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ABSTRACT: Magnesium (Mg) isotopic compositions help decode the complex biogeochemical cycling of Mg in surficial 

environments. Accurate measurement of Mg isotopes in biological samples requires reference materials with established isotopic 

compositions, which ensure analytical quality and allow interlaboratory comparison. By employing Nu Plasma III multi-collector 

inductively coupled plasma-mass spectrometry (MC-ICP-MS), this study establishes a high-precision Mg isotopic dataset for sixteen 

biological reference materials. The measured δ26Mg values of extra nine reference materials (plant leaves, rocks, and seawater) 

consistently agree well with references values, confirming the reliability of analytical methodology used in this study. The results 

reveal the variations for δ26Mg values exceeding 2.2‰ across 

the food web. Plant leaves are characterized by low δ26Mg 

values (–0.52‰ ± 0.04‰ ~ –1.28‰ ± 0.03‰), whereas cereals 

and animal organs exhibit heavier values (up to 0.97‰ ± 0.05‰ 

for pork liver). The δ26Mg values of scallops (GSB-15), spirulina 

(GSB-16), and prawn (GSB-28) cluster together with lighter 

values, representing a marine-derived isotopic end-member for 

coastal populations. Human hairs (–0.88‰ ± 0.04‰) present an 

integrated isotopic signature intermediate between major dietary 

end-members. This dataset expands the Mg isotopic 

compositions of major dietary and human tissue reference 

materials, supporting the essential laboratory comparison of 

isotope analyses and facilitating researches into the Mg 

biogeochemical cycle.  
 

INTRODUCTION 

Magnesium (Mg) is an essential macronutrient that plays a critical 

role in biogeochemical cycling and human health. It is widely 

distributed in the surface environment and enters biological 

systems through multiple pathways, coordinating vital 

physiological processes such as photosynthesis,1 cellular energy 

metabolism,2 enzyme activation,3 and nucleic acid stability.4 In 

humans, Mg regulates numerous biochemical functions (e.g., 

adenosine triphosphate utilization, deoxyribonucleic acid repair, 

muscle contraction, and neurological regulation).5,6 Growing 

evidence indicates that Mg homeostasis is associated with various 

disease.7-9 Therefore, accurately tracking the biogeochemical 

processes of Mg from the environment into the human body is 

crucial for revealing its metabolic pathways and potential 

pathogenic mechanisms within biological systems. 

Stable isotopes have emerged as important tracers for 

investigating element cycling on Earth's critical zone.10,11 The 

three stable isotopes of Mg (24Mg, 25Mg, and 26Mg) exhibit 

significant fractionation in natural environments and biological 

actions, with δ26Mg values varying by more than 5‰ across 
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different reservoirs.12-14 This characteristic makes the Mg isotopic 

system a well tracer for studying Mg biogeochemical cycles 14,15 

and biological metabolic processes.16-18 More importantly, the Mg 

isotopic composition in human/animal tissues shows potential as 

a biomarker for evaluating Mg status and its implications for 

health and disease. This potential is realized through a 

combination of dietary source imprinting and internal metabolic 

fractionation.19, 20 Preferential absorption of specific isotopes 

during metabolic processes (e.g., enzymatic binding, renal 

handling) create a tissue-specific isotopic pool.21, 22 Consequently, 

disruptions in Mg homeostasis caused by diseases can alter these 

fractionation patterns, making tissue δ26Mg a sensitive indicator of 

metabolic status.7, 23, 24 However, its application in health research 

is based on the principle of isotopic signal passed through the food 

chain. As dietary intake represents the primary route of Mg 

absorption in humans,25 understanding the isotopic signatures of 

dietary Mg is important. Currently, although Mg isotope studies 

related to human diet remain limit, evidence from plants and 

animal models has revealed potential patterns of isotopic 

fractionation.21, 23, 26 In plants, isotopic fractionation occurred with 

Mg transport during both root absorption and vascular mobility.27, 

28 This process occurs via both passive transport through the cation 

channels of the plasma membrane and active mechanisms 

facilitated by specific transport proteins.29 This physiological 

fractionation creates distinct isotopic patterns across food sources. 

For example, leafy vegetables usually exhibit lower δ26Mg values 

compared with cereal grains (e.g., wheat).30-32 These isotopic 

signals derived from plants are subsequently altered during further 

trophic level transferring. Martin et al.26 found that herbivore teeth 

show lighter Mg isotopes compared to omnivores, with muscle 

tissues becoming enriched in 26Mg along food chains. Animal 

tissues also display significant internal variations of Mg isotopic 

composition. Goff et al.33 reported distinct δ26Mg values between 

whole milk (–0.74‰) and bovine liver (0.52‰), while marine 

products show Mg isotopic compositions closer to the seawater 

signature. Although the relationship between human and diet 

remains poorly understood, a recent study revealed that the Mg 

isotopic characteristic of human tooth reflects staple food 

consumption patterns.19 The results observed across different 

trophic levels position Mg isotopic system as a reliable tracer for 

investigating human dietary patterns and metabolic processes. 

High-precision analysis of Mg isotopes has been made possible 

by techniques such as multi-collector inductively coupled plasma 

mass spectrometry (MC-ICP-MS) and standard-sample 

bracketing,30,34 which effectively mitigate analytical biases. 

However, unlike geochemical studies supported by certified rock 

standards,35-37 high-precision Mg isotopic data for biological 

reference materials remains limited, especially for dietary 

standards. Meanwhile, the quality control of biological matrix 

analysis continues to be constrained by the shortage of well-

characterized biological reference materials. This lack of reliable 

benchmark values further impedes method validation and 

interlaboratory comparison. To provide essential baseline data to 

support the growing application of Mg isotopes in environmental 

and health research, this study presents high-precision Mg isotopic 

data for twenty-five reference materials, including rocks, solution, 

biological tissues and dietary products. Among them, the Mg 

isotopic compositions of sixteen biological reference materials 

were reported for the first time to ensure a foundation of reliable 

and comparable measurements. 

EXPERIMENTAL 

Chemical reagents and reference materials. The reagents 

involved in this study include three highly concentrated chemical 

reagents (BVIII grade, HNO₃, HCl, HF). Before used, they were 

purified by sub-boiling distillation using a Savillex DST-4000 

system to minimize procedural blanks. A Cascada™ water 

purification system (Pall, USA) was used to filtrate ultrapure water 

(resistivity: 18.2 MΩ∙cm). Prior to use, labware including tips, 

tubes, columns, and Savillex perfluoroalkoxy (PFA) beakers were 

subjected to systematic cleaning steps. Tubes and tips were 

sequentially heated on a hotplate at 90 °C for over 12 hours in 20% 

(v/v) HNO₃, 10% (v/v) HCl, and ultrapure water. Between each 

acid step, these items were rinsed three times with ultrapure water. 

Additionally, the PFA beakers and columns were cleaned with 

HNO₃ (1:1 v/v, prepared by diluting concentrated HNO₃ with 

ultrapure water) and HCl (HNO₃ : ultrapure water = 1:3 v/v), 

respectivily. Each step lasts over 12 hours at 90 °C, and all labware 

were thoroughly rinsed with ultrapure water between each acid 

step and upon completion. After the final cleaning step, all labware 

were evaporated to dryness. The AG 50W-X12 (200 ~ 400 mesh) 

cation exchange resin and standard micro-column (180 mm length, 

4 mm ID, 2.3 mL bed volume) were utilized for chromatographic 

separation. 

Table 1 shows the reference materials used in this study, 

including rocks (SDC-1 and BHVO-2), plants (GSB-1, GSB-5, 

GSB-6, GSB-11, GSB-14, GSB-17, GSB-18, GSB-19, GSV-1, 

GSV-3, GSV-4), animals (GSB-9, GSB-15, GSB-16, GSB-28, 

GSB-29), grain processing products (GSB-8, GBW10055, 

BW2025-5050 and BW2025-5051), human hair (GBW090101) 

and standard solutions (IAPSO seawater, Alfa-Mg). These 

reference materials were purchased from the United States 

Geological Survey, the Beijing WeiBiao Standard Science and 

Technology Ltd, the Academy of National Food and Strategic 

Reserves Administration, the Institute of Geophysical and 

Geochemical Exploration and the National Institute of Metrology, 

China. 

Sample pretreatment and Mg purification. All experiments 

were carried out in a class-1000 clean laboratory setting at the Nu 

Surficial Environment and Hydrological Geochemistry  
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Table 1. The information of reference materials analyzed in this study 

Type Sample Mg% Description 

Cereals 

GSB-1 0.01  Rice 

Element-ZK-004 0.01  Rice Flour 

BW2025-5051 0.01  Rice Flour 

Plant Leaves 

GSB-5 0.15  Cabbage 

GSB-6 0.13  Spinach 

GSB-11 0.17  Citrus Leaves 

GSV-1 0.25  Bush Branches and Leaves 

GSV-3 0.52  Bush leaves 

GSV-4 0.06  Tea Leaves 

Protein Sources 

GSB-8 0.07  Milk Powder 

GSB-9 0.12  Chicken Meat 

GSB-29 0.05  Pork Liver 

GSB-15 0.07  Scallop 

GSB-28 0.12  Prawn 

GBW10055 0.19  Full-fat Soybean Flour 

BW2025-5050 0.11  Infant Formula Powder 

Algae & Functional Foods 

GSB-14 0.29  Laver 

GSB-16 0.21  Spirulina 

GSB-18 0.10  Ginseng 

GSB-19 0.19  Milkvetch Root  

Human Tissue 
HHS-1 0.04  Human Hair 

GBW09101 0.02  Human Hair 

Geological End-member 
BHVO-2 4.36 Basalt from Kilauea Hawaii, Halemaumau crater 

BCR-2 2.16 Basalt from Columbia River 

Solution 
Seawater 0.13 Seawater from the Atlantic Ocean (IAPSO) 

Alfa-Mg 1 mg/L Solution state from Johnson Matthey company 

 

 

Table 2. Instrumental parameters and collector configuration 

Parameter Description 

Resolution mode low 

RF Power 1300 W 

Nebuliser gas 30 Psi 

Auxiliary gas 0.9 L/min 

Cooling gas 13.0 L/l min 

Cycles/Blocks 20/2 

Integration time 10 s 

Nebulizer 100 μl /min PFA nebuliser 

Cones standard ‘wet’ cone set 
24Mg background noise < 1.5 mV 

Collector configuration L5(24Mg), Ax(25Mg), H6(26Mg) 

 

Laboratory (Nu-SEHGL), China University of Geosciences 

(Beijing), with sample processing under a class-100 laminar flow 

hood. An optimized digestion protocol for biological samples was 

implemented, modified from established methodologies 38, 39 to 

ensure efficient decomposition and high recovery rates. Sample 

digestion was carried out with a microwave digestion system 

(Multiwave PRO, Anton Paar, AT). Specifically, about 50 mg of 

each powdered sample was accurately weighed into 50 mL 

digestion vessels. Each vessel was added a mixed concentrated 

acid, including 6 mL HNO₃, 3 mL HCl, and 2 mL HF. To enhance 

the complete oxidation of organic components, samples were 

subjected to pre-digestion at ambient temperature for 12 h. 

Subsequently, microwave-assisted digestion was performed using 

a stepped heating program, which the temperature was gradually 

increased to 180°C and maintaining for 40 minutes. This heating 

cycle was duplicated to ensure complete digestion. The resulting 

solution was evaporated to dryness after cooling. Then the residual 

solid was treated twice with concentrated HNO3 to achieve 

complete dissolution and homogenization of the sample. 

Mg purification was conducted using ion-exchange 

chromatography with BioRad AG 50W-X12 resin, following the 

method established by Liu et al.39 Prior to separation, the resin was 

pre-treated with two 3 mL aliquots of an acid mixture (1.5 mol/L 

HNO₃ + 0.1 mol/L HF). Then, sample solution containing 

approximately 10 μg of Mg was loaded into the prepared columns. 

Matrix elements were removed by elution with 17 mL of same 

acid mixture, followed by the collection of the Mg using 7 mL of 

the same eluent. The collected Mg solution was evaporated to 

dryness and subsequently drying down with concentrated HNO3, 

finally redissolved in 2% HNO₃ for isotopic analysis. Elemental 

analysis confirmed effective separation of the matrix components, 

with a total recovery rate of Mg achieved at 99.7% ± 0.8%, 

indicating that the method could quantitatively recover Mg and 

completely separate it from the main matrix elements. 

Mass spectrometry. The measurements of Mg isotopes were 

analyzed using a Nu Plasma III MC-ICP-MS (Nu Instruments, 

UK) at the Nu-SEHGL laboratory, and operating parameters are 

shown in Table 2. Sample introduction was automated with an 

ASX-110FR autosampler (Cetac Technologies, USA). The 

instrument configuration employed a standard wet cone assembly 

and a 0.1 mL/min PFA nebulizer operating under wet plasma conditions. 
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Fig. 1 (a) Elution curves for Mg separation (GSB-8); (b) Long-term analytical precision of Alfa-Mg (red dashed line represent the mean of δ26MgAlfa-Mg). 

 

In this study, Faraday cups L5, Ax, and H6 were simultaneously 

used to collected 24Mg, 25Mg, and 26Mg, respectively. Prior to 

analysis, the Faraday pre-amplifier bin was evacuated to establish 

an optimal static vacuum condition. Daily calibration procedures 

included Faraday gain calibration and background noise 

measurements. Through systematic optimization of ion source 

parameters, a stable signal intensity of approximately 15 V for 
24Mg was achieved using a 1 μg/mL Mg solution in low-resolution 

mode, and the 24Mg signal in the nitric acid blank was less than 1.5 

mV before the introduction of sample solutions and contributed 

less than 0.1% to the sample signals. The measurement protocol 

consisted of 2 blocks with 20 cycles per block, employing a 

magnet settling time of 2 s and an integration time of 10 s per 

measurement. 

All analytical solutions were prepared in 2% (v/v) HNO₃. To 

minimize cross-contamination between samples, an extensive 

wash protocol was implemented comprising two sequential steps: 

100 s with 5% HNO₃ followed by at least 100 seconds with 2% 

HNO₃. The 2% HNO3 wash continued until the 24Mg signal 

decreased below 1.5 mV, ensuring effective removal of residual 

Mg. Mass bias was corrected using the standard-sample 

bracketing (SSB) method. The δ26Mg value represents the per mil 

deviation of sample isotopic composition from the reference 

standard, defined in equation (1): 

δ
x
Mg (‰)= [

( Mg
 
x

/ Mg)
 

24

sample

( Mg
 
x

/ Mg)
 

24

standard

 - 1] ×1000        (1) 

where x represents either mass number 25 or 26. Standard 

indicates the delta-zero reference material (Alfa-Mg) employed in 

the analysis, and (xMg/24Mg) standard was the mean of the 

reference results before and after the sample measurement in the 

test sequence.36 For isotopic measurements, the high-purity Mg 

solution Alfa-Mg was utilized as the bracketing standard. The 

δ26Mg and δ25Mg values of this solution were previously 

characterized at –1.40‰ ± 0.05‰ and –0.73‰ ± 0.03‰, 

respectively, against the DSM3 standard 30. The conversion of the 

δ-value measured against Alfa-Mg to DSM3 follows the 

established relationship: 

δxMgDSM3(sample) = δxMgAlfa-Mg(sample) + δxMgDSM3(Alfa-

Mg) + δxMgAlfa-Mg(sample) × δxMgDSM3(Alfa-Mg)    (2) 

Hereafter, the notations δxMgDSM3 is abbreviated as δxMg. The 

reported δxMg value for each sample represents the average of 

three times or more replicate measurements, and the analytical 

uncertainty is given as twice the standard deviation (2SD). 

RESULTS AND DISCUSSION 

Analytical accuracy and precision. The elution curve of Mg is 

presented in Fig.1. Through the purification, sequential elution of 

Na, Fe, K and Mg of sample was removed using the optimized 

acid mixture (Fig.1a). This method enables quantitative separation 

of Mg from others, which is essential for achieving accurate 

isotopic measurements and high recovery rates. To ensure data 

reliability, certified reference materials were incorporated 

throughout the analytical process for comprehensive quality 

control. Method validation included replicate analyses of the Alfa-

Mg standard solution over a six-month period to monitor long-

term analytical precision. The measurements shown a mean δ26Mg 

value of –1.39‰ ± 0.06‰ (2SD, n = 113) (Fig. 1b), which aligns 

well with results from a previous study.39 

Figure 2 displays the δ26Mg-δ25Mg plot for all samples 

investigated in this study. The slope obtained from this plot falls 

within analytical uncertainty of the theoretically predicted mass 

fractionation coefficients for both kinetic (0.521) and equilibrium 
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Table 3. Mg isotopic comparison of reference materials in this study with published data 

Sample Description Reference δ26Mg  2SD δ25Mg  2SD n 

BHVO-2 Basalt This study –0.23  0.03  –0.13  0.02  3 

  Gao et al. 19 –0.30  0.06 –0.14 0.05 3 

  María et al. 56 –0.20 0.03 –0.10 0.01 2 

  An et al. 57 –0.22 0.04 –0.10 0.03 14 

  Pogge et al. 58 –0.26  0.06  –0.14  0.04  4 

BCR-2 Basalt This study –0.25  0.03  –0.14  0.03  3 

  Gao et al. 19 –0.23 0.06 –0.13 0.02 3 

  Chapela et al. 56 –0.29  0.08  –0.17  0.04  3 

  Pogge et al. 58 –0.25  0.04  –0.13  0.03  8 

GSB-5 Cabbage This study –0.98  0.03  –0.51  0.03  3 

  Liu et al. 30 –1.00 0.03 –0.51  0.01 12 

GSB-6 Spinach This study –0.84  0.05  –0.44  0.02  3 

  Liu et al. 30 –0.84 0.02 –0.43  0.01 12 

GSB-14 Laver This study –0.83  0.03  –0.43  0.03 3 

  Liu et al. 39 –0.84 0.03 –0.44 0.01 12 

GSB-11 Citrus leaf This study –1.04  0.04  –0.53  0.03 3 

  Liu et al. 30 –1.06 0.03 –0.55  0.03 12 

GSB-19 Astragalus membranaceus This study –0.84  0.06  –0.43  0.04  4 

  Liu et al. 39 –0.79  0.04 –0.39 0.03 12 

GSV-3 Bush leaves This study –1.05  0.06  –0.55  0.04  3 

  Bao et al. 32 –1.08 0.05 –0.54 0.06 3 

Seawater  This study –0.86  0.03  –0.45  0.03  3 

  Gao et al. 19 –0.83 0.12 –0.42 0.06 3 

  Chapela et al. 56 –0.85 0.02 –0.45 0.02 13 

  Liu et al. 39 –0.84 0.06 –0.44 0.03 36 

 

 

 

 

 

 

 

Fig. 2 Plot of δ26Mg-δ25Mg values for all samples analyzed in this study. 

(0.510) fractionation.40, 41 All analyzed reference materials showed 

fractionation behavior that followed the principles of mass 

dependence. These results confirm that the chromatographic 

separation method used in this study produces highly consistent 

and reproducible data, with high measurement accuracy and 

precision. 

As shown in Table 3, δ26Mg of a suite of biological and 

geological reference materials were precisely determined to 

further ensure the accuracy of the measurements. The measured 

reference materials including geochemical standards (basalts), a 

liquid standard (seawater), and biological standards (GSB-5, 

GSB-6, GSB-11, GSB-14, GSB-19, GSV-3). Our measurements 

yielded δ26Mg values of –0.23‰ ± 0.03‰ for BHVO-2 and –0.25‰ 

± 0.03‰ for BCR-2, with seawater displaying a value of –0.86‰ 

± 0.03‰. The biological standards demonstrated characteristic 

isotopic compositions: GSB-5 (–0.98‰ ± 0.03‰), GSB-6 (–0.84‰ 

± 0.05‰), GSB-11 (–1.04‰ ± 0.04‰), GSB-14 (–0.83‰ ± 

0.03‰), GSB-19 (–0.84‰ ± 0.06‰), and GSV-3 (–1.05‰ ± 

0.06‰). These results are in good agreement with published 

values 13, 19, 30, 32, 39, providing robust validation of the chemical 

purification and instrumental analysis methodologies employed in 

this study. 

Mg isotopic compositions in reference materials. This study 

establishes an abundant Mg isotopic dataset for sixteen biological 

reference materials of critical importance to human diet and 

biogeochemical researches firstly. The newly characterized 

reference materials include rice flour (GSB-1, Element-ZK-004, 

BW2025-5051), scallop (GSB-15), shrimp (GSB-28), spirulina 

(GSB-16), milk powder (GSB-8), infant formula (BW2025-5050), 

chicken meat (GSB-9), pork liver (GSB-29), ginseng (GSB-18), 

tea leaves (GSV-4), bush branches and leaves (GSV-1) and human 

hairs (HHS-1, GBW09101). The Mg isotope compositions of 

these reference materials were shown in Table 4 and Fig. 3. 

The δ26Mg values reveal systematic variations between 

terrestrial and aquatic ecosystems with direct implications for 

human nutrition. Aquatic organisms, including laver (GSB-14, 

–0.83‰ ± 0.04‰), scallop (GSB-15, –1.09‰ ± 0.04‰), and 

shrimp (GSB-28, –1.08‰ ± 0.04‰), exhibit δ26Mg values 

clustered around the seawater signature (–0.86‰ ± 0.03‰), 
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Table 4. Mg isotope ratio of biological reference materials 

Sample Description n δ26Mg  2SD δ25Mg  2SD 

GSB-1 Rice 3 0.33  0.04  0.15  0.04  

Element-ZK-004 Rice Flour 3 0.52  0.05  0.26  0.04  

BW2025-5051 Rice Flour 3 0.43  0.02  0.23  0.04  

GSV-1 Bush Branches and Leaves 3 –1.28  0.03  –0.65  0.02  

GSV-4 Tea Leaves 3 –0.52  0.04  –0.27  0.02  

GBW10055 Full-fat Soybean Flour 3 0.15  0.03  0.08  0.03  

GSB-8 Milk Powder 3 –0.60  0.03  –0.30  0.04  

BW2025-5050 Infant Formula Powder 3 –0.54  0.03  –0.29  0.03  

GSB-9 Chicken Meat 3 –0.24  0.05  –0.12  0.02 

GSB-29 Pork Liver 3 0.97  0.05  0.50  0.03  

GSB-15 Scallop 3 –1.09  0.04  –0.56  0.03  

GSB-28 Prawn 3 –1.08  0.04  –0.57  0.03  

GSB-16 Spirulina 3 –1.24  0.05  –0.65  0.04  

GSB-18 Ginseng 3 –0.25  0.03  –0.14  0.03 

HHS-1 Human Hair 3 –0.90  0.04  –0.47  0.04  

GBW09101 Human Hair 3 –0.87  0.02  –0.45  0.02  

 
 

 

 

 

 

 

 

 

 

 

 

Fig. 3 The δ26Mg values of reference materials determined in this study. The 

red and blue dashed line represent the mean δ26Mg value of the bulk silicate 

Earth and seawater, respectively. 

establishing a distinct isotopic end-member for aquatic-derived 

nutrients in human diets. Goff et al. 33 reported lighter values in 

fish products (–1.40‰ ± 0.25‰ ~ –0.87‰ ± 0.24‰), with the 

lightest signatures found in oyster hepatopancreas suggesting 

organ-specific fractionation. However, fish muscle proteins 

consistently approach seawater values, indicating minimal 

biological modification during intake. This consistency indicates 

that seawater composition exerts primary control on marine food 

sources, though variations exist among different marine organisms. 

Terrestrial plants display significant isotopic diversity exceeding 

1.5‰ of δ26Mg (Fig. 3), reflecting physiological processes 

relevant to nutritional quality.42 Photosynthetic tissues (Spinach: 

–0.84‰ ± 0.05‰; Cabbage: –0.98‰ ± 0.03‰; Citrus leaf: –1.04‰ 

± 0.04‰) are consistently enriched in light isotopes, 

demonstrating the characteristic fractionation associated with 

chlorophyll biosynthesis.43 This pattern establishes plant leaves as 

the lighter Mg isotopic reservoir in human terrestrial diets. 

Conversely, rice-based staple foods (GSB-1, Element-ZK-004 and 

BW2025-5051, mean: –0.44‰ ± 0.16‰) show significantly 

heavier characteristic of storage organs with reduced fractionation. 

Our data further support that rice  (–0.67‰ ± 0.05‰ 44~ –0.33‰ 

± 0.04‰) exhibits heavier isotopic values compared to wheat 

(–1.83‰ ~ –0.75‰),19,26,30,45 which highlights Mg isotopic 

analyses as a useful tool for interpreting regional dietary Mg-

intake patterns. 

Animal products exhibit enrichment in heavier Mg isotopes 

along the trophic chain. Milk powder (GSB-8, –0.60‰ ± 0.03‰), 

infant formula (BW2025-5050, –0.54‰ ± 0.03‰), and chicken 

meat (GSB-9, –0.24‰ ± 0.05‰) show δ26Mg values that are 

0.3‰-0.8‰ heavier than their plant-based diets. This trend may 

reflect the preferential absorption of heavier isotopes during 

digestive processes that consistently observed in mammalian 

systems.26 A particularly notable case is pork liver (GSB-29, 0.97‰ 

± 0.05‰) exhibits a markedly enriched isotopic signature. This 

pattern is corroborated by findings in mouse models and minipig, 

where liver tissues consistently show the heaviest Mg isotopic 

signature within the body, amidst overall isotopic variations of 

approximately 1.5‰.7, 21 The pronounced isotopic enrichment in 

liver tissues suggests significant organ-specific fractionation, 

potentially linked to specialized metabolic functions that could 

serve as indicators of metabolic health status.46-48 

Human hair samples (HHS-1 and GBW09101, mean: –0.88‰ 

± 0.04‰) present an integrated isotopic signature intermediate 

between major dietary end-members. This positioning likely 

represents the integration of lighter plant-derived isotopic signals 
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with heavier animal-based Mg sources. Data from Japan, Belgium, 

and China indicate report hair reference values ranging from –0.81‰ 

± 0.13‰ to –0.54‰ ± 0.11‰.22 In addition, population datasets 

from Belgium and Sweden showing a broader range, from –1.03‰ 

to –0.15‰. Although human tissue data remain limited, hair 

isotopic compositions demonstrate considerable potential as 

biomarkers reflecting both dietary intake and metabolic processing. 

These newly established Mg isotopic ratios provide a critical 

foundation for investigating nutritional metabolism and human 

health. The distinct isotopic signatures of major food groups 

enable tracking of Mg absorption from different dietary sources, 

while the systematic fractionation patterns between diet and 

biological tissues offer new avenues for developing isotopic 

biomarkers of metabolic function. 

Application of Mg isotope in diet to human health. The analysis 

of biological samples including food crops, animal and human 

tissues, providing crucial insights into the global Mg cycle through 

their distinct Mg isotopic signatures. These biological materials 

exhibit significantly Mg isotopic fractionation, with the δ26Mg 

values ranging from –1.28‰ to 0.97‰, a span of over 2.2‰ (Fig. 3), 

revealing a coherent narrative of isotopic fractionation across the 

biogeochemical cycle, from geological reservoirs to human 

biomarkers. This synthesis integrates these patterns to outline the 

dominant pathways and processes that shape Mg isotopic 

signatures, emphasizing their potential as tracers in nutritional and 

health studies. 

The Mg isotopic cycle originates from geological reservoirs, 

characterized by relatively high δ26Mg values (e.g., mean of bulk 

silicate Earth: ~ –0.22‰).42 Our data robustly confirm that 

photosynthetic tissues (e.g., leaves) have low δ26Mg values, with 

down to -1.28‰. In contrast, non-photosynthetic storage organs 

(e.g., rice) exhibit heavier values. The Mg isotopic composition in 

plants is controlled by fractionation during key physiological 

processes, primarily root absorption and internal translocation.49,50 

During root absorption, Mg enters root cells predominantly via 

active transport through Mg-specific transporters (e.g., 

MGT/MRS2 family proteins),51 a process that favors the heavy 

isotope.31 Following uptake, the transport of Mg from roots to 

aerial parts occurs as free hydrated Mg2+ via the transpiration 

stream in the xylem with limited isotope fractionation.34 

Consequently, aerial tissues (including grains, stems and leaves) 

generally exhibit lower δ26Mg values than roots.52 This pattern 

indicates the preferential translocation of light isotopes (24Mg) 

within plant vascular systems.34 In contrast, storage organs such as 

seeds and roots exhibit significantly heavier values due to weaker 

fractionation during deposition and storage, likely due to the 

formation of strong bonds between Mg2+ and organic ligands (e.g., 

phytate in seeds, ATP/proteins in tissues) during deposition and 

storage, which thermodynamically favors the enrichment of  
26Mg.27,31,34 This primary biological filtering establishes the 

foundational isotopic distribution of the human diet, where plant-

based foods encompass a wide spectrum of δ26Mg values, directly 

reflecting their physiological functions. 

Trophic transfer of Mg through food chains alters its isotopic 

composition in animal tissues. Dairy products (–0.60 ± 0.03‰) 

and chicken meat (–0.24‰ ± 0.05‰) shows distinct δ26Mg that 

differ from their plant-based diets. In animals, this shift may be 

attributed to preferential absorption of heavier isotopes (26Mg) in 

the digestive system.21,53 More pronounced isotopic fractionation 

occurs within animal bodies. An organ-specific fractionation is 

exemplified by the exceptionally heavy values in animal liver 

(0.27‰ ~ 0.97‰),7,24 underscoring that internal metabolic 

processes can alter the isotopic composition. The enrichment of 
26Mg in the liver is thought to result from its sequestration into 

organelles and its preferential binding to enzymes and proteins 

involved in major metabolic pathways.7 Conversely, muscle tissue, 

characterized by a large Mg pool with slow turnover, typically 

exhibits the lightest isotopic composition within the body.21 As a 

central metabolic hub, the liver may preferentially retain or 

process 26Mg through specific biochemical pathways, such as 

enzyme binding or sequestration into proteins.8,46 

The human body integrates Mg from various biogeochemical 

pathways, with different tissues exhibiting characteristic Mg 

isotopic compositions that reflect their physiological roles. Hair 

reference materials measured in this study (δ26Mg: –0.87‰ ± 

0.02‰) along with reported dataset,22 providing a stable record of 

long-term dietary intake due to their metabolic stability. This value 

lies within the reported range for diverse human tissues yet reveals 

distinct metabolic information. Blood (δ26Mg: –0.26‰ ~ 

0.06‰)54 represent the circulating metabolic pool, showing 

heavier and less variable isotopic values. This characteristic likely 

reflects the immediate contribution of dietary end-members rich in 

heavy isotopes. In contrast, teeth19 (–1.65‰ ~ –0.22‰) formed 

during childhood with minimal subsequent turnover, making 

δ26Mg a more reliable indicator for revealing differences in 

individual early life. Kidney stones (–1.12‰ to –0.07‰) reveals 

strong localized fractionation under pathological conditions,55 

with preferential incorporation of lighter isotopes during 

crystallization. These tissue-specific patterns position Mg isotopes 

as a promising bridge between environmental geochemistry and 

human health, supporting source apportionment, metabolic fluxes 

quantification, and investigation of the isotopic manifestations of 

physiological disorders. 

CONCLUSION 

This study provides high-precision Mg isotope data for a diverse 

suite of biological and geological reference materials. The first-

time measurements for major consumed foods and biological 

reference materials including rice flour, milk powder, infant 
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formula, chicken, pork liver, scallop, shrimp, cabbage, ginseng, 

and human hair were reported. Our measurements show well 

agreement with available reference values, confirming the 

robustness of the analytical methodology. These results 

significantly expand the database of Mg isotopic compositions in 

biological standards, providing essential benchmarks for quality 

control and inter-laboratory comparisons in future Mg isotopic 

research. However, it should be noted that the current dataset 

primarily comprises commercially available reference materials 

with limited documentation of their geographical origins and 

ecological contexts. These findings underscore the capability of 

MC-ICP-MS to uncover biologically driven Mg isotope 

fractionation patterns across terrestrial and marine ecosystems. 

Overall, this work establishes a critical reference framework for 

applying Mg isotopes to investigate biogeochemical cycling, 

nutrient source apportionment, and metabolic studies across 

environmental and nutritional sciences. 
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