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ABSTRACT

Transient signal intensity data, particularly since the advent of Laser Ablation-Inductively Coupled
Plasma-Mass Spectrometry (LA-ICP-MS), have become a standard tool in petrology and geochemistry for
determining the chemical composition of minerals and fluid and melt inclusions. However, commonly
used software for quantifying raw ICP-MS data is often inflexible, expensive, and closed-source, typically
providing only tabular output, leaving analytical data scattered across files and systems. ICP-Base is a
free and open-source software featuring a graphical user interface designed to enhance transparency,
versatility and efficiency in LA-ICP-MS data processing. It integrates raw data, processing parameters,
results and metadata within a centralized hierarchical database, preserving the full analytical context and
facilitating both short- and long-term evaluation and instrument monitoring. The software supports
processing of mineral spot analyses, fully enclosed fluid and solid inclusions analyses, and line scan
data. It introduces transparent approaches for host-inclusion signal deconvolution and enables
sequential and parallel quantification using multiple external reference materials and highly flexible
internal standardization approaches. All data processing, evaluation, and visualization are performed
within the software environment, with visualization handled through integration of the VisModule from
MinPlotX, enabling direct generation of publication-ready figures without relying on external tools. Owing
to its modular design and availability of the source code, ICP-Base provides a flexible framework for

community-driven development and future methodological expansion in LA-ICP-MS data processing.



Introduction

Quantitative microanalysis is fundamental to modern science including petrology, geochemistry and
paleoclimatology, providing the chemical information necessary to investigate natural processes and
materials. Among the available analytical techniques, Laser Ablation—-Inductively Coupled Plasma-Mass

Spectrometry (LA-ICP-MS) is one of the most widely used methods for in-situ elemental analysis.

The most common application of LA-ICP-MS systems is the spot analysis of homogeneous solids, which
remains the fastest and most versatile method for major to trace element mass fraction data acquisition.
Moreover, LA-ICP-MS is the most powerful technique for quantitative elemental and isotope ratio analysis
of fluid and solid inclusions fully enclosed within minerals (Gunther et al., 1998; Audétat et al., 1998;
Halter et al., 2002; Heinrich et al., 2003; Pettke et al., 2012). The raw transient signals, which are often
complex with rapidly changing intensities, require careful treatment and processing to ensure correct and
reliable quantification. Most commonly used commercial software to quantify raw mass spectrometry
data, e.g., lolite, GLITTER and HDIP are often inflexible, expensive, and closed-source, limiting control on
advanced data evaluation and processing and, more generally, impeding innovation. A variety of
specialized, free, and open-source software packages are available for LA-ICP-MS data processing, such
as TERMITE (Mischel et al., 2017), LAtools (Branson et al., 2019), Ilaps (Faltusova et al., 2022), G.O.Joe
(Altenberger et al., 2024), and XMapTools (Lanari et al., 2014; Markmann et al., 2024). Some of these tools
are script-based and lack a graphical user interface, and most focus solely on the quantification of
mineral spot analyses and/or 2D imaging. For the quantification of single- and polyphase fluid and solid
inclusions fully enclosed in host minerals, SILLS (Guillong et al., 2008) remains the most widely used and
established software. However, it comes with several limitations: it supports only a narrow range of raw
data formats, processes a single measurement bracket at a time, allows the use of only one external
standard, and is no longer actively maintained. The deconvolution of host and inclusion signals offers
limited transparency to the user even though the evaluation of this step is crucial to properly assess data

credibility and quality.

Currently available software mostly provide only tabular output (e.g., spreadsheets), requiring users to
laboriously evaluate, compare, and visualize their results in separate applications. This fragmentation

highlights a broader issue in LA-ICP-MS data handling — the loss of connection between raw data,



results, and available metadata. After measurements and data processing are completed, raw data,
results, and metadata often end up scattered across different files or systems. While the results, and in
some cases the raw signal data, are typically preserved, most metadata, such as instrument settings or
acquisition parameters, are often discarded, except when needed for method development. To address
these limitations and to improve on transparency and simplicity of software use, we developed ICP-Base,
a free and open-source software featuring an advanced Application User Interface (API) and Graphical
User Interface (GUI) designed to maximize user-friendliness, control, and efficiency during data
processing of LA-ICP-MS spot analyses. In addition to quantification of solids analyses, it introduces
transparent approaches for host-inclusion signal deconvolution for the quantification of fluid or solid
inclusion compositions fully enclosed in minerals. A novel algorithm offers the use of multiple external

reference materials for parallel and/or sequential quantification procedures.

ICP-Base unifies raw data, processing parameters, results, and LA-ICP-MS metadata within a single
centralized database environment. This simplifies long-term instrument monitoring, method
development, and retracing past processing decisions. Additionally, integration of the VisModule from
MinPlotX (Walters and Gies 2025) enables users to quickly visualize their complete datasets and generate
publication-ready figures using self-defined formatting criteria directly within the software environment,
without relying on external tools. In this article, we present the software architecture, workflow, and data
structure of ICP-Base, and illustrate selected capabilities through case studies on mineral, aqueous fluid
and melt inclusion and stalagmite line scan data, showcasing different and novel approaches to

quantification, evaluation and data storage.

1. Program design and methodology

ICP-Base is developed in MATLAB® (R2021b) using the MATLAB® App Designer. Stand-alone versions are
available for Windows, macQOS, and Linux, and can be distributed with or without the MATLAB® Runtime.
The Runtime version includes the necessary MATLAB® libraries, allowing ICP-Base to run without an
internet connection or a MATLAB® license. This makes it well-suited for installation on laboratory
computers without network access. Moreover, as a freely available application, ICP-Base is an excellent

resource for students and educators, enabling installation on both personal and university systems. The



software consists of multiple modules, each serving a specific task to guide the user through the data

processing (Figure 1).
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Figure 1: Schematic illustration of the linear element composition quantification workflow. When a new session is
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added to a project, the user is guided sequentially through the processing modules. Upon completion, all imported
signals and metadata, intermediate processing steps, and final results are saved back to the Base (database), from
which all processing steps can be revisited. Once the initial workflow is completed, users can freely navigate between

the processing modules. The VisModule enables visual evaluation of all data stored in the Base.

1.1. Data structure

The data are organized hierarchically within a database (Base), which can contain multiple projects. Each
project can consist of multiple sessions, representing individual measurements or measurement days by
a LA-ICP-MS system. Every Session stores the raw data, processed data, and intermediate processing
steps (Figure 2). Sessions can also include LA and ICP-MS metadata, given that they are imported. The
structure is lightweight and avoids data duplication. All floating-point values are stored using single
precision, providing approximately 7 significant decimal digits, which is sufficient since it exceeds LA-
ICP-MS analytical data precision. As a result, storing data in ICP-Base requires significantly less memory
than saving it in e.g., Microsoft Excel spreadsheets, which uses double precision (15-17 significant digits)

by default.
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Figure 2: Schematic tree diagram illustrating the hierarchical data organization in ICP-Base. The dashed lines indicate
the possible presence of additional projects, sessions and data, illustrating the extendable concept of the data

structure hierarchy.

1.2. Application programming interface (API)

ICP-Base provides a versatile API that allows data to be both pushed into and retrieved from its internal
data structure. This enables quick access to data of interest, which can then be used directly in scripts or
other applications. Furthermore, all data-processing routines can be executed as functions, without
relying on the graphical user interface. This makes it possible to perform advanced quantification
workflows, for example, running multiple iterations with varying parameters such as the internal standard
analyte or mass fraction, entirely within scripts. This capability is particularly useful for method
development, implementing Monte Carlo approaches, and organizing datasets in a consistent structure

suitable for machine learning applications.

1.3. Modules

1.3.1. Base Module

The Base module serves as the central hub of ICP-Base. It enables users to create and manage multiple
projects and sessions. When a new session is added, the linear data processing workflow is initiated
(Figure 2, 3). Each session is stored in the Base, providing centralized access to every data processing

step (i.e. modules) of all projects and sessions.
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Figure 3: Overview of the functionality of each module for elemental composition quantification.

1.3.2. Import Module

ICP-Base can import three different types of data: (i) Signal data, (ii) LA metadata, and (iii) ICP-MS
metadata. For basic data processing only signal data is required. However, for long-term monitoring, it is
strongly recommended to import as much metadata as possible. Instrumental metadata are commonly

stored for both the LA and ICP-MS measurement sessions.

1.3.2.1. Data type descriptions

Signal data are the raw time-resolved counts-per-second (cps) file(s) holding the data of the ICP-MS
measurement. These files are specific to different mass spectrometer brands and can have various file
formats. ICP-Base can import two types of signal data: (i) continuous and (ii) single. Continuous signal
data consist of one file containing multiple spot analyses, whereas single signal data are organized as
individual files, each representing one spot analysis. Additionally, it is also possible to import MAT files
previously calculated and saved using the SILLS software (Guillong et al., 2008). In this case, the signal
data, the dwell times and the intervals (background, matrix, inclusion) are imported. This makes it quick

to evaluate and recalculate former SILLS projects with little effort in ICP-Base.



LA metadata are logbook-style output files generated by the software controlling the laser system when it
operates in programmed analysis mode. If the laser was operated manually, a lab-journal-style CSV file
based on a provided template can be imported instead. Laser metadata typically include information
such as spot names, beam diameters, fluence, repetition rate, gas flows, laser energy, stage positions,

and other parameters, depending on what is provided by the laser software.

ICP-MS metadata include file(s) that are output by the ICP-MS systems. These file(s) can hold crucial
metadata like the dwell times, which are used for the calculation of the limits of detection (LOD) or
machine specific parameters used for monitoring or method development. If the ICP-MS system does not
provide such files, a CSV template can be used to manually import the necessary parameters. These
machine-specific parameters may include settings related to the plasma (e.g., RF power, plasma gas
flows, sampling depth), ion optics (e.g., extraction and focusing lens settings), detector configurations,

and other brand- and machine-dependent specifications.

1.3.8. Interval Module

The Interval Module provides a quick and easy way to let the user visually select the data that should be
used for further processing by setting background, inclusion and matrix (host) signal intervals, either
automatically or manually. Automatically set signal intervals can be easily checked and manually
modified if needed. The module features a spike removal function that applies a moving-window Grubbs’

test (Grubbs, 1969) at a 1% significance level to detect and eliminate outliers.

Signal visualization in the Interval Module is fully customizable through user-defined CSV plot style files.
Each analyte’s appearance, such as marker color, size, and shape, as well as line color, width, and style,
can be individually adjusted to suit the user preference. Users can also visualize intensity ratios by
specifying a numerator and denominator in the plot style file, allowing element ratios to be plotted on a

per-sweep basis.

In addition to the default interval settings for mineral quantification, this module includes the matrix-only
tracer algorithm for host-inclusion deconvolution, making the process more transparent and allowing

users to visually assess the quality of the results.



1.3.3.1. Transient signal description and interval definitions

The obtained transient signal acquired by ablation of a given sample is best described by using the

equations and nomenclature presented in Guillong et al. (2008):

IiSIGl — IIBG (1)

HOST(SIG2) (2)

IiSIGZ — IiBG+ Ii

Iisms — IiBG_l_ IiHOST(SIG3)+ IiINCL (3)

where | refers to the mean count rate (in cps) of an analyte i in the given signal interval (BG = background

and SIG = sample signal) and HOST refers to host mineral and INCL refers to the inclusion-host mixed
signal interval (Figure 4).
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Figure 4: Examples of transient analyte count rates acquired by ablation of a fluid inclusion relic in olivine from a Chl-
Harzburgite (Cerro del Almirez, Spain). The inset illustrates the principle of LA-ICP-MS analysis of fully enclosed
inclusions. The colored segments in the inset correspond to the signal segments. The transient signal consists of four
segments: (i) The gas background (SIG1). (ii) The signal of the host ablated before reaching the inclusion (SIG2). (iii)
The host-inclusion-mix signal where the host and the inclusion are ablated simultaneously (SIG3). (iv) Signal of the

host below the inclusion after it was fully ablated (SIG4).

The calculations for SIG4 are performed analogously to those for SIG2 and are not presented further. Net

analyte signal intensities are obtained by subtracting I®:



IiHOST(SIGZ) — IiSIGZ _ IiBG (4)

IiMIX — IiSIGS _ IiBG — IiHOST(SIGB)+ IiINCL (5)

1.3.3.2. Matrix-only tracer algorithm

This approach, first implemented in SILLS (Guillong et al., 2008), makes use of an analyte chosen as a
matrix-only tracer (t) that is significantly present in the host mineral but not in the inclusion. With the
matrix-only tracer, an intensity ratio R of the intensities in the host mineral (Eq.6) and host-inclusion-mix

(Eq.7) can be defined and is expressed as:

IHOST(SIGS) (6)
_ A
R = IHOST(SIGZ)
i

Since the definition of a matrix-only tracer is, that it has a negligible intensity in the inclusion, it can be

HOST(SIG3) __ IM[X
t

stated that I/NCL = 0. It follows that =

¢ and the Eq. 6 simplifies to:

ItHOST(SIG3) ItMIX (7)
R = [HOST(SIG2) = [HOST(SIG2)
t t

Since both, ItMIX and IHOST(SIGZ) are known, the R can be calculated once and used to deconvolve all

t

analyte intensities of the host-inclusion-mix to the inclusion contributions I/NCL

within the same analysis.
To solve for the intensities of the host contribution to the host-inclusion-mix Eq. 6 is rearranged and

expressed as:

IiHOST(SIG3) —Rx IiHOST(SIGZ) (8)
By subsequent substitution for IiHOST(SIG3) in Eq. 5 the equation is rewritten as:
IiINCL — IiMIX _ I.HOST(SIG3) — IiMIX —R X IHOST(SIGZ) (9)

i i
The host-inclusion-mix is thus resolved into its pure inclusion (IINL) and host (IiSIG3(H°St)) intensity

contributions.

1.3.4. Classification Module

The Classification Module allows the user to define the role of each measurement spot as unknown
(UNK), calibrator (CAL), quality control reference material (QCRM), or interference correction material
(ICM). An unknown is any mineral or inclusion whose composition is to be quantified. The CAL

(calibration standard) provides analyte sensitivity calibration for quantifying the measurements of the



unknown. Note that multiple CAL's can be specified, to be employed later for quantification. A QCRM is
treated identically to an unknown during data processing but has a known composition and is used for

quality control. An ICM is a material which can be used for interference correction.

If CALs are measured under different analytical conditions, such as varying beam size or laser repetition
rate, they need to be treated separately to avoid incorrect drift correction, since changes in these
parameters may produce variations in analyte sensitivity ratios related to the variable laser aerosol load
in the plasma. To manage this, a bracket ID can be assigned to each CAL spot (Figure 5). CALs from the
same reference material and bracket ID are grouped together, and such CAL-bracket ID groups are

treated independently during subsequent data processing.
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Figure 5: Schematic illustration of possible calibration standard (CAL) — unknown (UNK) bracket layouts. (a) Example
in which the same CAL A is used with different bracket IDs to reflect varying analytical conditions. UNK | and UNK I/
were measured with a 20 um beam diameter while UNK Il and UNK |V were measured with an 80 um beam diameter.
The analysis of calibration standard CAL A was thus beam-diameter-matched to the respective UNK. Note that such a
separation can be done for any reason and is not bound to beam diameter. A different CAL (“B”) may be used for
subsequent unknowns. (b) Example of four unknowns that are bracketed by three CALs (A, B and C) of the same
bracket ID. This bracketing layout is used in figure 6. Note that bracket IDs are not needed to separate different CALs
(A, B and C) because the CALs are uniquely defined by their names. Additional or alternative brackets may follow, as
shown in (a). (c) Example bracketing layout in which CAL A is assigned two bracket IDs, while an additional CAL B is
also used to quantify the same unknowns. Such a configuration may be applied, for example, when CAL A is
measured using different analytical conditions (analogous to example (a)) to evaluate their influence on the

quantification of UNK I-IV.



1.3.5. Drift Module

The Drift Module calculates and visualizes the drift in analyte sensitivities during a given measurement
session. Analyte sensitivities for all calibrators are calculated individually based on the analyte intensities
within the intervals defined in the Interval Module and the reference materials specified in the
Classification Module. Consecutive CAL spots belonging to the same CAL-bracket ID group, and
separated by non-CAL spots (including UNK and optionally QCRM and IHRM), define the start and end
points of a bracket. The sensitivities of these CAL spots are averaged to obtain representative values for
each bracket position i.e. a bracket start and end. The acquisition times of all spots are then converted
into integer time points, reflecting their relative positions within the measurement sequence and allowing
for more efficient data handling. A linear regression is subsequently fitted between the averaged
sensitivities of each analyte and their corresponding central integer time points, extending from one
averaged set CAL to the next. All remaining non-CAL spots are then corrected for sensitivity drift by
interpolating their values along this fitted line, thus correcting all measurement intensities for true-time

instrumental drift throughout the measurement session.

1.3.6. Quantification Module

For accurate quantification of any LA-ICP-MS data, internal standardization is required to convert
apparent analyte sensitivities as determined on the CAL into true analyte sensitivities to be applied to
each measurement spot. ICP-Base offers two types of internal standardization approaches: (i) Use of any
known analyte mass fraction in pg g”. (ii) a normalization to a given mass fraction sum of element oxides
(Total Oxides). In the Quantification Module, users can assign the type of internal standardization to each
spot individually for every CAL-bracket ID pair. Both the host and the inclusion of a spot can be quantified
simultaneously, each using its own dedicated internal standardization criterion. All quantification
strategies implemented in ICP-Base adhere to established and proven LA-ICP-MS quantification

principles (Guillong et al., 2008).

1.3.6.1. Conventional quantification procedure

LA-ICP-MS quantification requires internal standardization, here illustrated using an analyte with known

mass fraction (is). Using the drift-corrected sensitivities SiDC, analyte mass fractions are obtained from:



L Cis (10)

Where C; and Cj are the mass fractions C of analyte i and the internal standard is in ug g, respectively.

For the host mineral (SIG2), sensitivities are normalized to the internal-standard analyte in the host (is0):

HOST(SIG2) sPe (11)

S; = oDC
IS

is0

Once established, the mass fractions of all analytes in the HOST(SIG2) interval can be calculated

accordingto Eq. 10 as:

HOST(SIG2) HOST(SIG2)
CI—IOST(SIGZ) _ Ii x CisO (12)
i ~ JHOST(SIG2) HOST(SIG2)

Iiso Si

1.3.6.2. Inclusion quantification for pure inclusion intensities

The pure inclusion intensities, calculated using a Matrix-only tracer in the Interval Module, are now used
to perform inclusion quantification. Analogous to Eqg. 11, the analytical sensitivities of the analytes in the
sample are first normalized to the analytical sensitivity of one analyte with a known mass fraction chosen

as an internal standard is1.

DC
SMIX _ Si (13)
1 SDC
is1

Next, the mass fraction ratios aj)c;" are calculated for every analyte in the measurement.

INCL INCL
et Gre_ e 1 (14)
i/ist — A~INCL — JINCL MIX
Cisl Iisl Si

Finally, the mass fractions of the analytes in the inclusion are calculated.

INCL _ INCL INCL
G = ajis1 X Cisy (15)

1.3.6.3. Two internal standard inclusion quantification

Inclusion quantification can also be achieved by the use of two internal standards, i.e. analytes with
known mass fractions in the inclusion referred to as is1 and is2 (Guillong et al., 2008). They are necessary
to determine the mixing ratio x, defined as the mass (m) ratio of the inclusion in the total ablated host-

inclusion-mix (Halter et al., 2002). It can be expressed as:



mlNCL CiHOST(SIGZ) _ CiMlx CiI;IOST(SIGZ) _ Cil\s/[lx (16)

MIX . ~HOST(SIGZ = ~HOST(SIG2
m Ci ( ) _ CiINCL Cis ( ) _ CiISNCL

X =

To determine x, we first have to normalize the sensitivities of the analytes in the sample to the sensitivity

of is2, analogous to Eq. 11.

DC

gMIX _ Si (17)
i gDC
is2

Next, Eq. 10 is rearranged to express the mass fraction ratios ais/‘?slvlp of all analytes in the sample relative

to the mass fraction of the internal standard:

SAMP _ CiSAMP IiSAMP 1 (18)

i/is = CSAMP — JSAMP X DC
1S 1S 1

This equation can further be specified to express the mass fraction ratio a?ﬂ’}isz of both internal standards

in the host-inclusion-mix:

MIX MIX
MIX _ Cisl _ lis1 % 1 (19)
Qis1/is2 = CMIX — MIX SMIX

is2 is2 is1

Since all variables in this equation are known, a}‘ﬁ)/(isz can be calculated. Rearranging Eq. 16 twice to

express ChX and CMIX and subsequently substituting these variables in Eq. 19 makes it possible to re-

eXpress ajg; jis, as:

Cl* = (=2 x C" % +x x ¢ (20)

Co* = -2 x G~ % o x iy (21)
HOST(SIG2)

MIX = iI\S/IlIX (1 _ x) X Cisl +x X CiIsI\iCL (22)

QAisi/is2 = ~MIX — HOST(SIG2
Ciz® (1—x)x CLOSTEIGD 4y x cINCL

Finally, Eqg. 22 is rearranged to solve for the mixing ratio x, which is then expressed as a function of mass

fraction ratio af;[{’/(isz and of known mass fractions of the internal standards in the inclusion and the host

mineral:

HOST(SIG2) _ MIX HOST(SIG2) 23
x = Cis1 aisl/isz X Cisz ( )
~ ~HOST(SIG2) INCL MIX HOST(S1G2) MIX INCL
Cis1 = Cis1 ™ — Gistyisz X Cigy + Gis1jis2 X Cisz

Once x is defined, the mass fraction of internal standard is2 in the host-inclusion-mix C}MJX is calculated

using Eq. 21. With Eq. 10, the mass fractions of all analytes in the host-inclusion-mix are calculated:



MIX MIX
CMIX _ Ii is2 (24)
i - JMIX SMIX

is2 i

Finally, by rearranging Eq. 16 to solve for CiINCL, the mass fractions of all analytes in the pure inclusion are

quantified:

1 1—x
cINCL = (;) x CMX _ ( i} ) % CiHOST(SIGZ) (25)

1.3.6.4. Parallel quantification

When multiple CALs and bracket IDs are used, ICP-Base performs separate sensitivity calculations and
corrections for each unique CAL-bracket ID pair. As a result, every non-CAL spot can be quantified
multiple times, once for each pair (Figure 5). This allows for direct comparison of results derived from
different CALs and measurement conditions. In essence, the software generates multiple quantification

strands that run in parallel (Figure 6).
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Figure 6: Schematic illustration of parallel and sequential quantification using three calibration standards (CALs A, B,
and C). The bracketing layout shown in Figure 5b is applied; consequently, all brackets contain the same unknowns
(UNK) to be quantified. Fields labeled, for example, “CAL A- Bracket ID 1” represent brackets containing UNK spots
used for quantification (see Figure 5). (a) Parallel quantification using three CALs (A, B and C). For each bracket (e.g.,
CAL A-Bracket ID 1), all UNKs are assigned an internal standard independently and quantified in parallel. (b)
Sequential quantification is performed iteratively using CALs A, B, and C. In the first step, UNKs are assigned Internal

Standard A and quantified using CAL A—- Bracket ID 1. Based on the resulting outputs (Results A), the same UNKs are



subsequently reassigned Internal Standard B and quantified using CAL B - Bracket ID 1. This procedure is then
repeated for CAL C - Bracket ID 1. In principle, this sequential approach can be extended to an arbitrary number of

successive quantification steps. Importantly, Internal Standards B and C can be derived directly from Results A.

1.3.6.5. Sequential quantification

While ICP-Base already provides considerable flexibility via parallel quantification, sequential
quantification allows for further enhanced control and versatility. Instead of processing each CAL-bracket
ID pair in parallel, the software can apply them in sequence, allowing results from one quantification

strand to be used by subsequent quantification strands (Figure 6).

Sequential quantification is especially useful when the selected internal standard analyte is present or
well-characterized in only one of the calibrators. In such cases, the user can choose to first quantify the
samples using the reference material that contains the desired internal standard analyte. The results
from this initial quantification, specifically the mass fraction of one user-defined analyte, is then used as
internal standard for subsequent quantification with another reference material. This creates a stepwise
process in which each quantification step builds on the results of the previous one(s). It allows the user to
link multiple calibrators in a sequence, ensuring that standards missing certain elements can still be

used effectively.

1.3.7. Results Module

In the Results Module, users can evaluate and export quantification results for each CAL-Bracket ID pair.
Mass fractions (ug g"') can be viewed either with or without LOD filtering (using the formulation of Pettke
et al., 2012) and converted to element-oxide equivalents (% m/m) if needed. The module also provides
access to sensitivities, the LODs, and background-corrected intensity data for both matrix and inclusion
intervals for all spots. For all spots classified as QCRM, the module provides a plot showing the ratio of
quantified results to the reference composition defined for each reference material. This visualization
offers an immediate assessment of how accurately the QCRMs were reproduced during the
measurement session. If multiple CALs were used for quantification, analytes can be individually

assigned to a respective CAL, and the resulting output table is generated accordingly.



2. Application examples

To demonstrate the usability of ICP-Base across different scientific applications, data from multiple
analytical setups, including varied bracket layouts, sequential and parallel quantification, and both
mineral and inclusion analysis is processed. For the inclusions both, the deconvolution and
quantification via two internal standards and matrix-only tracer is showcased. A petrological application
is presented by processing mineral data from ultramafic rocks, including the use of secondary and in-
house reference materials analyzed during these measurements for short- and long-term monitoring.
Quartz-hosted fluid inclusions highlight applications in fluid inclusion research, while melt inclusions in
various host minerals demonstrate use in magmatic and volcanic studies. For paleoclimate research,
processing of a stalagmite line scan using a moving average is presented. All data processing, evaluation,
and visualization are performed entirely within the ICP-Base environment, enabling an efficient workflow
without switching between multiple software. The quantification results of all examples are visualized
using the integrated VisModule (Walters and Gies, 2025), which is accessed directly through the Base

Module.

2.1. Quantification, evaluation and visualization within the ICP-Base software environment

To illustrate the quantification of mineral analyses, the evaluation of secondary and in-house reference
materials, and the visualization of results from multiple measurement sessions stored within the same
base, three LA-ICP-MS datasets, acquired over the course of ~2 years at the University of Bern, are
processed. By integrating these datasets within a centralized data structure, the advantages of consistent

data storage over a long time are demonstrated.

The data comprise mineral analyses of Chl-harzburgite from Cerro del Almirez (Sierra Nevada, Spain)
(Figure 7a), Val Cama (Alps, Switzerland), and Gana Rossa (Alps, Switzerland). The geochemistry of these
metaperidotites records a complex history of magmatic depletion and re-fertilization, followed by
oceanic hydration and subduction metamorphic dehydration. A comprehensive description of the
mineralogy, sample characteristics, and geological setting of Gana Rossa is provided in Stucki et al.,
(2001) and Thurnherr (2025). The samples from Cerro del Almirez are documented and discussed in

Bretscher et al. (2018), Pettke and Bretscher (2022), and Vieira Duarte et al. (2021). Metaperidotites from



Val Cama are described in Vieira Duarte et al. (2023). Documentation of the analytical conditions
employed can be found in the supplementary material (Table S1). SRM 612 was analyzed as a quality
control reference material during the measurement session of the Gana Rossa samples, and the resulting
quantification is evaluated through comparison with published reference values. In addition, the in-house
San Carlos olivine reference material W2-Ol was measured in all sessions, and its results are compared

to assess long-term reproducibility and inter-session consistency.

Multiple brackets of GSD-1G used as CAL were employed in all analytical sessions. Within each session,
all GSD-1G spots were measured under identical analytical conditions; therefore, no subdivision of the
CALs by bracket ID was applied. Nominally anhydrous olivine and orthopyroxene analyses were
normalized to 100 wt% total oxides for internal standardization, whereas volatile-bearing chlorite was
normalized to 87.9 wt% total oxides (i.e., 100 wt% - stoichiometric H,O). SRM 612 was normalized to 100

wt% total oxides.
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Figure 7: (a) Thin-section photograph of a granular Chl-harzburgite sample from Cerro del Almirez. (b) REE mass
fractions measured in the quality control reference material SRM 612, shown as ratios to the reference values. The
light green field indicates the uncertainty of the reference values; the light yellow field represents the reference
uncertainty +10%, while symbol colors follow a Jet colour scale to indicate the relative timing of analyses (black
marking the earliest measurements and lime the latest) to visualize potential residual drift. (c) Mass fraction ratios of

selected elements measured in the in-house reference material W2-Ol over a period of ~2 years. Data acquired on



30.04.2024 and 03.03.2025 are normalized to those obtained on 30.11.2023 to evaluate reproducibility and identify
potential temporal trends. The light green field marks +10% deviation, and the light yellow field marks £20%. The large
variation in measurement data for elements heavier than Sr result from their ultratrace mass fractions, commonly
below 100 ng g (d) Chondrite-normalized REE plot for orthopyroxene. Chondrite values are from McDonough and
Sun 1995 (e) Chondrite-normalized REE plot for olivine. Results below the respective detection limits are omitted in

all plots.

SRM 612 was systematically analyzed as QCRM once per bracket during the Gana Rossa measurement
session, with analyses spaced approximately 20-30 minutes apart. Using a built-in function of the
Results Module, the quantified REE mass fractions were ratioed to their reference values to evaluate
analytical accuracy (Figure 7b). For most measurements, the REEs were reproduced within the
uncertainty of their reference values. A notable exception is Gd, which was consistently quantified above
the reference value and its associated uncertainty, the deviation remained still within 5% of the reference
mass fraction, however, and is thus not severe. Although the data were corrected for instrumental
sensitivity drift, a minor residual drift in the quantified results can be observed over the course of the
session. This trend is particularly evident for Tb, Ho, Tm, Yb, and Lu, which were quantified below their

reference values in the first four analyses but above the reference values in the final two measurements.

The in-house San Carlos reference material W2-Ol was analyzed in all three measurement sessions
(Cerro del Almirez: 30.11.2023, Val Cama: 30.04.2024, Gana Rossa: 03.03.2025) to monitor long-term
reproducibility. Because each session includes quantified results and metadata, and all data are stored
within the centralized ICP-Base structure, comparisons across sessions can be performed directly
without additional reorganization. Major olivine elements (Mg, Fe, Si) were reproduced within £2% relative
to 2023, while non-major elements (Li, Na, Al, Ca, Sc, Ti, V, Cr, Mn, Co, Zn) generally agreed within £10%
(Figure 7c). Most other monitored low-abundance elements show larger variability, with maximum
deviations of +140% (Tm, 2024) and -35% (Lu, 2024), which is typical for low mass fraction elements near
the respective analytical limits of detection where measurement uncertainties along with scatter in data
increase prominently. Systematic temporal trends were observed for Cu and Zn (lower in 2024, higher in
2025) and for Al, Ti, and Co (lower in 2025). Overall, the results demonstrate good reproducibility for
major and minor elements, while low-abundance trace elements show the expected elevated variability.

If LA and ICP-MS metadata (e.g., spot diameter, laser fluence, gas flows) are imported, these system-



specific parameters can also be used for further evaluation directly within the software environment.
Additionally, long-term monitoring could also be carried out using different materials such as SRM 612

and be based on raw cps data or sensitivities to monitor instrument performance.

The quantified REE mass fractions for orthopyroxene and olivine from the different localities were
compared to chondritic values. Because all spots are tagged with metadata (sample, mineral type,
locality) and stored in the centralized ICP-Base database, such comparisons can be performed directly
within the software. Orthopyroxene from two samples per locality shows a consistent chondrite-
normalized REE pattern (Figure 7d). Cerro del Almirez data has the highest REE mass fractions, followed
by Gana Rossa and Val Cama, with all localities showing enrichment in HREEs relative to LREEs. HREEs
exceed chondritic values in all Cerro del Almirez analyses, one Gana Rossa analysis, and four Val Cama
analyses, while most LREE are below chondrite. Olivine shows a similar REE pattern, with HREEs
enriched relative to LREEs (Figure 7e). Cerro del Almirez data again has the highest REE mass fractions.
Within Cerro del Almirez data set, olivine from the granular-textured sample Alm06-58 is displays
conspicuously higher REE contents than olivine from sample Alm06-142. Data for olivine from Gana
Rossa and Val Cama is plot generally below those for Almirez, except for a single slightly enriched

analysis from sample Ca23-04 (Val Cama).

2.2. Sequential quantification of fluid inclusions

Data from fluid inclusions (Fl) in cleft-quartz collected at Spittellamm (Aar Massif, Central European Alps;
Arnold, 2022), are used to illustrate the importance of transparent host-inclusion signal deconvolution
using a matrix-only tracer. Chlorine calculated from wt% NaCl equivalent as determined by
microthermomentry is applied as the internal standard, and two external standards are used sequentially

to quantify the paleo-fluid composition.

Alpine fissures are long-lived, fluid-filled cavities that form at mid-crustal depths and record several
million years of progressive exhumation. Fluid-rock interaction along fissure walls leads to mineral
dissolution and the growth of diverse mineral assemblages, with quartz being the most abundant and
best-suited host for Fl. Quartz-hosted Fl preserve direct information on paleo-fluid composition and

salinity, allowing for reconstruction of fluid evolution with progressive crystal growth. Twenty-seven Fl in



quartz were analyzed in sample TA-F3 (Figure 8a). The LA-ICP-MS measurement conditions are outlined in

Ar

nold (2022).
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Figure 8: (a) Photograph of cleft quartz thick section TA-F3. Inset shows a close-up view of fluid inclusions fully

enclosed within the host quartz. (b) Background-corrected intensity signal plotted over time, with one host interval

defined prior to the host-inclusion-mix interval. Horizontal dashed lines indicate the calculated host contributions to

the mixed signal for the respective elements. (c) Same as (b), however, with two host intervals defined before and

after the host-inclusion-mix interval. The Na host contribution is overestimated in this case due to washout tailing of



the Na signal and thus incorrect. This example is included deliberately to illustrate the importance of correct interval
selection. (d) Schematic illustration of the sequential quantification procedure (compare Figure 6). Note that the Na
mass fractions (~44000-49000 ug g') are calculated individually for each inclusion analysis based on the use of a
constant Cl mass fraction for quantification step 1. (e) Mass fractions of selected elements measured in fluid
inclusions from sample TA-F3 quantified using GSD-1G as CAL. Limits of detection (LODs) are indicated for elements

with mass fractions below the detection limit.

One host interval was set per spot, and Si was used as the matrix-only tracer for host-inclusion signal
deconvolution. By plotting the background-corrected signal intensity data, the host contribution to the
host-inclusion mixed signal is made visible and can be used to assess the deconvolution quality (Figure
8b). The transient signals show that some analytes (Na in Figure 8b) have a washout time that is longer
than the total ablation duration (i.e. inclusion signal smearing). This means that a second host interval set
after the host-inclusion mixed signal interval negatively affects the quality of the deconvolution as it
wrongfully overestimates the host contribution (Figure 8c), unless a very long inclusion interval is chosen

which results in increased limits of detection (Pettke et al., 2012).

For quantification of the host, the stochiometric Si content of quartz (46.74 wt%) was used for internal
standardization for both GSD-1G and Scal17 brackets. A salinity of 14.25 wt% NaCl equivalent was
recalculated to a Cl mass fraction of 86440.5 ug g, which was used as the internal standard for the initial
quantification step of the Fl using the scapolite reference material Sca17 (Figure 8d). This first step is
critical because Sca17 has a well-characterized Cl content of ~2.9 % m/m (Seo et al., 2011), whereas
GSD-1G contains only ~145 pg g Cl, which is too low for reliable quantification due to interferences
affecting %CL. Chlorine interferences affecting the Fl signal are removed by the host-inclusion signal
deconvolution procedure. In contrast, quantification using GSD-1G is essential for most elements of
interest (e.g. alkali metals, alkaline earth metals, transition metals, REEs), as these elements are not
sufficiently characterized or simply of too low mass fractions in Sca17 but are well constrained in GSD-
1G. Therefore, a sequential quantification approach is required. In the first step, Na mass fractions of the
FI were quantified using Sca17 as CAL and Cl as internal standard. In the second step, these Na mass
fractions so calculated for each inclusion individually were used as internal standards for quantification

using GSD-1G, enabling robust quantification of all remaining elements of interest in the inclusion.



The chemical composition of the Fl indicates the presence of a single dominant, homogeneous fluid,
suggesting a major fluid infiltration event during quartz growth. However, e.g., Cu shows notably higher

variability (Figure 8e). A comprehensive interpretation of the dataset is provided in Arnold (2022).

2.3. Parallel quantification of melt inclusions

Data from melt inclusions (MI) in mafic, intermediate, and felsic magmas, measured at the University of
Bern and published by Chang et al. (2024, 2025), are used to demonstrate parallel inclusion
quantification using two internal standards and multiple calibrators. The LA-ICP-MS measurement

conditions are outlined in Chang et al. (2024).

Individual Ml were analyzed in mineral hosts olivine, clinopyroxene, plagioclase and quartz from
magmatic ore-forming systems (Figure 9). These analyses thus provide direct insight into pre-eruptive
magma compositions, volatile contents, and the behavior of trace elements during magmatic
differentiation. Together, the data allow reconstruction of magma chemistry and crystallization histories,
offering a window into the processes that control metal transport and accumulation in magmatic systems

prior to magmatic-hydrothermal ore formation.
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Figure 9: (a) Photomicrograph of glassy melt inclusions in olivine from Vulcano, Italy. (b) Fully crystallized polyphase
meltinclusions in clinopyroxene from Two Buttes, USA. Panels (a) and (b) are modified after Chang et al. (2004). (c)
Representative intensity signal of a polyphase melt inclusion hosted in clinopyroxene from sample YZK2 (Jianchuan,
China). (d) Calculated distribution coefficients for selected trace elements based on individual inclusion-host mineral

pairs.

Selected MI measurements published in Chang et al., (2024, 2025) were recalculated here using ICP-
Base. GSD-1G was employed as CAL, and two single brackets were measured on two consecutive days.
As all analyzed host minerals are nominally H,O-free, internal standardization used 100 wt% total oxides.
For host-inclusion mixed-signal deconvolution and Ml quantification, two internal standards were
defined for each host phase. In clinopyroxene- and olivine-hosted Ml, Si and Al were applied for internal
standardization, whereas plagioclase- and feldspar-hosted Ml were standardized using Si and Fe. Quartz-
hosted Ml were quantified using Al and Na as internal standards. The corresponding values are provided

in the supplementary material of Chang et al., (2025).



Because both the host mineral and the melt inclusion were quantified for each analysis, melt/host
distribution coefficients can be directly compared across different samples and host phases. The four
polyphase melt inclusions hosted in clinopyroxene display consistent distribution coefficients, whereas
olivine-hosted inclusions show greater variability (Figure 9d). These data illustrate that most analyzed

elements preferentially partition into the melt.

2.4. Moving average smoothing and quantification of a line scan on stalagmite MSL-A

To demonstrate the moving average smoothing and quantification feature, a line scan on sample MSL-A
from Hulu Cave (Wang et al., 2001) was acquired at the University of Bern. “MSL-A” refers to the section of
stalagmite MSL situated between 369 and 435 mm depth from the tip. The Hulu cave is part of a karst
system with a high degree of responsivity to shifts in environmental conditions outside the cave (e.g.,
Cheng et al., 2018; Duan et al., 2018; Kong et al., 2005). A detailed description of the analysis parameters

can be found in the supplementary material (Table S2).

One line scan was bracketed by calibrator SRM 612. Moving average windows were configured to span
five sweeps with a step size of one sweep per window (Figure 10a). Using this moving average feature the
single line scan was effectively separated into 3442 individual integration intervals. Each interval
represents a five-sweep segment and was treated analogously to an individual spot analysis but offering a
~10 pm resolution along the scan direction. For internal standardization, the stoichiometric Ca content of

calcite (40.04 wt%) was assigned to every segment.
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Figure 10: (a) Background-corrected intensities plotted over time (analogous to Figure 8c), illustrating the rolling-
average interval selection. The grey shaded areas represent consecutive 5-sweep rolling-average intervals, each
shifted forward by one sweep. The grey dashed arrow indicates that this procedure is applied continuously over the
entire length of the line scan. (b) Mass fractions plotted as a function of distance along stalagmite MSL-A. A high-

resolution scan of the sample is included to correlate visible growth layers with corresponding variations in analyte

mass fraction.

To demonstrate the applicability of our data processing approach, we focus on Mg, Ba, Sr, and Fe,
selected for their compatibility with calcite and incorporation into the stalagmite matrix (Wassenburg et
al., 2020). The results show coherent variability along the transect (Figure 10b), with Mg, Fe, and Ba
displaying strongly correlated peaks. Sr and Ba also coincide in some intervals but do not consistently
align with Mg and Fe. This likely reflects differences in partitioning during calcite precipitation and/or

changes in hydrological pathways (Wassenburg et al., 2020; Treble et al., 2022).

3. ICP-Base as a foundation for community-driven development

The modular design, comprehensible data architecture, and open-source code of ICP-Base enable easy

reuse of existing modules to develop new workflows (Figure 1). For example, a geochronology or stable



isotope routine can be implemented with minimal effort, as data import for common ICP-MS instruments
and key processing steps (e.g., interval selection, classification) are already established or largely
analogous. As a result, researchers can focus on developing the main features of their new application
without spending considerable time on initial setup and conceptualization. These new routines can be
integrated into the centralized database, enabling direct comparison and joint evaluation of different data
types. This also enables the implementation of split-stream workflows (e.g., parallel processing of

quantification and geochronology data).

4. Conclusion

ICP-Base streamlines LA-ICP-MS data processing by combining transparent quantification routines,
integrated data evaluation, and direct visualization within a single software environment. As a free and
open-source application, it is accessible to the entire community and does not require a MATLAB®
license for usage. The software can be used for quantification of mineral spot analyses, fully enclosed
solid and fluid inclusions, as well as line scan data. Its centralized data organization allows users to
evaluate quantification results from individual measurement sessions as well as to compare results
across multiple sessions over long time periods. ICP-Base maintains the full analytical context through
its centralized database, enabling straightforward long-term reproducibility tests and continuous
monitoring of LA-ICP-MS system performance. The integration of the VisModule from MinPlotX (Walters
and Gies, 2025) enables users to perform comprehensive data visualization and generate publication-
ready figures directly within the software environment, minimizing the need for external plotting tools.
Beyond its immediate capabilities, |ICP-Base establishes a foundation for community-driven
development. Owing to its modular design and structured data architecture, existing modules can be
reused and expanded to implement new workflows without rebuilding core functionality. ICP-Base
therefore not only provides a robust solution for current quantification challenges, but also represents an

extensible framework and basis for future development in LA-ICP-MS data processing.
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Code availability section

Name of the code/library: ICP-Base

Contact: sebastian.stumpf@unibe.ch

Program language: MATLAB®

Software required: None for compiled versions, MATLAB® 2021b for non-compiled versions

The source codes and binaries are available for downloading at:

https://github.com/GeoSebastianStumpf/ICP-Base
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Supplementary Materials

Table S1 Analytical conditions for LA-ICP-MS mineral analyses for ultramafic samples

Laboratory and Sample Preparation

Laboratory name

Insitute of Geological Sciences, University of Bern, Switzerland

Sample type/mineral

Olivine, Orthopyroxene, Chlorite

Sample preparation

Thick section (~70 um thickness). Final polishing with 1 pm diamond paste.

Laser ablation system

Instrument

Resonetics RESOlutionSE excimer laser

Cell type

Laurin Technic S155 constant volume, dual volume ablation cell

Laser wavelength

193 nm

Fluence

4 )/cm?

Sampling mode

Single hole drilling, circular shape

Pre-ablation cleaning

One sizer bigger than measurement beam

Spot diameter (nominal)

50, 64, 80 pm

Repetition rate

10 Hz

Ablation duration

40s

ThO/Th

Carrier gas He mixed with N2
He gas flow rate 0.40 L/min

Nz gas flow rate 0.003 L/min

Ar mix gas flow rate 0.86 L/min

Oxide production rate <0.20 %

ICP Mass Spectrometer

Instrument

Agilent 7900 quadrupole

Sample introduction

Ablation aerosol only

RF power

1550 W

Monitored masses

7Li, 9Be, 118, 23Na, ZSMg, 27A|, 295], 31P, 39K, 43(:3, 4SSC, 49Ti, 51VI 53Cr' SSMn, 57Fe,
59C0, 61Ni, 62Ni, GSCU, 662n, 75AS, 85Rb, SBSr, SBYI SOZr, 93Nb, 95MO, 98M0, 109Ag,
111Cd, 115|n, 1185[1, 121Sb, 133CS, 137Ba, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 151EU, 157Gd,

159Tb, 163Dy, 165HO, 167Er, 169Tm, 173Yb, 175LU, 178Hf, 181Ta, 182W, 208Pb, 209Bi, 232Th,
238U

Tuning

Line scan on NIST SRM 612 glass with a beam size of 50 um, a scanning speed
of 5 um/s, and a fluence of 2.5 J/m?

Analysis mode

Time Resolved Analysis

Integration time for single
data point

10 ms except 20 ms for 39K, °As, 1?1Sb, 13°La, 140Ce, 1Pr, 82\, 298pp and 30 ms
for 1B and 38U




Table S2: Analytical conditions for LA-ICP-MS linescans of stalagmite MSL-A

Laboratory and Sample Preparation

Laboratory name

Insitute of Geological Sciences, University of Bern, Switzerland

Sample type/mineral

Calcite

Sample preparation

Laser ablation system - Tuning

Instrument (Tuning)

Resonetics RESOlutionSE excimer laser

Cell type (Tuning)

Laurin Technic S155 dual volume ablation cell

Laser wavelength 193 nm
Material NIST SRM612
Fluence 2.5J)/cm?

Sampling mode

Linescan 5 um/s

Pre-ablation cleaning

Lincescan (64 um diameter)

Spot diameter (nominal)

50 um

Repetition rate

10 Hz

Carrier gas He mixed with N2
He gas flow rate 0.40 L/min

N2 gas flow rate 0.003 L/min

Ar mix gas flow rate 0.86 L/min

Oxide production rate ThO/Th <0.20 %

Laser ablation system - Analyses

Instrument (Analyses)

Resonetics RESOlutionSE excimer laser

Cell type (Analyses)

Laurin Technic S155 constant volume, dual volume ablation cell

Laser wavelength

193 nm

Fluence

3J)/cm?

Sampling mode

Linescan 14 um/s

Pre-ablation cleaning

50 um spot size linescan at 25% spot overlap

Spot diameter (nominal) 38 um

Repetition rate 10 Hz

Carrier gas He mixed with N2
He gas flow rate 0.40 L/min

N2 gas flow rate 0.003 L/min

Ar mix gas flow rate 0.86 L/min

Oxide production rate ThO/Th <0.20%

ICP Mass Spectrometer

Instrument

Agilent 7900 quadrupole ICP-MS




Sample introduction

Ablation aerosol only

RF power

1550 W

Monitored masses

23Na, ZSMg, 27A|: 295][ 31P, 345, 43C3, 49Ti, 51V, 55Mn, 57Fe, 59C0, GSCU, GGZn,
SSRb, BSSr, 89Y, 9OZr, 111Cd, 133CS, 137Ba, 139La, 140Ce, 146Nd, 173Yb, 175LU,
208Pb, 232Th, 238U

Analysis mode

Time Resolved Analysis

Integration time for single data
point

20 ms except 30 ms for 27Al, 2°Si, 3%S, 31p, 208pp
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