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1. INTRODUCTION 

The goal of this Master thesis was to develop an analytical protocol for the measurement of Magnesium 

(Mg) isotope abundances (
26

Mg/
24

Mg and 
25

Mg/
24

Mg ratio) in samples of biogenic carbonates (low-Mg 

calcites), seawater and shells (brachiopods). Magnesium, an alkaline earth metal with 3 stable isotopes 

(
24

Mg, 
25

Mg and 
26

Mg), has become of interest to many geoscientists, due to new developments in 

analytical instrumentation. Isotope fractionation of this important element is helping scientists, among the 

other, to understand the transport of trace element from seawater to the site of calcification, as well as 

trends in seawater isotope composition throughout time. This thesis is a part of research project focused on 

magnesium isotope record of marine carbonates and its implication for geochemical evolution of seawater 

and formation of massive dolomites. Early Mg stable isotope studies were limited because of low 

precision (~1‰) caused by large instrumental mass fractionation effects. The advent of multi-collector 

inductively coupled plasma mass spectrometry (MC-ICP-MS) a decade ago has enabled Mg isotope 

measurements to be made at a precision of about and order of magnitude better than with other techniques 

(Young et al. 2004). Recent high-precision studies have significantly increased our knowledge of Mg 

isotope geochemistry by documenting the Mg isotopic variations in the mantle and crustal rocks and 

illuminating the processes that may produce variation as igneous differentiation, metamorphic dehydration 

and continental weathering (Ling et al. 2011). Despite such an advanced technology as MC-ICP-MS the 

quality of measurements depends on precise separation of Mg and sample purity.  

Lack of well defined and commonly accepted standard for inter-laboratory comparsion leaves Mg isotope 

science community open to major problems in accuracy assessment and comparability because sample 

preparation processes, e.g. sample dissolution and column chemistry have the greatest potential for 

introducing analytical artifacts, and therefore these analytical stages are most important to monitor (Ling 

et al. 2011). In order to develop robust methodology for the separation of different geomaterials a set of 

well-described standards is necessary. For this purpose the pure Mg reference materials, DSM3, 

Cambridge 1, and IAPSO (International Association for the Physical Sciences of the Ocean) standard 

seawater, had been selected.  

An integral part of this work was to verify the quality of measurement on different MC-ICP-MS in three 

institutions: Czech Geological Survey, Prague, Czech Republic (Neptune, Thermo Fisher Scientific, 

Germany); GEOMAR, Helmholtz Centre for Ocean Research, Kiel, Germany (Axiom, Thermo Fisher 

Scientific, Germany) and GFZ Potsdam, Helmholtz Centre for Geoscientist, Potsdam, Germany (Neptune, 

Thermo Fisher Scientific, Germany).  
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Despite the fact that the amount of Mg in brachiopod shells is naturally low in the low-Mg calcites, these 

samples were selected because of their stability and resistance against post depositional changes and 

diagenesis (Land 1967). Due to this fact the low-Mg carbonates tend to retain their primary marine 

isotopic signal over a long period of time. 

 

2. OVERVIEW OF PREVIOUS STUDIES 

2.1. Mg geochemistry 

Ocean water yields an integrated global signal of geological and biological processes controlling the 

elemental fluxes between the lithosphere, hydrosphere and atmosphere that, in turn, modulate the physico-

chemical conditions at the Earth’s surface (Mackenzie 2011). Therefore, reconstructing the chemical and 

isotope composition of seawater through the time is one of the main research objectives of the earth 

system sciences, which has important implications for our understanding of the global biogeochemical 

cycles and their influence on the Earth’s climate (Condie 2005, Kump et al. 2010).  

Magnesium is one of a major element in the Earth´s main reservoirs. There is 37.8 wt. % MgO in the 

Earth´s mantle, 4.66 wt. % MgO in the continental crust,  0.13 wt. % Mg in the oceans, where Mg is the 

fifth most abundant element (Ling et al. 2011, Brown et al. 1989). Because of continental weathering, Mg 

is one of the most concentrated ions in natural river waters (Tipper et al. 2010).  

Mg has three stable isotopes, 
24

Mg, 
25

Mg and 
26

Mg, for which the representative isotopic abundances are 

78.99%, 10.00% and 11.01%, respectively. Isotopic abundances are expressed in the form of ratio 
26

Mg or 

25
Mg to 

24
Mg which define the delta values (eq. 1, where x is either 25 or 26) (Young and Galy, 2004). 

                   

The standard solutions of DSM3 and Cambridge 1 are suitable reference materials because they are 

immune to heterogeneity. These synthetic made standards are isotopically different by ~1.3% per amu 

(Gally et al., 2003). Because of the lack of heterogeneity and the geochemical significance of DSM3, the 

community urges the use DSM3 as the primary isotopic reference material to report Mg-isotopic 

variations.  

(eq. 1) 
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δ
26

Mg for Cambridge 1 measured in this study turns out to be -2.577 ± 0.10‰ which is in good agreement 

with many published values. Certified value for DSM3 is δ
26 

Mg = 0.0‰. 

The biogeochemical cycling of magnesium is intimately linked to the global carbon (C) cycle through 

processes of continental weathering, hydrothermal exchange at mid-ocean ridges, and deposition of 

marine carbonates. The continental weathering of Mg and Ca bearing silicates consumes atmospheric 

carbon dioxide (CO2), which is transferred by rivers to the ocean, where CO2 is eventually deposited as a 

solid carbonate phase (Berner et al. 1983).  This process is defined by the Urey weathering reaction (eq. 2) 

CO2 + CaSiO3 ↔ CaCO3 + SiO2                 (eq. 2) 

The marine carbonate phase, precipitated organically or inorganically from seawater, will incorporate 

major or trace elements and stable isotopes from the ambient seawater. This carbonate phase, upon 

exposure to meteoric water, will dissolve partially or fully, exchange and mix its trace elements and stable 

isotopes with those in the interstitial water, and reprecipitate as diagenetic low-Mg calcite (dLMC). The 

dLMC will, therefore, have a trace element and isotopic composition shifted in the direction of 

equilibrium with the interstitial meteoric water (Brand and Veizer 1980). Overall reaction of chemical 

changes involving a simplified carbonate system is described by wet dissolution-precipitation reaction (eq. 

3.).  

CaCO3 + H2O + CO2 ↔ Ca(HCO3)2               (eq. 3.) 

The stability of individual carbonate phases such as calcite, dolomite and aragonite is discussed in the 

work of Land (1967). He found that the differences in rates are due to different reactivities 

(thermodynamic stabilities), not simply to the relative availability of magnesium. The exsolution of Mg-

calcite, which is more stable polymorph than metastable polymorph aragonite, is much slower than 

aragonite inversion. This inversion takes place during the favorably conditions when sample is exposed to 

increasing temperature and pressures.  
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Fig. 1. Land (1967) Schematic representation of a model for carbonate diagenesis 1) Solid state stabilization, 2) 

Stabilization by dissolution-precipitation, 3) Stabilization by replacement dolomitization. 

 

On geological time scale, the formation of marine carbonates, such as calcite (CaCO3) and dolomite 

(CaMg(CO3)2), represents the single largest sink of the atmospheric CO2. Another important process that 

couples the oceanic Mg cycle with global elemental and CO2 fluxes is the hydrothermal alteration of 

oceanic crust at mid-ocean ridges (Elderfield and Schultz 1962). 

 

2.2. Column chemistry 

Magnesium is analyzed in a different fields of life and geosciences, as it is bio-essential element that is 

abundant also in many earth’s reservoirs. Precondition for obtaining a good quality results from the 

measurement is a precise Mg separation from other elements, because they could cause an isotopic 

interferences on magnesium isotope masses. Most Mg purification methods are based on chromatography 

column separation through volumetric elution using various acids to separate Mg from matrix elements in 

various samples
 
(Tipper et al., 2010; Young and Galy, 2004; Bourdon et al., 2010; Teng et al., 2010; 

Chakrabarti et al., 2010; Bolou-Bi et al., 2009; Chang et al., 2003 and 2004; Hippler et al., 2009).  
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The major ions, that must be separated, include sodium, strontium, iron and especially calcium, the doubly 

charged ion of which interferes with 
24

Mg. There is no standard ion chromatographic method. Differences 

are in  resin used, all of the studies are equally divided between those that use a single column (Tipper et 

al., 2006; Pogge von Strandmann, 2008; Hippler et al., 2009; Wombacher et al., 2009; Immenhauser et al., 

2010; Pearce et al., 2012; Mavromatis et al., 2013) and those that use a two step separation (e.g. Chang et 

al., 2003; Chang et al., 2004; Li et al., 2012; Saenger et al., 2013; Wang et al., 2013a). However, care 

must be taken when published methods are applied because the ratio of Mg to other matrix elements in 

samples can vary significantly and may affect separation efficiency (Hippler et al., 2009). The 

concentration of residual species can be large enough to cause analytical artifacts, necessitating the use of 

further separation steps prior to analysis (Hippler et al., 2009; Choi et al., 2012). The most often cation 

resin used is BioRad AG50W-X12 (Chang et al., 2003; Galy et al., 2003; Bourdon et al., 2010; Hippler et 

al., 2009; Tipper et al., 2006, Tipper et al., 2010) and AG50W-X8 (Ling et al., 2011). The differences are 

also in additional treatments that seek to destroy organic matter or other contaminants from matrix, as well 

as those derived from ion exchange resin. 

 

3. METHODOLOGY AND ANALYTICAL PART 

3.1. Technical background 

3.1.1. Mass Spectrometry 

To obtain reliable and accurate isotope data use of the inductively coupled plasma mass spectrometer is 

necessary. Nearly all of works dealing with Mg isotopes have been done on MC-ICP-MS, but there is no 

consistent protocol between labs. Principle of MC-ICP-MS can be briefly described as follow: sample is 

ionized in electron neutral plasma and through cones, that allowing the passage from atmospheric pressure 

into high vacuum, is introduced into interface. Ion beams then pass through different lenses, where they 

are focused, before reaching the analyzer, where the ions are separated based on their mass to ion charge 

(m/z) ratio. Thus separated ions are captured in detector(s) and signal is converted into digital format. 

Interface components (lenses, analyzators, detectors) are different in different type of mass spectrometers. 

The MC-ICP-MS strongly fractionates Mg isotopes and thus the ratio 
26

Mg/
24

Mg of terrestrial samples 

(carbonates, silicate, evaporate and seawater) can vary from 0.148 to 0.159 depending on instrument 

configuration, cone dimension and sample type (Wang et al., 2013a, 2013b). The routine standard-sample 

bracketing approach is capable to solve instrumental problems (Galy et al., 2001, 2003).  
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Nevertheless, mass-interferences and matrix effect cannot be reduced by bracketing technique (Saenger 

and Wang, 2014). Most of the authors use a several controlling standards to monitor and correct for signal 

drift during and between sessions.  

Fractionation of the isotopic ratio, caused by ionization in plasma, must be corrected in order to obtain a 

precise isotopic composition of a sample. For elements having three or more isotopes a specific isotope 

ratio is defined to be a certain value and all other isotope ratios are normalized to this value to correct for 

instrumental fractionation using a law, either theoretically based or one that provides the best solution 

(Ranen and Jacobsen, 2008). The most common law used is the exponential fractionation law where the 

mass biased instrumental fractionation is corrected using a ratio of the natural logs of the true masses of 

isotopes (Ranen and Jacobsen, 2008).   

All the concentration measurements, which have been done in this study, were performed on a quadrupole 

mass spectrometer with inductively coupled plasma (XSeries 2, Thermo, Germany) located in an 

accredited laboratory of Czech Geological Survey, Prague, Czech Republic. The XSeries 2 ICP-MS is one 

of the most efficient quadrupole ICP-MS available for routine and high performance analytical work. The 

use of Peltier cooling and a third generation Collision Cell provides the highest signal/background of any 

quadrupole ICP-MS with collision cell capability (http://roeder.geol.queensu.ca). The samples were 

introduced into plasma through pneumatic concentric meinhard glass nebulizer. The ions were detected on 

secondary electron multiplayer detector in both analogue and pulse regime. The instrument was calibrated 

using a mixed aqueous Mg, K, Na, Sr, Fe and Ca solution (Analytica, Prague, Czech Republic). The 

instrumental drift was corrected using In added automatically by parallel loop on a peristaltic pump 

(internal standardization method). The signal-to-background ratio was optimized daily to obtain 

approximately 200 k-counts per min for 10 ppb In standard. The instrument was pre-heated for 1 hour to 

stabilize the potential signal drift over time.   

Measurement of magnesium concentrations and isotopes in primary and secondary layers of brachiopod 

shells, mounted into polish slabs, was carried out using the LA-ICP-MS (Axiom, Thermo, Germany) 

located in Geomar, Kiel, Germany, as well as measurement of natural reference materials. 

All Mg isotope measurements of T. transversa (TT) and T. sanquinea (TS) done in Prague were performed 

on a double-focusing MC-ICP-MS (Neptune, Thermo, Germany) equipped with nine Faraday detectors. 

The samples were introduced into plasma using double pass spray chamber (Scott type) with concentric 

Teflon nebulizer (50µL per min flow rate). MC-ICP-MS measurements of Mg isotope ratios were 

obtained by measuring 
24

Mg, 
25

Mg and 
26

Mg signals simultaneously on three Faraday cup collectors. 



7 

Cross contamination between the sample and the standard was avoided by washing the analytical 

instrumentation with dilute 2% HNO3 for several minutes between analyses. 

The instrument was pre-heated for couple of hours prior to analyses. The signal intensity was optimised 

daily together with the peak shape.  

3.1.2. Reference materials 

To achieve universal comparability for Mg isotopic data and to enable assessment of accuracy of data 

from different laboratories, a set of well-accepted reference materials is necessary. After problem with 

heterogeneity of standard reference material SRM980 (Galy et al.,2003), a natural standard DSM3 (Dead 

Sea Magnesium) and also synthetic standard Cambridge 1 yielding the similar delta values of 
26

Mg (Galy 

et al., 2003; Black et al. 2006; Tipper et al. 2008; Bolou-Bi et al. 2009) have become the most frequently 

used Mg standard. These two reference materials, Cambridge 1 and DSM3, were used to verify of a long 

term repeatability of our measurements. The pure standard Cambridge 1 (99% of Mg) has been widely 

analyzed in different labs, yielding similar δ
26 

Mg values (Bourdon et al. 2004, Teng et al. 2010, 

Chakrabarti et al. 2010, Bolou-Bi et al. 2009), however its use does not test for sample chemical 

preparation accuracy, as it does not require sample preparation which is necessary for natural samples 

(Ling et al. 2011).  

Five natural standard reference materials, SLRS-5 River Water, 1640a – Natural (fresh) Water, IAPSO, 

2709a – San Juan Soil (agriculture soil), 1515 – Apple Leaves, were used in this study to verify the quality 

of measurement in two different laboratories: Czech Geological Survey, Prague, Czech Republic (this 

study) and GFZ Potsdam, Potsdam, Germany. 
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Tab. 1. Natural reference materials with selected elements and their certified values in ppm.  

Name 
Natural (fresh) 

water 
IAPSO Apple Leaves River water 

San Juan 
Soil 

Standard ID 1640a IAPSO 1515 SLRS-5 2790a 

Purchased 
from 

NIST OSIL NIST NRCC NIST 

Mg
2+ 

(ppm) 1.0502 ± 0.0034 1290 2710 ± 80 2.54 ± 0.16 14600 ± 200 

Ca
2+

(ppm) 5.570 ± 0.016 412 15260 ± 150 0.0105 ± 0.004 19100 ± 900 

Na
+ 

(ppm) 3.112 ± 0.031 10700 0.0244 ± 0.012 5.38 ± 0.10 12200 ± 300 

K
+  

(ppm) 0.5753 ± 0.0020 399 16100 ± 200 0.893 ± 0.036 21100 ± 300 

Sr
2+ 

(ppm) 0.12503 ± 0.00086 7.9 0.025 ± 0.002 0.00536 ± 0.0013 2390 ± 6000 

Fe
2+ 

(ppm) 0.0365 ± 0.0017 0.000055 0.083 ± 0.005 0.0912 ± 0.0058 33600 ± 700 

 

3.1.3. Chemicals and laboratory equipment 

Considering the small volume of sample (most often 10µg of Mg) and high potential for contamination of 

sample all of sample processing had to be done in ultra-trace laboratory (ISO 7, correspond to purity class 

10 000) in laminar flow-box (Labox, BIO 176, ISO 5, correspond to purity class 100) using ultra-pure 

chemicals and Teflon labware. Only acids of ultrapure quality (Romil, Cambridge, England) and Milli-Q 

H2O (>18 MΩ cm) (Millipore Corporation, Billerica, MA, USA) were used throughout all chemical 

procedures. 

3.2. Natural samples 

3.2.1. Low-Mg calcites 

Numerous studies have been done on brachiopod samples, composed of low-Mg carbonates. The shell of 

brachiopods has a primary layer, whose composition is strongly impacted by kinetic effect, and secondary 

inert layer, which is fairly resistant against post-deposital alteration (Al-Aasm and Veizer, 1982). Primary 

layer is enriched in Mg (high-Mg layer) compared to secondary layer (low-Mg layer). The decrease in Mg 

concentration has long been thought to reflect Mg exclusion from the site calcification (Lowenstam, 

1961).  
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Most of the studies focusing on Mg isotope fractionation in biogenic carbonates consist of survey of the 

fractionation between precipitated carbonate (carb) and solution (sol), expressed as Δ
26

Mgcarb-sol. The Mg 

isotope fractionation in biogenic carbonate could be influenced by following factors: 

-  The majority of Δ
26

Mgcarb-sol data in biogenic LMC show little or no temperature dependence 

(Chang et al., 2004; Pogge von Strandmann, 2008; Hippler et al., 2009; Wombacher et al., 2011). 

- Precipitation rate, demonstrated in study Immenhauser et al. (2010) and Mavromatis et al. (2013), 

has also effect on fractionation – faster precipitation rates generally favor smaller isotope 

fractionations. The strong precipitation rate dependence raises the possibility that wide range of 

Δ
26

Mgcarb-sol may be explained by variation in growth rate of biogenic carbonates (Mavromatis et 

al., 2013). 

- Many LMC organisms are thought to precipitate carbonate from isolated fluid reservoirs whose 

composition has been modified via specific vesicles, vacuoles or membrane channels (Cusack and 

Freer, 2008). These processes almost certainly affect the concentration of Mg and are also a 

probable source for the Δ
26

Mgcarb-sol variability observed in biogenic LMC (Seanger et al., 2014).  

- Finally, as Hippler et al. (2009) cites, a considerable component of the observed variability in 

δ
26

Mg values of marine skeletal carbonates can be attributed to differences in mineralogy. Specific 

δ
26

Mg values were observed for aragonite. The aragonitic organisms are expected to be enriched 

in 
26

Mg relative to calcitic organism due to differences in surface properties or internal bonding 

between their respective lattice structures (Seanger and Wang, 2014). 

Furthermore, it is likely that Δ
26

Mgcarb-sol in many biogenic carbonates is influenced by biologically 

mediated processes that actively select or exclude Mg, and/or by the contamination from organic matter 

that is not removed prior to analyses (Seanger and Wang, 2014).  

3.2.2. Sampling strategy 

We have analyzed modern species of brachiopod Terebratalia transversa (TT) and Terebratella sanquinea 

(TS) in this study (Fig. 2.).  
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Fig. 2. Pictures of modern brachiopods Terebratalia transversa and Terebratella sanquinea. 

 

These brachiopods were collected in the Doubtful Sound, New Zealand and San Juan Island, WA, USA – 

Friday Harbor as is shown in Fig. 3. 

 

 

Fig. 3. Sampling location for: A - Terebratella sanquinea, B - Terebratalia transversa (https://maps.google.ca/).  

 

These brachiopod low-Mg calcite shells have an interior white colored ‘secondary’ layer as you can see in 

Fig. 4. This layer is fairly resistant to post-depositional alteration, which is important for isotopic analysis 

(Veizer et al. 1999; Samtleben et al. 2001), and then aims to use brachiopod shells to reconstruct the 

original isotopic composition of paleo-seawater from which shell was formed.  

 

A B 

 

https://maps.google.ca/
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Fig. 4. Longitudinal profile TS in polished slab. Primary layer has red color, secondary white color. The picture was 

taken on microscope Nikon Eclipse E600. 

3.2.3. Mechanical treatment  

Shells were cut lengthwise in half using micro-drill Micromot 50/E. Each half was divided into 10 parts of 

equal size, equivalent to 50 grams as is shown in Fig. 5. Profile was sampled along growth line, where 1 = 

the youngest, and 10 = the oldest (matured) part of the shell.  

 

 

Fig. 5. Schematic representation of sampling strategy.  

 

The second part of the shells was embedded in a resin polish slab, prepared for laser ablation 

measurement. Laser ablation has been done in Geomar, Helmholtz Centre for Ocean Research, Kiel, 

Germany on Axiom LA-ICP-MS. We did four transverse laser ablation profiles, through primary and 

secondary layer of the shell, as seen at Fig. 6., to trace isotopic composition of individual layers. 
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Fig. 6. Profile of TS in polished slab with marking of place for laser ablation. 

                

The shells are commonly covered by thin layer of clay and carbonic particles. This particles, as well as 

organic particles, were removed mechanically with the aim to sample only pure material of the shell. To 

get rid of undesirable particles micro-drill with special drill bits was used. The shells, thus cleaned, were 

put into ultrasonic bath in order to get rid of any attached sea salts.  

3.2.4. Sample digestion 

We continued with chemical digestion of calcitic shell after mechanical treatment and divided into 

individual samples, as is describe above. In a first step 2 N HCl was used. The digestion was taking place 

in room temperature for 24 hours. The muscle tissue of Terebratalia sanquinea has to be digested in a 

mixture of H2O2 and 67% HNO3. 

3.3. Magnesium chromatography 

The magnesium was purified by ion exchange chromatography. Due to the nature and composition of 

sample, in order to obtain a pure Mg, it is necessary to separate matrix elements: Na, Ca, Fe, Sr, K.  
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Therefore, a calibration solution was prepared from Mono-element standards solution (Chromservis, 

Prague, Czech Republic), with concentration of 100 mg/l for each standard. This solution was used to 

identify elution curve for individual elements as described below.  

3.3.1. Column design 

Two types of PFA columns were purchased from Savillex (Eden Prairie, MN, USA). For the first and the 

third step, we used column with 15 ml volume of reservoir and 4.0 mm ID x 6.3 mm OD x 20 cm 

capillary. The capillary was filled with pre-cleaned resin (described below). The volume of resin depends 

on capacity of resin particles which is given by mesh value. Volume of resin in each column was ~ 1.2 ml. 

The second step has been done on microcolumns with 5 ml volume of reservoir and 3.2 mm ID x 4.7 mm 

OD x 20 cm capillary. The capillary was filled with 0.12 ml of pre-cleaned resin. 

The PTFE frit material, 10-30 micron, 2.5 mm thickness has been placed into each column. 

3.3.2. Resin preparation 

The AG50W-X12 resin (200-400 mesh, H
+
 form) purchased from Bio-Rad (Hercules, California, USA) 

was cleaned by agitation and settling 3 times with 0.5 M HF, because of potential elution Si from matrix. 

This was followed 3 times with Milli-Q H2O (>18 MΩ cm) and finally with 6 M HCl. The finest particles 

were discarded at each step and cleaned resin was stored in 6 M HCl. Resin in columns needs to be 

conditioned in order to gain purity and high efficiency yield of column. The conditioning was carried out 

using acids with different molarity based on experiments and previous studies. 

3.3.3. Columns calibration 

It is important know to exactly elution curves of magnesium to avoid the lost of Mg during the separation. 

Also elution curves of individual elements, which could be contained in the sample, are important, 

because they could cause interferences during the measurement. Goal of the separation is to gain all of the 

pure Mg contained in a sample. 

The pure standards of Ca, Mg, K, Na, Fe and Sr were used to prepared calibration solution to identify 

calibration curves of the columns. Mix of mono-standards in ratio 1 : 50 μg Mg + 60 μg Ca + 8 μg K, Na, 

Fe and Sr was evaporated, dissolved in 200 μl of 2.4 M HCl and loaded onto the column.  

The sample was washed by 100 μl of 2.4 M HCl and then eluted by 8 ml of 2.4 M HCl. Eluted sample was 

collected into 5 ml Teflon vials in steps of 0.24 ml and dissolved in 2% HNO3.  
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For calibration of the second column fraction from first the step of separation was used, as well as the 

fraction from the second column for calibration of a third column was used.  

3.3.4. Separation procedure 

We developed three step separation procedure (Tab. 2.) based on the calibration curves from X-series 

(data are available and plotted in Results section). Briefly, the resin bed in column was conditioned by 12 

ml 2.5 N HCl in the first step. The sample was dissolved in 100 μl of 2.5 N HCl and loaded onto the 

column. Then followed wash of sample which has been done by 100 μl of 2.5 N HCl, two times. Finaly, 

the sample was eluted by 4.7 ml of 2.5 N HCl. A most adverse ions were separated (remained in resin bed) 

in this step and Mg cut contains only Mg, Fe and Na. 

The Mg + Na + Fe fraction obtained from the first column was dried out and re-dissolved in 20 μl of 0.4 N 

HCl. The second column was conditioned by 5 ml of 0.4 N HCl. The sample dissolved in 20 μl of 0.4 N 

HCl was load onto a column. The resin bed was further washed two times 50 μl of 0.4 N HCl. Then the 

4800 μl was used to elute all of the Na whereas Mg and Fe remained onto a column. To elute all of the Mg 

and Fe from column 1.5 ml of 6 N HCl was used. The eluate was evaporated and re-disolved in 100 μl of 

2 N HNO3 for separation on third, last column. 

The third column was conditioned by 12 ml of 2 N HNO3. After load of the sample followed wash 100 μl 

of 2 N HNO3 two times. Consequentialy, Mg was separated from Fe using 11.7 ml of 2 N HNO3. To 

purification final sample we used 100 μl concenrated HF with 100 μl concenrated HNO3, because of 

potential Si impurities from resin bed. Si compounds are undesirable, because they can be adhered to 

instrument interface and thus affect the results from measurement. Furthermore, to evaporated sample 100 

μl concentrated HNO3 together with H2O2  was added to get rid of all organic matter. Thus purified Mg 

sample was evaporated and dissloved in 2% HNO3, prepared for the measurement on Neptune, MC-ICP-

MS.
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Tab. 2. Separation procedure. 

 

First Step Reagent Amount   Comments 

Cleaning of resin 6 M HCl 5000 µl 20 times volume of resin 

Conditioning 2.5 M HCl 12000 µl 

Sample loading 2.5 M HCl 100 µl  10 µg Mg in 50 µl 

Wash 2.5 M HCl 100 µl two times  

Elution 2.5 M HCl 4700 µl  Collect to 7 ml Teflon vials 

Evaporation of sample (Mg + Na) (T max. 180-200 °C) 

 

Second Step Reagent Amount  Comments     

Cleaning of resin 6 M HCl 5000 µl 20 times volume of resin  

Conditioning 0.4 M HCl 5000 µl 

Sample loading 0.4 M HCl 20 µl 10 µg of Mg in 50 µl 

Wash 0.4 M HCl 50 µl two times 

Wash 0.4 M HCl 4800 µl Elution of all Na 

Sample collection (Mg) 6 M HCl 1500 µl Collect to new 7 ml Teflon vials 

Evaporation of sample (Mg) (T max. 180-200 °C) 

 

 

Third Step Reagent Amount  Comments     

Cleaning of resin 6 M HCl 5000 µl 20 times volume of resin  

Conditioning 2 M HNO3 6000 µl two times 

Sample loading 2 M HNO3 100 µl  

Wash 2 M HNO3 100 µl two times 

Sample collection (Mg) 2 M HNO3 10700 µl Collect to new 15 ml Teflon vials 

Evaporation of sample (Mg) (T max. 180-200 °C) 
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Final purification of Mg c. HF + c. HNO3  100 µl + 100 µl Elimination of Si compounds 

Evaporation of sample (Mg) (T max. 180-200 °C) 

Purification of Mg H2O2 + c. HNO3 100 µl + 100 µl Elimination of organic compound 

Evaporation of sample (Mg) (T max. 180-200 °C)  

Pure Mg sample re-dissolve in 50 µl 2% HNO3 (~500 ppb of Mg in 2% HNO3) 

 

3.3.5. Instrumentation and analytical setup 

High-precision Mg isotope ratios could be obtained by MC-ICP-MS because instrumental fractionation 

can be precisely monitored. The mass spectrometers suffer from the different transition efficiency of 

different isotope masses (lighter/heavier masses). This phenomenon is known as ‘mass bias’ and can be 

corrected by several approaches with respect to given isotope system. For Mg isotopes only the standard-

sample bracketing method is available. The method is based on comparison of the mass bias on standard 

and sample. The method requires setting up the sequence consisting of repeatedly measured standards 

with natural isotope composition each x sample. The detail description of bracketing method for Mg 

measurement is described in chapter 3.3.6. 

A tunig method was developed for the measurement of Mg isotopes in Neptune software. Mg has three 

stable isotopes with masses 
24

Mg, 
25

Mg and 
26

Mg, respectively. These isotopes were measured on  Faraday 

cups, which have been set to followings parametres: 

 L2 cup – for 24 mass – target position 48.906 mm, 

 Centre cup – for 25 mass – target position 0, 

 H2 cup – for 26 mass – target position 47.960 mm.   

Another important confuguration in Neptune software is a gas configuration and position of x,y,z axes for 

a torch position. The typical settings of these parametres for our Mg method is shown on Fig. 7.  
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Fig. 7. Gas configuration and x,y,z axes position in Mg method for Neptune software (picture was taken from 

Neptune software). 

 

A medium resolution was used to get an optimal peak shape. We measured on  the lower shoulder of peak 

due to interferences on 
26

Mg mass. This interference is caused by 
12

C and 
14

N, which creates CN
-
 

molecule. Other potential interfering species include 
48

Ti
++

, 
50

Ti
++

, 
48

Ca
++

, 
50

Cr
++

, 
52

Cr
++

, CN
+
, CC

+
 and 

various hydrides (e.g. C2H
+
). The H-bearing molecules, including Mg-hydride, become negligible in dry 

plasmas (Galy et al., 2001; Young et al., 2002).  

3.3.6. Analytical protocol for Mg isotopes 

The reference material DSM3 was chosen because the published Mg-isotope heterogenity of the NIST 

SRM980 (Galy et al., 2003). The internal precision on both δ
25

Mg and δ
26

Mg is generally between 0.05 – 

0.20‰ at 2σ level. The long term reproducibility of Mg isotope ratios was determinated by repeated 

analyses of mono-elemental standards Cambridge 1 solution vs. DSM3. In principle, both δ
25

Mg and 

δ
26

Mg can be used to descibe the fractionation behavior of the samples without interference from 

analytical artifacts. The mass-dependent fractionation laws that describe the partitioning of three or more 

isotopes are different for kinetic and equilibrium reactions. The precision with which Mg isotope ratios 

can be measured by MC-ICP-MS is sufficient to take advantage of these differences. Relationships 

between 
25

Mg/
24

Mg and 
26

Mg/
24

Mg are diagnostic of kinetic fractionation and equilibrium fractionation 

(Young et al., 2004).  
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The standard-sample-standard bracketing protocol was developed to achieve the most precise and acurate 

results. This method has specific alternation of measurements of sample and standards. 

One measurement consisted of one block which has twenty cycles. Every cycle was composed by one 

integration time ~ 8.4 sec. and idle time 4 sec. The integration time, which is time stretch when detector in 

spectrometer can capture the ions, was set based on intensity of the signal. This time should be adjusted to 

maximize the signal without saturating the detectors. Idle time is the time when mass spectrometer is not 

collecting the data – cups don’t capture the ions. Symplified bracketing method we used is in Tab. 3.  

 

Tab. 3. Symplified bracketing method used in this study. 

File name Takeup time (s) Wash time (s)       

Blank 30 0       

DSM3 160 0       

Sample 1 160 200       

DSM3 160 200       

Sample 2 160 200       

DSM3 160 200       

Sample 3 160 200       

DSM3 160 200 → 1 measurement consist of 1 block = 20 cycles 

         

 Integration time (s) Idle time (s) → 1  cycle     

 8.389 4       

 

Mg isotope ratios were reported as per mil deviations from the isotope reference standards (DSM3). 

Fractionation of the isotopic ratio, caused by ionization in plasma, must be corrected in order to obtain a 

precise isotopic composition of a sample. For elements having three or more isotopes a specific isotope 

ratio is defined to be a certain value and all other isotope ratios are normalized to this value to correct for 

instrumental fractionation using a law, either theoretically based or one that provides the best solution 

(Ranen and Jacobsen, 2008). The most common law used is the exponential fractionation law where the 

mass biased instrumental fractionation is corrected using a ratio of the natural logs of the true masses of 

isotopes (Ranen and Jacobsen, 2008). 
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4. RESULTS 

4.1. Calibration of column 

The pure mono standards of Ca, Mg, K, Na, Fe and Sr were used to prepare calibration solution and define 

elemental calibration curves of the columns. This analysis has been done on Quadrupole ICP-MS in 

accredited laboratory in Czech Geological Survey. 

The results in Fig. 8. and Tab. 4. indicate that the Fe was eluted from 2.18 ml to 3.88 ml, followed by Na 

which was eluted in 2.91 ml to 3.64 ml and both of them extend into Mg fraction which started at 3.15 ml 

and ends in 4.36 ml. The rest of the elements peaks were not observed during the elution, because they 

were effectively captured in resin bed.   

Tab. 4.  The concentration of elements which extend into Mg fraction in the first step of separation (an excerpt from 

the results). A value 50 µg/l for Na, 10 µg/l for Mg and 10 µg/l for Fe were determined as background values. 

 

Acid Sample ID Volume (ml) Na (μg/l) Mg (μg/l) Fe (μg/l) 

2.4 N HCl 8 1.94 50.0 10.0 10.0 

2.4 N HCl 9 2.18 50.0 10.0 34.1 

2.4 N HCl 10 2.42 50.0 10.0 157.0 

2.4 N HCl 11 2.67 50.0 10.0 724.6 

2.4 N HCl 12 2.91 79.4 11.0 915.0 

2.4 N HCl 13 3.15 394.2 54.3 190.0 

2.4 N HCl 14 3.39 1253.0 1219.0 37.7 

2.4 N HCl 15 3.64 215.9 5184.0 12.4 

2.4 N HCl 16 3.88 50.0 5082.0 13.2 

2.4 N HCl 17 4.12 500,0 2252.0 10.0 

2.4 N HCl 18 4.36 50.0 39.8 10.0 

2.4 N HCl 19 4.61 50.0 10.0 10.0 
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Fig. 8. Elution curves from the first step of separation. Reagent: 2.4 N HCl. Volume of samples is on x axe and 

concentration of elements is on y axe. 

 

We developed a second column separation based on the results from the first step. All of the Na was 

eluted using a 0.4 N HCl  whereas Mg together with Fe were captured in a resin bed and consequentely 

eluted using 6 N HCl (Tab. 5. and Fig. 9.). 

 Tab. 5. The excerpt of results concentration of Na, Mg and Fe on the second column. 

 

Acid Sample ID Volume (ml) Na (μl/l) Mg  (μl/l) Fe  (μl/l) 

0.4 N HCl 70 2.5 95.1 10.0 10.0 

0.4 N HCl 71 3.0 1511.0 10.0 10.0 

0.4 N HCl 72 3.5 324.7 10.0 10.0 

0.4 N HCl 73 4.0 50.0 10.0 10.0 

0.4 N HCl 74 4.5 50.0 10,0 10,0 

0.4 N HCl 75 5,0 50,0 10,0 10,0 

6 N HCl 76 5,5 50,0 11400, 1263,0 

6 N HCl 77 6,0 50,0 32,9 378,3 

6 N HCl 78 6,5 50,0 31,5 348,2 
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Fig. 9. Elution curves from the second step of separation. First 5 ml were eluted with 0.4 N HCl, then 2 ml with 6 N 

HCl. 

 Mg was finaly separeted from Fe in third column using 2 N HNO3. All of the Mg was eluted in 5.5 to 

10.15 ml of 2 N HNO3, followed Fe in 13 ml of 6 N HCl (Tab. 6. and Fig. 10.). 

 

Tab. 6. The results from the third step of separation – concentration of Mg and Fe. 

 

Acid Sample ID Volume (ml) Mg  (μl/l) Fe  (μl/l) 

2 N HNO3 97 4.62 10.0 10.0 

2 N HNO3 98 5.54 27.6 10.0 

2 N HNO3 99 6.46 3936.0 10.0 

2 N HNO3 100 7.38 7323.0 10.0 

2 N HNO3 101 8.31 210.6 10.0 

2 N HNO3 102 9.23 18.0 10.0 

2 N HNO3 103 10.15 16.8 10.0 

2 N HNO3 104 11.08 16.2 10.0 

2 N HNO3 105 12.00 10.0 10.0 

6 N HCl 106 13.00 35.6 1963.0 
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Fig. 10. Elution curves from the third step of separation. First 12 ml were eluted with 2 N HNO3, followed by 1 ml of 

6 N HCl. 

 

4.2. Synthetic standards measurement 

The 
25

Mg/
24

Mg ratio and 
26

Mg/
24

Mg are sensitive to instrumental conditions, including effects from the 

spray chamber as well as those occurring during ion formation, extraction and focusing and may vary 

from day to day. In order to minimize the effects of this instrumental drift we use a standard-sample 

bracketing technique. In Fig. 11. is displayed instrumental isotope fractionation (drift) during single 

complete measurement. The individual measurement could be connected with a linear trend line and 

distance between DSM3 and Cambridge 1 trend line, equal to about ~2.6‰ which is the isotope difference 

for DSM3 and Cambridge 1. This instrumental drift is relatively fast and thus is sample-bracketing 

method necessary for precise and accurate results.  
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Fig. 11. Instrumental isotope fractionation (drift) during the single complete measurement.  

  

The Mg isotopic composition of synthetic standards is displayed in Tab. 7. Results are expressed as a 

permil deviation from the isotopic composition of the standard DSM3. The long term average of 

Cambridge 1 against DSM3 was calculated to be -2.577 ± 0.10 ‰. This value is in overall agreement with 

Galy et al. 2003; δ
26

Mg: -2.58 ± 0.14 ‰, Black et al. 2006; δ
26

Mg: -2.59 ± 0.15‰, Tipper et al. 2008; 

δ
26

Mg: -2.592 ± 0.087‰ and Bolou-Bi et al. 2009; δ
26

Mg: -2.62 ± 0.14‰. 
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Tab. 7. Long term reproducibility of Mg isotope measurement in synthetic standard Cambridge 1 against DSM3. 

 

 CAM 1 data CAM 1 data 

No δ
25

Mg ‰ (DSM3) δ
26

Mg ‰ (DSM3) 

1 -1.385 -2.658 

2 -1.343 -2.592 

3 -1.395 -2.665 

4 -1.215 -2.404 

5 -1.395 -2.657 

6 -1.460 -2.776 

7 -1.334 -2.682 

8 -1.338 -2.675 

9 -1.240 -2.453 

10 -1.239 -2.426 

11 -1.338 -2.613 

12 -1.313 -2.535 

13 -1.320 -2.548 

14 -1.350 -2.602 

15 -1.310 -2.467 

16 -1.345 -2.556 

17 -1.254 -2.506 

Mean -1.328 -2.577 

STD (2σ) 0.064 0.103 

SE 0.016 0.025 

 

 

 

4.3. Natural standards measurement 

The Mg isotopic compositions of natural standard samples are reported in Tab. 8. All of the samples fall 

on a single isotopic mass-dependent fractionation line with a slope of 0.515 (Fig. 12.) in a three-isotope 

plot of δ
26

Mg versus δ
25

Mg. The mass-dependent fractionation laws that describe the partitioning of three 

or more isotopes are different for kinetic and equilibrium reactions. The precision with which Mg isotope 

ratios can be measured by MC-ICP-MS is sufficient to take advantage of these differences. Relationships 

between 
25

Mg/
24

Mg and 
26

Mg/
24

Mg are diagnostic of kinetic fractionation and equilibrium fractionation 

processes (Young and Galy, 2004). Our data from natural standards plot in the three-isotope graph fits 

between the kinetic and equlibrium trends which have slopes of 0.511 and 0.522, respectively.  
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Tab. 8. Delta values of 
26

Mg and 
25

Mg with standard deviation 2σ in Natural standards samples (n - number of 

replicates).  

 

Name Standards ID   δ
26

Mg (‰) – avr. ± 2 σ δ
25

Mg (‰) – avr. ± 2 σ n 

Apple leaves  SRM 1515 -1.24 0.14 -0.65 0.13 5 

Seawater IAPSO OSIL -0.86 0.22 -0.43 0.08 7 

Natural water SRM 1640a -0.72 0.15 -0.30 0.07 5 

San Joaquin Soil  SRM 2709a -0.11 0.17 -0.07 0.07 8 

River water SLRS-5 -1.11 0.19 -0.60 0.13 6 

Cambridge 1  CAM 1 -2.60 0.11 -1.34 0.06 23 

 

 

 

 

Fig. 12. Magnesium three-isotope plot showing natural standard samples relative to the predicted equilibrium and 

kinetic mass fractionation laws. The slopes in the caption refer to the β values that characterize the mass fractionation 

laws (kinetic = a slope of 0.511; equilibrium = a slope of 0.521 (Young and Galy, 2004)). 
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4.4. Modern Brachiopods 

4.4.1. Results from LA 

Calcitic shell material was analyzed for Mg isotopes and concentration of trace elements by LA-ICP-MS 

at GEOMAR, Helmholz Centre for Ocean Research, Kiel, Germany. In order to evaluate isotopic 

composition and the degree of isotopic variation, the primary and secondary layers of TS and TT were 

investigated. For this purpose, laser ablation analysis from shell profile in growth direction has been done. 

The LA results of 
26

Mg/
24

Mg and 
25

Mg/
24

Mg  isotopic ratio and intensity of 
24

Mg are shown in Fig. 13. 

and Fig. 15., respectively. Polished slab with marked LA spots is in Fig. 14. 
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Fig. 13. Isotope ratio A) 
26

Mg/
24

Mg B) 
25

Mg/
24

Mg of TS in primary and secondary layer. Unusually heavy isotope 

value on sample no. 3 (A) in secondary layer is probably caused by interferences on 
24

Mg. The primary layer (sample 

ID 6), which is high-Mg layer, shows a high signal on 
24

Mg whereas secondary layer (samples 1 – 4) is Low-Mg. 

Sample 5 is mix of primary and secondary layer. Error bars in standard deviation units (2σ). 

 

 

    

 

 

 

 

 

 

 

 

 

Fig. 14. Polished slab TS with marked LA spots 

(1 to 6 – transverse profile).   
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Fig. 15. 
26

Mg/
25

Mg in transverse profile of TS. The values are normalized to 0. Unusually high value of sample no. 3 

is probably caused by interference from matrix elements or organics in the shell. 

 

4.4.2. MC-ICP-MS analysis of modern brachiopods 

The Mg-isotopic composition obtained from modern brachiopods is listed in Tab. 9. for TS and Tab. 10. 

for TT. Skeletons of all studied marine calcifiers are enriched in the light isotope relative to Mg-isotopic 

composition of seawater. The isotopic composition of brachiopods has range from: 

TS) -1.06 ± 0.01‰ to -1.45 ± 0.10‰ for δ
25

Mg and -2.04 ± 0.02‰ to -2.77 ± 0.17‰ for δ
26

Mg,  

TT) -1.06 ± 0.16‰ to -1.58 ± 0.13‰ for δ
25

Mg and -2.04 ± 0.15‰ to -3.07 ± 0.19‰ for δ
26

Mg. 
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Tab. 9. Delta values 
26

Mg and 
25

Mg of modern brachiopod Terebratella sanguinea with standard deviation 2σ and 

standard error of the mean. A Δcc-sw is an offset calculated from the δ
26

Mg values of carbonates and δ
26

Mg values 

of IAPSO seawater where the delta has a value of -0.86‰ (Tab. 11.) (n-number of replicate). 

Sample ID δ
25

Mg (‰) 2sd 2sem δ
26

Mg (‰) 2sd 2sem n Δcc-sw 

1TS -1.09 0.09 0.05 -2.09 0.08 0.05 3 -1.23 

2TS -1.10 0.14 0.06 -2.10 0.15 0.06 6 -1.24 

3TS -1.06 0.01 0.01 -2.04 0.02 0.02 2 -1.18 

4TS -1.16 0.12 0.09 -2.28 0.16 0.11 2 -1.42 

5TS -1.34 0.09 0.05 -2.52 0.15 0.09 3 -1.66 

6TS -1.32 0.02 0.01 -2.57 0.15 0.10 2 -1.71 

7TS -1.36 0.09 0.05 -2.61 0.13 0.07 3 -1.75 

8TS -1.24 0.03 0.02 -2.39 0.06 0.04 3 -1.53 

9TS -1.35 0.09 0.05 -2.63 0.04 0.02 3 -1.77 

10TS -1.45 0.10 0.04 -2.77 0.17 0.07 6 -1.91 

 

 

Tab. 10. Delta values 
26

Mg and 
25

Mg of modern brachiopod Terebratalia transversa with standard deviation 2σ and 

standard error of the mean. Δcc-sw is an offset calculated from the δ
26

Mg values of carbonates and δ
26

Mg values of 

IAPSO seawater (n-number of replicate). 

Sample δ
25

Mg (‰) 2sd 2sem δ
26

Mg (‰) 2sd 2sem n Δcc-sw 

1TT -1.11 0.06 0.03 -2.12 0.13 0.07 3 -1.26 

2TT -1.13 0.18 0.10 -2.17 0.34 0.20 3 -1.31 

3TT -1.06 0.16 0.12 -2.04 0.15 0.11 2 -1.18 

4TT -1.17 0.11 0.06 -2.24 0.23 0.13 3 -1.38 

5TT -1.08 0.07 0.04 -2.07 0.06 0.04 3 -1.22 

6TT -1.15 0.16 0.12 -2.25 0.15 0.11 2 -1.39 

7TT -1.18 0.14 0.08 -2.34 0.15 0.09 3 -1.48 

8TT -1.33 0.16 0.07 -2.51 0.15 0.06 6 -1.65 

9TT -1.25 0.06 0.04 -2.34 0.16 0.11 2 -1.48 

10TT -1.58 0.13 0.06 -3.07 0.19 0.08 5 -2.22 

.  

Tab. 11. Shows the isotopic composition of IAPSO seawater and organic material from muscle tissue of 

TS.  Those samples were measured to investigate isotope difference relative to calcified shell material.  

 

Tab. 11. Delta values 
26

Mg and 
25

Mg of IAPSO and muscle tissue of TS, with standard deviation 2σ and standard 

error of the mean (n - number of replicates). 

Name δ
25

Mg (‰) 2sd 2sem δ
26

Mg (‰) 2sd 2sem n 

Modern Atlanitic seawater IAPSO -0.43 0.03 0.03 -0.86 0.08 0.08 10 

Organic material (muscle tissues of TS) -0.70 0.08 0.05 -1.37 0.17 0.10 3 
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An isotopic offset (Δcc-sw) between calcitic brachiopods shells and seawater were calculated based on 

delta Mg values. The offset against shell length is plotted in Fig. 16. Average value of Δcc-sw calculated 

in this study is -1.50‰. 

 

 

 

Fig. 16. An isotopic offset between calcitic shells of modern brachiopods (TT and TS) and IAPSO seawater, 

compared with published values for “equilibrium” isotope fractionation for laboratory precipitated calcite (horizontal 

colored lines with references). 

 

4.4.3. Concentration of trace elements 

We measured ratios of trace elements in samples of brachiopods (Tab. 12. and Tab. 13., Fig. 16. and Fig. 

17.). This measurement was carried out to determinate the effect of kinetics on incorporation of individual 

trace elements; Mg, Ca, Sr, Zn, Fe, Mn, respectively. 
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Tab. 12. Ratio of trace elements in Terebratella sanguinea. 

 

Sample  Mg/Ca Sr/Ca Zn/Ca Fe/Ca Mn/Ca Mn/Sr Mg/Fe 

 (mmol/mol) (mmol/mol) (mmol/mol) (mmol/mol) (mmol/mol) (mol/mol) ppm 

1TS 8.11 1.25 0.04 1.30 0.02 0.02 2.72 

2TS 7.85 1.24 0.11 1.40 0.02 0.01 2.43 

3TS 7.91 1.32 0.08 1.82 0.02 0.01 1.90 

4TS 8.44 1.35 1.30 1.63 0.02 0.02 2.25 

5TS 9.19 1.39 0.74 1.54 0.02 0.01 2.60 

6TS 9.63 1.41 0.09 1.21 0.02 0.01 3.45 

7TS 9.72 1.42 0.04 1.11 0.02 0.02 3.80 

8TS 9.69 1.42 0.07 1.15 0.02 0.02 3.67 

9TS 9.77 1.43 0.03 1.10 0.02 0.01 3.86 

10TS 9.84 1.47 0.18 1.18 0.02 0.01 3.62 

 

 

 

 

Tab. 13. Ratio of trace elements in Terebratalia transversa.  

 

Sample Mg/Ca Sr/Ca Zn/Ca Fe/Ca Mn/Ca Mn/Sr Mg/Fe 

 (mmol/mol) (mmol/mol) (mmol/mol) (mmol/mol) (mmol/mol) (mol/mol) ppm 

1TT 7.92 1.29 0.04 1.38 0.03 0.02 2.49 

2TT 8.45 1.31 0.04 1.55 0.03 0.02 2.38 

3TT 8.20 1.36 0.05 1.34 0.04 0.03 2.67 

4TT 7.91 1.37 0.10 1.30 0.03 0.02 2.65 

5TT 7.87 1.34 0.13 1.50 0.02 0.02 2.28 

6TT 8.16 1.38 0.10 1.95 0.03 0.02 1.82 

7TT 7.76 1.43 0.05 2.03 0.03 0.02 1.66 

8TT 7.61 1.42 0.03 1.81 0.03 0.02 1.83 

9TT 7.57 1.42 0.08 1.56 0.03 0.02 2.11 

10TT 6.92 1.50 0.04 1.68 0.02 0.01 1.79 
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Fig. 17. Strontium and magnesium concentration and Sr/Ca and Mg/Ca ratios in cross-sectioned shell samples of TT 

and TS (A – Sr/Ca ratio, B – Mg/Ca ratio) versus δ
26

Mg. Data were obtained by XSeries 2. Error bars in standard 

deviation units (2σ).  
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Fig. 18. Increasing Sr/Ca ratio during the shell lenght. 

 

An increasing ratio of Sr/Ca of both brachiopods shells is plotted in Fig. 17. The isotope values exhibits a 

typical trend within the shell profiles. The Mg-isotope compositions of the brachiopods samples are 

relatively constant for younger parts of the shell, with negative trend in a growth direction to older 

(matured) parts of the shell (Fig. 18.). 

 

Fig. 19. Decrease of δ
26

Mg values during the growth line of the shell and schematic representation of sampling: 1 TS 

– youngest part of the shell, 10 TS – oldest part of the shell. 
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5. DISCUSSION 

5.1. Separation of magnesium 

Most Mg purification methods are based on chromatography column separation through volumetric 

elution using various acids to separate Mg from matrix elements in various samples (Chang et al., 2003; 

Teng et al., 2010; Bizzarro et al., 2011; Tipper et al., 2008; Galy et al., 2003). The ratio of Mg to other 

matrix elements in samples can vary significantly and may affect separation efficiency (Choi et al., 2012). 

However, care must be taken on the concentration of residual elemental/organic species, because it could 

be large enough to cause analytical artifacts, requiring the use of further separation steps prior to analysis 

(Choi et al., 2012).  

The development of our methodology for the separation Mg was based on the study of Chang et al., 2003. 

One more step of purification Mg had to be developed, because of high volume of Fe after second step 

and we also used different chemical treatment compared with Chang et al. 2003. Finally, the separation 

procedure had a high efficiency and yield of column was close to 97% ± 3%. 

5.2. Synthetic standards 

The long term average of Cambridge 1 against DSM3 was calculated to be δ
26

Mg -2.577 ± 0.10 ‰. This 

value is in overall agreement with Galy et al. 2003; δ
26

Mg -2.58 ± 0.14‰, Black et al. 2006; δ
26

Mg -2.59 

± 0.15‰, Tipper et al. 2008; δ
26

Mg -2.592  ± 0.087‰, Bolou-Bi et al. 2009; δ
26

Mg -2.62 ± 0.14‰, Chang 

et al. 2003; δ
26

Mg -2.63 ± 0.19‰, Pearson et al. 2006; δ
26

Mg -2.58 ± 0.14‰, Tipper et al. 2006; δ
26

Mg     

-2.60 ± 0.14‰, Pogge von Strandmann 2008; δ
26

Mg -2.64 ± 0.08‰ and δ
26

Mg -2.78 ± 0.15‰, 

Chakrabarti and Jacobsen 2010; δ
26

Mg -2.61 ± 0.28‰, Huang et al. 2011; δ
26

Mg -2.63 ± 0.11‰ and 

Pogge von Strandmann 2011; δ
26

Mg -2.62 ± 0.05‰. Also, the long term average Cam. 1 versus DSM3 

from GFZ Potsdam; δ
26

Mg -2.602 ± 0.11 ‰ is with agreement with our long term data set. The 

accordance with the literature data suggests that the presented data are accurate within the stated 

uncertainties. 

5.3. Natural standards 

Five natural standard samples were measured to compare the quality of measurement on Neptune MC-

ICP-MS at Czech Geological Survey and Neptune MC-ICP-MS located in GFZ Potsdam. Comparison of 

results from those two institutions and published data are in Tab. 14 and plotted in Fig. 20. Within the 2sd 

uncertainties, all of our data measured in CGS Prague agree to those measured in GFZ Potsdam and/or 

literature. 
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Tab. 14.  Comparison of the results from CGS Prague, GFZ Potsdam and published data. The δ
25

Mg and δ
26

Mg values are expressed as per mill deviation with 

2sd uncertainties (n- number of replicates).   

 

 

 

 

 

 
 

 
GFZ  Potsdam  Published data  CGS Prague   

standard 
aver.  

δ
26

Mg (‰) 
±2σ 

aver.  
δ

25
Mg (‰) 

±2σ n 
aver. 

δ
26

Mg (‰) 
±2σ 

aver.  
δ

25
Mg (‰) 

±2σ 
aver.  

δ
26

Mg (‰) 
±2σ 

aver. 
δ

25
Mg (‰) 

±2σ n 

Apple leaves     
(SRM 1515) 

-1.23 0.10 -0.64 0.05 4 No published data 

 

-1.24 0.14 -0.65 0.13 5 

Seawater IAPSO 
(OSIL) 

-0.85 0.13 -0.43 0.11 3 -0.80 0.11 -0.41 0.07 -0.86 0.22 -0.43 0.08 7 

Natural water 
(SRM 1640a) 

-0.74 0.23 -0.38 0.11 3 No published data 

 

-0.72 0.15 -0.30 0.07 5 

San Joaquin Soil 
(SRM 2709a) 

-0.19 0.12 -0.10 0.05 4 No published data 

 

-0.11 0.17 -0.07 0.07 8 

River water 
(SLRS-5) 

-1.33 0.07 -0.69 0.06 4 No published data 

 

-1.11 0.19 -0.60 0.13 6 
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Fig. 20. The δ
26

Mg of natural standard samples measured in CGS Prague and GFZ Potsdam with in literature 

published data. All of the data are within the error in good agreement. Error bars in standard deviation units (2σ). 

 

 

5.4. Magnesium isotopes in modern brachiopods 

The δ
26

Mg and δ
25

Mg of all modern brachiopods are more negative (enriched by light isotope 
24

Mg) than 

the dissolved Mg in seawater (Fig. 21). This suggests (1) Mg-isotope fractionation between an aqueous 

solution and the precipitating carbonate and (2) biological processing preferentially utilizing the lighter 

isotopes of magnesium. The brachiopod samples, collected at two different localities, yield within the 

error the same δ
26

Mg values of -2.40 ± 0.11‰ (TS average) and -2.32 ± 0.17‰ (TT average). The Mg-

isotopic composition δ
26

Mg of all brachiopod samples varies between -2.04 ± 0.02‰ (highest value) to -

3.07 ± 0.19‰ (lowest value). Isotopic composition of muscle tissue from the shell (δ
26

Mg = -1.37 ± 

0.10‰) is between isotopic composition of seawater (δ
26

Mg = -0.86 ± 0.08‰) and brachiopods calcite 

shell. This implies it is important to remove all of the muscle tissue from the shell, because it could cause 

isotopic shift of bulk sample to heavier values.  
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Fig. 21. Three isotope plot δ values of modern brachiopod, IAPSO seawater and muscle tissue from brachiopod 

shell. All of these samples exhibit a range of -2‰ in their δ
26

Mg and define a single mass-dependent fractionation 

line. Error bars in standard deviation units (2σ). 

The measured Mg-isotopic composition of seawater and brachiopod calcite indicate mass-depend behavior 

with all samples within uncertainty of equilibrium fractionation line (Fig. 21.). The Mg-isotope data, 

where delta values have been converted to δ
26

Mg describe a linear regression, define a single mass 

fractionation curve on a Mg three-isotope plot with a slope of 0.515, which fits between the theoretical 

‘kinetic’ and ‘equilibrium’ trends with the slope of 0.511 and 0.521, respectively.  

The mass-dependent fractionation laws that describe the partitioning of three or more isotopes are 

different for kinetic and equilibrium reactions. The precision with which Mg isotope ratio can be 

measured by MC-ICP-MS is sufficient to take advantage of these differences (Young and Galy, 2004). 

The different mass-depend fractionation laws that relate the two fractionation factors for the Mg isotopes 

are characterized by value for β(exponent). For equilibrium processes β should be close to 0.521. For 

kinetic processes involving Mg atoms β should be close to 0.511 (Young and Galy, 2004). The slope 

0.515 of the line in a Fig. 21. indicates that the results from brachiopods are between these two 

(equilibrium and kinetic) fractionation processes. It means a part of samples were close to equilibrium 

whereas another part were close to kinetic fractionation processes. 
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5.5. Laser ablation 

It is well known that the primary layer of the brachiopod shell is composed of high-Mg calcite, and thus 

have high Mg content, when compared to the secondary layer, which is composed of low-Mg calcite and 

is fairly resistant to post-depositional alteration (Veizer et al. 1999; Samtleben et al. 2001). The goal of the 

laser ablation measurements was to quantify the contribution of primary high-Mg layer to bulk sample 

which was prepared for Neptune analysis, and if this high Mg layer could caused isotopic shifts. The 

26
Mg/

25
Mg ratio was measured instead of 

26
Mg/

24
Mg ratio, because of interferences on 

24
Mg during LA. 

Results from transverse profile of TS were normalized to 0 and indicate that within the error ~0.5‰ are 

primary and secondary layer isotopicaly identical (Fig. 15.). This has an implication for our bulk data from 

TT and TS, which show that the brachiopod shell is isotopicaly lighter with progressive growth of the 

shell (Fig. 19.).  

5.6. Hypothesis of decreasing δ
26

Mg during the growth line of the shell 

A decreasing trend of magnesium isotopes (δ
26

Mg and δ
25

Mg) values during the growth line of the shell 

was observed for both TT and TS. This could be caused by two different factors. The first possible 

interpretation is a sizable contribution of primary layer, which has a high content of magnesium and 

potentially lighter δ
 
Mg signature. Results in Fig. 13. indicate that the intensity of signal on 

24
Mg in 

primary layer is around 30 x 10
6 

counts whereas in secondary layer is only around 12 x 10
6 

counts, 

however their δ
 
Mg values are identical within 0.5‰. The second interpretation is related to “kinetics” of 

the shell growth.  The “kinetics” is one of the factors which can affect isotopic fractionation – the slower 

is the kinetics of growth the less fractionated (higher) is the δ
26

Mg value of the shell. To further verify or 

refute this hypothesis we measured a concentration of trace elements. Strontium/Calcium ratio closely 

corresponds with decreasing the δ
26

Mg. The more Sr is incorporated the lower is δ
26

Mg, approaching the 

assumed isotope equilibrium for Mg in calcite. Saulnier et al. (2012) estimates the equilibrium Δ
26

Mgcarb-sol 

= -2.13 ± 0.24‰, Li et al. (2012) Δ
26

Mgcarb-sol = -2.52 ± 0.24‰ and Mavromatis et al. (2013) Δ
26

Mgcarb-sol 

= -3.5 ± 0.2‰ (Saenger and Wang, 2014). 

An offset between brachiopods and seawater was investigated. The results show that the younger part of 

the shell has average of offset -1.23‰ whereas the offset for older part can be up -1.91‰ (Fig. 16.). The 

works of Chang et al. (2003, 2004); Young and Galy (2004); Teng et al. (2010) demonstrate that the Mg 

isotope composition of surface seawater was depleted in 
26

Mg relative to the bulk Earth and was relatively 

constant (Saenger and Wang, 2014), consistent with the long (~ 13 Ma) residence time of Mg in the ocean 

(Brocker and Peng, 1982).  
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Considering the above mentioned works, the offset determinated in this study have implication for 

reconstruction of paleo-seawater based on fossil brachiopods shells. In that case it is critical to sample 

only a part of the sample systematically, e.g. focusing on the younger or older part of the shells. 

 

6.  CONCLUSON 

We developed an effective methodology for the separation Mg from different geomaterials, and the 

measurement of Mg isotopic composition of those samples by MC-ICP-MS. Different sample sets were 

investigated in this study. First, in order to compare data from different laboratories and to asset the 

quality of our data, a number of reference materials were included and measured in different labs.  The 

second sample set was composed of carbonate precipitating marine organism – modern brachiopods. All 

samples were subjected to the three stage chemical separation procedure. 

To summarize, replicate analyses of reference materials highlight the quality and reliability of Mg-isotope 

data presented here. The results obtained on 20 brachiopods samples show a variation of Mg-isotopes of 

1‰ in δ
26

Mg. When plotted in a three isotope graph, all the data fall on a single mass fractionation line, 

including the muscle tissue from the shell and IAPSO seawater. 

The decreasing δ
26

Mg along the growth line of the shell is caused by kinetic effect, not by contribution of 

primary, Mg rich layer, as confirmed by LA-ICP-MS analysis. 

The brachiopods exhibit relatively low Mg isotope fractionations offset Δ
26

Mgcc-sw = 1.5‰ (average from 

TT and TS). The high precision with which Mg isotope ratio can be measured using MC-ICP-MS opens 

up new opportunities for using Mg as a tracer of sources and processes in different types of geomaterials. 

A key advance might be the ability to resolve kinetic from equilibrium processes. 
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