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Micro—X-ray fluorescence (WXRF) imaging is an effective non-destructive method extensively
utilized in geosciences for the acquisition of high-resolution spatial elemental data. This study
utilizes nXRF coupled with the petrographic observations and conventional geochemical analyses
(XRF, XRD, and ICP-MS) to examine a fibrous calcite vein (KK1) from the Permian Khao Khwang
Formation in Thailand. The calcite vein, devoid of attached host rock, displays a cone-in-cone
texture and a median suture rich in inclusions. pXRF elemental maps indicate a Ca-dominant
composition, with median enrichments observed in Fe, Si, Al, K, and Mn, suggesting the presence
of clay-rich inclusions. Additionally, trace element zonation patterns—particularly Mn and Sr—
indicate evolving redox conditions and fluid composition during vein growth. The Mn-enriched
median region suggests early precipitation under reducing, possibly organic-rich pore waters,
followed by calcite crystallization under progressively more oxidizing conditions. Sr mapping
highlights later-stage, Sr-rich cross-cutting veinlets, pointing to multiple fluid episodes. These
findings support a model of progressive burial diagenesis and fluid-mediated vein formation.
Overall, this study illustrates the capability of pXRF to improve comprehension of fluid history,
mineral development, and redox conditions within sedimentary systems, thereby assisting geologists
in basin analysis and petroleum system assessment.
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1. Introduction

Micro—X-ray fluorescence (uXRF) is a
powerful analytical technique increasingly used
in geosciences for high-resolution elemental
analysis. It enables non-destructive elemental
mapping of samples at the microscale, making it
invaluable in a variety of fields including
geology, mineralogy, and paleontology (Kaskes
et al., 2021). In geological research, uXRF has
been applied to analyze rocks and minerals,
perform material characterization, and map
elemental distributions in sedimentary and
igneous contexts (Fabre et al., 2022; Gabriel et
al., 2022; Genna et al., 2011; Nikonow et al.,
2019; Potter & and Brand, 2019). The ability of
uXRF to rapidly produce two-dimensional
elemental distribution maps is especially useful
for visualizing geochemical zonation and
inclusions within minerals and rocks. For
example, nXRF mapping can identify mineral
phases based on their elemental signatures and
reveal subtle compositional banding or zoning
that would be difficult to detect with bulk
analyses (Trebus et al., 2022). In mineralogical
studies, this technique helps correlate elemental
variations with mineral textures, aiding in phase
identification and understanding crystal growth
histories (Sirbescu et al., 2023). All are achieved
non-invasively and with minimal sample
preparation.

Given its broad utility, uXRF is an ideal
tool for investigating the spatial geochemistry of
complex geological samples such as bedding-
parallel fibrous calcite veins. These fibrous
calcite veins (often called "beef" or cone-in-
cone structures in the literature) are widespread
in sedimentary basins and are particularly
associated with organic-rich sequences (e.g.
petroleum source rocks) (Al-Aasm et al., 1995;
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Luan et al., 2019; Sun et al., 2023). However,
their formation processes remain debated, in
part due to limited high-resolution geochemical
data. This study used uXRF imaging on a
representative fibrous calcite vein from the
Permian Khao Khwang Formation in central
Thailand to delineate the elemental distribution
and microstructural characteristics inside the
vein. The objective is to obtain a comprehensive
understanding of the vein's internal zonation and
composition by combining puXRF elemental
maps with traditional geochemical assays and
petrographic observations. This method enables
the identification of elemental enrichments or
depletions in particular sections of the vein
(including median zones, inclusion-rich bands,
or subsequent cross-cutting veinlets), thereby
offering insights into the vein's growth
mechanism and the chemical evolution of the
precipitating fluids.

This study highlights the potential of
uXRF to visualize geochemical zonation in vein
samples, which can inform future research on
similar geological issues. Geologists can better
understand rock diagenetic processes by linking
geochemical anomalies with textural features
using uXRF maps.

In summary, this study not only sheds
light on the formation of an unusual fibrous
calcite vein in the Khao Khwang Formation, but
also showcases the utility of uXRF as a modern
tool for spatial geochemical
geoscience research. This information can

analysis in

ultimately help in reconstructing fluid histories
in basins and may have practical implications,
for example, in understanding indicators of
hydrocarbon maturation and migration in the
region.
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Figure 1. Location map of the study area showing (a) the distribution of the Permian major facies
subdivisions on the western margin of the Indochina Block (Ueno & Charoentitirat, 2011) , and

geological map of the study area.

2. Material and Method
2.1. Sample and preparation

The fibrous calcite vein sample (labelled
KK1) was collected from the Permian Khao
Khwang Formation, where it occurs as a
bedding-parallel vein within carbonate host
rocks (Figure 2). The KK1 sample is a single
vein specimen (~4.5 cm thick) with a well-
developed fibrous texture and a median
inclusion-rich zone. A petrographic thin section
of KK1 was prepared to expose a cross-section
of the vein for microscopic and pXRF analysis.
Standard thin sections (30 um thickness) were

used for elemental mapping to ensure a flat,
smooth surface and representative cross-
sectional view of the vein’s internal features.
Prior to uXRF analysis, the thin section and
polished slab were thoroughly cleaned and
dried, but no chemical treatment or coating was
applied.

A thin section of KK1 was analyzed by
uXRF to map element distributions. The section
was scanned under vacuum with a 25 um step
size, collecting fluorescence spectra at each
point. Elemental intensity maps for Ca, Fe, Mg,
Mn, Si, Al, K, Sr, and S were obtained by
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integrating the characteristic X-rays of each
element.

Bulk geochemical analyses were
performed to quantify the vein’s composition. A
portion of the KKI1 vein was powdered for
analysis. Major elements were measured using
XRF on a pressed pellet with the Bruker model
S4 Pioneer WDXRF machine, while trace
elements (including REEs) were measured
using ICP-MS on dissolved sample solutions
with the Analytik Jena PlasmaQuant MS Elite.
Standard calibration procedures were followed.
Moreover, the mineral composition of the
sample was analyzed by XRD conducted using
the XRD instrument Model D8 Advance,
Bruker AXS, 40 kV, and 30 mA. All procedures
were conducted at the Department of Geology,
Faculty of Science, Chulalongkorn University.

2.2. pXRF analysis

Elemental mapping of the KKI1 calcite
vein was conducted using a benchtop micro—X-
ray fluorescence spectrometer (Bruker M4
Tornado) equipped with an XFlash® 430 silicon
drift detector at the Department of Geology,
Faculty of Science, Chulalongkorn University.
The instrument operated at 50 kV and 600 pA
under low vacuum conditions (1.9 mbar) to
improve sensitivity to light elements. Samples
were raster-scanned with a pixel size of ~100
um for slab specimens and 200 pum for thin
sections, covering the entire vein cross-section.
Data were acquired and processed using the
Bruker M4 Tornado software. Elemental maps
were generated for Ca, Fe, Mg, Si, Al, K, Mn, S,
and Sr based on their characteristic fluorescence
peaks. Peak overlaps were resolved and
background noise removed to produce
qualitative intensity maps. These maps were not
normalized to absolute concentrations; rather,
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color intensity indicates relative elemental

distribution. Final maps were analyzed
alongside optical images to correlate
geochemical features with  petrographic

observations such as inclusion bands, crystal
terminations, and micro-veinlets.

I2cmI

Figure 2. (a) The bedding-parallel fibrous
calcite vein in the outcrop. (b) Hand specimen
of the KK 1 sample.

2.3. Interpretation approach

The pXRF elemental maps were
interpreted by identifying spatial variations in
element distribution and correlating them with
vein microstructures. Elemental enrichments
and depletions were cross-validated with bulk
geochemical data obtained from XRF (major
elements), ICP-MS (trace elements), and XRD
(mineralogical composition). While bulk
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analyses provided quantitative values, pXRF
offered spatial context within the vein. This
integrated approach enabled the verification of
elemental trends and distribution. The
interpretation focuses on the fibrous vein, with
host rock data included only when relevant to
vein characterization.

3. Results and interpretations
3.1. Petrography of KK1 Vein

In thin section, the KK1 fibrous calcite
vein shows a classic internal zoning (Figure 3).
The median line is a narrow band containing
layered, brownish opaque inclusions parallel to
the vein. On either side, fibrous calcite crystals
radiate outward toward the vein walls (Figure
3a, ¢, e). The fibrous calcite exhibits a cone-in-
cone structure: fibrous bundles are separated by
curved inclusion-rich seams that trace conical
shapes rooted at the median (Figure 3b). The
outer parts of the vein consist of clearer calcite
with fewer inclusions, terminating sharply
against the former host rock interface. The
median inclusion band divides the vein into two
symmetrical halves, consistent with antitaxial
(center-growing) vein formation. Locally, small
veinlets of sparry calcite cross-cut the fibrous
texture at high angles; these veinlets are
inclusion-poor and represent later crack-seal
events that post-date the main fibrous vein
(Figure 3f).

3.2. Bulk Composition of the Fibrous Calcite
Vein
3.2.1. Major elements and minerals
Geochemical analysis confirms that the
KK1 fibrous vein is composed predominantly of
calcite (CaCOs), with minor silicate and oxide
impurities as identified by XRD analysis. The
bulk major oxide composition of the vein shows
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49.5 wt.% CaO, corresponding to calcite as the
major mineral (Table 1). Loss on ignition
(40.5 wt.%) accounts for the CO: in calcite,
consistent with a nearly pure carbonate. Minor
constituents include SiO: (5.2 wt.%), AlLOs
(1.7 wt.%), MgO (0.8 wt.%), and Fe:0s
(0.6 wt.%), indicating a small fraction of clay or
shale material mixed into the vein, likely as
microscopic inclusions. Notably, MnO is
present at about 0.26 wt.%. The KK 1 vein’s host
rock (not present in this particular sample) is a
carbonate shale, so it is likely that some detrital
or organic material from the host was
incorporated into the vein during its growth,

explaining the small amounts of Si, Al, K, Fe,
and Mn in the bulk chemistry.

Y "’.7_17 : ‘.". 13 ."! 29, il B »

Figure 3. Photomicrographs of the KK1 sample.
(a) The median suture line and cone-in-cone
structure; (b) Cone-in-cone structure in the
upper part of the suture line; (c) The median
suture line; (d) The solid inclusion in the fibrous
calcite vein; (e) Cone-in-cone structure in the
lower part of the suture line; (f) Smaller vein in
the fibrous calcite vein.
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Table 1 presents
compositions obtained from XRD analysis of
the samples. The fibrous calcite veins are

detailed mineral

notably rich in calcite and contain only minor
amounts of quartz, reflecting a carbonate-
dominated lithotype.

Table 1. Semi-quantitative XRD results
showing the mineral composition of the fibrous
calcite vein sample (KK1).

Mineral Composition Content (wt.%)

Sample

Calcite Quartz Total

KK1 98.97 1.03 100
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3.2.2. Trace elements

ICP-MS trace element analysis of the
vein (Table 2) shows Sr around 4,743 ppm and
Se around 1,709 ppm, making these two
elements the most abundant trace constituents of
KKI1. The fibrous calcite vein is strongly
enriched in strontium (Sr) and selenium (Se)
compared to typical sedimentary calcites. Other
trace metals are found at significantly lower
concentrations: for instance, barium (Ba) is
typically in the range of a few tens of ppm, lead
(Pb) measures 27 ppm, while transition metals
such as V, Cr, Ni, Cu, and Zn vary from tens to
a few hundred ppm. The presence of manganese
(Mn) in the vein is noteworthy, indicating
concentrations of several thousand ppm of Mn.

Table 2. Geochemical composition of calcite vein using XRF and ICP-MS analyses.

Sample CaO SiO; ALO; Fe;O; MgO KO MnO NaO TiO, P,Os LOI  Total
49.51 5.17 1.74  0.56 0.81 032 026 0.07 0.07 0.04 40.54 99.09

KK1 Se Sr Cs Pb As \% Cr Co Ni Cu Zn (ppm)
1709.4 47427 <DL 27.1 <DL 159.2 211.1 94.6 164.1 362.1 3499

Note: DL= lower detection limit

Table 3. Elemental composition of fibrous calcite vein (KK1) in thin section and polished slab

using uXRF analysis.

Elements CaO SiO; ALO3; Fe;O; MnO MgO KO TiO SrO SOs; ZrO; total
(wt.%)

Thin 80.41 999 392 307 091 070 026 034 0.18 020 0.02 100
section

Polished  81.27 9.02 3.14  3.01 .15 062 021 027 0.11 1.16 0.04 100
slab
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3.3 Elemental Distribution from pXRF
Mapping

The uXRF elemental maps of the KK1
vein (Figures 4 and 5) illustrate the internal
geochemical zonation of a fibrous calcite vein,
which was initially noted in thin section and is
now further clarified through the analysis of a
polished slab. The thin section data reveal a
central dark median line flanked by expansive,
light-colored calcite zones, while elemental
maps highlight an obvious Ca signal across the
sample, affirming the predominance of calcite
(Figures 4 and 5). The median suture exhibits a
slight decrease in Ca intensity, which aligns
with the inclusion-rich central seam, whereas
minor Ca variations indicate localized
inclusions and features from the late stage
(Figure 5). Silicon, aluminum, and potassium
exhibit significant concentration along the
median line and in specific inclusion areas
(Figures 4 and 5), probably indicating the
presence of clay or mica phases that were
introduced during the process of vein formation.
The presence of these elements, almost absent in
the cleaner calcite domains, highlights the
integration of host-rock residues along the
central vein axis. The co-enrichment of Fe and
Mg in these zones indicates the presence of Fe-
Mg-bearing clays or mixed carbonates (Figures
4 and 5). The data indicates a clear trend for Mn,
characterized by enrichment close to the median
and a decline as one moves outward (Figures 4
and 5). This observation implies a zoned
incorporation of Mn into the early-formed
calcite under reducing conditions. In contrast, Sr
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exhibits a heterogeneous distribution, with the
highest intensities observed in younger cross-
cutting fibrous veinlets, suggesting late fluid
influxes (Figures 4 and 5).

Recent observations from the polished
slab (Figure 5) offer a more comprehensive
perspective of the entire vein, uncovering
further structural and chemical characteristics
that were not entirely apparent in the thin
section. The outer margins of the calcite vein
exhibit an abundance of solid inclusions that are
systematically aligned parallel to the central
median line (Figure 5). The inclusions exhibit
greater concentrations of Fe, Mg, Si, Al, K, and
Sr, while demonstrating a significant reduction
in Mn levels (Figure 5). This elemental
signature supports the notion that these outer
inclusions consist of clay-rich or altered host
rock material that was incorporated during the
process of vein growth. The correlation of these
inclusions with the median indicates that they
could represent initial growth fabrics or fluid
pathways that remained consistent during the
evolution of the Their consistent
orientation and composition offer additional
support for a sustained antitaxial growth
mechanism that integrated non-carbonate
material from the surrounding rock into the
developing vein system. The reduction of Mn in

vein.

these inclusions, in contrast to its accumulation
near the central median, highlights a
geochemical difference between core and
margin materials, probably influenced by fluid
chemistry or redox gradients throughout vein
development.
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Figure 4. Element distribution of the bedding-parallel fibrous calcite vein in the thin section of the
KK1 sample. The top-left image presents a scan of the sample, while each subsequent image
represents the intensity of a specific element.
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Figure 5. Element distribution of the bedding-parallel fibrous calcite vein in the polished slab of the
KK1 sample. The top-left image presents a scan of the sample, while each subsequent image

represents the intensity of a specific element.

4. Discussions

4.1 Formation of Fibrous Calcite Veins
Progressive burial diagenesis,

characterized by mineral formation influenced

by continuous fracturing and fluid migration

under pressure, results in the development of

fibrous calcite veins, commonly referred to as

"beef" or cone-in-cone structures (Cobbold et

al., 2013; Meng et al., 2019). The geochemical
characteristics of the KK 1 fibrous calcite vein in
the Permian Khao Khwang Formation indicate
its formation conditions. Higher concentrations
of strontium (Sr) and selenium (Se) indicate that
vein-forming fluids interacted with marine
carbonate  or

organic-rich  host  rocks,
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precipitating  from connate water and
organically influenced fluids in reducing
conditions (Mucci, 2004; Ngia et al., 2019).
This study also emphasizes the distribution of
trace elements, including Mn and Sr, within the
vein, as revealed by pXRF analysis. These
elements function as tracers for redox conditions
and fluid sources (Elbaz-Poulichet et al., 2005).
The observed Mn zonation, characterized by
enrichment in the vein core and depletion
outward, as depicted in Figures 4 and 5,
indicates a shift in redox state or chemical
conditions during calcite growth. It is likely that
the earliest precipitated calcite, located at the
median, formed under more reducing conditions
that facilitated Mn?" uptake, while subsequent
calcite experienced either more oxidizing
conditions or Mn-depleted fluids. This
interpretation supports the hypothesis that
fibrous calcite veins develop during progressive
burial diagenesis, beginning with initial growth
in anoxic, organic-rich pore waters (thus
incorporating Mn and possibly Se), and

subsequently continuing as conditions change.

4.2 Application of pXRF in Geochemical
Zonation and Mineral Distribution

The uXRF mapping employed in this
study facilitated  the
geochemical zonation, thereby enhancing our
comprehension of the chemical variability and
mineralogical domains of the KKI1 vein.
Conventional bulk chemical analysis and
localized point measurements fail to adequately
represent spatial elemental distributions. XRF

visualization  of

analysis identified a median zone characterized
by elevated concentrations of Fe, Al, Si, K, and
Mg, suggesting the presence of clay-rich
inclusions likely derived from the host rock. The
distinct distribution of Mn and Sr observed in
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uXRF points out its utility. Mn mapping
demonstrated minor yet significant fluctuations,
highlighting areas of high concentrations near
the median region of the vein, which suggests
variations in fluid chemistry or redox conditions
during its formation. Sr mapping identified
strontium-enriched later-stage cross-cutting
veinlets, suggesting successive fluid events and
stages of mineral precipitation that were missed
in petrographic observations. The uXRF
method enables non-destructive analysis of
samples, requires minimal preparation, and
facilitates rapid data acquisition for thin
sections. The rapid scanning and meso-scale
elemental maps can inform more detailed
analytical techniques that can help to clarify the
result, including electron microprobe or laser
ablation inductively coupled plasma mass
spectrometry  (LA-ICP-MS) (Alfeld and
Janssens, 2015). The ability of XRF to spatially
resolve elemental distributions is essential for
geologists investigating the fluid history of
sedimentary basins, diagenetic processes, and
mineralization sequences. The integration of
uXRF with conventional geological tools
improves our comprehension of geological
processes.

5. Conclusion

Micro-XRF imaging of the KK1 fibrous
calcite vein from the Permian Khao Khwang
Formation reveals detailed geochemical zoning
within the vein structure. The technique
identified a Ca-rich calcite matrix with Fe, Mg,
Mn, and clay-rich median zones, along with Sr-
rich cross-cutting features. These patterns
provide insight into vein formation mechanisms,
including antitaxial growth, local fluid
derivation, and post-veinlet cementation events.
The integration of uXRF imaging with

Kanta, 2025. Vol. 17, No.2, 23-35
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petrographic and chemical analysis offers a
non-destructive  approach  to

fluid-rock  interactions in
sedimentary basins, with applications in
petroleum geology and diagenesis research
globally.

powerful,
interpreting
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