line – were conducted in order to (i) investigate the “bulk”
chemical composition and (ii) test the chemical homogeneity
of the crystal. One line was run in the core domain of the
crystal and the second line from the rim of the crystal towards
the core.

3.2 Femtosecond laser ablation system

The femtosecond laser ablation (fs-LA) system employed in
this study was identical to the one used in, e.g., Oeser et
al. (2014), Schuth et al. (2017), and Kaufmann et al. (2021),
a Spectra-Physics “Solstice”. It consists of a 100 fs Ti–
sapphire seed laser operating at a fundamental wavelength
of 775 nm and a Nd : YLF pump laser pumping at a repeti-
tion rate of 500 Hz. The pulse width of the amplifier output
is ∼ 100 fs. The frequency of the output beam (infrared) is
quadrupled by three barium beta borate crystals, converting
it to a UV beam with a final wavelength of 194 nm. The pulse
energy of this final UV beam is∼ 0.01 mJ. Given a laser spot
size of 30 µm in diameter on the sample, this results in a flu-
ence of ∼ 1.4 J cm−2.

3.3 Computer numerical control (CNC) of the LA stage

The laser beam was focused through a modified New Wave
UP 193 stage/visualization system onto the sample which
was mounted in a self-built ablation cell with a volume of
∼ 30 cm3 and a washout time of ∼ 20 s. The laser spot size
used in this study was 25–30 µm in diameter. The movement
of the x and y axes of the stage, and thus of the sample
under the laser beam, was controlled using the open-source
software LinuxCNC operating in real time. This software
is typically used to control production equipment, such as
milling machines, 3D printers, and lathes, applying machine
language (so-called G-codes). The flexibility of the G-codes
allowed us to ablate sample material in circular patterns with
diameters of 100–200 µm (“profile diameter”). By a stepwise
decrease in the ring diameter by 1.75 µm for 100 µm diameter
profiles or by 3.5 µm for 200 µm diameter profiles and, thus,
overlapping the ablation trail several times, it is possible to
homogenously remove sample material layer by layer, in our
case drilling into the sample parallel to the diffusion direction
(Fig. 1). Depending on the scan speed and the repetition rate
of the laser (typically between 20 and 60 Hz), each ablated
sample layer was between 300 nm and 3.0 µm thick. After
ablation of one layer the laser shutter was closed for 5 s to al-
low for a washout of the ablation cell. An adjustment of the
z position after ablation of one layer was not necessary be-
cause the focal point of the laser beam was set to be∼ 130 µm
below the initial sample surface in order to avoid the ioniza-
tion of helium above the sample, which would significantly
alter the pulse duration (cf. Lazarov and Horn, 2015; Stein-
mann et al., 2019). Compared to this offset (∼ 130 µm), the
ablation rate for each layer (i.e., the layer thickness) is very
small, typically 1–2 µm. Thus, the change in ablation effi-
ciency during progressive deepening of the laser pit is negli-
gible (see Sect. 4.2 for further details). The integrated signal
of one ablated layer represented one data point of the depth
profile. The total depth of the profile could be controlled by
the number of ablated layers (typically 15–25 layers) and
also depended on the thickness of each layer, which in turn
was controlled by the applied laser settings (repetition rate,
scan speed, and spot size).

The advantage of ablating sample material in circular pat-
terns (achieved using G-codes in LinuxCNC), as compared
to, e.g., rectangular patterns in raster mode (Nakazato et al.,
2022), is that analyzing mixtures of sample material from
various depths can simply be avoided by discarding the outer-
most circles, where the laser spot touches the tilted pit walls,
from data acquisition (see Sect. 3.6 for details). During the
ablation of sample material in raster mode, the laser beam
would hit the tilted pit walls of the rectangular pattern re-
peatedly, leading to a “contamination” of the currently an-
alyzed layer, as shown by Nakazato et al. (2022). In their
study, Nakazato et al. (2022) avoided this by producing a
“moat” around the targeted sampling area so that material in
the sloped edge of the ablation pit was removed prior to ab-
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Figure 1. Reflected light image (a), 3D view (b), and cross section (c) of a ∼ 26 µm deep laser pit in a San Carlos olivine cuboid, generated
by the fs-LA depth profiling technique described herein and consisting of 20 individual layers. As long as the laser partly ablates material
from these tilted walls while running in circular patterns towards the center of the pit, the analyzed sample material is a mixture of material
from various depths (and was thus discarded from data evaluation). Images were acquired with a KEYENCE VK-X 3D laser microscope
(see below). The schematic in (d) illustrates the stepwise movement of the laser beam (after having run one particular circle) towards the
center of the pattern. The colored digits correspond to the number of beam overlaps for one particular position (color-coded). As soon as the
beam movement has covered the size of the laser spot (e.g., 25 µm), the number (n) of beam overlaps remains constant, in this case n= 12.
When this point is reached, the ablation of sample material in the crater is homogeneous, resulting in the observed flat bottom of the crater.

lation of sample material for data acquisition. This approach
requires a highly precise spatial matching of moat and sam-
pling area, and the drilling of a moat is needed before every
sampling of a layer. In contrast, in our approach ablation of
sample material from the tilted walls of the laser pit (and thus
from various depths) only occurs at the beginning of each
layer analysis. The signal acquired in this short time interval
can thus be easily excluded from data evaluation to obtain a
“contamination-free” layer analysis (see Sect. 3.6).

3.4 The fs-LA-sector field-ICP-MS analysis

Major, minor, and trace element concentrations were ana-
lyzed employing a fast-scanning sector field ICP-MS instru-
ment (SF-ICP-MS; Thermo Scientific Element XR) that was
connected to the fs-LA system at the Institute of Mineralogy,
Leibniz University Hannover. A mixture of helium and argon
was used as the carrier gas to transport the sample aerosol
from the ablation cell to the ICP-MS instrument. All ele-
ments were measured in low-mass-resolution mode.

For the chemical characterization of the reference SC-
OLc, as well as for all analyses of the reference glasses (see
below), sample ablation was performed in raster mode where
each raster had a size of ∼ 90× 80 µm, applying a laser spot
size of 30 µm in diameter, a laser scan speed of 25 µm s−1,
and laser repetition rate of 31–36 Hz. Each analysis started
with a 35 s background acquisition, followed by an ablation
interval of 50–60 s.

For the acquisition of a chemical depth profile, the time
for one analysis was increased to ∼ 30 min, covering 30 s of
background signal at the beginning, the ablation signal of 20–
25 sample layers, and 30 s of background signal at the end.

The external calibration of the acquired data was per-
formed using the USGS reference glasses BCR-2G and BIR-
1G (see also Tables S3a and b), and Si (as determined by
EPMA) was used for internal standardization. Data reduc-
tion was realized in iolite (Paton et al., 2011). The synthetic
andesite reference glasses ARM-1 and ARM-3 (Wu et al.,
2019) were repeatedly analyzed as unknowns in order to test
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the accuracy and reproducibility of the obtained major, mi-
nor, and trace element data (Table S3a).

3.5 The fs-LA-multicollector-ICP-MS analysis

When Fe or Mg isotope ratios were analyzed, the ablated
sample particles were transported in a He gas stream from
the ablation cell to a Neptune Plus MC-ICP-MS instrument
(Thermo Scientific) employed in this study. Prior to entering
the torch, the sample aerosol was mixed with an Ar flow car-
rying aspirated Milli-Q H2O (for Mg isotope analyses) or Ni
standard solution NIST SRM 986 (used for mass bias cor-
rection during Fe isotope analyses), as described in Oeser et
al. (2014). The detector setups and detailed mass bias and
mass interference correction strategies used for Fe and Mg
isotope analyses are specified in Oeser et al. (2014).

For the isotopic characterization of the reference SC-OLc,
sample ablation was performed in raster mode where each
raster had a size of ∼ 110×90 µm, applying a laser spot size
of 30 µm in diameter, a laser scan speed of 20 µm s−1, and
laser repetition rate of ∼ 16 Hz for Mg isotopes (analyzed in
medium mass resolution) or 71 Hz for Fe isotopes (analyzed
in high mass resolution). These repetition rates were chosen
in order to match the measured signal intensities of samples
and CRMs. The ablation of silicate reference glasses, serv-
ing as bracketing CRMs (see below), was also performed in
raster mode with a raster size of ∼ 150× 150 µm, using a
laser spot size of 30 µm in diameter and a laser scan speed
of 20 µm s−1. The laser repetition rate applied on the ref-
erence glasses was adjusted in order to match the acquired
signals during sample analysis within ± 15 %. For all mea-
surements in raster mode, each analysis started with a ∼ 32 s
background acquisition (30 cycles with a cycle integration
time of 1.05 s), followed by an ablation interval of 120–130 s.
An entire depth profile analysis on a (zoned) SC-OLc cuboid
consisted of one block of up to 1900 cycles with a cycle inte-
gration time of 1.05 s, which equals ∼ 33 min of total analy-
sis time. This covers∼ 32 s of background analysis at the be-
ginning and the analysis of 15–25 layers, including 5 s laser-
off time for sample washout between the layers.

3.6 Data evaluation for depth profiling

The processing of the acquired in situ data was conducted
using a modified version of the LamTool Excel macro (for
isotope ratio analysis), originally developed by Košler et
al. (2008), or by using iolite (for concentration depth profiles,
see above; Paton et al., 2011). Depending on the scan speed
of the laser (typically between 50 and 170 µm s−1) and the
profile diameter, the signal time during the ablation of one
layer of sample material ranged from 60 to 120 s. However,
30 % of this signal time at the beginning of each ablation had
to be excluded from the data evaluation because in this time
interval some sample material is ablated from the wall of the
laser pit and, thus, represents a mixture of sample material

from various depths (Fig. 1). Hence, the average isotope ra-
tio (or average chemical composition) of one layer was cal-
culated from ∼ 30–85 individual isotope ratio measurements
(or concentration measurements) (Fig. 2). The average iso-
tope ratio was then used to calculate a δ value of one sample
layer relative to a bracketing CRM, using the following equa-
tion for Mg isotopes:

δxMgsample/CRM =


(
xMg
24Mg

)
sample(

xMg
24Mg

)
CRM

− 1

× 1000, (1)

where x is either mass 25 or 26. The CRM employed during
in situ Mg isotope analyses was the MPI-DING silicate ref-
erence glass GOR132-G (Jochum et al., 2006; Oeser et al.,
2014). For Fe isotope data, we applied a similar approach, as
follows:

δyFesample/CRM =


(
yFe
54Fe

)
sample(

yFe
54Fe

)
CRM

− 1

× 1000, (2)

where y is either mass 56 or 57. We employed the
USGS silicate reference glasses BHVO-2G or BCR-
2G as bracketing CRMs. Those δ values (relative to
a CRM) were subsequently converted to δ values rel-
ative to IRMM-14 (for Fe isotopes) or relative to
DSM-3 (for Mg isotopes), as described in Oeser et
al. (2014) using the following values: BHVO-2G –
δ56Fe= 0.099± 0.042 ‰, δ57Fe= 0.152± 0.049 ‰; BCR-
2G – δ56Fe = 0.085± 0.037 ‰, δ57Fe = 0.127± 0.059 ‰;
GOR132-G – δ25Mg = −0.089± 0.030 ‰, δ26Mg =
−0.174± 0.039 ‰ (see also Tables S4 and S5). The inter-
nal precision (2σ ) of the δ value of one sample layer was
calculated by propagating the errors (SE) of the bracketing
standards (n≈ 120 cycles) and of the analyzed sample layer
(n= 30–80 cycles), as follows:

2σ = 2× 1000×
[(

SEstd1

Rstd1

)2

+

(
SEstd2

Rstd2

)2

+

(
SEsample

Rsample

)2]0.5

, (3)

where R is either 56Fe / 54Fe, 57Fe / 54Fe, 25Mg / 24Mg, or
26Mg / 24Mg.

3.7 3D laser microscopy

The depth of the laser-generated depth profile pits was de-
termined by employing a KEYENCE VK-X 3D laser mi-
croscope at the Institute of Soil Science, Leibniz Univer-
sity Hannover, working with a laser intensity of 10 %, a
brightness of ∼ 1450 (on a scale between 0 and 16 380),
and a step size in the z direction of 0.05–0.10 µm. Using
a lens with 20× magnification resulted in an image size of
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Figure 2. Evolution of the 56Fe signal (in volts) and the
interference-, blank-, and mass-bias-corrected 57Fe / 54Fe with
time (one cycle= 1.05 s), during a LA depth profile analysis of a
chemically and isotopically zoned SC-OL crystal cuboid. The high
57Fe / 54Fe in the red time interval results from ablation of sample
material from the tilted pit walls (see Fig. 1), so material from the
upper parts of the profile (which have much higher 57Fe / 54Fe) is
mixed with material from the currently sampled layer. Furthermore,
during this red time interval some material from the previous layer
is still washed out of the tube connecting the ablation cell to the MC-
ICP-MS instrument, as indicated by the decrease in the 56Fe signal
during the laser-off time interval that, however, does not reach 0 V
before the next ablation interval starts. Consequently, the signal ac-
quired in the red time interval was excluded from data evaluation.

∼ 720× 540 µm (1024× 768 pixels) in the x–y plane. Fur-
ther details of the method can be found in Müehl et al. (2011)
and Saulick et al. (2018).

4 Results and discussion

4.1 Chemical and isotopic composition of reference
San Carlos olivine crystal

The large reference San Carlos olivine crystal analyzed in
this study represents a Mg-rich olivine (Mg#= 0.91) with
low Ti and Ca contents (∼ 18 and ∼ 500 µg g−1, respec-
tively), clearly indicating a mantle origin (Foley et al., 2013).
The results of two line analyses conducted by EPMA (Fig. 3),
as well as the limited variability in minor and trace ele-
ment concentrations, obtained by fs-LA-ICP-MS analyses in
raster mode (Table 2), demonstrate that the crystal is chemi-
cally homogeneous on a millimeter scale. It should be noted,
however, that San Carlos olivine can show significant mi-
nor and trace element variability, both between individual

Figure 3. Results of two line analyses by EPMA, indicating that the
large reference San Carlos olivine crystal is chemically homoge-
neous in terms of Mg# and Ni contents on a millimeter scale. Line1
was run in the core domain of the crystal and line2 from the rim
towards the core. The two outliers in Mg# for line1 represent anal-
yses with low totals (< 94 %, Table S2), indicating that the electron
beam hit a crack (or another imperfection) in the crystal.

grains and within a single grain (Bussweiler et al., 2019;
Lambart et al., 2022). The variability in δ56Fe and δ26Mg val-
ues, gathered by fs-LA-MC-ICP-MS in raster mode, is rather
limited (Fig. 4). The δ56Fe values range from −0.03 ‰ to
−0.25 ‰, with an overall mean of −0.13± 0.15 ‰ (2 SD,
n= 16). Iron isotope compositions measured in the core
domain show a tendency towards slightly heavier values
(δ56Fecore =−0.07± 0.09 ‰ 2 SD, n= 8) than those mea-
sured near the rims (δ56Ferim =−0.18± 0.10 ‰ 2 SD, n=
8). However, given the long-term analytical uncertainty of
fs-LA-MC-ICP-MS analyses (0.12 ‰ in δ56Fe; see also Ta-
ble S4; Steinhoefel et al., 2009; Oeser et al., 2014), values
of both crystal regions agree within analytical uncertainty.
The δ26Mg values range from −0.18 ‰ to −0.52 ‰, with an
overall mean of −0.32± 0.20 ‰ (2 SD, n= 18). The rela-
tively large 2 SD uncertainty mainly results from the variabil-
ity in δ26Mg values measured near the rim of the crystal. The
core domain of the crystal appears to be more homogenous,
with an average δ26Mgcore=−0.29± 0.14 ‰ (2 SD, n= 7).
However, a systematic difference in the Mg isotopic compo-
sitions of the core and rim of the crystal has not been ob-
served (Fig. 4).

4.2 Horizontal and vertical spatial resolution

As mentioned above, the diameter of the ablated circular pat-
terns of a depth profile is 100–200 µm, which, in turn, repre-
sents the horizontal spatial resolution of the LA depth profil-
ing technique. The depth of the analyzed profiles varies be-
tween 5 and 50 µm depending on the applied repetition rate
of the laser, the scan speed of the laser (which depends on the
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Figure 4. Summary of Mg and Fe isotopic data acquired in situ in raster mode on the large reference San Carlos olivine crystal, indicating
that the core domain of the crystal is fairly homogeneous, while some variations in isotopic compositions are observed near the rims of the
crystal (> 2 mm away from the core domain). Error bars are the internal 2σ precision as calculated using Eq. (3).

Table 2. Major, minor, and trace element concentrations determined
in situ by fs-LA-ICP-MS on the reference SC-OL crystal. Eight
analyses in raster mode were randomly distributed over the crystal.
The concentration shown is the mean of these eight measurements.
RSD means relative standard deviation.

Element Concentration 2 SD RSD
(µg g−1) (n= 8) (%)

Li 1.10 0.09 4.2
Mg 309753 3350 0.5
Al 94.4 12.1 6.4
P 37.2 16.0 21.5
Ca 504 40 4.0
Sc 4.69 0.20 2.1
Ti 17.6 1.2 3.5
V 3.31 0.08 1.3
Cr 214.0 4.4 1.0
Mn 1106 13 0.6
Fe 68067 714 0.5
Co 138.2 2.4 0.9
Ni 2783 57 1.0
Cu 0.744 0.058 3.9
Y 0.030 0.010 17.0
Zr 0.088 0.020 11.0

Mg# 0.913

profile diameter if the analysis time for one layer is supposed
to be ∼ 70 s), the laser spot size, and the number of ablated
layers for an individual depth profile. For example, using a
laser repetition rate of 56 Hz, a scan speed of 93 µm s−1, and

profile diameter of 100 µm and ablating 11 layers resulted
in a profile depth of 30 µm (Fig. 5). Thus, the vertical spa-
tial resolution (i.e., the thickness of one ablated layer) for
this particular profile is 2.7 µm. A better vertical spatial res-
olution (< 1 µm per layer) can be obtained by using a larger
profile diameter (i.e., 200 µm), a lower laser repetition rate,
and a higher scan speed (Fig. 5).

The vertical spatial resolution of our technique is deter-
mined by dividing the total depth of the profile by the num-
ber of ablated layers, assuming that the ablation rate during
the acquisition of a depth profile remains constant despite
an increasing depth of the profile pit. This was tested by
the following experiments. (1) We “drilled” three individ-
ual depth profiles into pure Sn metal, always using a laser
repetition rate of 10 Hz. For profile-A 10 layers, for profile-
B 25 layers, and for profile-C 50 layers were ablated. The
total depths of these profiles are shown in Fig. 6a. The lin-
ear relationship between profile depth and number of ablated
layers indicates that all ablated layers have the same indi-
vidual thickness (∼ 0.5 µm per layer), i.e., the ablation rate
remains constant despite an increasing profile depth. A sec-
ond test was conducted to check if the ablation rate increases
linearly with an increasing laser repetition rate during pro-
gressive deepening of the profile pit. For this, three individual
profiles were analyzed in epoxy resin, keeping the number of
ablated layers constant. A laser repetition rate of 20 Hz for
profile-D, 50 Hz for profile-E, and 100 Hz for profile-F was
used. The linear relationship between profile depth and ap-
plied laser repetition rate (Fig. 6b) demonstrates that up to a
profile depth of∼ 180 µm, the laser repetition rate (within the
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Figure 5. The 3D view (a) and cross sections (b, c) of laser pits in
a San Carlos olivine cuboid, generated by the fs-LA depth profiling
technique ablating 11 individual layers with a diameter of∼ 100 µm
for depth profile 1 (dp1), resulting in a total depth of 30 µm (b), and
10 layers with a diameter of ∼ 200 µm for depth profile 2 (dp2),
resulting in a total depth of∼ 7.5 µm (c). Further LA parameters are
as follows: for dp1, 56 Hz repetition rate, 93 µm s−1 scan speed, and
∼ 25 µm laser spot size; for dp2, 50 Hz repetition rate, 140 µm s−1

scan speed, and ∼ 30 µm laser spot size.

investigated range of 20–100 Hz) remains linearly correlated
with the laser ablation rate during progressive deepening of
the profile pit.

4.3 Chemical LA depth profile and “horizontal”
EPMA data

In order to check the accuracy of the concentration data
acquired by fs-LA-ICP-MS depth profiling, we have com-
pared the depth profiles of several chemically zoned (regard-
ing Mg#) SC-OLc cuboids with “horizontal” profiles, ana-
lyzed conventionally with EPMA. For this comparison, we
used chemically zoned SC-OLc cuboids from powder source
diffusion experiments of which those dedicated for EPMA
were embedded in epoxy and polished to expose their cores.
Both profile types (LA depth and horizontal EPMA) were
measured along all three crystallographic axes to study var-

ious profile length scales. The results of this comparison
are shown in Fig. 7. Both techniques exhibit a clear Fe–Mg
chemical zoning in the analyzed SC-OLc cuboids with dif-
fusion length scales between 4 and ∼ 30 µm, depending on
the experimental conditions and the crystallographic orienta-
tion of the measured profile. Importantly, the concentration
data (Mg#) acquired by fs-LA depth profiling match well
with EPMA data for crystals from the same experiment along
the same axes, in terms of both absolute Mg# values and
zoning width. Furthermore, the vertical spatial resolution of
the fs-LA depth profile technique (with a laser spot size of
∼ 30 µm) is comparable to the horizontal spatial resolution
of the EPMA (with a beam diameter of 1 µm).

Additionally, as mentioned above, the compositional con-
trast between powder source and SC-OLc cuboids in terms of
minor and trace elements triggers a diffusive flux of these ele-
ments out of (Ni, Mn, Cr, V) or into (Li) the SC-OLc cuboids.
As shown in Fig. 8, the LA depth profiling technique coupled
with SF-ICP-MS is capable of resolving the generated diffu-
sion profiles of such elements in the crystal cuboids. This
offers the opportunity to investigate the diffusivities of minor
and trace elements in olivine (and other silicate minerals),
for which large variations in experimentally determined dif-
fusion coefficients have been discussed repeatedly (Ito and
Ganguly, 2006; Cherniak and Dimanov, 2010; Spandler and
O’Neill, 2010; Jollands et al., 2016b; Zhukova et al., 2017;
Jollands et al., 2018), even if the diffusion length scale of
the element of interest is on the order of only 5–10 µm (see,
e.g., Ni and Cr in Fig. 8b). The exponential decrease in V,
Ni, Cr, and Mn concentrations towards the rim of the crys-
tal cuboid (depth= 0 µm) is consistent with the diffusion of
these elements out of the crystal into the surrounding pow-
der. Likewise, the increase in the Li concentration towards
the rim of the crystal is consistent with the diffusive flux of
Li from the Li-enriched powder into the crystal.

4.4 Assessment of isotope fractionation with depth

A potential drawback of laser ablation analyses which pro-
duce deep laser ablation pits is the (artificial) fractionation of
elements and isotopes with increasing pit depth (Horn et al.,
2000; Jackson and Günther, 2003; Kosler et al., 2005; Fryer
et al., 1995). Laser-induced elemental fractionation has been
observed to become significant if the depth : diameter ratio of
the ablation crater is > 6 (Mank and Mason, 1999). A study
by Woodhead et al. (2004) on Hf isotopic compositions in
zircon indicated that precise and accurate Hf isotope analy-
ses by nanosecond LA (ns-LA) depth profiling are feasible
for ablation pits with aspect ratios (depth : width) of up to
2 : 1. To our knowledge, such clear quantification does not
exist for potential depth-related Mg and Fe isotope fraction-
ations; however, Oeser et al. (2018) have demonstrated that
the deepening of a laser ablation trench (with a final depth
of ∼ 40 µm) generated by line scans does not produce any
significant Fe isotope fractionation, i.e., < 0.1 ‰ difference
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Figure 6. Measured depths of LA depth profiles analyzed in Sn metal (a), where the laser repetition rate was kept constant (at 10 Hz), but
the number of ablated layers was varied, and in epoxy resin (b), where the number of ablated layers was kept constant (10 layers), but the
laser repetition rate varied (see main text for details). Dotted lines are linear regression lines through the origin.

in 56Fe / 54Fe measured at the beginning of the analysis as
compared to the end of the analysis.

We have analyzed one Fe isotope and one Mg isotope
depth profile, consisting of 20 ablated layers each, into a ho-
mogeneous SC-OLc cuboid in order to investigate a poten-
tial depth-related isotope fractionation during the sampling
process. Results of these analyses are shown in Fig. 9. The
δ56Fe values of individual layers scatter around a value of
−0.11 ‰ (relative to IRMM-14) with 2 SD of 0.12 ‰. This
variability is comparable to the long-term analytical uncer-
tainty of in situ Fe isotope analyses of silicates in our fs-LA-
MC-ICP-MS lab. Importantly, the mean δ56Fe value of the
uppermost seven layers (−0.11± 0.13 ‰) is almost identi-
cal to the mean δ56Fe value of the lowermost seven layers
(−0.10± 0.13 ‰), showing that depth-related isotope frac-
tionation during the depth profile analyses is absent. The
δ26Mg values of individual layers show slightly higher scat-
ter around a value of −0.42 (relative to DSM-3) with 2 SD
of 0.20 ‰. However, similar to Fe, the average Mg isotopic
composition of the uppermost seven layers (−0.42± 0.17 ‰
) is indistinguishable from that of the lowermost seven layers
(−0.35± 0.16 ‰). The higher scatter of the δ26Mg values
may result from slight drifts in the instrumental mass bias
of the MC-ICP-MS during the > 25 min long analysis of the
depth profile. During in situ Fe isotope analyses, such mass
bias drifts are mostly corrected by using the measured Ni iso-
tope ratios of the simultaneously aspirated Ni reference so-
lution as an external mass bias monitor (Oeser et al., 2014).
However, for in situ Mg isotope analyses, the instrumental
mass bias can only be corrected by conventional sample–
standard bracketing, which does not account for short-term
mass bias fluctuations (Chen et al., 2017; Zhu et al., 2018;
Xu et al., 2022b), i.e., during the determination of the depth
profile.

Additional evidence for the absence of any resolvable iso-
tope fractionation during progressive deepening of the profile

pit comes from the investigation of experimentally generated
Fe–Mg isotopic (and chemical) diffusion profiles in SC-OLc
cuboids. Figure 10 shows an example of Fe–Mg chemical
and isotopic diffusion profiles acquired by fs-LA depth pro-
filing in a SC-OLc cuboid which was annealed in a powder
source diffusion experiment (as described above) for 93 h at
1250 ◦C. The chemical zoning of Mg# is ∼ 34 µm wide and
strongly coupled with Fe–Mg isotopic zoning. The inversely
correlated fractionation of the Fe and Mg isotopes is a con-
sequence of the Fe–Mg interdiffusion process (Fe diffuses
into and Mg out of the olivine), and it has previously been
observed repeatedly in olivine crystals from natural volcanic
rocks (Teng et al., 2011; Sio et al., 2013; Oeser et al., 2015;
Collinet et al., 2017; Oeser et al., 2018). The unzoned in-
terior of the crystal (at depth > 34 µm) shows broadly con-
stant Fe and Mg isotopic compositions which are within
the δ56Fe and δ26Mg range observed for the large reference
SC-OLc. Any depth-related (artificial) isotope fractionation
would lead to a deviation of the measured δ56Fe and δ26Mg
values from this expected range, which was not observed.

4.5 Depth profiles in thin film–olivine couple

In order to test whether the fs-LA depth profiling technique
suffers from potential top-to-bottom contamination during an
individual depth profile analysis, we have measured Fe and
Mg isotope depth profiles in a thin film–San Carlos olivine
couple. The topmost layer of such a profile predominantly
consists of thin film material and shows very high δ56Fe,
δ57Fe, δ25Mg, and δ26Mg values (Fig. 11). The latter was
produced during the production of the thin film by pulsed
laser deposition, most likely by fractionation of the gas atoms
in the plasma in the vacuum chamber after ablation and sub-
sequential condensation on the polished olivine crystal. Fur-
thermore, as the target material for the ablation was previ-
ously spiked with 25Mg and 57Fe, the enrichment of these
two isotopes is particularly strong in the thin film. Any con-
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Figure 7. Chemical (Mg#) diffusion profiles along the three crys-
tallographic axes (a, b, c) acquired by LA depth profiling in com-
parison with “horizontal” profile data from EPMA in SC-OL crystal
cuboids.

tamination from this isotopically heavy layer into the depth
profile pit measured in the SC-OL crystals would induce a
shift in the Fe and Mg isotope compositions towards heavy
values. Such a shift was barely observed, and δ56Fe, δ57Fe,
δ25Mg, and δ26Mg values analyzed during depth profiling

into the SC-OLc cuboid – after having drilled through the
thin film – are close to the range expected for the unzoned
interior of the crystal (Fig. 11). Some of the analyzed Fe iso-
topic compositions show a tendency towards slightly heavier
(∼ 0.1 ‰) δ56Fe values. This shift is, however, smaller than
the long-term analytical uncertainty for in situ δ56Fe values
obtained in our fs-LA-MC-ICP-MS lab (Steinhoefel et al.,
2009; Oeser et al., 2014; Collinet et al., 2017). Regarding the
δ57Fe profile, the shift towards heavier values is slightly more
evident, especially for the first layer analyzed in the crystal,
likely resulting from the fact that the enrichment of 57Fe in
the thin film is extremely high (δ57Fethin-film ≈ 140 ‰), thus
pointing to a small contamination for the analyses of the top-
most layers in the crystal. Still, by using the ratio of the δ57Fe
shift in the first two layers from the average δ57Fe of the ref-
erence SC-OLc (ref-SC-OLc;157Fe≈ 0.5 ‰) and the δ57Fe
of the thin film, this contamination can be estimated to be
< 0.5 %, which can be regarded as negligible. Concerning
Mg, the isotopic difference between the thin film and SC-
OLc is also very large (> 15 ‰), and the first two to three
layers analyzed in the crystal show slightly heavier δ26Mg
and δ25Mg values than the following eight layers, potentially
hinting at a small contribution from the very heavy thin film
above. Just as for Fe, this potential contamination can be es-
timated to be < 0.5 % if using the ratio of the Mg isotopic
shift in the first three layers from the average δ25Mg of the
ref-SC-OLc (125Mg≈ 0.1 ‰) and the δ25Mg of the thin film
(≈ 31 ‰).

5 Advantages and limitations of the technique and
some conclusions

With the here-presented technique of fs-LA depth profiling
combined with SF- and MC-ICP-MS, high-precision chem-
ical and isotopic analyses can be performed with high verti-
cal spatial resolution. This technique is particularly advanta-
geous for the analyses of thin micrometer-scale chemically or
isotopically distinct zones parallel to planar surfaces of crys-
tals, glasses, or other materials and may be useful to analyze,
e.g., crystal coatings or short chemical and isotopic diffusion
profiles in crystals (or glasses). Compared to conventional
in situ analyses by fs-LA-(MC-)ICP-MS using single-spot
or line-scan modes, the significantly higher data point den-
sity that can be achieved along the chemical/isotopic gradient
results in a ∼ 10 times higher spatial resolution. Addition-
ally and more importantly, each data point can be measured
with high precision due to the relatively long counting time
(> 30 s) for each ablated layer and the stable signal recorded
with the MC-ICP-MS instrument (Fig. 2). Hence, the method
is suitable for stable isotope analyses of metals, and internal
precisions (2σ ) between 0.06 ‰ and 0.12 ‰ can be achieved
for, e.g., δ26Mg and δ56Fe.

Femtosecond LA depth profile analyses of chemical com-
positions in olivine crystals can be performed with a vertical
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Figure 8. Major (Mg#), minor (Ni, Mn, Cr), and trace element (Li and V) diffusion profiles analyzed by fs-LA depth profiling combined
with SF-ICP-MS on a SC-OLc cuboid that was annealed in a powder source diffusion experiment for 139 h at 1199 ◦C. The 2 SE uncertainty
for each data point is smaller than the symbol size (see also Table S10).

Figure 9. Fe and Mg isotope depth profile data for a SC-OLc cuboid
which was not annealed in a diffusion experiment, showing no ob-
vious depth-related (artificial) fractionation trend of Mg and Fe iso-
topes during fs-LA depth profile analyses. Error bars are the internal
2σ precision as calculated using Eq. (3). The red and the blue verti-
cal lines represent the mean δ26Mg and δ56Fe values, respectively,
of the two profiles, with the shaded areas showing the 2 SD vari-
ation. The smaller depth of the δ26Mg profile mainly results from
the lower laser repetition rate applied in this depth profiling test (see
also Sect. 3.5).

Figure 10. Fe–Mg chemical and isotopic diffusion profiles acquired
by fs-LA depth profiling in SC-OL crystal cuboid. The blue and red
areas show the range in δ56Fe and δ26Mg, respectively, expected for
the unzoned interior of the crystal (depth> 34 µm) from analyses of
the large reference SC-OLc. Error bars are the internal 2σ precision
as calculated using Eq. (3). The lines are modeled Fe–Mg chemical
and isotopic zoning patterns, assuming Fe–Mg interdiffusion be-
tween the SC-OL crystal cuboid and the powder source with a fixed
rim composition (at depth= 0 µm) of Mg#= 0.767. The diffusion-
driven isotope fractionation was modeled by applying the empir-
ical formula of Richter et al. (1999): De/Df = (Mf/Me)

β , with
βMg = 0.18 and βFe = 0.17 and where e and f are two isotopes of a
certain element (e.g., 54Fe and 56Fe). Further details of such a diffu-
sion model, simulating diffusion-driven isotope fractionation based
on Fe–Mg interdiffusion in olivine, are given in Oeser et al. (2015).
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Figure 11. The fs-LA depth profile data of δ56Fe and δ26Mg (a), as well as δ57Fe and δ25Mg (b), for the thin film–SC-OL couple. After
drilling through the isotopically fractionated thin film, the measured Fe–Mg isotopic compositions are close to the range expected for the
interior of the unzoned crystal (blue, red, purple, and yellow areas).

spatial resolution that is similar to the horizontal spatial reso-
lution of electron probe microanalyses, i.e., on the order of 1–
2 µm (Fig. 7). The crucial advantage of the fs-LA depth pro-
filing technique, when coupled with an ICP-MS instrument,
is the relatively large amount of analyte material available
per analyzed sample layer combined with the much better
sensitivity of the ICP-MS instrument, enabling the analysis
of trace elements, such as Li, at high precision and low limits
of detection (Tables S3b and S10). This allows the investiga-
tion of diffusivities of various trace elements in olivine (and
likely also other minerals) if the experimental setup is suit-
able to generate chemical gradients of such elements in the
crystal (Fig. 8).

The high vertical spatial resolution combined with the high
precision for both chemical and isotopic composition is not
only relevant for studies in the realm of Earth Sciences (Kelly
et al., 2014; Marsh and Stockli, 2015; Nakazato et al., 2022),
but it can also be applied in materials science studies where
chemical and/or isotopic heterogeneities in solids are of high
interest, as the physical properties of some high-tech materi-
als or coatings/thin films strongly depend on the contents of

some minor and trace elements (Dobson et al., 2000; Bleiner
et al., 2003; Balcaen et al., 2005; Lee and Lim, 2015). Our
depth profile analyses in the thin film–olivine couple indicate
that top-to-bottom contamination during depth profiling (as
presented herein) are minor, opening the opportunity to re-
liably perform quantitative characterizations of micrometer-
thick coatings on steel or silicon wafers (Lee and Lim, 2015).
Furthermore, resolving the variation in stable isotopic com-
positions on a micrometer scale is extremely useful to inves-
tigate diffusion mechanisms in solids, as the latter strongly
affects the correlation coefficient (f ) of diffusion and, thus,
also the magnitude of diffusion-driven isotope fractionation
(Van Orman and Krawczynski, 2015).

A prerequisite for the applicability of the presented
method, however, is a sufficiently large lateral expansion
(> 100 µm) of the chemically and isotopically distinct zones
that are supposed to be analyzed. Furthermore, the sample
needs to have a well-defined and planar crystal (or glass or
metal) interface that can be mounted in the ablation cell per-
pendicularly to the laser beam in order to enable drilling with
the laser into the sample parallel to the direction of diffusion.
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As such, the method may be particularly suitable for the ex-
perimental investigation of chemical diffusion, as shown in
the example above, with diffusion zoning of 5–40 µm. Given
these pre-requisites, it may be challenging to apply the tech-
nique on natural crystals (e.g., in volcanic rocks) that may
have experienced diffusive processes. In order to analyze dif-
fusion profiles in naturally zoned crystals by fs-LA depth
profiling, the crystals must be separated from the matrix and
have a flat crystal face that was in contact with a melt or
an adjacent crystal and that can be mounted into the laser
ablation cell perpendicularly to the laser beam. Finally, the
precision and accuracy of fs-LA depth profile analyses have
not been investigated for diffusion profiles with length scales
> 50 µm, and analytical uncertainties may increase signifi-
cantly for profile depths > 60 µm due to incomplete mobi-
lization of sample material from the deep laser pit which
would result in lower and more unstable signals recorded
by the MC-ICP-MS instrument or due to elemental and/or
isotopic fractionation with a higher aspect ratio of the laser
pit (Woodhead et al., 2004). However, chemical and isotopic
diffusion profiles with length scales > 50 µm can be ana-
lyzed satisfactorily by LA-(MC-)ICP-MS using horizontal
line scans parallel to the diffusion direction (Jollands et al.,
2016a; Oeser et al., 2018; Jollands et al., 2018). Thus, the
LA depth profiling technique presented in this study is able
to probe a depth range (5–50 µm) that is larger than the range
typically accessed by SIMS depth profiling (Breeding et al.,
2004; Genareau et al., 2007; Kelly et al., 2014) but, on the
other hand, can provide a higher (vertical) spatial resolution
than horizontal laser line scans. Most importantly, the com-
bination of fs-LA depth profiling and MC-ICP-MS is capa-
ble of investigating variations in stable isotopic compositions
on a micrometer scale and at a precision suitable to resolve
diffusion-driven isotope fractionation in minerals and glasses
or other small-scale isotopic anomalies in solids.
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