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ABSTRACT: The rhenium–osmium (Re–Os) isotopic dating technique has been extensively applied for the precise 

geochronological determination of black shale formations, effectively overcoming difficulties in dating chronologically challenging 

strata. Recent advancements have extended this methodology to limestone systems with substantially lower Re and Os concentration, 

thereby providing novel technical approaches for dating carbonate sequences. Clarifying the Re distribution in limestone is critical 

for optimizing experimental protocols and enhancing the accuracy and precision of dating results. However, carriers of Re and Os in 

carbonate rocks, particularly the radioactive parent element Re, remain poorly constrained. This study investigated Permian limestone 

samples from Guangde, Anhui Province, via integrated mineralogical characterization using scanning electron microscopy with 

energy-dispersive X-ray spectroscopy (SEM-EDS) and 

femtosecond laser ablation-inductively coupled plasma mass 

spectrometry (fs-LA-ICP-MS). The analytical results 

indicated that Re is predominantly hosted in authigenic 

phases such as organic matter (OM) and pyrite. Terrigenous 

quartz contains little to no Re, while calcite does not host Re. 

These findings emphasize that Re-Os pretreatment protocols 

should prioritize the complete dissolution of OM and pyrite, 

while avoiding the dissolution of silica phases.  

INTRODUCTION 

Microscale in situ analytical techniques enable the direct 

characterization of solid samples, revealing the spatial distribution 

of elements and isotopic compositions. Thus, they facilitate the 

investigation of elemental distribution and occurrence states in 

geological materials. Notable applications include (1) scanning 

electron microscopy with energy-dispersive X-ray spectroscopy 

(SEM-EDS) analysis of gold (Au) distribution in copper (Cu) ores 1; 

(2) scanning electron microscopy (SEM) and electron probe 

microanalysis (EPMA) of platinum (Pt) in Ni-Cu sulfide deposits 2; 

(3) laser ablation inductively coupled plasma mass spectrometry 

(LA-ICP-MS) mapping of compatible elements (chromium [Cr], 

Ni, scandium [Sc]) in pyroxene and amphibole 3; and (4) laser-

induced breakdown spectroscopy for two-dimensional (2D) 

imaging of redox-sensitive elements (vanadium [V], Cr, Ni) in 

hydrocarbon source rocks 4. These examples collectively highlight 

the broad applicability of microscale in situ techniques in 

mineralogical studies. 

The Re-Os isotopic system in sedimentary rocks, particularly 

black shales, plays a crucial role in applications such as 

sedimentary geochronology 5, 6, reconstruction of paleo-marine 

environments and redox conditions 7, 8, provenance tracing and 

tectonic response analysis 9, 10, and hydrocarbon source rock 

evaluation 11. Understanding the occurrence of Re in these rocks is 

essential for optimizing Re-Os pretreatment protocols. Early 

studies using various techniques, such as correlation experiments 12-15, 
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hydrous pyrolysis 16, X-ray absorption fine structure spectroscopy, 

and multi-isotope tracer methods 17, suggested that Re is mainly 

hosted in organic matter (OM) in black shales. However, Gadd et 

al. 18 proposed an alternative perspective based on LA-ICP-MS 

mapping of Middle Devonian black shales from the Peel River in 

Canada, which revealed a homogeneous Re distribution within the 

pyrite. Does Re in limestone occur primarily in OM and pyrite, or 

can it also be present in calcite and quartz, given that limestone 

also contains OM and minor authigenic pyrite? 

The successful application of Re-Os isotopic dating to 

limestone has overcome the challenge of the precise 

geochronological determination of limestone 19-22. However, 

subsequent studies have revealed that certain types of limestone 

are unsuitable for Re-Os dating, highlighting the need to 

investigate the mechanisms governing the carrier phase(s) of Re 

in limestones. Our understanding of Re occurrence in limestone 

remains limited, and only correlation-based studies are available. 

This is because of the ultra-low contents of Re and Os in limestone, 

which complicate high-precision quantification and present 

significant challenges for spatially resolved microscale analyses. 

Building on previous research, this study examines Permian 

limestone samples from Guangde, Anhui Province. We integrated 

SEM-EDS and femtosecond LA-ICP-MS (fs-LA-ICP-MS) to 

perform high-resolution spot ablation mapping. This approach 

allowed us to delineate Re distribution patterns within limestone 

components, advancing our understanding of Re occurrence in 

carbonate systems and providing a foundation for refining Re-Os 

analytical protocols for limestone dating. 

EXPERIMENTAL 

Sample provenance. The limestone samples used to investigate 

the occurrence state of Re in this study were collected from an 

auxiliary section of Meishan section D—the Permian-Triassic 

stratotype section in Dongchuanling, Guangde County, Anhui 

Province (Fig. 1). The section is located 500 m northwest of 

Dongchuanling in Dushan Town, Guangde County. Its GPS 

coordinates are 31°00′50″N, 119°36′03″E, with an elevation of 78 

m. It exposes the Upper Permian Changxing Formation, Lower 

Triassic Yinkeng Formation, and Helongshan Formation. The 

samples were grey-black limestone from the Changxing 

Formation of the Permian System. 

Re-Os isotopic analysis. Re-Os isotopic analyses were performed 

at the Re-Os Laboratory of the National Research Center for 

Geoanalysis. Approximately 1 g of the pulverized sample was 

accurately weighed and transferred to a 20-cm Carius tube. Prior 

to sealing, 2 mL of 12 M HCl was added to react with the 

limestone, causing the CO2 evolution to cease. Under cryogenic 

conditions using liquid nitrogen, 1 mL of 12 M HCl, 5 mL of 16 M 

 

 

 

 

 

 

 

 

Fig. 1 Map of Dongchuanling, Guangde County, Anhui Province. 

HNO3, and mixed tracers of 185Re and 190Os were introduced. The 

sealed tube was heated at 200 °C for 24 h for sample digestion 20. 

After the Carius tube was cryogenically opened in liquid nitrogen, 

the contents were diluted to a volume of 20 mL with deionized 

water, followed by the separation of Re and Os using a direct 

Carius tube distillation apparatus. Volatilized OsO4 was collected 

in an ice-water bath-cooled collection tube containing 5 mL of a 

1:1 mixture of HBr solution. For negative thermal ionization mass 

spectrometry (N-TIMS) Os measurements, the collected Os 

solution was purified via microdistillation. Thereafter, the samples 

were sealed and incubated at 80 °C for 4 h to allow more stable 

dissolution of Os into the absorption solution, prior to spot 

sampling and measurement. The acetone extraction method was 

used for Re separation. The post-Os distillation solution was 

transferred to a polytetrafluoroethylene (PTFE) beaker and 

evaporated to dryness. After repeated dehydration with minimal 

ultrapure water to remove residual solvents, 10 mL of an NaOH 

solution was added to create an alkaline medium. The cooled 

solution was then transferred to a centrifuge tube containing 

acetone, vortexed for approximately 1 min, and centrifuged. The 

upper acetone phase was decanted into a new centrifuge tube 

preloaded with 5 mL of NaOH solution for secondary extraction 

and centrifugation. This step prevented alkaline solution 

contamination in the acetone, thus eliminating impurity 

interference during Re signal detection. The final acetone phase 

was transferred to a PTFE vial using a disposable pipette and 

evaporated at 50 °C on a hotplate, with incremental additions of 

H2O2 and HNO3 to degrade acetone byproducts 23, 24. Finally, the 

residue was re-dissolved in a drop of concentrated nitric acid and 

diluted to approximately 1 mL with deionized water prior to 

multicollector inductively coupled plasma mass spectrometry 

(MC-ICP-MS) analysis. 

Whole-rock major and trace element analysis. Analyses were 

conducted at the National Research Center for Geoanalysis. 
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Before Os distillation, 0.5-mL aliquots of the diluted Carius tube 

solution were transferred into two reagent bottles using a 

micropipette. To meet the instrumental salinity requirements, the 

solutions were diluted by factors of 1000 and 250 for trace and 

major element analyses, respectively. Trace element 

concentrations were determined using a Thermo Scientific™ 

iCAP TQ-series inductively coupled plasma mass spectrometer 

(ICP-MS), and major element compositions were measured using 

a PerkinElmer® Optima 8300 inductively coupled plasma optical 

emission spectrometer (ICP-OES). The analytical precision was > 

1% for major elements and 10% for trace elements. 

Whole-rock powder X-ray diffraction (XRD) analysis. This 

experiment was conducted at the Key Laboratory of Metallogeny 

and Mineral Assessment, Ministry of Natural Resources, Institute 

of Mineral Resources, Chinese Academy of Geological Sciences 

(CAGS). A Bruker D2-PHASER benchtop XRD instrument was 

used for measurements. Approximately 2 g of the crushed sample 

was ground to < 200-mesh powder using an agate mortar, loaded 

onto the sample holder, and flattened with a glass slide. The 

analytical conditions included Cu Kα radiation (30 kV, 10 mA), a 

dwell time of 0.3 s per step, a step size of 0.02°, and a scanning 

range of 2θ = 4.8°–70°. The XRD data were processed using the 

Search-Match software, which matches diffraction patterns 

against the PDF-4+ database to identify mineral phases. Semi-

quantitative estimates of mineral contents were obtained by 

comparing the relative intensities of the characteristic diffraction 

peaks for each identified phase. 

SEM-EDS analysis. This experiment was performed at the 

National Research Center for Geoanalysis. Thin sections of 

limestone samples with high Re concentrations were prepared. 

These sections were coated with Au to increase their conductivity 

for SEM and EDS analyses. The SEM imaging suggested mineral 

distribution and morphological features and helped define the 

target regions for subsequent EDS spot analysis. The EDS spot 

measurements were conducted to determine the bulk chemical 

compositions of selected areas, and SEM images were used to 

correlate the compositional data with the spatial distribution 

patterns. To optimize the Re mapping efficiency, regions enriched 

in OM and authigenic pyrite were identified in advance from the 

SEM-EDS results. Focused elemental mapping was performed on 

these zones to delineate Re. 

fs-LA-ICP-MS mapping analysis. The analysis was conducted 

at the Microanalysis Laboratory of the National Research Center 

for Geoanalysis using a femtosecond laser system coupled with a 

Thermo Element XR high-resolution sector-field mass 

spectrometer. The Element XR instrument, manufactured by 

Thermo Fisher Scientific, offers higher resolution and sensitivity 

and lower detection limits than conventional quadrupole mass 

spectrometers. Its wide linear dynamic range allows simultaneous 

quantification of major, minor, and trace elements in mineral 

matrices. The integration of matrix-normalization quantification 

eliminates the need for internal standards determined via EPMA, 

thereby enhancing analytical accuracy. The analytical workflow 

was as follows: 

(1) Parameter optimization: The NIST SRM 610 reference 

material was ablated in the line-scan mode (5-Hz repetition rate, 

20-μm spot size, 1.2-mJ/cm² fluence) to tune helium (He)/argon 

(Ar) gas flows and mass spectrometer settings. The optimized 

conditions were as follows: 238U sensitivity of > 700, 000 counts 

per second (cps), oxide yield (ThO/Th) of < 1%, doubly charged 

ion ratio (Ca++/Ca+) of < 0.8%, and 238U/232Th ratio of 

approximately 1. 

(2) Re detection limit determination: Re detection limits were 

established through 60-s fs-LA-ICP-MS spot analysis (30 s 

background + 30 s ablation) on NIST 610 using a 20-μm spot, 6-

Hz frequency, and 1.2-mJ/cm² fluence (n = 20 replicates). Using 

the detection-limit formula 25, the method achieved Re detection 

limit of 0.1 ppb. 

Detection limit=
3𝜎𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙

𝑆
√

1

𝑛𝑏
+

1

𝑛𝑎
      (1) 

(3) Spot ablation mapping strategy: Conventional elemental 

mapping typically employs continuous line-scan analysis, which 

reconstructs the spatial distribution according to the scan duration 

and signal-position relationships. However, in this study, the ultra-

low Re concentrations in limestone and the limitations of the line-

scan sensitivity compromised the reliability of the results. 

Additionally, signal-tailing effects occurred during line scanning 

that caused smearing of the distribution patterns. To overcome 

these challenges, we implemented a spot ablation mapping 

approach in which discrete ablation pits were created across the 

target area, with their X-Y coordinates and corresponding signals 

digitally reconstructed into 2D elemental maps. The femtosecond 

laser’s ultra-short pulse duration 26 minimized matrix thermal 

effects, while the small pit size (20 μm) reduced cross-

contamination between adjacent spots, allowing high-fidelity 

continuous mapping using dense spot arrays. 

(4) Analytical protocol: A region enriched in OM and authigenic 

pyrite was selected for the analysis. The number of X- and Y-axis 

spots was determined according to the analysis-area dimensions 

and laser spot size (20 μm). The key parameters were as follows: 

Laser settings: 6-Hz repetition rate, 1.2-mJ/cm² fluence; Spot array: 

36 spots along X-axis × 15 rows along Y-axis; Spot duration: 10 s 

total (5 s background acquisition + 5 s ablation); Inter-spot interval: 

5-s pause between consecutive spots to allow the signal to return 

to background values.  

This protocol achieved a spatial resolution of 20 μm with 

minimized inter-spot chemical crosstalk (i.e., reduced interference 

between adjacent spots), indicating that it can achieve accurate Re 
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distribution mapping in low-abundance carbonate systems. 

RESULTS AND DISCUSSION 

Whole-rock trace element characteristics. The trace element 

contents of the entire rock are presented in Table S1. The sum of 

rare-earth elements (ΣREE) in limestone from the Changxing 

Formation at Dongchuanling, Guangde County, ranges from 4.58 

to 155.42 ppm, exhibiting significant variability, with an average 

of 32.7 ppm. This value is significantly lower than the Post-

Archean Australian Shale (PAAS) value of 183.4 ppm27. These 

limestones exhibit weak negative PAAS-normalized Ce anomalies 

(Ce/Ce∗ = 0.65–1.00) and weak Europium (Eu) anomalies (Eu/Eu∗ 

= 0.32–1.18). The PAAS-normalized ratios further indicate the 

following: (La/Sm)N = 0.65–1.42 (subscript “N” denotes PAAS 

normalization), suggesting no significant enrichment or depletion 

of light rare-earth elements (LREEs), and (Gd/Yb)N = 1.22–1.70, 

reflecting slight enrichment of heavy rare-earth elements (HREEs). 

Whole-rock Re-Os isotopic composition characteristics: The 

whole-rock Re-Os isotopic compositions are presented in Table S2. 

The Re content in the limestone of the Changxing Formation in 

Dongchuanling, Guangde County, ranges from 4.67 to 111.64 ppb, 

with an average of 27.92 ppb. The Os content ranges from 17.76 

to 1050.55 ppb, with an average of 197.80 ppb. To facilitate 

subsequent analyses, we selected 24DCL-2, which had a relatively 

high Re content compared to the other samples, for the study of 

Re occurrence. 

Mineral composition and distribution characteristics: The 

whole-rock XRD analysis of limestone sample 24DCL-2 

indicated that the major mineral phases in the sample were calcite 

(82.3 wt%), quartz (12.8 wt%), and dolomite (4.9 wt%). 

The SEM-EDS analysis of the limestone samples revealed the 

morphology and distribution of the major mineral phases (Fig. 2), 

including calcite (light-gray coarse grains), OM (elongated black 

streaks or irregular patches), pyrite (bright white granular particles 

with strawberry-like microcrystalline textures on larger grains), 

and silica (gray-black fine particle aggregates). These phases were 

examined using integrated SEM (Fig. 2) and EDS compositional 

data (Table S3). 

2D distribution characteristics of Re. The white-boxed regions 

rich in OM and authigenic pyrite (Fig. 2c) were targeted for ¹⁸⁵Re 

and ¹⁸⁷Re mapping using the established spot ablation protocol. In 

these regions, discrete ablation pits were digitally reconstructed 

into elemental maps according to their X-Y coordinates and 

corresponding signals. As shown in Fig. 3, relatively high Re 

contents were detected in both the pyrite grains at the lower-left 

corner and in the OM at the upper-left and lower-right corners. 

Other areas where Re was detected also exhibited sporadic black 

or white pixels, which generally corresponded to regions where 

detrital quartz grains, fine-grained pyrite, and minor OM coexisted. 

Given that Re is unlikely to occur in quartz, we inferred that pyrite 

and OM contributed to the Re signals in these areas. In contrast, 

virtually no Re was detected in texturally clean calcite areas. 

Therefore, in this study, authigenic OM and pyrite were interpreted 

as the primary hosts of Re in the Changxing Formation limestone. 

Although detrital quartz grains are often associated with fine-

grained pyrite and OM, the contribution of quartz to Re 

enrichment cannot be directly ascertained. In contrast, the Re 

enrichment in calcite was negligible. 

 

 

 

 

 

 

 

 

 

Fig. 2 SEM images showing the compositional distribution of limestone (note: the sample surface was sputter-coated with Au). OM: organic matter; Py: 

pyrite; Ca: calcite; Qz: quartz. 
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Fig. 3 fs-LA-ICP-MS mapping of ¹⁸⁵Re and ¹⁸⁷Re distributions in 

Changxing Formation limestone. 

 

 

 

 

 

 

 

Fig. 4 Diagram of Y/Ho vs. Y. 

Depositional environment characteristics 

(1) Terrigenous input contributes minor amounts of quartz debris 

rather than OM or pyrite. The yttrium (Y)/holmium (Ho) ratio in 

marine chemical precipitates varies with the distance from open 

marine settings and serves as a proxy for detrital input in carbonate 

rocks. Modern seawater exhibits Y/Ho = 44–74 28, while pristine 

marine limestones typically yield Y/Ho ≈ 44 29, in contrast to 

detrital sediments (Y/Ho = 28)30. The Changxing Formation 

limestones from Dongchuanling, Guangde County, exhibit Y/Ho 

ratios of 24.89–47.03 (average of 36.80; Table S1). When the 

Y/Ho ratio was plotted against Y concentrations (Fig. 4), most 

samples, including the mapping sample 24DCL-2, exhibited 

varying degrees of detrital influence, particularly in the form of 

silica-rich components. Additionally, the lanthanum 

(La)/ytterbium (Yb) ratio (indicating fractionation between 

LREEs and HREEs) is widely used as a proxy for terrigenous 

clastic influence in sedimentary rocks 31 because terrigenous 

materials typically exhibit high La/Yb values (generally > 8), 

owing to the relative enrichment of LREEs in the crust, whereas 

marine authigenic minerals exhibit lower La/Yb values 

(approximately 4–6). The limestone samples collected in this 

study had La/Yb ratios ranging from 8.19 to 16.33 (Table S1), 

indicating the influence of terrigenous clastic materials. Therefore, 

the detrital quartz observed in the SEM-EDS analysis of sample 

24DCL-2 (Fig. 3, Table S3) was predominantly of terrigenous 

origin. Importantly, during the Late Permian, the primary source 

of terrigenous input in the Dongchuanling area was the Lishan–

Jiangyin marine ridge located 5 km away 32. This ridge has a 

relatively low relief and contributes limited terrigenous material to 

the surrounding depositional areas. Composed of yellow siltstones 

from the Longtan Formation or older strata, which formed 

predominantly in oxidized settings, the ridge was unlikely to 

supply terrigenous components, such as pyrite and OM, to the 

adjacent marine environment. Thus, the pyrite and OM observed 

in the samples were interpreted to be non-terrigenous in origin. 

(2) The limestone in the study area was deposited in a suboxic to 

anoxic depositional environment:  among the rare-earth elements 

(REEs), Ce anomalies serve as a key proxy for reconstructing 

redox conditions 33. This is because other REEs typically exist in 

a stable trivalent state (+3) under natural surface conditions, 

whereas Ce³⁺ can be oxidized to Ce⁴⁺ under oxidizing conditions, 

thereby experiencing reduced solubility and ultimately 

manifesting as a characteristic negative Ce anomaly. Notably, the 

application of Ce anomalies to infer depositional environments 

requires (La/Sm)N ratios of > 0.35 34. The Changxing Formation 

limestones from Dongchuanling exhibit (La/Sm)N ratios of 0.65–

1.42 and weak negative Ce anomalies (Ce/Ce∗ = 0.65–1.00, 

average of 0.80). While negative Ce anomalies are typically linked 

to oxic conditions, weak Ce anomalies in carbonates may indicate 

suboxic to anoxic environments, as observed in the Nantuo glacial 

dolostones in South China (Ce/Ce∗ ≈ 0.90) 35. Further redox 

constraints are provided by trace-element ratios. The Ni/Co ratio 

indicates oxic (<5), suboxic (5–7), and anoxic (> 7) conditions 36, 

37 owing to the distinct redox-dependent solubility and 

depositional behavior of Ni and Co. Similarly, the U/Th ratio 

reflects oxic (< 0.75), suboxic (0.75–1.25), and anoxic (> 1.25)  
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Fig. 5 Normalization of selected elements using PAAS: (a) REE normalization diagram; (b) major metal elements normalization diagram. 

 

environments. The analyzed limestones exhibited U/Th ratios of 

0.33–17.21 (predominantly > 1.25) and Ni/Co ratios of 1.96–

15.46 (predominantly 5–7), collectively suggesting deposition 

under suboxic to anoxic conditions. This finding is consistent with 

our previous observation that Re occurs predominantly in 

reducing limestone 38. 

(3) The Re in the limestone has not been affected by hydrothermal 

alteration. Although numerous studies indicate low Re 

concentrations in submarine hydrothermal sulfides, where 

seawater is the dominant source 39, 40, the potential hydrothermal 

origins of pyrite must be ruled out. The SEM imaging (Fig. 2) 

revealed no hydrothermal indicators (e.g., barite), whereas the 

framboidal textures observed on the surfaces of pyrite confirmed 

its authigenic origin (Fig. 2b). Additionally, the limestone 

exhibited low contents of Cu, Ni, Mo, Co, Pb, and Zn—elements 

typically enriched in hydrothermal systems (Fig. 5b). Furthermore, 

hydrothermally influenced black shales often exhibit positive Eu 

anomalies, reflecting hydrothermal contributions 41, 42. In contrast, 

the Changxing Formation limestones lack significant positive Eu 

anomalies (Fig. 5a), further supporting the non-hydrothermal 

origin of Re. 

Enrichment mechanism of Re in limestone 

Occurrence of Re in OM. To date, few studies have addressed the 

mechanisms underlying Re-O enrichment in limestone. 

Researchers identified strong positive correlations among Re, Os, 

and total organic carbon (TOC), suggesting that OM adsorption or 

complexation is the primary enrichment pathway 20. However, 

they failed to distinguish the dominant factors responsible for this 

correlation. Zhao et al. 38 examined the correlations among Re, Cu, 

Fe, and TOC across redox-variable limestones, suggesting that Re 

in reducing environments predominantly resides in organic phases 

(R² = 0.9419), whereas oxic settings exhibit lower Re levels with 

negligible TOC-Re correlations (R² = 0.0386). However, these 

inferences were based solely on bulk geochemical associations 

rather than direct evidence. Our study focused on limestones from 

reducing environments, with mapping analyses confirming Re 

enrichment in organic components under anoxic conditions. In 

addition to the weak TOC-Re correlations in oxidized systems 38, 

we propose that Re(IV) complexation with OM dominates in 

reducing settings. This is because ion exchange—a common 

adsorption mechanism—is mainly influenced by factors such as 

ion concentration and charge. When the environment changes 

from reducing to oxidizing, only the valence state of Re changes, 

while factors such as ion concentration are not significant enough 

to cause the detachment of the originally adsorbed Re ions from 

the OM. For instance, U(IV) adsorbed on the surface of OM may 

remain stable when oxidants such as O₂ and nitrate ions (NO₃⁻) are 

present 43. Thus, compared with simple physical adsorption, 

complexation is more consistent with the selective enrichment of 

Re(IV) in reducing environments and its sensitivity to changes 

under oxidizing conditions 44. The complexation behavior of 

Re(IV) is attributed to its coordination with functional groups in 

the OM, such as carboxyl, phenolic hydroxyl, and sulfhydryl 

groups. Macromolecules such as humic acid contain abundant 

coordination groups. Under reducing conditions, Re(VII) is 

reduced to Re(IV), and further Re-O/S-C C-type complexes are 

formed 45. Future extended X-ray absorption fine structure studies 

could directly determine the re-organic coordination (bond lengths 

and coordination numbers) at the atomic scale 46, validating this 

mechanism. 

Re carrier states in pyrite. The occurrence of Re in pyrite was 

investigated using integrated mapping analysis and geochemical 

constraints. Early studies attributed the strong Re-Fe correlation in 

reducing limestones (R² = 0.9481)38 to the co-adsorption of Re- 

and Fe-bearing authigenic minerals onto OM. However, our 

spatially resolved data (Fig. 3) indicate a homogeneous Re  
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Fig. 6 Normalization of selected elements using PAAS: (a) REE normalization diagram; (b) major metal elements normalization diagram. 

 

distribution within the pyrite grains, which is inconsistent with 

surface adsorption. Three mechanisms are proposed: 1) Re 

adsorption onto microscale framboidal pyrite aggregates 

(composed of cubic/octahedral microcrystals; Fig. 2b), which 

creates apparent homogeneity at larger scales; 2) mechanical 

entrapment of Re microinclusions during pyrite growth; and 3) 

isomorphous substitution of Fe²⁺ by Re⁴⁺, supported by their nearly 

identical ionic radii (Re⁴⁺: 0.63 Å; Fe²⁺: 0.64 Å)47 and possible 

charge balance through coupled substitutions 48 or lattice defects 
49. The negligible Re-Fe correlation in oxic settings (R² = 0.0088)38 

further supports the dominance of substitution, as Re⁷⁺ (0.53 Å) 

exhibits a significant radius mismatch with Fe²⁺, which disrupts 

charge balance, unlike adsorption or entrapment. This redox-

sensitive substitution mechanism is illustrated in Fig. 6. Future 

XRD analyses of Re-bearing pyrite may verify lattice-parameter 

shifts indicative of substitution 50. 

Re content in terrigenous detritus. Although most Re in seawater 

is derived from terrigenous sources 51, it is predominantly released 

from closed geological systems during weathering. The Re is then 

oxidized to soluble ReO₄⁻, which enters hydrological networks 51-

53. Upon deposition in seawater, the Re-Os system is reestablished, 

ensuring that this Re does not interfere with dating results. 

However, the Y/Ho ratio data from the Changxing Formation 

limestone in the Dongchuanling section in Guangde County 

indicate that most samples, including 24DCL-2, were influenced 

by terrigenous input, with detrital components predominantly 

consisting of quartz. Although the fs-LA-ICP-MS mapping 

analysis (Fig. 3) detected minor Re in areas corresponding to 

detrital quartz grains, the associated fine-grained pyrite and OM 

appeared to be the primary contributors. The direct contribution of 

quartz to Re enrichment could not be confirmed. Given the 

inherently ultra-low background abundance of Re in limestone, 

even trace amounts of Re encapsulated within quartz grains may 

compromise the precision of Re-Os dating. Therefore, we 

recommend avoiding the dissolution of silica (the main 

component of quartz) and other detrital phases during Re-Os 

isotopic analysis to minimize potential interference. 

CONCLUSION 

In this study, fs-LA-ICP-MS mapping was employed in 

combination with SEM and EDS to precisely determine the 

presence of Re in marine sedimentary limestone. The main 

mineral components of the Permian limestone from the Guangde 

area include calcium carbonate, OM, silica, and pyrite. The fs-LA-

ICP-MS mapping analysis indicated that in limestones formed 

under reducing environments, Re is primarily hosted in authigenic 

OM and pyrite, occurs only minimally in detrital quartz, and is 

absent from calcite. 

Under reducing conditions, Re⁴⁺ is likely to enter the lattice 

structure of pyrite through isomorphic substitution or mechanical 

admixture. Therefore, during pretreatment for Re-Os isotope 

analysis, the OM and pyrite components in the sedimentary rock 

samples should be fully dissolved. Although it remains uncertain 

whether detrital quartz contributes trace amounts of Re, care 

should be taken during the dissolution experiment to avoid 

dissolving terrigenous components such as silica to ensure the 

accuracy and reliability of the results. 

ASSOCIATED CONTENT 

The supporting information (Tables S1-S3) is available at 

https://www.at-spectrosc.com. 
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