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Abstract

Pyrite is a common mineral in sedimentary rocks and is the major host for many
chalcophile trace elements utilized as important tracers of the evolution of the ancient
hydrosphere. Measurement of trace element composition of pyrite in sedimentary rocks is
challenging due to fine grain size and intergrowth with silicate matrix and other sulfide
minerals. In this contribution, we describe a method for calculation of trace element
composition of sedimentary pyrite from time-resolved LA-ICP-MS data. The method
involves analysis of both pyrite and pyrite-free sediment matrix, segmentation of LA-
ICP-MS spectra, normalization to total, regression analysis of dependencies between the

elements and calculation of normalized composition of the mineral. Sulfur is chosen as an
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explanatory variable, relative to which all regressions are calculated. The S content value
used for calculation of element concentrations from the regressions is calculated from the
total, eliminating the need for independent constraints. The algorithm allows efficient
measurement of concentrations of multiple chalcophile trace elements in pyrite in a wide
range of samples, including quantification of detection limits and uncertainties while
excluding operator bias. The data suggest that the main sources of uncertainties on pyrite
composition are sample heterogeneity and counting statistics for elements of low
abundance. The analysis of regression data of time-resolved LA-ICP-MS measurements
could provide new insights to the geochemistry of the sedimentary rocks and minerals. It
allows quantification of ratios of elements that do not have reference material available
(such as Hg) and provides estimates on content of non-sulfidic Fe in the silicate matrix.
Regression analysis of the mixed LA-ICP-MS signal could be a powerful technique for

deconvolution of phase compositions in complex multicomponent samples.

Highlights:

Sedimentary pyrite is an important host of many trace elements

LA-ICP-MS analysis of sedimentary pyrite results in variable, mixed data

Pyrite composition is calculated from the mixed data using an algorithm based on linear
regression

The algorithm involves segmentation of the time-resolved signal, normalization to total,
calculation of the regression equations and estimation of explanatory variable

normalizing to total
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45e Regression analysis of time-resolved mixed LA-ICP-MS data is a powerful technique for
46  analysis of complex substances
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Introduction

Pyrite is a common mineral in sedimentary rocks and can host a wide range of
trace elements (e. g., Abraitis et al. 2004; Gregory et al. 2015). Trace element
compositions of pyrite have been applied to various geochemical problems ranging from
tracing chemistry of paleo oceans, nutrient availability and evolution of the atmosphere
and biosphere (Huerta-Diaz and Morse 1990; Large et al. 2014, 2015b, 2015a; Gregory et
al. 2015; Zhou et al. 2017; Rickard et al. 2017) to release of economically-important
elements during metamorphism (Pitcairn et al. 2010; Large et al. 2011; Tomkins 2013;
Goldfarb and Groves 2015). The content of pyrite and its trace element composition in
sedimentary rocks can be measured by selective digestions by acids (Huerta-Diaz and
Morse 1990; Raiswell et al. 1994); however, such methods yield average compositions of
pyrite and cannot resolve different generations of the mineral. The challenges for in situ
analysis of pyrite in sedimentary rocks include fine grain size, low concentration levels of
many key elements, abundant inclusions of matrix minerals and intergrowth with other
sulfides (Fig. 1).

LA-ICP-MS is a powerful analytical technique commonly applied for analysis of
pyrite (e.g. Large et al. 2009). Typical analyses are performed by a round laser spot with
diameter 20-30 pm but in many sedimentary rocks the size of pyrite is smaller than
lateral spatial resolution of the laser (Fig. 1). Analysis could be performed with smaller
spot sizes, however, this is rarely practical due to decrease of signal and increase of

downhole elemental fractionation (Gilbert et al. 2014a).
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Analysis of sedimentary pyrite by LA-ICP-MS results in the acquisition of
complex mixed data with variable contributions from phases other than pyrite (Fig. 2).
There are two principal methods of recalculation of the mixed compositional data:
subtraction and regression (Stepanov et al. 2012). When applied to pyrite, both methods
involve analysis of matrix of the rock with minimal pyrite content and mixtures of the
pyrite and matrix (Large et al. 2014). For the subtraction method, the integration interval
with high pyrite content is selected from the transient signal of the mixed analysis. The
weight fractions of the pyrite in the mixture is then calculated from pyrite stoichiometric
Fe content, followed by the subtraction of the matrix component from the mixed analysis.
This method has a number of limitations such as an assumption of a constant composition
of the matrix across the sample, subjective selection of the integration interval and the
complexity of propagation of the uncertainties into the final compositions.

Regression analysis is a statistical method for quantification of the dependencies
between variables, which previously has been applied to deconvolution of mixed LA-
ICP-MS analyzes of fine grains of accessory minerals in glasses for experimental work
on mineral/melt partitioning of trace elements (Rubatto and Hermann 2007; Stepanov et
al. 2012; Taylor et al. 2015). In this contribution we present new developments in the
application of regression analysis to measurement of pyrite trace element composition in
black shales by LA-ICP-MS, which overcome the major problems of the subtraction
method. We describe the algorithm which is capable of generating self-consistent
compositions of pyrite in complex matrixes and is able to estimate uncertainty of the data

and detection limits without assumptions on the composition of the sulfide or its grain
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size. We also discuss the application of the regression approach to analysis of some

geochemical features of the sedimentary rocks.

Analytical technique

The samples of black shales were cut by diamond saw and mounted into 25 mm
round epoxy blocks and polished. Samples were analyzed for trace elements at CODES
Analytical Laboratories, University of Tasmania. A RESOlution 193 nm excimer laser
ablation system coupled with an Agilent 7700 ICP-MS was used for all analyses. The
instrument is equipped with a Laurin Technic S155 ablation cell capable of housing
sample holders with up to 20 epoxy blocks. Samples were ablated in an atmosphere of
pure He flowing at a rate of 0.35 L/min. Helium carrier gas was mixed with Ar make-up
gas flowing at 1.05 L/min outside the ablation chamber. The ICP-MS was optimized to
maximize sensitivity on mid to high-masses (in the range 80-240 amu) and minimize
production of molecular oxide species (***Th'°0"/***Th") at < 0.2%. During each analysis
a background signal was recorded for 30 seconds, after which the laser was turned on and
the sample was ablated for 30-60 seconds. The laser repetition rate was 5 Hz and the laser
fluence was set to 2.7 J cm” for sulfides and SDGL2b2 reference material
(Danyushevsky et al., 2011) while fluence 3 J cm™ was used for GSD-1g glass. Moisture
and air absorbed to the sample could cause significant deleterious effect on LA-ICP-MS
analyses by increasing drift and interferences (Thompson et al. 2018). All samples
analyzed in this study were degassed under vacuum for at least 12 hours prior to analysis.

During analytical sessions two varieties of spot analyses were collected on the

sample. One type was analysis of the sedimentary matrix which contained minimal
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amounts of pyrite and is referred to hereafter as matrix analyses. Another type was
analysis of pyrite grains of different textural types referred to hereafter as pyrite analyses.
The laser beam size used for the ablation was between 10 and 50 um in diameter;
however, most pyrite analyses were performed with 20 to 30 pm beam, depending on the
grain size. The matrix analyses were acquired with either the same beam size as the pyrite
or with a 50 pm beam, in order to improve the detection limits for elements at low
abundance, providing pyrite-free areas in the matrix were large enough.

The ICP-MS method used in this study comprised 42 masses (Table 1). The major
elements were measured to allow quantification of concentrations by normalization to a
total. Tantalum and Gd were measured to assess interferences on Au. The dwell times
ranged from 5 ms for major elements to 50 ms for low abundance chalcophile elements
such as Au, Se and Te (Table 1).

An in-house pyrite reference material (PPP-1, Gilbert et al. 2014b) was analyzed
with the same spot size as unknown pyrite for sulfur calibration in order to account for
downhole fractionation during ablation of pyrite (Gilbert et al. 2014a). Reference
material GSD-1g (Guillong et al. 2005) was used for calibration of lithophile elements
and an in-house reference material STDGL2b2 (Danyushevsky et al. 2011) was used for
calibration of chalcophile and siderophile elements (see Table 1 for details). Each batch
of analyses included two sets of calibration reference materials at the beginning and end
of the batch, and 15 to 30 analyses on the samples. Each set of reference materials
included 6 analyses (each reference material was analyzed twice). On each sample, 5-7

analyses were performed on the “matrix” and 10-15 analyses on pyrite.
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Algorithm

The derivation of pyrite composition from the mixed signal involves segmentation
of the signal, primary standardization, recalculation to the total, calculation of the linear
regression, estimation of the internal standard value for regression, calculation of the final
values, estimation of uncertainties from regressions and filtering of values below the
detection limits. Each step is described in detail below, followed by a summary of the
data reduction procedure.

Segmentation of the signal

Ablation of a sulfide grain in the matrix results in highly variable time-resolved
spectra (Fig. 2). The time-resolved LA signal was divided into five segments of identical
duration (Fig. 2a). The number of segments has been chosen to obtain a sufficient number
of points for regression analysis, and also to ensure that the number of data points in each
segment is sufficient to yield a meaningful average signal for elements of low abundance.
The segmentation of the signal was performed using an automated script which sets the
same integration interval for all reference materials and unknowns. The effect of
downhole fractionation on analytical results was therefore minimized by quantifying
every segment using the identical time interval on reference materials.

Primary quantification and normalization of the analyses

Quantification of LA-ICP-MS data requires knowledge of the concentration of at
least one element — the internal standard (Longerich et al., 1996). However, by the very
nature of analysis of a heterogeneous aggregate of grains of pyrite in matrix,
concentrations of all elements vary both between analyses and during ablation. Therefore,

internal standardization was performed in two stages. At the first stage when preliminary
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concentrations were calculated, stoichiometric content of Fe in pyrite was used as the
internal standard value. Preliminary concentrations were calculated following the

protocol established by Longerich et al. (1996):

Sam
CSam _ REI
EIl T

3 (1)

Where C&™™ is the concentration of element El in the sample, RZ™ is count rate of the

element and S in the normalized sensitivity calculated as:

Sam Cal
RFe %k C Fe

Cal Sam
RFe C Fe

o R

—C?( ) 2)

Where C£ is the concentration of the element in the reference material used for the

calibration of the element; RS is measured count rate of the element in the reference

material; R:"™ is count rate of Fe measured on sample and RS measured on the

calibration standard; C2" is the concentration of Fe in the sample, which was set to the

stoichiometric Fe content in pyrite; and C2*' is content of Fe in the reference material

used for calibration of the element El. The instrumental drift and mass bias were
constrained at this stage by using a linear fit to standards for each analytical batch.

The second stage quantification was performed by normalising the sum of all
elements to 1,000,000 ppm (Leach and Hieftje 2000; Liu et al. 2010). In the case of
mixed pyrite-sediment data, we assume that lithophile elements (Na, Mg, Al, Si, K, Ca,
Ti, V, Cr, Mn, Rb, Sr, Zr, Ba, Gd, Hf, Ta, Th and U) are present as oxides in silicate
matrix and inclusions and other elements (Co, Ni, Cu, Zn, As, Se, Mo, Ag, Cd, Sn, Sb, Te,
W, Pt, Au, Tl, Pb, Bi) occur as sulfides. Therefore, the second stage normalization was

performed using the coefficient defined as:
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¢ =1,000,000/(> Cq +16*> C4NS /M) 3)

all lith

Where the first member ZCEI is sum of the concentrations of all measured elements and
all

the second member 16*ZCEI *NS /My, is mass of oxygen in oxides of lithophile
lith

elements, where C, is the concentration of lithophile element, M, is atomic mass of

the element and N is number of oxygen atoms per atom of metal. All Fe is assumed to

reside in sulfide at this stage of calculations.

Regression analysis of the data

After the normalization of the data, the segmented analyses commonly show
strong correlations between chalcophile elements residing in pyrite (Fig. 3). For
regression analysis, one needs to choose an explanatory (independent) variable. For
pyrite, both S and Fe could be used as explanatory variables; however, S was chosen as
the more versatile component present in all sulfides. Linear minimal squares regression
implemented in Excel was used for quantification of the regression dependencies (see
Supplementary table for an example of calculation).

The relation between an element and sulfur is described by the regression
equations:

Ce =Cs Ay +Bg (4)

Where Cg is the concentration of an element and Cg is sulfur content in the mineral. Ag

and Bg; are the slope and the intercept of the regression.
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There are several options for choosing the data for regression. Our default option
is a regression through segmented pyrite analyses and segmented matrix analyses (Fig 3),
which is referred to below as “pyrite+matrix”. An alternative option is calculation of the
regression from five points of the segmented pyrite analysis alone, which is referred as
“pyrite only” hereafter. Since there are more analyses of the matrix in the dataset, the
low-S end of the “pyrite+matrix” regression is well constrained. Segments rich in pyrite
mainly define the slope of the regression line.

However, there are instances when a regression based on pyrite and matrix
analyzes could give erroneous results:
e The distribution of an element is highly variable in the matrix (Fig. 4a). In this case
the regression based on pyrite and matrix data would pass though the average of the
matrix data, whereas the local matrix measured in such a case might be better constrained
by the regression calculated from “pyrite only”.
e Pyrite i1s mixed with a matrix component which is different from the analyzed matrix
(Fig. 4b). This situation also could be resolved by calculating a “pyrite only” regression.
e Significant variation in the proportion of pyrite and matrix during the analysis is
necessary for constraining the regression equations. However, in some samples pyrite is
ubiquitous, and analysis of “pure” matrix without pyrite is not possible (Figs. 1, 4c). In
cases when each segment of the pyrite analysis has a similar composition (i.e., the
segments are characterized by a relatively constant proportion of the matrix and pyrite),
an unconstrained regression may be obtained, when the slope of an Fe-S regression
becomes negative, precluding a meaningful set of regression equations (Fig. 5). Non-

robust regressions may also occur when there is a difference in the extent of downhole

11
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fractionation of Fe and S between the reference material and pyrite sample. The set of
non-robust regressions could predict meaningless negative concentrations of elements. In
such situations pyrite compositions also could be calculated by “pyrite only” regression

by forcing the “pyrite only” regression line through origin (Fig. 5).

Calculation of concentrations from regression equations
To calculate the concentration of an element from equation 4, a value for the
explanatory variable (sulfur in our case) is required. Such value is analogous to the
internal standard value, which is commonly estimated from electron probe micro analyzer
(EPMA) data or from mineral stoichiometry (Longerich et al., 1996). The explanatory
variable value for the set of regression equations could be obtained from the condition
that the sum of the mass concentrations of all elements in the analysis is expected to
equal 1,000,000 ppm:
> Cg =1,000,000 (5)
Summation of regression equations (Eq. 4) for all elements leads to:
YCp=CZA+XB = 1,000,000 (6)

Where ZA is sum of the regression slopes for all elements and ZB is sum of the

regression intercepts. This equation could be rearranged for calculation of the value of

explanatory variable Cs as:

12
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~1,000,000->"B

C, ZA

Notably this formula is independent of the data set used for estimation of the regression

(7)

equations and regression for different elements, based on either “pyrite+ matrix” or
“pyrite only”, could be used.
Estimation of uncertainties

The regression analysis allows estimation of uncertainties on the calculated
parameters, including the slope and intercept and the regression prediction. Uncertainty
of prediction could be calculated either as the standard error on the mean or the standard
error on the forecast (e. g., Montgomery et al. 2012). The standard error on the forecast
estimates uncertainty of the next measurement, whereas the standard error on the mean
estimates uncertainty on the average. Since the aim of our calculations is to estimate
average composition of the ablated pyrite grains, the standard error on the mean is a more
suitable measure of uncertainty.

The uncertainty from the regression was calculated as the standard error on the
mean from the well known statistical formulae

(http://people.duke.edu/~rnau/mathreg.htm, e.g., Desalvo, 1971):

S 2 2
Og. =——+/1+(Cs — Average(C;))~ / Stdev(C 8
EL ,—N\/ (Cs 9e(Cs)) (Cs) (8)
Where S is standard error of regression calculated as

\/(N —~D/AN-=2)*(1—-r*)*Stdev(C,), N number of measurements, r is regression

coefficient, Cg is the concentration of sulfur from Eq. 7, Average(Cs) is the average

sulfur of the analyses, Cg is the concentration of an element for which regression is
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calculated and Stdev(Cp)) is the standard deviation of the concentration of an element in
the data set.

The regression uncertainties have the lowest values at the average S content and
increase away from this value (Fig. 6). In the case of “pyrite+matrix” regression, the
average is close to the matrix values, which are more numerous than segmented pyrite
analyses. This results in an uncertainty estimate which is defined by the heterogeneity of
the matrix (Fig. 6). However, the segmented pyrite analyses should define the regression
uncertainty since our aim is calculating the pyrite composition. Therefore, the Eq. 8 was

modified to:

5o = %\/1 +(C, — Average(CP))” / Stdev(CP)? (9)

Where C¢¥ is sulfur in “pyrite only” data.

Assessing compositional variations of elements for which reference
materials are not available

Quantification of LA-ICP-MS analyses is based on reference materials with the
known concentration of the analyte (Longerich et al., 1996). The requirements for
reference materials include homogeneity, sufficiently high concentration, limited amount
of isobaric interferences and low uncertainty on the accepted value. Unfortunately, such
materials are still not available for a number of elements, one of which is Hg.

Mercury is an extremely volatile element and it could diffuse from many
compounds especially at high temperature. So far, a glass reference material with
homogeneous and known Hg content is not available because Hg is mobile during glass

preparation. Hg-bearing minerals also are not suitable as reference materials because the
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high volatility of Hg results in increased Hg background hampering analysis of Hg in the
unknowns. Additionally, high volatility and high density of Hg results in its accumulation,
migration and redeposition in the ablation cell.

Mercury is a chalcophile element and it can occur in significant concentrations in
pyrite (Wells and Mullens 1973; Griffin et al. 1991; Abraitis et al. 2004). Some analyses
of sedimentary pyrite show strong correlations between count ratio 202Hg/57Fe and other
chalcophile elements (Fig. 7a, b) which is clear evidence for the concentration of Hg in
the sedimentary pyrite. Other samples show negative correlations, suggesting that Hg is
hosted by the matrix (Fig. 7c). Considering low variability of Fe content in pyrite, Hg/Fe
count-rate ratio can be used for comparison of Hg abundances between samples.

Isotope 2OzHg was measured along with other isotopes and after the subtraction of
the gas background the signal was corrected for instrumentation drift during each session.
Mass bias variation between sessions was corrected by calculating 2°°Pb/°’Fe
fractionation using background corrected signal ratio measured on STDGL2b2 reference
material. The calculated Hg/Fe ratios were corrected for yield by the coefficient used for
normalization to total (Eq. 3). Regression equation of the segmented signal relative to S
was calculated, and the Hg/Fe ratio was extrapolated to the S content calculated by Eq. 7.
The ratios have been multiplied by factor of 1000 for reporting (Fig. 7). The calculated
Hg/Fe*1000 ratios could be used for qualitative comparison of samples, indicating which
samples have higher and lower contents of Hg.

Estimation of limits of detection
Our calculation of the detection limits in compositions of sedimentary pyrite was

based on the approach of Longerich et al. (1996). The detection limits for individual
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segmented analyzes were calculated from the noise on the gas blank (laser off) using the

following formula:

DLEL=i”‘Stdev(BGE|)/SE,"‘\/I/NBGJrl/NS'VI (10)
Where DL, is the limit of detection of the element, i is a coefficient defining the

threshold above which the signal is accepted as exceeding noise level (3 in this study),

Sg, is normalized sensitivity as calculated by Eq. 2, Stdevw(BGg,) is the standard

deviation of the gas blank, N ®°is number of measurement (sweeps) of the gas blank and

N*¥ in number of measurements during the ablation of the sample. Masses with low gas
background could have all readings zero in some analyses. In order to alleviate this
situation and also to obtain more robust estimates of the noise, the average gas blank

standard deviation for all analyses measured on sample mounts was used in Eq. 10.

Data reduction procedure

The algorithm presented was implemented in an in-house Excel spreadsheet.
Time-resolved spectra were segmented and then the preliminary concentrations were
calculated. The validity of the calibration and background correction was checked by an
operator. At the next stage, normalization to a total of 1,000,000 ppm was performed,
followed by the generation of regression plots for individual analyses (Fig. 3-5). The
matrix analyses were inspected for the presence of pyrite, and analyses with S content in
the matrix significantly deviating from the rest of the analyses were excluded. Analyses
with insufficient pyrite to generate robust regressions were also excluded on the
operator’s discretion. At this stage decisions on whether to use “pyrite+matrix’ or “pyrite

only” regressions were made, and the majority of elements were processed with the
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13

default “pyritet+matrix” option. For elements of low abundance, “pyrite+matrix” was
consistently the most robust option.

The last step involved calculating the final compositions of pyrite as well as other
parameters such as uncertainties, detection limits, pyrite-free mixed compositions, and
averages of the matrix which were exported to the database. An example of data
reduction for a sample with an average composition of pyrite-matrix mixtures and the

calculated compositions of pyrite grains are presented in Figure 8 and the average data

and calculated pyrite compositions are presented as supplementary material.

Discussion

Existing algorithms for deconvolution of mineral-matrix mixtures by
regression analysis

Regression analysis is routinely applied at different stages of reduction of LA-
ICP-MS data, including calibration curves and modelling downhole fractionation (e. g.,
Paton et al. 2010). Regression is also extensively used during post-processing of data
obtained by LA-ICP-MS, including estimations of compositions when proper
quantification of analyses is not possible. For example, Izmer et al. (2013) used
regression analysis of LA-ICP-MS data of an Archean impact spherule layer to constrain
Pt/Ir ratio of the impactite. Another study has derived the compositions of ash particles
by applying regression to LA-ICP-MS analyses of mixtures of ash and mineral phases
(Spears 2004).

In a pioneering study, Rubatto and Hermann (2007) used regression analysis for

calculation of compositions of small experimental zircon grains in a silicate glass matrix.
17
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Mixes of zircons with glass and other minerals were analyzed by a laser beam 19-32 pm
in diameter. The preliminary compositions of mixed analyzes were calculated assuming
CaO content of the glass measured by EPMA. The regression equations were calculated
relative to Zr and extrapolated to Zr contents in zircon measured by EPMA. A test
experiment was conducted, where a mix of crushed zircon crystal of a known
composition was melted with granitic melt by fast heating, which precluded reaction of
melt and the mineral. The regression analyses of the mixtures reproduced the
composition of the zircon starting material. In some experiments, zircons were analyzed
both in the glass matrix and included in garnet; the compositions calculated by a
regression for both cases produced consistent results. LA-ICP-MS analyses averaged
multiple grains and zones within individual grains, producing consistent results from
multiple analyses. The averages obtained matched well the averages of multiple EPMA
analyses, and also had significantly smaller uncertainty compared to the EPMA data.
Therefore, Rubatto and Hermann (2007) concluded that the compositions of zircons
obtained from regression of LA-ICP-MS data were especially suitable for estimation of
partitioning of elements between zircon and melt.

The study by Stepanov et al. (2012) applied regression analysis for calculation of
the composition of monazite grains, which ranged in size from <l pm to > mm, in
silicate glass. The preliminary compositions of mixes of monazite and glass were
calculated by using Si content in glass measured by EPMA. The regressions were
calculated relative to Ce, which is the major element in monazite. The linear regression
equations were calculated using all monazite and glass analyses from an experimental

charge. Cerium concentration was used as the explanatory variable for calculating
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monazite compositions. The precision of calculated compositions was estimated from
regression statistics and accuracy was assessed by EPMA of several REE in monazite and
also by a comparison of results of regression-based calculations with spot analyses of
larger monazite grains. The estimated errors of regressions increased with decrease of
grain size of monazite and abundance of elements; however, the EPMA and LA-ICP-MS
data showed good agreement.

The applications of regression analysis to deconvolution of compositions of small
grains of accessory minerals is not limited to LA-ICP-MS. Taylor et al. (2015) employed
regression analyses for calculation of compositions of small zircons crystals (<15 pm
long and 1-3 um wide), which were analyzed together with glass by Secondary Ion Mass
Spectrometer (SIMS) with a 20-25 um spot. Silicon content in glass measured by EPMA
was used as the internal standard for calculating preliminary compositions.
Concentrations of REEs were calculated by a regression relative to Zr contents. Another
approach involved calculating the amount of zircon in the ablated material using digital
processing of SEM images of the analyzed spots with an assumption that the amount of
zircon remained constant due to shallow depths of ablation pits. Comparison of zircon
composition obtained from regression and image analysis demonstrated a satisfactory
agreement though the latter showed slightly overestimated the REE concentrations.

New developments and future directions in deconvolution of mixed

LA-ICP-MS data

The previous studies demonstrated the utility of regression analysis for estimating
compositions of small grains in homogeneous matrixes by LA-ICP-MS and SIMS and

now this approach appears to be one of the main methods for measurement of
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experimentally-derived partitioning coefficients between accessory minerals and melts.
The review of previous works summarized in Table 2 demonstrates that when regression
analysis is applied to the mixed LA-ICP-MS data, common issues arise such as the
necessity to choose which element will be used as the explanatory variable, internal
standards for primary quantification, and the concentration of an explanatory variable
used for calculating the mineral composition from the regressions.

This contribution further develops the regression method by applying it to
analysis of sulfide minerals in a complex sedimentary matrix. Sedimentary matrix in
black shales is different from experimental glasses by higher micro-scale heterogeneity,
and is thus unsuitable for analysis by EPMA. Without external EPMA data, an alternative
method of primary quantification based on normalization to a total was applied in this
work.

The principal differences of the new algorithm from the previous work (Rubatto
and Hermann 2007; Stepanov et al. 2012; Taylor et al. 2015) include: automatic
segmentation of the data to intervals of identical length; normalization to a total for
preliminary internal standardization; and calculation of the final values by choosing the
value of the independent variable such that the total composition of the mineral of interest
sums to 100%. The advantages of our algorithm include: less subjective data processing;
elimination of the need for EPMA data; and internal consistency of the results. An
additional benefit of normalization to a total is the distribution of analytical uncertainties
between all measured elements (Leach and Hieftje 2000). Measurement of phase
compositions by deconvolution of mixed data could find multiple applications to various

Earth science problems and data could be collected with wide diversity of
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instrumentation. Recent models of mass spectrometers (e.g., triple quad and sector field
ICP) provide advantages in reduction of interferences and increase of sensitivity.
However, it seems that instruments with fast scan across wide range of masses and ability
to record quickly changing transient signal are most suitable for the acquisition of mixed
data. In this context time-of-flight (TOF) ICP-MS instruments with their ability of
simultaneous measurement of multiple masses and extremally fast acquisition could be
especially interesting for these applications.

This study deals with data collected in spot mode, however, LA-ICP-MS
imaging/mapping is another approach for analysis of heterogeneous materials (e. g.,
Large et al. 2009). Segmentation of the data could be achieved from content of an
element strongly concentrated in the mineral of interest or from more complicated
algorithms such as the Monocle add-on in the Iolite program (Petrus et al. 2017).
However, calculation of regressions, limits of detection and uncertainties from data with
different numbers of contributing pixels/sweeps is more complicated and requires further

development.

Sources of analytical uncertainty

The overall uncertainty of analyses arises from several sources, some of which are typical
for all LA-ICP-MS analyses, whereas others are specific to the data reduction algorithm
presented in this work. Regressions of different elements show characteristically different
regression uncertainties (Fig. 9). The best regressions are typically observed for Ni, Co,
As, Se and Sb with the estimated concentration uncertainties commonly < 10% (Fig. 9).

These are elements which are most efficiently concentrated in sedimentary pyrite
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(Gregory et al. 2015). Low abundance elements such as Au, Ag, Bi and Te commonly
have larger uncertainties, which could be attributed to the limitations of counting
statistics. The elements which commonly demonstrate poor regression relative to Fe and
S include Pb, Zn, Cd and Cu and regression uncertainties could be >100 % (exceptions
are also common; e.g. Figure 3 shows a perfect correlation of Pb and S in pyrite). Poor
regressions might be related to the concentration of these elements in micro-inclusions of
other sulfides such as galena, sphalerite and chalcopyrite within pyrite (Gregory et al.
2015; Hu et al. 2018). Despite the occurrence of these minerals as inclusions, our
algorithm can estimate the composition of the compound sulfide, because we utilize S as
the explanatory variable. The large uncertainties on individual measurements can be
mitigated by increasing the number of pyrite analyses within a sample, which would
lower the uncertainties of weighted averages and better constrain statistical distributions
of elements in pyrite and matrix. Another approach could be pooling of multiple pyrite
analyses for a single regression; however, in this case the data on pyrite heterogeneity
will be lost.

Counting statistics is the principal source of uncertainty in the measurement of
elements of low abundance. Plots of relative regression uncertainty versus concentration
show negative correlations (Fig. 10). The minimum observed error increases linearly with
decrease of element abundance in pyrite. Many analyses of As and Cu show substantially
higher error than the minimum value defined by the counting statistics. These analyses
could be explained by internal heterogeneity of these elements in pyrite. Uncertainties on
Se show a good correlation with Se content suggesting homogeneous Se distribution in

pyrite in agreement with observations by Large et al. (2019).
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A potential source of systematic uncertainty could be different matrix-controlled
fractionation in analyses rich in silicate minerals. These effects would affect the intercept
of regression line. However, considering that the slope is mostly defined by the pyrite
analyses, the effect of the matrix effects on pyrite composition is expected to be smaller
than the fractionation.

Sulfur is a difficult element for LA-ICP-MS due to high ionization potential,
interferences from dimers of oxygens and high volatility, which leads to fractionation
from other elements (Gilbert et al. 2014b). Because S is used as the explanatory variable
in the calculation of regressions and by the normalization to a total content of all
chalcophile elements, the uncertainty in sulfur contents affects all other calculated
concentrations. Individual pyrite compositions calculated by regression may show
significant variations in Fe and S contents (Fig. 11), however, the agreement of the
averages with the stoichiometric composition of pyrite validates the analytical approach.

In LA-ICP-MS analyses of minerals and glasses, heterogeneity of reference
materials and instrumental drift are significant sources of uncertainty (e. g.,
Danyushevsky et al. 2011). The comparison of these values with the regression
uncertainties (Table 3), however, suggests that heterogeneity of reference materials is

minor relative to other uncertainties during the analysis of sedimentary pyrite.

Analysis of non-sulfidic Fe content by LA-ICP-MS in the black shales
Sedimentary rocks contain Fe in a range of minerals which could be important for
understanding of geochemistry of these rocks. For example, total Fer content in the rock

could be divided into highly reactive Fe (Feyr), which then could be subdivided to Fe in
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pyrite (Fepy), carbonate (Fecar,) and oxide (Feoy) (Canfield et al. 1986). The non-reactive
Fe component could be hosted by the silicate minerals (Canfield et al. 1986; Huerta-Diaz
and Morse 1990). Iron speciation of sedimentary rocks is one of characteristic parameters
used for estimating the conditions of sedimentation and digenesis and contents of
different Fe species could be determined by wet chemistry methods such as sequential
acid digestions (Canfield et al. 1986; Huerta-Diaz and Morse 1990; Liu et al. 2016).

Spot LA-ICP-MS analyses of pyrite-free matrix could also be used for estimating
in situ Fe contents in the sedimentary matrix. However, analyses of the matrix commonly
contain S and display correlations between Fe and S. These correlations suggest that
analyses of such matrixes also contain nano-grains of pyrite and the Fe content of these
analyses is higher than Fe,n.py. Regression analysis could be used for correcting for the
presence of micro-grains of pyrite in the matrix analyses and calculating the true in Situ
Fenonpy. The regression of normalized Fe versus S produces a line whose slope is
controlled by the ratio of Fe and S in pyrite and extrapolates to the composition of pyrite.
The value of the intercept of the regression line is the content of Fe at zero S content and
hence it represents Fenon-py value. Therefore, Eq. 4 could be simplified to:

CFe non-py=Bre (11)
If the regression line intercept is negative, then regression might suggest that some S is
present in a non-sulfidic state (for example as sulfate). However, rocks with such
characteristics seem to be rare among black shales as they were not encountered by our
study.

The advantages of estimating the non-sulfidic Fe by LA-ICP-MS include high

spatial resolution in comparison with whole rock methods, and sensitivity to low
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concentrations of Fe,on.py. The sensitivity for low Fe concentrations might be of particular
interest because the wet chemistry methods are reliable at Fer>0.5% wt. (Clarkson et al.
2014), whereas the detection limit for Fe in LA-ICP-MS analysis of the matrix is
typically in the range 20-100 ppm. Whole rock Fe speciation could be estimated by
combining the in situ regression data with independent measurements of the abundance

of pyrite in the samples.

Advantages of analysis of pyrite in matrix by LA-ICP-MS

Several analytical methods are used for trace element analysis of small grains
including EPMA, SIMS and synchrotron micro-XRF. However, LA-ICP-MS has some
distinctive advantages:

e Most of the elements occurring as impurities in pyrite can be measured by LA-ICP-
MS over a large range of concentrations. The ability of ICP-MS to measure wide ranges
of concentrations makes it possible to quantify compositions of both pyrite and matrix
mixtures.

e Requirements for sample preparation are relatively modest for LA-ICP-MS. The
method is suitable for analysis of porous samples with a wide range of grain sizes,
provided that the samples are properly degassed prior to analysis.

e One approach used for analysis of sedimentary pyrite involved calculation of the
concentrations using stochiometric Fe content as the internal standard (Scott et al. 2009).
This treatment results in apparent presence in the analyses of various lithophile elements.

For example (Scott et al. 2009) observed correlations of Al and V contents in pyrite
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analyzed by this method and concluded that these elements occur as silicate inclusions.
The regression method allows corrections for the presence of silicate inclusions in a
sensible and consistent way.

e LA-ICP-MS analyses sample larger volumes compared to EPMA and SIMS. The
larger sampling volume might be an advantage in the case of sulfides and accessory
minerals. Sulfides are often highly heterogeneous (Gregory et al. 2015) and analyses
utilizing small sampling volumes may require large numbers of measurements to achieve
representative results. Huerta-Diaz and Morse (1990) proposed that acid digestion
methods for estimating pyrite trace element compositions also have an advantage of
averaging significant volumes of the mineral. However, LA-ICP-MS is preferred to the
bulk methods because it allows targeted analysis of various morphological and genetic
types of pyrite in the sample. This ability is especially important for applications
involving analysis of sedimentary pyrite with an aim of reconstructing ocean chemistry,
because a rock could contain multiple generations of pyrite including recrystallized and
metamorphic pyrite (Large et al. 2007; Meffre et al. 2016; Gregory et al. 2019).

e When reference materials are not available such as in the case of Hg, regression of
LA-ICP-MS data still allows calculation of ratios, which could be used for sample
comparison.

e Throughput is another important parameter. The RESOlution S-155 ablation cell could
host 20 mounts and with 2-3 positions reserved for reference materials 17-18 sample
mounts could be analyzed in a single analytical session including measurement of

multiple calibration standards during the analytical run.
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Summary

We describe an algorithm for quantification of LA-ICP-MS analyses of
heterogeneous samples composed of small grains of pyrite in a heterogeneous matrix.
The algorithm is based on linear regressions and can accommodate the effects of matrix
heterogeneity without requiring external data for quantification. The method is suitable
for quantification of composition of pyrite and mixtures of pyrite with other sulfide
minerals in sedimentary rocks. The output of the method includes concentrations of most
chalcophile elements, uncertainties of individual measurements and detection limits.
Regression analysis utilizes the wealth of information recorded in the transient signal of
LA-ICP-MS analyses of complex samples and represents a new step towards the

comprehensive characterization of complex geological materials.
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Figure captions

Figure 1: Examples of textures in pyrite-bearing black shales in reflected light: a) Pyrite
(Py) grains of variable size disseminated in the matrix and replacing fragments; b) Partly

recrystallized framboidal pyrite typical for sedimentary rocks; ¢) Centimeter sized pyrite
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nodule (concretion) with significant content of inclusions of sedimentary matrix in pyrite

and abundant inclusions of chalcopyrite (Cpy).

Figure 2: Examples of time-resolved LA-ICP-MS profiles of fine-grained pyrite in
silicate sedimentary matrix. a) Analysis with high pyrite content at the beginning
decreasing over the course of the analysis. The results of segmentation of this analysis are
presented in the Figure 3. b) Analysis containing both pyrite and matrix. ¢) Analysis of

relatively clean pyrite with small contribution of matrix.

Figure 3: An example of correlations between chalcophile elements and sulfur in
segmented pyrite and matrix analyses calculated by normalization on total. Sulfur is
plotted on horizontal axis and the concentrations of elements are shown on vertical axis.
The matrix analyses are characterized by the low S contents and lower content of
majority of chalcophile elements, which results in regressions with positive slopes. For
Zn and Cd the calculated regressions point to values lower than the estimated detection
limits. Fe-S regression has a positive intercept (Fe at zero S content), which suggests that

some of Fe in the matrix is in non-sulfide state.

Figure 4: Examples of special regression cases. Top diagrams show Fe-S plots, which
demonstrate mixtures of pyrite and matrix in the analyses, bottom diagrams show
examples of trace elements where “pyrite+matrix” and “pyrite only” regressions produce
different results. a) Tl content in matrix is highly heterogeneous and ‘pyrite+matrix’

regression predicts Tl content below the limit of detection. The regression based on
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‘pyrite only’ analyses is preferred. b) Correlation of As and S suggests that As content in
the matrix mixed with pyrite was higher than measured. Therefore, As content in pyrite
was calculated by ‘pyrite only’ regression. c¢) Analyses of pyrite in a sample without
clean matrix but with inclusions of silicates in pyrite. Regression of segmented analyses
could be used for calculation of pyrite composition even when both pyrite and silicates

are heterogeneous, however see Figure 5 for the case of non-robust regression.

Figure 5: Negative correlation between Fe and S could result in set of non-robust
regression equations which are unsuitable for prediction of mineral composition. Forcing

the regression through the origin could solve this problem.

Figure 6: The error envelope of uncertainty on the mean. The uncertainty increases away
from the average of the population. The uncertainty calculated from matrix and mixed
pyrite-matrix analyses could overestimate the uncertainty; however, the uncertainty based
on mixed pyrite-matrix analyses is considered to be realistic. Here and elsewhere the

uncertainty is calculated for 90% confidence interval.

Figure 7: Examples of Hg in the sedimentary rocks as revealed by LA-ICP-MS of pyrite
bearing black shales. The vertical axis shows background corrected Hg/Fe count ratios
multiplied by 1000 for convenience. a) drilling through pyrite reveals significant Hg
content in pyrite and lower Hg/Fe ratios in the matrix. b) analysis of almost clean pyrite

with higher Hg/Fe ratios than sedimentary matrix. c) drilling through pyrite (with very
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low Hg/Fe ratios) into the matrix with higher Hg/Fe ratios; the regression suggests Hg

below the limit of detection in this case.

Figure 8. An example of a set of pyrite analyses calculated for a sample of black shale.
Empty circles show the compositions of pyrite-matrix mixtures and the filled circles
show compositions of pyrite calculated by the regression analysis. The error bars show

regression uncertainties for 90% confidence intervals.

Figure 9. Relative uncertainty of the set of pyrite analyses from a sample of black shale.
The uncertainties are relatively low for elements strongly concentrated in pyrite.
However, they could reach very high values (over 100%) for such elements as Mn, Zn,

Cd and T1, which are present mainly in minerals other than pyrite (Gregory et al. 2015).

Figure 10. Relative uncertainty versus concentration of an element in the analyses of
pyrite ( all analyses were obtained with 30 um spot size) from the data base of pyrite
compositions from black shales (Large et al. 2014). Good correlation of uncertainty and
concentration suggest Se concentration is usually homogeneous in pyrite and the
uncertainty is controlled by the counting statistics. For As and Cu, the correlation is much
weaker, suggesting that heterogeneous distribution of these elements in pyrite commonly

contributes to uncertainty.

Figure 11. Histograms of Fe and S contents in pyrite calculated by the regression method

shows distribution is close to stochiometric for both.
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Tables

Table 1: Layout of analyzed elements, dwell times and standards used for quantification.

Reference
materials Calculated
Dwell used for in pyrite by

Elements time Isotope calibration regression
Na 0.005 23 GSD-1G

Mg 0.005 24 GSD-1G

Al 0.005 27 GSD-1G

Si 0.005 29 GSD-1G

S 0.005 34 PPP-1 +

K 0.005 39 GSD-1G

Ca 0.005 43 GSD-1G

Ti 0.005 49 GSD-1G

\% 0.005 51 GSD-1G

Cr 0.005 53 GSD-1G

Mn 0.005 55 GSD-1G +
Fe 0.01 57 GSD-1G +

Co 0.04 59 STDGL2b2 +

Ni 0.02 60 STDGL2b2 +
Cu 0.02 65 STDGL2b2 +

Zn 0.02 66 STDGL2b2 +

As 0.01 75 STDGL2b2 +

Se 0.04 77 STDGL2b2 +
Rb 0.02 85 GSD-1G

Sr 0.02 88 GSD-1G

Zr 0.01 90 GSD-1G

Mo 0.02 95 STDGL2b2 +



Cd
Sn
Sb
Te
Ba
Gd
Hf
Ta

Pt
Au
Hg
Tl
Pb
Pb
Pb
Bi
Th

0.02
0.02
0.02
0.02
0.05
0.01
0.005
0.01
0.01
0.02
0.05
0.05
0.02
0.02
0.02
0.02
0.02
0.02
0.01
0.01

107
111
118
121
125
137
157
178
181
182
195
197
202
205
206
207
208
209
232
238

STDGL2b2
STDGL2b2
STDGL2b2
STDGL2b2
STDGL2b2
GSD-1G
GSD-1G
GSD-1G
GSD-1G
STDGL2b2
STDGL2b2
STDGL2b2

STDGL2b2
STDGL2b2
STDGL2b2
STDGL2b2
STDGL2b2
GSD-1G

GSD-1G

+

+ 4+ o+ o+ o+




Table 2: Summary of principal parameters used in different studies which applied regression

analysis to the deconvolution of mixed LA-ICP-MS data.

Internal Explanatory Data used
Mineral standard or Explanatory variable to
of Metho primary (independent)  value for constrain
interest  Matrix d quantification variable regression regression
Rubatto ~ Zircon Glass LA- Ca Zr EPMA Mineral
and and ICP- plus
Hermann garnet  MS matrix
(2007)
Stepanov Monazite Glass LA- Si Ce EPMA Mineral
et al. ICP- plus
(2012) MS matrix
Taylor et Zircon Glass SIMS  Si Zr EPMA Mineral
al. plus
(2015) matrix
Present  Pyrite Sedim LA- Fe for S Calculated  Two
study ent ICP- preliminary from set of  options:
MS quantification; regressions  ‘pyrite+
followed by with 100%  matrix’
normalisation total and
to 100% requirement. ‘pyrite

only’




Table 3: Sources of uncertainty of the data on the example of set of pyrite analyses.

Standard

Elements  uncertainty Drift

%

Drift Error %

Maxim o
Average Minimum
um
error % error %
error %

Regression errors

Na
Mg
Al

N

0.2
0.04
0.3
0.8

[ <IN \C R O R N\

0.4
0.7

N O A W W

0.97
0.98
0.97
0.94

0.98
0.98
1.01
1.01
1.06
1.00

0.97
0.99
0.96
1.00
1.05
0.64
1.06
1.08
1.02
1.10
1.02
1.05
1.07
1.04

0.4
0.6
0.7
1.2
10.0
0.6
2.7
1.1
1.5
3.8
1.7

1.5
1.1
1.9
0.8
1.4
1.8
2.7
0.5
0.9
4.4
4.2
1.9
1.9
1.3

717 2672 24
13 26 4
4 15 1
7 16 2
23 50 9

368 1465 32
3 10 1
12 27 3
13 40 3
4 11 1
84 301 14
3 8 1



Te
Ba
Gd
Hf
Ta

Pt
Au

Tl
Pb
Bi
Th

NN RN

0.89
1.06
1.28
1.14
1.10
1.17
0.77
0.82

0.70

1.06

1.06
1.09

0.3
23
3.5
1.4
0.6
2.1
43.7
14.7

11.7
1.3
1.5
2.8
2.4

12

33

127

75

95

636
12
22
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