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ABSTRACT 
 
 
 

Magnesium isotope fractionation associated with biotic and abiotic weathering   -and-   Rare earth 
element extraction from non-traditional feedstocks using engineered Escherichia coli 

 
Aaron W. Brewer 

 
 

Chairman of the Supervisory Committee: 
Fang-Zhen Teng, Ph.D. 

Department of Earth and Space Sciences 
 
 

This dissertation is divided into two sections, with the first discussing magnesium (Mg) 

isotope behavior during biotic and abiotic rock weathering, and the second describing the application 

of engineered microbes for the selective recovery of rare earth elements (REEs) from non-traditional 

feedstocks. 

Magnesium isotopes exhibit observable mass dependent fractionation during a variety of 

rock weathering processes, permitting them to serve as a tracer of chemical and biological 

weathering. First, Bacillus subtilis endospore-mediated forsterite dissolution experiments 

demonstrating the effects of cell surface reactivity on Mg isotope fractionation are discussed. The 

endospore surfaces preferentially adsorbed 24Mg from the forsterite dissolution products, with 

calculated adsorbed Mg isotope compositions reaching δ26Mg = approx. -0.51‰ compared to the 

aqueous phase at approx. -0.37‰. These results demonstrate the effect of cell surface reactivity on 

Mg isotope fractionation in isolation, separate from other biological processes such as metabolism 

and organic acid production. Second, the Mg isotope compositions of granite and granodiorite 
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weathering profiles were examined to investigate Mg isotope behavior during the weathering of 

felsic rocks. Mg isotope fractionation in these profiles was primarily controlled by primary biotite 

weathering and secondary illite formation and weathering. Finally, North Cascade Volcanic Arc 

basalts and andesites were analyzed for Mg isotopes to assess the extent and mechanism of crustal 

contribution to this magmatic system. The δ26Mg of these samples vary from within the range of 

ocean island basalts (the lightest being -0.33 ± 0.07‰) to heavier compositions (as heavy as -0.15 ± 

0.06‰). The heavy Mg isotope compositions are best explained by the addition of crustal materials 

during assimilation and fractional crystallization. The results show that Mg isotopes may be a 

valuable tracer of crustal input into a magma, supplementing more traditional methods. 

Next, we investigate biosorption as a potential means of recovering REEs from non-

traditional feedstocks. We examined how REE adsorption by engineered E. coli is controlled by 

various geochemical factors relevant to natural geofluids, including total dissolved solids (TDS), 

temperature, pH, and the presence of specific competing metals. REE biosorption is largely 

unaffected by high TDS concentrations, although high concentrations of some metals (e.g., U and 

Al) and decreasing pH below 5-6 were found to limit REE recovery. REE extraction efficiency and 

selectivity increase with temperature up to ~70°C, which is best explained by the thermodynamic 

properties of metal complexation on the bacterial surfaces.  Together, these data demonstrate the 

potential utility of biosorption for selective REE recovery from geothermal fluids; however, the cells 

alone are generally not suitable for industrial-scale extraction operations. In the second portion of 

this section, we immobilize the engineered cells by encapsulating them in polyethylene glycol 

diacrylate (PEGDA) microparticles for use in fixed-bed columns. We demonstrate that optimal REE 

recovery (~2.6 mg Nd/g dry sorbent) occurs at an influent flow rate of ≤1 ml/min, pH of 6, and 

maximum REE concentration of ~21 mM. The microparticles exhibit minimal loss in performance 
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over >9 adsorption/desorption cycles. Furthermore, they have a strong preference for heavy REEs, 

particularly Eu, Sm, Yb, and Lu, which may permit the separation of individual rare earth metals. 

The results of this study represent a major step towards making biosorption a viable industrial scale 

REE extraction technology. 
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CHAPTER 1: INTRODUCTION 

 

The research discussed here covers two distinct sections, which will be examined in 

sequence. The first section, using magnesium isotopes to trace weathered rock and elucidate 

biotic and abiotic weathering processes, is primarily the result of research performed at the 

University of Washington. The second section, applying microbes to selectively adsorb rare earth 

elements from various feedstock solutions, is the culmination of work conducted at Lawrence 

Livermore National Laboratory as part of the Livermore Graduate Scholar Program. 

 

Part 1: Magnesium isotope fractionation associated with biotic and abiotic weathering and 

weathered materials 

Chemical weathering is a major determinant of the state of the atmosphere, hydrosphere, 

biosphere, and lithosphere. Silicate weathering, in combination with carbonate precipitation, 

removes carbon dioxide from the atmosphere, exerting a major influence on the atmospheric CO2 

budget (Urey, 1952). The chemical erosion and disintegration of igneous rocks provides the 

components for the formation of clays and other sedimentary rocks and affects river and 

seawater composition (Edmond et al., 1979). These aqueous weathering products are also 

essential for life, supplying many of the elements necessary for cell growth and metabolism. 

Finally, the subduction of weathered material can have an impact on the chemical composition of 

the middle and lower crust as well as upwelling magmas (Hofmann, 2003; Planck, 2014). 

Chemical weathering is therefore involved, directly or indirectly, in a wide range of geological 

processes. 
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Magnesium (Mg) is a major element that is abundant in the hydrosphere, biosphere, and 

lithosphere. Magnesium has three stable isotopes (24Mg, 25Mg, and 26Mg), and many 

geochemical processes cause measurable mass dependent Mg isotope fractionation due to the 8% 

mass difference between 24Mg and 26Mg (Teng, 2017 and references therein). Although Mg 

isotope analyses have now been applied to the study of many of these processes, providing 

progress towards a systematic knowledge of Mg isotope behavior, some gaps remain in our 

understanding of this valuable geochemical tracer. Minimal Mg isotope fractionation is observed 

at high temperatures, so the compositions of uncontaminated mid-ocean ridge basalts and of the 

mantle are essentially homogeneous (δ26Mg = -0.25 ± 0.07‰ and -0.25 ± 0.04‰, respectively; 

Teng et al., 2010a). Magnesium leaching from igneous rocks into the hydrosphere during 

chemical weathering produces isotopically heavy residual rock, as high as +1.81 ‰, and a 

correspondingly light fluid phase (Tipper et al., 2008, 2010; Li et al., 2010; Teng et al., 2010b; 

Liu et al., 2014; Wimpenny et al., 2014). Although this preferential leaching of 24Mg may be 

generally representative of most chemical weathering systems, there are many additional 

processes that play variable roles in determining Mg isotope behavior in natural weathering 

environments. 

A natural weathering system will involve primary mineral dissolution and alteration, 

secondary mineral formation, surface adsorption/desorption, biological processes, and potentially 

horizontal deposition of additional material. The final Mg isotope composition of a weathered 

sample will be the result of some combination of these processes, and may be informative about 

the weathering history of the sample. For example, Mg isotopes have been used to identify loess 

deposition in a weathering profile (Teng et al., 2010b) and can distinguish between adsorbed and 

structural Mg in secondary clay minerals (Wimpenny et al., 2014). Mg isotopes may similarly be 
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used as a biosignature in the future, once the fractionation effects of various biological processes 

have been more systematically examined. The utility of Mg isotopes as an indicator of 

weathering will be more fully realized by assessing the distinct effects of individual weathering 

processes, the cumulative results of those processes in natural weathering systems, and the fate 

of weathered material in the environment.  

Magnesium isotope behavior associated with biological processes has largely remained 

unexplored. Several studies have investigated Mg isotope behavior in plants (Black et al., 2006, 

2008; Bolou-Bi et al., 2010, 2012; Uhlig et al., 2017), fungi (Fahad et al., 2016), and in biogenic 

carbonates (Higgins and Schrag, 2010; Immenhauser et al., 2010; Pokrovsky et al., 2011). 

Pokharel et al. (2017) assessed Mg isotope fractionation during uptake into microbes, but 

otherwise Mg interactions with microbial life have not been tested. The biosphere may play a 

particularly large and complex role in Mg isotope fractionation during chemical weathering. 

Microbes may influence Mg isotope behavior by increasing the rates of mineral dissolution and 

Mg release into the hydrosphere through direct surface adhesion, organic acid production, and/or 

the removal of aqueous dissolution products via uptake and adsorption (Lee and Fein, 2000; 

Wightman and Fein, 2004; Song et al., 2006). Uptake and adsorption may also affect the Mg 

isotope composition of the fluid phase, in addition to affecting weathering rates. These effects 

may be compared to Mg isotope behavior during purely chemical dissolution of specific 

minerals, which has been investigated for brucite (Li et al., 2014) and forsterite (Wimpenny et 

al., 2010). 

Chapter 2 assesses the effects of cell surface reactivity on Mg isotope fractionation by 

studying forsterite dissolution in the presence of Bacillus subtilis endospores at various 

experimental conditions. Because endospores are metabolically dormant and do not produce 
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significant organic acids, they affect the dissolution process only through cell surface reactivity 

(Olsen and Rimstidt, 2008; Song et al., 2006; Lee and Fein, 2000; Vandiviere et al., 1994; 

Harrold, 2014). Their sorption behavior is also generally representative of vegetative cell 

surfaces (Fein et al., 2005; Gorman-Lewis et al., 2006; Harrold and Gorman-Lewis, 2013), and 

they are therefore ideal for isolating the Mg isotope fractionation associated with cell surface 

reactivity in weathering systems. The endospore surfaces may affect Mg isotopes by attaching to 

the mineral surfaces to increase dissolution rate, and/or by interacting with the aqueous 

dissolution products. Dissolution assays with and without dialysis tubing preventing direct 

interaction between the mineral powder and the endospores permit those processes to be 

differentiated. In combination, the two assays show that the endospores do not appear to have an 

effect on Mg isotopes during Mg leaching from the forsterite over the analyzed time period (10-

43 days). The compositions of the total dissolution products for the biotic and abiotic control 

assays are indistinguishable if all other processes are excluded. However, the endospores do 

cause an increase in the Mg isotope composition of the aqueous phase by preferentially 

adsorbing dissolved 24Mg. The original forsterite dissolution assays were performed by Zoe 

Harrold working under the supervision of Drew Gorman-Lewis at the University of Washington.  

Fang-Zhen Teng contributed to the conception of the Mg isotope component of this work. The 

results of this study are in the final stages of preparation to be submitted to Geobiology.  

The laboratory dissolution experiments are informative because they permit an individual 

chemical process to be studied in isolation; however, natural weathering systems are the 

combined result of many distinct processes. For example, soil formation (Immenhauser et al., 

2011; Ma et al., 2015) and clay mineral precipitation and surface chemistry (Huang et al., 2012; 

Ma et al., 2015; Opfergelt et al., 2014; Tipper et al., 2012; Wimpenny et al., 2014) may have a 
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significant impact on the final composition of a weathering system in addition to mineral 

leaching and dissolution. The Mg isotope composition of several natural weathering profiles 

have been assessed to date, focusing mainly on mafic lithologies, such as basalt (Huang et al., 

2012; Liu et al., 2014; Pogge von Strandmann et al., 2012) and diabase (Teng et al., 2010b), 

although one shale profile has also been analyzed (Ma et al., 2015). However, the Mg isotope 

composition of granite and granodiorite weathering profiles has not previously been the subject 

of systematic study. This gap in our understanding is significant because granites are the most 

abundant rock-type in the upper crust, while granodiorite is taken as representative of the bulk 

chemical composition of the upper crust (Rudnick and Gao, 2003; Wedepohl, 1995). Magnesium 

isotope analyses of granite and granodiorite weathering profiles may provide important insights 

into weathering on the continents and into the Mg cycle in these environments.  

Chapter 3 investigates Mg isotope fractionation during granite and granodiorite 

weathering, specifically with regard to the dissolution and alteration of primary Mg-bearing 

minerals and the formation and behavior of secondary clay minerals. Mg isotope composition in 

these profiles was primarily the result of primary biotite weathering and the formation and 

weathering of secondary clay minerals, particularly illite. As biotite weathers, some 24Mg is 

preferentially lost to the hydrosphere, producing increased Mg isotope compositions from the 

bedrock until the upper ~2 m of the profiles. However, significant Mg is preserved in the rock 

through incorporation into secondary illite, minimizing the fractionation effect. At depths <2 m, 

illite begins to weather, causing a decrease in Mg isotope composition as the Mg content shifts 

from being primarily incorporated into structural sites in the illite to being primarily adsorbed 

onto the exchangeable sites of clays such as kaolinite. One hydrothermal profile does not follow 

this trend, exhibiting radically increased Mg isotope composition in the near-surface samples. 
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The study represents a significant step towards a thorough understanding of Mg isotope 

systematics in felsic, continental weathering environments. The samples were collected and 

assessed for chemical and mineralogical composition by David Dethier currently at Williams 

College. Fang-Zhen Teng procured the samples and provided his insight into the observed Mg 

isotope behavior. A manuscript detailing these results was published in Chemical Geology in 

October 2018.  

Because weathering processes typically result in the preferential release of 24Mg into the 

hydrosphere, weathered silicate materials may have significantly elevated Mg isotope 

compositions (Tipper et al., 2008, 2010; Li et al., 2010; Teng et al., 2010b; Liu et al., 2014). This 

upper crustal Mg isotope signature can be preserved during subduction and assimilation into 

rising magmas to produce volcanic arc rocks with Mg isotope compositions that deviate from the 

canonical basalt value (δ26Mg = -0.25 ± 0.07‰; Teng et al., 2010a). The subduction of 

carbonates, for example, has been found to produce arc magmas with unusually light Mg isotope 

compositions (Yang et al., 2012; Huang et al., 2015). The preservation of the Mg isotope 

signature is possible because metamorphism has little effect on Mg isotopes, particularly at the 

conditions relevant to volcanic arcs (Geske et al., 2012; Li et al., 2011; Wang et al., 2015). 

Unlike carbonates, the incorporation of weathered silicate materials into a magma may result in 

an increased Mg isotope composition, which has been observed in some granites (Shen et al., 

2009; Liu et al., 2010), but not previously at volcanic arcs.  

The Northern Cascade Volcanic Arc represents an excellent location to assess the impacts 

of upper crustal material additions on the Mg isotope composition of arc magmas because it has 

produced samples with a known range of upper crustal contributions, including samples with no 

measurable crustal component (Mullen and Weis, 2013, 2015; Mullen and McCallum, 2014; 
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Mullen et al., 2017). Furthermore, the specific mechanism of crustal material addition (e.g., bulk 

mixing during subduction or assimilation and fractional crystallization) is also known to vary 

across the arc (Mullen and Weis, 2013, 2015; Mullen and McCallum, 2014; Mullen et al., 2017). 

By combining traditional geochemical tracers with Mg isotope systematics, Chapter 4 

demonstrates that the addition of isotopically heavy upper crustal materials to primary magmas 

during assimilation and fractional crystallization may produce a small but measurable increase in 

Mg isotope composition. The addition of subducted materials appeared to have minimal effect on 

Mg isotopes in these samples. With further study and improvements in instrumental precision, 

Mg isotopes may prove to be a valuable tracer of upper crustal material in igneous rocks. Emily 

Mullen, then at the University of Washington, gathered and published much geochemical data 

for these samples, while Fang-Zhen Teng made significant contributions to the development of 

the project idea and interpretation of the results. This work was published in Frontiers in Earth 

Sciences in March 2018. 

 

Part 2: Rare earth element extraction from non-traditional feedstocks using engineered 

Escherichia coli 

Rare earth elements (REEs), which consist of the lanthanide series metals, as well as 

scandium and yttrium, are becoming increasingly important to the international economy with 

the development and spread of new technologies, especially in the area of clean energy. The 

most common uses for REEs include automotive and industrial catalysts, metallurgical additives, 

and permanent magnets in wind turbines, electric motors, and electronic devices (DOE, 2011). 

However, the supply of these metals is potentially at risk globally because more than 85% of the 

world’s REE production comes from China (Zhou et al., 2017), even though there are significant 

reserves elsewhere, including in the United States. REEs have been identified as critical 
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materials by the European Union and the United States Department of Energy based on both 

their supply risk and their importance to the modern economy. Five REEs in particular (Tb, Dy, 

Eu, Nd, and Y) have been identified as especially critical (DOE, 2011). Given the limited 

sources of REE production and the increasing global demand for these metals, it is essential to 

investigate new REE feedstocks and to develop new and improved techniques for REE recovery 

and purification.  

Rare earth elements are relatively abundant in the Earth’s crust, despite their name, but 

they are not typically concentrated in easily exploitable ore deposits. Most REEs are currently 

mined from monazite, bastnasite, and ion adsorption clay minerals that require significant 

processing for REE recovery, often causing serious environmental problems, particularly in 

China where there is minimal regulation (Hennebel et al., 2015). There are, however, many 

promising non-traditional REE resources, such as coal byproducts and electronic waste, which 

are abundant and may provide a means of diversifying the world’s REE supply. However, due to 

the low REE concentrations and/or adverse chemical characteristics of these potential resources, 

conventional REE-extraction approaches have not yet been applied at an industrial scale, and the 

resources remain unexploited. Therefore, the development of novel REE recovery methods 

designed specifically for use with non-traditional feedstocks is the focus of significant ongoing 

research efforts.  

Solid-phase extraction (SPE) is one category of novel REE recovery technologies, which 

involves the application of a solid material to selectively adsorb REEs from an aqueous 

feedstock, such as a leachate or a naturally occurring geofluid. The extractant will have a high 

binding affinity for REEs compared to other, non-REE metals and will therefore concentrate and 

purify REEs in the solid phase. A targeted desorption scheme can then further purify the REEs 
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from any co-adsorbed non-REEs and may also make possible the separation of individual REEs. 

Many SPE adsorbents have been tested, including organic wastes such as seafood (Takahashi et 

al., 2014) and vegetable byproducts (Varshini et al., 2014), various hydrogels (Bertagnolli et al., 

2016), zero-valent iron particles (Crane and Sapsford, 2018), and mineral powders (Gok et al., 

2014). Each of these materials has clear advantages and disadvantages for REE separation and 

purification purposes. For example, organic wastes are inexpensive, abundant, and 

environmentally-friendly; however, they may not have the high selectivity for REE adsorption 

that an engineered hydrogel will exhibit (Anastopolous et al., 2016). An ideal adsorbent would 

have both a high capacity and a high selectivity for REEs and would be cheap, readily available, 

mechanically and chemically stable, and environmentally friendly. 

Microbes are a particularly promising REE-specific adsorbent given those criteria. 

Biosorption does not contribute to the hazardous chemical footprint of the REE extraction 

process, and microbes are relatively inexpensive and simple to produce even at a large scale 

(Jiang et al., 2012; Moriwacki and Yamamoto, 2013; Ozaki et al., 2004; Texier et al., 1999; 

Tsuruta, 2007). Furthermore, microbes can sustain multiple REE recovery cycles since the cells 

do not need to be viable to retain the desired cell surface reactivity (Park et al., 2016, 2017). 

Finally, native microbial cell surfaces typically exhibit a high selectivity for REEs and a high 

REE adsorption capacity for a given sorbent weight (Dodson et al., 2015; Jacinto et al., 2018; Lo 

et al., 2014). The inherent adsorptive properties of microbes have been enhanced by engineering 

the cells to express a lanthanide binding tag (LBT) on the cell surface (Park et al., 2016, 2017). 

In E. coli cells specifically, LBT expression increased REE adsorption capacity by ~2-fold and 

increased REE adsorption selectivity over every tested non-REE metal except copper (Park et al., 

2017). With a comprehensive understanding of the adsorption characteristics of these LBT-
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displayed E. coli cells and the proper extraction system design, these microbes may permit the 

recovery of REEs from a variety of traditional and non-traditional feedstocks. 

Geofluids are one promising REE feedstock given their abundance and the lack of pre-

processing (e.g., crushing, beneficiation, and leaching) required before biosorption compared to 

solid REE feedstocks. Geofluids, including geothermal fluids, have a range of geochemical 

characteristics that make them unique compared to many other non-traditional feedstocks and 

which present unusual difficulties for REE extraction. Even the highest grade geofluids have 

total REE concentrations only up to low ppm levels, which is much lower than other non-

traditional feedstocks, such as recycled electronic waste leachates which may reach REE 

concentrations in the thousands of ppm (Lixandru et al., 2017). Most geofluids do not even reach 

the low ppm threshold, and a typical fluid for REE recovery is often in the hundreds of ppb range 

(Wood et al., 2001). The high-REE geofluids typically have pH <3.5, which further complicates 

biosorption because the cell surfaces exhibit optimal REE recovery at pH 5-6, with decreasing 

recovery efficiency with decreasing pH (Wood et al., 2001; Park et al., 2016). Geofluids may 

also have extremely high ionic strength, high concentrations of specific, competitive non-REE 

metals, and high temperatures, all of which may have an impact on REE extraction.  

Chapter 5 investigates the effects of pH, ionic strength, competing metal concentrations, 

and temperature on REE adsorption by the LBT-displayed E. coli cells. Ionic strength did not 

have a resolvable effect on REE recovery at the range of concentrations relevant to geofluids. 

Individual competing metals were capable of displacing REEs from the cell surface once their 

concentration reached a certain threshold, typically >10x higher than the REE concentrations. 

Decreasing pH blow pH 6 progressively reduced REE adsorption; however, increasing 

temperature up to 70°C improved REE adsorption. These results inform the use of biosorption 
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techniques for REE recovery from natural geofluids. This chapter was submitted to 

Environmental Science & Technology and is currently in revision. Yongqin Jiao and Dan Park at 

Lawrence Livermore National Laboratory (LLNL), along with collaborators Laura Lammers and 

Elliot Chang at UC Berkeley and Yat Li and Tianyi Kou at UC Santa Cruz, made significant 

contributions to this study. 

Although the LBT-displayed E. coli cells, and microbes in general, have many promising 

attributes for REE extraction purposes, particularly their advantageous surface chemistry, their 

physical characteristics make them difficult to apply at an industrial scale. Perhaps most 

critically, large-scale REE solid-phase extraction operations would benefit from a continuous 

flow design that maximizes feedstock exposure to the adsorbent. However, high densities of cells 

tend to obstruct flow, causing head loss and even clogging. To address this issue, the cells may 

be immobilized, often by imbedding them in a permeable material, such as a polymer. Ideally, 

this immobilization technique will produce an adsorbent with the advantageous chemical 

characteristics of the cells and the advantageous physical characteristics of the polymer. The 

selected polymers must be biocompatible, highly permeable, easy to synthesize, chemically and 

mechanically stable, and minimally adsorptive. While many polymers, such as alginate, have 

previously been used for cell immobilization because they meet the first four criteria, these 

materials commonly adsorb significant amounts of non-REE metals, and are therefore not 

suitable for REE recovery applications.  

Chapter 6 describes the development of a method to produce polyethylene glycol 

diacrylate (PEGDA) microparticles, or matrix-style capsules, with a high concentration of LBT-

displayed E. coli cells, and then demonstrates the function of these microparticles in continuous 

flow REE extraction columns at conditions relevant to REE feedstocks. In a breakthrough 
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column system, increasing flow rate, decreasing pH, and decreasing REE concentration in the 

feedstock all decreased the REE adsorption of the microparticle sorbent from a baseline of ~3 

mg REEs for each g of dry sorbent. Columns largely retained function through the course of 9 

adsorption/desorption cycles, suggesting excellent reusability. The chapter concludes with the 

successful recovery of REEs from real-world leachates of electronic waste and lignite coal, 

showing that the cell/PEGDA microparticles are a practical, scalable adsorbent for REE recovery 

from non-traditional feedstocks. Yongqin Jiao, Dan Park, and Congwang Ye at LLNL were 

instrumental in the completion of this work, with support from Laura Lammers and Elliot Chang 

at UC Berkeley, Yat Li and Shanwen Wang at UC Santa Cruz, and Heileen Hsu-Kim and Ryan 

Smith at Duke University. The manuscript detailing the results of this study is in preparation to 

be submitted to ACS Applied Materials & Interfaces. 

 

References 

Anastopoulos, I.; Bhatnagar, A.; Lima, E.C. (2016) Adsorption of rare earth metals: A review of 
recent literature. Journal of Molecular Liquids, 221, 954-962. 

Bertagnolli, C.; Grishin, A.; Vincent, T.; Guibal, E. (2016) Recovering Heavy Metal Ions from 
Complex Solutions Using Polyethylenimine Derivatives Encapsulated in Alginate Matrix. 
Industrial & Engineering Chemistry Research, 55, (8), 2461-2470. 

Black, J.R., Yin, Q.-Z., Casey, W.H. (2006) An experimental study of magnesium-isotope 
fractionation in chlorophyll-a photosynthesis. Geochimica et Cosmochimica Acta 70, 4072-4079. 

Black, J.R., Epstein, E., Rains, W.D., Yin, Q.-Z., Casey, W.H. (2008) Magnesium-isotope 
fractionation during plant growth. Environmental Science & Technology 42, 7831-7836. 

Bolou-Bi, E.B., Poszwa, A., Leyval, C., Vigier, N. (2010) Experimental determination of 
magnesium isotope fractionation during higher plant growth. Geochimica et Cosmochimica Acta 
74, 2523-2537. 

Bolou-Bi, E.B., Vigier, N., Poszwa, A., Boudot, J.-P., Dambrine, E. (2012) Effects of 
biogeochemical processes on magnesium isotope variations in a forested catchment in the Visges 
Mountains (France). Geochimica et Cosmochimica Acta 87, 341-355. 

Crane, R.A.; Sapsford, D.J. (2018) Sorption and fractionation of rare earth element ions onto 



	 13	

nanoscale zerovalent iron particles. Chemical Engineereing Journal, 345, 126-137. 

Dodson, J. R.; Parker, H. L.; Garcia, A. M.; Hicken, A.; Asemave, K.; Farmer, T. J.; He, H.; 
Clark, J. H.; Hunt, A. J. (2015) Bio-derived materials as a green route for precious & critical 
metal recovery and re-use. Green Chemistry, 17, (4), 1951-1965. 

DOE, Critical Materials Strategy Report. In 2011. 
Edmond, J.M., Measures, C., McDuff, R.E., Chan, L.H., Collier, R., Grant, B., Gordon, L.I., 
Corliss, J.B. (1979) Ridge crest hydrothermal activity and the balances of the major and minor 
elements in the ocean: The Galapagos data. Earth and Planetary Science Letters 46, 1-18. 

Fahad, Z.A., Bolou-Bi, E.B., Kohler, S.J., Finlay, R.D., Mahmood, S. (2016) Fractionation and 
assimilation of Mg isotopes by fungi is species dependent. Environmental Microbiology Reports, 
8, 956-965. 

Fein, J.B., Boily, J.-F., Yee, N., Gorman-Lewis, D., Turner, B.F. (2005) Potentiometric titrations 
of Bacillus subtilis cells to low pH and a comparison of modeling approaches. Geochimica et 
Cosmochimica Acta 69, 1123-1132. 

Geske, A., Zorlu, J., Richter, D.K., Buhl, D., Niedermayr, A., Immenhauser, A. (2012) Impact of 
diagenesis and low grade metamorphosis on isotope (δ26Mg, δ13C, δ18O and 87Sr/88Sr) and 
elemental (Ca, Mg, Mn, Fe and Sr) signatures of Triassic sabkha dolomites. Chemical Geology 
332-333, 45-64. 

Gok, C. (2014) Neodymium and samarium recovery by magnetic nano-hydroxyapatite. Journal 
of Radioanalytical and Nuclear Chemistry, 301, (3), 641-651. 

Gorman-Lewis, D., Fein, J.B., Jensen, M.P. (2006) Enthalpies and entropies of proton and 
cadmium adsorption onto Bacillus subtilis bacterial cells from calorimetric measurements. 
Geochimica et Cosmochimica Acta 70, 4862-4873. 

Harrold, Z.R., (2014) Investigating the effects of Bacillus subtilis endospore surface reactivity on 
low-temperature aqueous geochemical systems. Doctoral dissertation. University of Washington, 
Seattle, WA, USA. 

Harrold, Z.R., Gorman-Lewis, D. (2013) Thermodynamic analysis of Bacillus subtilis endospore 
protonation using isothermal titration calorimetry. Geochimica et Cosmochimica Acta,109, 296-
305. 

Higgins, J.A., Schrag, D.P. (2010) Constraining magnesium cycling in marine sediments using 
magnesium isotopes. Geochimica et Cosmochimica Acta 74, 5039-5053. 

Hennebel, T.; Boon, N.; Maes, S.; Lenz, M. (2015) Biotechnologies for critical raw material 
recovery from primary and secondary sources: R&D priorities and future perspectives. New 
Biotechnology, 32, (1), 121-127. 

Hofmann, A.W. (2003) Sampling mantle heterogeneity through oceanic basalts: Isotopes and 
trace elements, in: Carlson, R.W., (Ed.), The Mantle and Core. Treatise on Geochemistry. 
Elsevier-Pergamon, Oxford, pp. 61-101. 



	 14	

Huang, K.-J., Teng, F.-Z., Wei, G.-J., Ma, J-.L., Bao, Z.-Y. (2012) Adsorption- and desorption-
controlled magnesium isotope fractionation during extreme weathering of basalt in Hainan 
Island, China. Earth and Planetary Science Letters 359-360, 73-83. 

Immenhauser, A., Buhl, D., Richter, D., Niedermayer, A., Reichelmann, D., Dietzel, M., Schulte, 
U. (2010) Magnesium-isotope fractionation during low-Mg calcite precipitation in a limestone 
cave – Field study and experiments. Geochimica et Cosmochimica Acta, 74, 4346-4364. 

Jacinto, J.; Henriques, B.; Duarte, A. C.; Vale, C.; Pereira, E. (2018) Removal and recovery 
of Critical Rare Elements from contaminated waters by living Gracilaria gracilis. Journal of 
Hazardous Materials, 344, 531-538. 
Jiang, M. Y.; Ohnuki, T.; Tanaka, K.; Kozai, N.; Kamiishi, E.; Utsunomiya, S. (2012) Post-
adsorption process of Yb phosphate nano-particle formation by Saccharomyces cerevisiae. 
Geochimica et Cosmochimica Acta, 93, 30-46. 

Lee, J.-U. and Fein, J.B. (2000) Experimental study of the effects of Bacillus subtilis on gibbsite 
dissolution rates under near-neutral pH and nutrient-poor conditions. Chemical Geology, 166, 
193-202. 

Li, W., Beard, B.L., Li, C., Johnson, C.M. (2014) Magnesium isotope fractionation between 
brucite [Mg(OH)2] and Mg aqueous species: Implications for silicate weathering and 
biogeochemical processes. Earth and Planetary Science Letters 394, 82-93. 

Li, W.-Y., Teng, F.-Z., Ke, S., Rudnick, R. L., Gao, S., Wu, F.-Y., Chappell, B. W. (2010) 
Heterogeneous magnesium isotopic composition of the upper continental crust. Geochimica et 
Cosmochimica Acta 74, 6867–6884. 

Li, W.-Y., Teng, F.-Z., Xiao, Y., Huang, J. (2011) High-temperature inter-mineral magnesium 
isotope fractionation in eclogite from the Dabie orogeny, China. Earth and Planetary Science 
Letters 224-230. 

Liu, S.A., Teng, F.-Z., He, Y., Ke, S., Li, S. (2010) Investigation of magnesium isotope 
fractionation during granite differentiation: Implication for Mg isotopic composition of the 
continental crust. Earth and Planetary Science Letters 297, 646-654. 

Liu, X.-M., Teng, F.-Z., Rudnick, R.R., McDonough, W.F., Cummings, M.L. (2014) Massive 
magnesium depletion and isotope fractionation in weathered basalts. Geochimica et 
Cosmochimica Acta, 135, 336–349. 

Lixandru A, Venkatesan P, Jönsson C, Poenaru I, Hall B, Yang Y, Walton, A., Guth, K., Gaus, 
R., Gutfleisch, O. (2017) Identification and recovery of rare-earth permanent magnets from 
waste electrical and electronic equipment. Waste Management, 68:482-9. 

Lo, Y. C.; Cheng, C. L.; Han, Y. L.; Chen, B. Y.; Chang, J. S. (2014) Recovery of high-value 
metals from geothermal sites by biosorption and bioaccumulation. Bioresource Technology, 
160, 182-190. 
Ma, L., Teng, F.-Z., Jin, L., Ke, S., Yang, W., Gu, H.-O., Brantley, S.L. (2015) Magnesium 



	 15	

isotope fractionation during shale weathering in the Shale Hills Critical Zone Observatory: 
Accumulation of light Mg isotopes in soils by clay mineral transformation. Chemical Geology, 
397, 37-50. 

Moriwaki, H.; Yamamoto, H. (2013) Interactions of microorganisms with rare earth ions and 
their utilization for separation and environmental technology. Applied Microbiology and 
Biotechnology, 97, (1), 1-8. 

Mullen, E.K., McCallum, I.S. (2014). Origin of Basalts in a Hot Subduction Setting: Petrological 
and Geochemical Insights from Mt. Baker, Northern Cascade Arc. Journal of Petrology 
55(2):241-281. 

Mullen, E.K., Weis, D. (2013) Sr-Nd-Nf-Pb isotope and trace element evidence for the origin of 
alkali basalts in the Garabaldi Belt, northern Cascade arc. Geochemistry, Geophysics, and 
Geosystems, 14:3126-3155. 

Mullen, E.K., Weis, D. (2015). Evidence for trench-parallel mantle flow in the northern Cascade 
Arc from basalt geochemistry Earth and Planetary Science Letters 414:100-107. 

Mullen, E.K., Weis, D., Marsh, N.B., Martindale, M. (2017). Primitive arc magma diversity: 
New geochemical insights in the Cascade Arc. Chemical Geology, 448:43-70. 

Olsen, A.A., Rimstidt, J.D. (2008) Oxalate-promoted forsterite dissolution at low pH. 
Geochimica et Cosmochimica Acta, 72, 1758–1766. 

Opfergelt, S., Burton, K.W., Georg, R.B., West, A.J., Guicharnaud, R.A. Sigfusson, B., Siebert, 
C., Gislason, S.R., Halliday, A.N. (2014) Magnesium retention on the soil exchange complex 
controlling Mg isotope variations in soils, soil solutions and vegetation in volcanic soils, Iceland. 
Geochimica et Cosmochimica Acta, 125, 110-130. 

Ozaki, T.; Gillow, J. B.; Kimura, T.; Ohnuki, T.; Yoshida, Z.; Francis, A. J. (2004) Sorption 
behavior of europium(III) and curium(III) on the cell surfaces of microorganisms. 
Radiochimica Acta, 92, (9-11), 741-748. 
Park, D. M.; Reed, D. W.; Yung, M. C.; Eslamimanesh, A.; Lencka, M. M.; Anderko, A.; 
Fujita, Y.; Riman, R. E.; Navrotsky, A.; Jiao, Y. Q. (2016) Bioadsorption of Rare Earth 
Elements through Cell Surface Display of Lanthanide Binding Tags. Environmental Science 
& Technology, 50, (5), 2735-2742. 
Park, D. M.; Brewer, A.; Reed, D. W.; Lammers, L. N.; Jiao, Y. (2017) Recovery of Rare Earth 
Elements from Low-Grade Feedstock Leachates Using Engineered Bacteria. Environmental 
Science & Technology, 51, (22), 13471-13480. 

Plank, T. (2014) The chemical composition of subducting sediments, in: Rudnick, R.L., (Ed.) 
The Crust. Treatise on Geochemistry. Elsevier, Oxford, pp. 607-629. 

Pokharel, R., Gerrits, R., Schuessler, J.A., Floor, G.H., Gorbushina, A.A., von Blanckenburg, F. 
(2017) Mg isotope fractionation during uptake by a rock-inhabiting, model microcolonial fungus 
Knufia petricola at acidic and neutral pH. Environmental Science & Technology, 51, 9691-9699. 



	 16	

Pokrovsky, B.G., Mavromatis, V., Pokrovsky, O.S. (2011) Co-variation of Mg and C isotopes in 
late Precambrian carbonates of the Siberian Platform: A new tool for tracing the change in 
weathering regime? Chemical Geology, 290, 67-74. 

Rudnick, R.L., Gao, S. (2003) Composition of the Continental Crust, in: Carlson, R.W., (Ed.), 
The Crust. Treatise on Geochemistry. Elsevier-Pergamon, Oxford, pp. 1-64. 

Shen, B., Jacobsen, B., Lee, C.-T.A., Yin, Q.-Z., Morton, D.M. (2009) The Mg isotopic 
systematics of granitoids in continental arcs and implications for the role of chemical weathering 
in crust formation. Proceedings of the National Academy of Sciences, 106, 20652-20657. 

Song, W., Ogawa, N., Oguchi, C.T., Hatta, T., Matsukua, Y. (2006) Effect of Bacillus subtilis on 
granite weathering: A laboratory experiment. Catena 70, 275-281. 

Takahashi, Y.; Kondo, K.; Miyaji, A.; Watanabe, Y.; Fan, Q.; Honma, T.; Tanaka, K. (2014) 
Recovery and Separation of Rare Earth Elements Using Salmon Milt. PLOS ONE, 9, (12), 
e114858. 

Teng, F.-Z., Li, W.-Y., Ke, S., Marty, B., Dauphas, N., Huang, S., Wu F. Y., Pourmand, A. 
(2010a) Magnesium isotopic composition of the Earth and chondrites. Geochimica et 
Cosmochimica Acta 74, 4150–4166. 

Teng, F.-Z., Li, W.-Y., Rudnick, R.L., Gardner, L.R. (2010b) Contrasting lithium and 
magnesium isotope fractionation during continental weathering. Earth and Planetary Science 
Letters 300, 63-71. 

Teng, F.-Z. (2017) Magnesium Isotope Geochemistry. Reviews in Mineralogy and Geochemistry 
vol. 82, 219-287. 

Texier, A. C.; Andres, Y.; Le Cloirec, P. (1999) Selective biosorption of lanthanide (La, Eu, 
Yb) ions by Pseudomonas aeruginosa. Environmental Science & Technology, 33, (3), 489-
495. 

Tipper, E.T., Gaillardet, J., Louvat, P., Capmas, F., White, F. (2010) Mg isotope constraints on 
soil pore-fluid chemistry: Evidence from Santa Cruz, California. Geochimica et Cosmochimica 
Acta 74, 3883-3896. 

Tipper, E.T., Galy, A., Bickle, M.J. (2008) Calcium and magnesium isotope systematics in rivers 
draining the Himalaya-Tibetan-Plateau region: Lithological or fractionation control? Geochimica 
et Cosmochimica Acta 72, 1057-1075. 

Tipper, E.T., Calmels, D., Gaillardet, J., Louvat, P., Capmas, F., Dubacq, B. (2012) Positive 
correlation between Li and Mg isotope ratios in the river waters of the Mackenzie Basin 
challenges the interpretation of apparent isotopic fractionation during weathering. Earth and 
Planetary Science Letters 333-334, 35-45. 

Tsuruta, T. (2007) Accumulation of rare earth elements in various microorganisms. Journal 
of Rare Earths 25, (5), 526-532. 



	 17	

Uhlig, D., Schuessler, J.A., Bouchez, J., Dixon, J.L., von Blanckenburg, F. (2017) Quantifying 
nutrient uptake as a driven of rock weathering in forest ecosystems by magnesium stable 
isotopes. Biogeosciences 14, 3111-3128. 

Urey, H.C., 1952. The Planets: Their Origin and Development. Yale University Press, New 
Haven, CT. 245 pp. 

Vandevivere, P., Welch, S.A., Ullman, W.J., Kirchman, D.L. (1994) Enhanced Dissolution 
of Silicate Minerals by Bacteria at Near-Neutral pH. Microbial Ecology 27, 241-251.  

Varshini, J. S. C., Nilanjana, D. (2014) Screening of biowaste materials for the sorption of 
cerium (III) from aqueous environment. Research Journal of Pharmaceutical, Biological and 
Chemical Sciences 5, 402-408. 

Wang, S.-J., Teng, F.-Z., Li, S.-G., Hong, J.-A. (2015) Magnesium isotopic systematics of mafic 
rocks during continental subduction. Geochimica et Cosmochimica Acta 143, 34-48. 

Wedepohl, K.H. (1995) The composition of the continental crust. Geochimica et Cosmochimica 
Acta 59, 1217-1232. 

Wightman, P.G., Fein, J.B. (2004) The effect of bacterial cell wall adsorption on mineral 
solubilities. Chemical Geology 212, 247-254. 

Wimpenny, J., Gislason, S.R., James, R.H., Gannoun, A., Pogge von Strandmann, P.A.E., 
Burton, K.W. (2010) The behavior of Li and Mg isotopes during primary phase dissolution and 
secondary mineral formation in basalt. Geochimica et Cosmochimica Acta 74, 5259-5279. 

Wimpenny, J., Colla, C.A., Yin, Q.-Z., Rustad, J.R., Casey, W.H. (2014) Investigating the 
behavior of Mg isotopes during the formation of clay minerals. Geochimica et Cosmochimica 
Acta 128, 178-194. 

Wood, S. A. (2001) Behavior of rare earth elements in geothermal systems: A new 
exploration/exploitation tool? In DOE, Ed. Geothermal Reservoir Technology Research. 

Yang, W., Teng, F.-Z., Zhang, H.-F., Li S.-G. (2012) Magnesium isotopic systematics of 
continental basalts from the North China craton: Implications for tracing subducted carbonate 
in the mantle. Chemical Geology 328, 185-194. 

Zhou, B. Li, Z.;Chen, C. (2017) Global potential of rare earth resources and rare earth 
demand from clean technologies. Minerals 7, 1-14. 

	
 

  



	 18	

CHAPTER 2: Magnesium isotope fractionation during microbially enhanced forsterite 

dissolution 

 

This chapter is in preparation for publication as: 

Brewer, A.B., Harrold, Z., Chang, E., Gorman-Lewis, D., Teng, F.-Z., (2018) Magnesium isotope 

fractionation during microbially enhanced forsterite dissolution. Geobiology. 

 

Abstract 

A series of Bacillus subtilis endospore-mediated forsterite dissolution experiments were 

performed to assess the effects of cell surface reactivity on Mg isotope fractionation during 

chemical weathering. During abiotic control assays, 24Mg was preferentially released into 

solution during dissolution, producing an isotopically light liquid (δ26Mg = -0.39 ± 0.06 to -0.26 

± 0.09 ‰) relative to the initial mineral composition (δ26Mg = -0.24 ± 0.03 ‰). The presence of 

endospores did not have an apparent effect on Mg isotope fractionation associated with 

dissolution; rather, the endospore surfaces preferentially adsorbed 24Mg from solution, which 

resulted in heavy aqueous Mg isotope compositions (up to δ26Mg = -0.08 ± 0.07 ‰). Aqueous 

Mg isotope composition increased proportional to the fraction of dissolved Mg that was adsorbed 

by the endospores, with the highest measured δ26Mg occurring at the highest degree of 

adsorption (~76%). Secondary mineral precipitation and Mg adsorption onto secondary minerals 

had a minimal effect on Mg isotopes. These results demonstrate the isolated effect of cell surface 

reactivity on Mg isotope fractionation, separate from other common biological processes, such as 

metabolism and organic acid production. With further study, Mg isotopes could be used to 

elucidate the role of the biosphere on Mg cycling in the environment. 
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1. Introduction 

Silicate weathering exerts a major geochemical influence on the state of the atmosphere, 

hydrosphere, biosphere, and lithosphere. For example, chemical weathering of silicates releases 

ions, such as calcium and magnesium, that promote carbonate precipitation, sequestering 

atmospheric carbon dioxide in carbonate rock and affecting the long-term atmospheric CO2 

budget (Urey, 1952). The products of chemical weathering supply the building blocks for clays 

and other secondary minerals and are a major determinant of river and ultimately ocean water 

composition. These silicate weathering products, such as magnesium, are also integral to life, 

providing the components necessary for cell growth and metabolism.  

Magnesium (Mg) isotope behavior is sensitive to the various processes involved in 

chemical weathering, and may therefore be a valuable tracer of these processes. Magnesium, a 

major element found in significant concentrations in the hydrosphere, biosphere, and lithosphere, 

has three stable isotopes (24Mg, 25Mg, and 26Mg). The 8% mass difference between 24Mg and 

26Mg results in observable mass dependent isotope fractionation, particularly during low-

temperature, near-surface processes (Teng, 2017 and references therein). In the context of 

weathering-related processes, Mg isotopes are fractionated during, for example, primary mineral 

dissolution, secondary mineral formation, and surface adsorption. The leaching of Mg from 

igneous rocks into the hydrosphere during weathering has been shown to produce isotopically 

heavy residual rock, as heavy as +1.81 ‰ (Li et al., 2010; Liu et al., 2014; Teng et al., 2010b; 

Tipper et al., 2008, 2010; Wimpenny et al., 2014). The aqueous phase tends to be 

correspondingly isotopically light depending upon the degree of weathering and additional 

factors (Huang et al., 2012; Liu et al., 2014; Pogge von Strandmann et al., 2012; Teng et al., 

2010b; Wimpenny et al., 2010, 2014). The formation of secondary minerals can have a variable 
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effect on Mg isotopes, with carbonate precipitates typically exhibiting a light Mg isotope 

composition (as light as -5.6 ‰; Wombacher et al., 2011), while clay minerals preferentially 

incorporate 26Mg into their structural sites and are generally isotopically heavy (Huang et al., 

2012; Li et al., 2010; Ma et al., 2015; Opfergelt et al., 2014; Tipper et al., 2012; Wimpenny et 

al., 2014). Magnesium adsorbed onto mineral surfaces has been found to be variably heavy 

(Huang et al., 2012; Liu et al., 2014b; Pogge von Strandmann et al., 2012) or light (Brewer et al., 

2018; Ma et al., 2015; Opfergelt et al., 2012, 2014; Wimpenny et al., 2014), and the mechanisms 

responsible for these differences are not well understood. Magnesium isotope fractionation 

during adsorption and desorption are therefore active areas of investigation. Despite the progress 

that has been made in assessing Mg isotope behavior during chemical weathering, the role of 

biological processes in weathering systems has not been the focus of much study. Magnesium 

isotope fractionation in plants has been investigated (Black et al., 2006, 2008; Bolou-Bi et al., 

2010, 2012; Uhlig et al., 2017), as has the increased Mg isotope composition associated with 

uptake into microbial cells (Pokharel et al., 2017) and fungi (Fahad et al., 2016). However, Mg 

isotopes have not previously been applied to specifically elucidate the effects of biological 

surface chemistry on chemical weathering. 

Microbes are ubiquitous in weathering environments and are known to increase rates of 

mineral dissolution (Lee and Fein, 2000; Song et al., 2007; Vandevivere et al., 1994), potentially 

exerting a major control on the flux of dissolution products into the hydrosphere. It can be 

difficult to distinguish the effects of biotic weathering from purely chemical weathering, 

particularly given the range of conditions and processes relevant to each. Both biotic and abiotic 

weathering can vary with temperature, pressure, pH, and surface area, among other factors 

(Bennett et al., 2001; Oelkers et al., 2001; Olsen and Rimstidt, 2008; Rogers and Bennett, 2004; 
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Vandeviere et al., 1994). Biotic weathering, however, is also dependent on cell wall reactivity 

and the metabolism of the microorganisms present, as well as any organic acids that they 

produce (Lee and Fein, 2000; Song et al., 2006; Wightman and Fein, 2004). Each of these 

biological factors may influence a natural weathering system in a variety of ways, and Mg 

isotopes may help to assess the contributions of these variables.  

Bacterial cell wall reactivity can have significant direct and indirect effects on mineral 

dissolution in a weathering system (Friis et al., 2003; Oelkers et al., 2015; Wightman and Fein, 

2004). The reactive sites on the cell wall can interact directly with a mineral surface, making 

dissolution more thermodynamically favorable; however, they can also adsorb the aqueous 

dissolution products, changing the saturation state of the solution and preventing the system from 

approaching equilibrium, which indirectly maintains a more rapid dissolution rate (Friis et al., 

2003; Oelkers et al., 2015; Wightman and Fein, 2004). Their high surface reactivity is due to the 

high concentration of ion adsorption sites, such as carboxyl and phosphate ligands, on cell 

surfaces (Borrok et al., 2004; Gorman-Lewis et al., 2006; Harrold and Gorman-Lewis, 2013; 

Kelly et al., 2001, 2002). In environments where cell metabolism is slow and/or the microbial 

surface area is large, the two-fold effects of cell surface reactivity on chemical weathering may 

potentially be more significant than those of active metabolism or organic acid production. 

Bacterial endospores present a unique opportunity to isolate the effects of microbial 

surface reactivity on Mg isotope fractionation. Endospores are a metabolically dormant cell type 

that can be produced by certain bacterial genera (e.g. Bacillus and Clostridium) under conditions 

not conducive to life. These endospores can survive high levels of radiation, toxic chemical 

exposure, and the absence of nutrients, among other harsh conditions, and can persist for many 

years (Siala et al., 1974; Whitman et al., 1998). Endospores are therefore common constituents 
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of the bacterial biomass in many environments (Siala et al., 1974; Whitman et al., 1998). While 

mineral dissolution in the presence of vegetative microbial cells is complicated by metabolism 

and the production of organic acids, endospores only affect dissolution through cell wall 

reactivity (Daughney et al., 2001, 2002; Harrold, 2014; Lee and Fein, 2000; Olsen and Rimstidt, 

2008; Song et al., 2006; Vandiviere et al., 1994). The cell wall reactivity of endospores is taken 

as generally representative of vegetative bacterial cell wall reactivity for the purposes of this 

study (Fein et al., 2005; Gorman-Lewis et al., 2006; Harrold and Gorman-Lewis, 2013). The 

application of endospores in controlled forsterite dissolution experiments permits the effects of 

cell wall reactivity on the fractionation of Mg isotopes during weathering to be assessed. 

2. Materials and Methods 

2.1. Endospore Preparation 

A detailed discussion of endospore growth and separation can be found in Harrold et al., 

(2011). Briefly, B. subtilis was aseptically inoculated into 3.5 ml 3% typticase soy broth (TSB) 

and 0.5% yeast extract for 24 hours. The broth cultures were then transferred to 1 L of 0.3% TSB 

for a further incubation of 6 days at 32°C. The biomass was harvested via centrifugation and 

washed three times by suspension in 0.1 M NaCl. The suspension was pelleted via centrifugation 

and the supernatant was discarded each time. The biomass was suspended in MQ water and 

added to a 2-phase extraction system comprised of 11.18% w/v PEG 4000, 34% v/v potassium 

phosphate buffer, and 50% v/v MQ water. This mixture was centrifuged, resulting in phase 

separation, and the top phase containing the endospores was collected, leaving the vegetative 

cells behind within the lower phase. The endospores were pelleted via centrifugation and washed 

five times by suspension in NaClO4. The final endospore yield was weighed, and a 50 µl cut 
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taken to quantify vegetative cell contamination. The average purity for this endospore harvesting 

method was 88 ± 11 % (1σ). 

2.2. Forsterite Preparation 

All forsterite dissolution assays used powdered, naturally occurring San Carlos forsterite 

(Mg1.8Fe0.2(Ni,Mn,Ca,Cr)0.01SiO4, Fo90; Harrold, 2014) at a concentration of 1.25 g L-1. The Fo90 

had minimal contamination from other mafic minerals or secondary precipitates. The particle 

size ranged from 50 to 125 µm and exhibited variable surface area, from 0.6 to 4 m2 g-1 at an 

average of 2.5 ± 1.7 (1σ, n = 8), likely due to the large range in grain size (Harrold, 2014).  

2.3. Direct and indirect dissolution experiments 

All dissolution experiments were conducted previously for Harrold (2014). All 

dissolution assays were conducted over an incubation period of 43 days. The bulk solution used 

was 25 mM NaClO4 made with 18 MΩ cm-1 H2O, and the biotic assay endospore concentration 

was 0.65 g L-1. Abiotic control assays were conducted under the same conditions as the biotic 

assays, but without endospores. Solution pH and temperature were maintained at 7.5 ± 0.3 and 

23 ± 0.3°C, respectively, for the duration of the experiments. All assays were run in duplicate. 

For the purpose of Mg isotope analyses, the data from the duplicates were combined into a single 

time series.  

Two different biotic dissolution assays were conducted in order to elucidate indirect 

versus direct impacts of endospore surfaces on forsterite dissolution. Indirect endospore-mineral 

interactions were assessed by isolating forsterite powder in 1 mL dialysis capsules (Spectra/Por 

Float-a-lyzer G2) with a molecular weight cut off (MWCO) of 1000 kD (~0.1 µm) to prevent 

direct contact between the endospores and the mineral surfaces. Only dissolution products with a 
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MW less than 1000 kD could pass through the dialysis barrier and equilibrate with the bulk 

solution. The assays were mixed continuously and sampled at regular intervals. Cations that 

passed through the 0.1 um filter are operationally defined as dissolved. Coupled direct and 

indirect endospore-forsterite interactions were assessed in assays where forsterite powder and 

endospores were added together into the same solution, permitting direct contact between the cell 

and mineral surfaces. All assays were continuously mixed end-over-end to maintain a 

homogeneous solution of endospores and mineral powder. Once collected, samples from both 

indirect and direct assays were passed through a 0.1 or 0.22 µm Millipore Isopore membrane 

filter, pH adjusted if necessary, and stored at 4 °C prior to chemical analysis.  

The forsterite dissolution assays without endospores provide a baseline for Mg behavior 

during abiotic dissolution in the 25 mM NaClO4 solution matrix. The abiotic dialysis and 

homogenous assays behaved similarly in terms of dissolution rate and dissolution product 

composition, indicating that the dialysis tubing itself had minimal impact on abiotic forsterite 

dissolution (Fig. 1). During the incubation period from which samples were analyzed for Mg 

isotopes (10-43 days), the dissolution rates for the dialysis and homogenous assays were approx. 

equivalent at -11.38 ± 0.07 and -11.39 ± 0.34 molg-1s-1 (2SD; Harrold, 2014). These rates are 

similar to those from previous studies (Olsen and Rimstidt, 2008; Pokrovsky and Schoot, 2000; 

Wogelius and Walther, 1991). Both assays also exhibit congruent forsterite dissolution over the 

entire incubation period, with an approximate aqueous Mg:Si ratio of 1.80:1 (1.63 ± 0.62 and 

1.72 ± 0.30, 2SD, for the dialysis and homogenous assays, respectively), reflecting the initial 

composition of the mineral powder (Harrold, 2014; Fig. 1). The abiotic assays provide a basis for 

comparison to assess the effects of endospores on forsterite dissolution. 
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Figure 1: (a) Mg concentration (µM), (b) Si 
concentration (µM), and (c) Mg:Si ratio in solution over 

the duration of the incubation period. The triangles 
represent the dialysis assays and the circles represent the 

homogenous assays, while the red and blue symbols 
represent the biotic and abiotic assays, respectively. The 
dashed line in Panel C represents the Mg:Si ratio of the 

pristine forsterite. Data are from Harrold (2014). Data are 
reported in Table 1.	
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Incubation Period (days) δ26Mg 
(‰) 

2SD δ25Mg 
(‰) 

2SD Mg Concentration 
(ppm) 

Si Concentration 
(ppm) 

Mg/Si 

        
Abiotic Free Assay        

10 -0.36 0.06 -0.17 0.07 1.59 1.18 1.56 
16 -0.34 0.06 -0.19 0.07 2.42 1.44 1.94 
20 -0.39 0.06 -0.18 0.07 2.09 1.39 1.74 
26 -0.37 0.06 -0.18 0.07 2.61 1.70 1.76 
37 -0.28 0.06 -0.12 0.07 3.65 3.13 1.58 

Avg -0.35 0.08 -0.17 0.06 2.47 1.77 1.72 
Abiotic Dialysis Assay        

17 -0.33 0.06 -0.17 0.07 1.55 1.40 1.29 
30 -0.26 0.09 -0.08 0.11 1.04 0.64 1.89 
39 -0.35 0.05 -0.19 0.07 1.44 0.98 1.70 

Avg -0.31 0.09 -0.15 0.12 1.34 1.01 1.63 
Endospore Dialysis Assay        

17 -0.12 0.07 -0.04 0.06 0.73 1.65 0.51 
30 -0.08 0.07 +0.02 0.06 1.12 2.95 0.44 
36 -0.10 0.06 -0.01 0.07 1.37 2.36 0.67 
41 -0.17 0.06 -0.10 0.07 1.43 2.91 0.57 
43 -0.10 0.06 -0.04 0.07 1.52 2.22 0.79 

Avg -0.11 0.07 -0.03 0.09 1.23 2.42 0.60 
Endospore Free Assay        

11 -0.21 0.06 -0.11 0.07 2.69 2.84 1.09 
Duplicate -0.27 0.06 -0.10 0.07 2.41 2.51 1.11 

20 -0.22 0.09 -0.11 0.11 3.15 3.49 1.04 
25 -0.27 0.05 -0.08 0.08 3.44 3.21 1.24 

Duplicate -0.27 0.06 -0.15 0.07 3.30 3.28 1.16 
32 -0.27 0.05 -0.10 0.07 3.43 3.23 1.23 
43 -0.30 0.05 -0.13 0.07 5.04 5.23 1.11 

Replicate -0.27 0.06 -0.13 0.07    
Duplicate -0.26 0.05 -0.09 0.07 4.47 4.49 1.15 

Avg -0.26 0.06 -0.11 0.04 3.49 3.54 1.14 
Forsterite Mineral -0.23 0.06 -0.12 0.05    

Duplicate -0.23 0.06 -0.12 0.05    
Duplicate -0.26 0.06 -0.14 0.05    

Avg -0.24 0.03 -0.13 0.02    
        

 

 

 

Table 1: Mg and Si concentrations and Mg isotope compositions of the assay solutions and 
initial forsterite powder. 2SD for each samples is two times the standard deviation of the 

population of n (n > 12) repeat measurements of the standards during an analytical session. 
2SD for the average of each assays is two times the standard deviation of the sample 

population. 
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In the biotic indirect (or dialysis) assays, any changes in dissolution behavior associated 

with the endospores can be attributed to the adsorption of dissolved Mg onto the endospore 

surfaces (Harrold and Gorman-Lewis, 2013), decreasing the chemical activity of Mg in the bulk 

solution (Harrold, 2014). While forsterite dissolution is expected to always be far from 

equilibrium at these temperature and pressure conditions (Olsen and Rimstidt, 2008; White and 

Brantley, 1995), it is possible that the preferential leaching of Mg from the crystal lattice could 

result in a Si-rich layer that can polymerize at the experimental pH of 7.5 (Pokrovsky and Schott, 

2000a, 2000b). Magnesium dissolution products may be required to diffuse through this layer, 

and the rate of diffusion would be dependent upon the Mg activity of the bulk solution 

(Pokrovsky and Schott, 2000a, 2000b). Therefore, Mg adsorption onto the endospores would 

increase the rate of forsterite dissolution. An increased adsorption rate was initially observed; 

however, the rates had returned to the abiotic level (-11.40 ± 0.09 molg-1s-1, 2SD) prior to the 

period for which samples were tested for Mg isotope (10-43 days) (Harrold, 2014). Magnesium 

is also highly depleted relative to Si in the dissolution products over the entire incubation period 

due to Mg adsorption onto the endospore surfaces, with an average Mg:Si ratio of approximately 

0.60 ± 0.28 (2SD, Harrold, 2014; Fig. 1).  

In the biotic homogenous (or free) assays, the endospores can adhere directly to the 

mineral surfaces in addition to interacting with the aqueous dissolution products. Endospore 

adhesion onto the mineral surfaces occurs via the complexation of anionic oxygen moieties on 

the endospore surface with Mg on the mineral surface (Harrold, 2014). This complexation shifts 

the electron density from the oxygen in the Si-O-Mg forsterite structure to the Mg-ligand bond, 

making the breaking of the bridging O bond more thermodynamically favorable (Olsen and 

Rimstidt, 2008). Again, the dissolution rate did initially increase, but returned to approx. abiotic 
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levels (-10.97 ± 0.37, 2SD) prior to the period for which Mg isotopes were analyzed (Harrold, 

2014). Magnesium is also depleted relative to Si in the dissolution products over the entire 

incubation period, but less depleted than in the dialysis assays, with an average Mg:Si ratio of 

approximately 1.14 ± 0.12 (2SD), again due to Mg adsorption onto the endospore surfaces 

(Harrold, 2014; Fig. 1). It is possible that the direct forsterite-endospore interaction in the 

homogenous endospore assays may also release excess Si into solution compared to the abiotic 

assays (Harrold, 2014). 

2.4. Chemical Analyses 

In Harrold, (2014), magnesium and iron concentrations were measured on an inductively 

coupled plasma optical emission spectrometer (ICP-OES). Silicon concentrations were measured 

using the molybdenum blue colorimetric method, which quantifies the concentrations of aqueous 

monomeric and dimeric silicic acid. Cation and silica concentrations generated during the biotic 

and abiotic forsterite dissolution assays are characterized and discussed in detail in Harrold 

(2014). 

2.5. Magnesium Isotope Analyses 

Magnesium isotope analyses were performed at the Isotope Laboratory in the Department 

of Earth and Space Sciences at the University of Washington. All procedures are similar to those 

discussed in previous papers (Li et al., 2010; Teng et al., 2007, 2010a; Teng and Yang, 2014; 

Yang et al., 2009).  

Filtered samples were transferred to Savillex screw-top Teflon beakers and dried. To 

ensure complete dissolution, the dried samples were subjected to a 6:1 HF-HNO3 acid digestion 

followed by a 3:1 HCl-HNO3 acid digestion. The samples were kept in each acid at approx. 
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125°C for several days. To achieve cation separation, the samples were passed twice through a 

column containing 1.8 ml Bio-Rad 200-400 mesh AG50W-X8 cation exchange resin in a 1N 

HNO3 media, and were eluted using 1N HNO3. The collected aliquot contains >99% of the Mg 

in the sample to prevent isotope fractionation within the column, and limits the concentrations of 

other elements to less than 5% of the concentration of Mg. 

Magnesium isotope compositions were analyzed using the sample-standard bracketing 

method on a Nu Plasma II MC-ICP-MS. Mg isotope data is expressed in standard δ-notation: 

𝛿!𝑀𝑔 (‰) =

𝑀𝑔!

𝑀𝑔!"
!"#$%&

𝑀𝑔!

𝑀𝑔!"
!"#$%#&%

− 1 ∗ 1000 

where x refers to masses 25 or 26. The reference materials Seawater (n = 8) and San Carlos 

Olivine (n = 10) were analyzed at least once during each analytical session, each time yielding a 

δ26Mg value of -0.83 ± 0.07‰ and -0.25 ± 0.07‰ (Table 2). These values agree with previously 

published data (Foster et al., 2010; Hu et al., 2016; Ling et al., 2011; Teng et al., 2015). 

2.6 Saturation State Modeling  

Saturation indices were modeled using the PHREEQC geochemical modeling software. 

Ksp at 298 K and 1 atm and relevant equilibrium phases were obtained from the phreeqc.dat 

database. Solution conditions were 25 mM NaCl ionic strength, a pH of 7.5, and a temperature of 

298 K. 
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Sample δ26Mg 
(‰) 

2SD δ25Mg 
(‰) 

2SD 

     
San Carlos Olivine -0.29 0.06 -0.09 0.07 

Duplicate -0.23 0.09 -0.11 0.11 
  Replicate -0.25 0.09 -0.13 0.11 
  Replicate -0.22 0.09 -0.08 0.11 
  Replicate -0.28 0.09 -0.13 0.11 
Duplicate -0.27 0.05 -0.15 0.08 
  Replicate -0.26 0.07 -0.12 0.06 
  Replicate -0.26 0.07 -0.16 0.06 
  Replicate -0.27 0.07 -0.14 0.06 
  Replicate -0.30 0.05 -0.16 0.07 
Seawater -0.85 0.06 -0.43 0.07 

  Replicate -0.88 0.06 -0.44 0.07 
Duplicate -0.83 0.09 -0.41 0.11 
Duplicate -0.88 0.05 -0.49 0.08 
Duplicate -0.88 0.07 -0.46 0.06 
  Replicate -0.84 0.07 -0.41 0.06 
  Replicate -0.88 0.07 -0.41 0.06 
  Replicate -0.88 0.05 -0.46 0.07 

     

 

3. Results 

The Mg isotope composition of the samples overall ranged from δ26Mg = -0.39 ± 0.06 ‰ 

to -0.08 ± 0.07 ‰. The Mg isotope composition of each of the four assays remained 

approximately constant within experimental error over the duration of the incubation period (10-

43 days). The homogenous abiotic control assay ranged from δ26Mg = -0.39 ± 0.06 ‰ to -0.28 ± 

0.06 ‰ with an average Mg isotope composition of δ26Mg = -0.35 ± 0.08 ‰, while the abiotic 

dialysis assay ranged from δ26Mg = -0.35 ± 0.05 ‰ to -0.26 ± 0.09 ‰ with an average Mg 

isotope composition of δ26Mg = -0.31 ± 0.09 ‰ (Fig. 2). There is no statistically significant 

Table 2: Mg isotope composition of reference materials. 2SD = Two standard deviation of the 
population of n (n > 12) repeat measurements of the standards during an analytical session.	
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difference in Mg isotope composition between the abiotic free and dialysis assays (two-tailed t-

test, p = 0.5360), and therefore, the two assays will be discussed together. The biotic 

homogenous assay ranged from δ26Mg = -0.30 ± 0.05 ‰ to -0.21 ± 0.06 ‰ with an average Mg 

isotope composition of δ26Mg = -0.26 ± 0.06‰, and the biotic dialysis assay ranged from δ26Mg 

= -0.17 ± 0.06 ‰ to -0.08 ± 0.07 ‰ with an average Mg isotope composition of δ26Mg = -0.11 ± 

0.07 ‰ (Fig. 2). These two biotic assays are statistically distinct from each other (p = 0.0012) 

and from the abiotic assays (p = 0.0455 and 0.0005 for the free and dialysis assays, respectively). 

All sample data is reported in Table 1, and all reference material data is reported in Table 2. 

(‰
)

(‰
)

(‰
)

Figure 2: Mg isotope composition (a) over the duration 
of the incubation period, (b) as a function of aqueous Si 

concentration (µM), and (c) as a function of aqueous 
Mg concentration (µM). Error bars represent the 2SD 
for each sample. The triangles represent the dialysis 

assays and the circles represent the homogenous assays, 
while the red and blue symbols represent the biotic and 
abiotic assays, respectively. The solid line represents 
the Mg isotope composition of the pristine forsterite. 

Mg and Si concentration data are from Harrold (2014). 
Data are reported in Table 1. 
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4. Discussion 

In this section, we first describe the Mg isotope fractionation associated with forsterite 

dissolution. We then examine the fractionation of aqueous Mg during secondary mineral 

precipitation and adsorption onto the endospore surfaces. Finally, we discuss the implications of 

these findings for our understanding of chemical weathering and the future of Mg isotope 

research. 

4.1 Mg isotope fractionation during forsterite dissolution  

Forsterite dissolution resulted in the preferential release of 24Mg into solution for both 

biotic and abiotic assays. Because additional processes, such as adsorption and/or secondary 

mineral precipitation, are involved in producing the measured aqueous Mg isotope composition, 

the effects of these processes must be excluded prior to determining the composition of the 

dissolution products. Congruent forsterite dissolution will produce aqueous Mg:Si molar ratios 

reflecting the original mineral composition (~1.8:1), and any change in that Mg:Si ratio is likely 

due to additional processes. The percent of dissolved Mg that was removed from solution due to 

adsorption and/or precipitation can be estimated by comparing the measured aqueous Mg 

concentration to the Mg concentration calculated based on measured aqueous Si concentration 

and assuming a Mg:Si ratio of 1.8.  

% 𝑀𝑔 𝑅𝑒𝑚𝑜𝑣𝑒𝑑 = 1−
𝜇𝑀 𝑀𝑔!"#$%&"'

1.8 ∗ 𝜇𝑀 𝑆𝑖!"#$%&"'
∗ 100 

It is assumed that no Si is lost due to precipitation or adsorption. A few abiotic samples exhibit 

minimal (<15%) Mg removal from solution based on this calculation. The Mg isotope 

composition of these samples ranges from δ26Mg = -0.39 ± 0.06 to -0.35 ± 0.05 ‰, isotopically 
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lighter than the initial mineral powder (δ26Mg = -0.24 ± 0.03 ‰) (Table 1; Fig. 3). The Mg 

isotope fractionation due exclusively to dissolution in the other samples (with >15% aqueous Mg 

removal) can be estimated and compared to these measured values. The Mg isotope composition 

across the four assays varies approx. linearly with Mg:Si (mol/mol) and % Mg removed (Fig. 3). 

We can therefore perform a linear regression and calculate the Mg isotope composition of the 

dissolution products in the biotic and abiotic assays at 0% aqueous Mg removed (Fig. 4). The 

calculated aqueous Mg isotope composition of the dissolution products in the biotic assays is -

0.41‰, comparable to the pristine abiotic assays (average δ26Mg = -0.37 ± 0.02 ‰) and the 

measured isotope composition of samples at <15% Mg removal (average δ26Mg = -0.37 ± 0.03 

‰) (Fig. 3). Based on the similarity between the dissolution product compositions of the biotic 

and abiotic assays, we conclude that biological processes, such as direct cell surface-mineral 

Figure 3: (a) Mg isotope composition as a function of 
Mg:Si molar ratio. The solid lines represent the Mg 
isotope composition and Mg:Si ratio of the pristine 

forsterite. (b) Mg isotope composition as a function of 
% Mg removed from solution due to adsorption. The 

solid line represents the Mg isotope composition of the 
pristine forsterite. The dashed and dashed-dotted lines 
represent linear regressions of the abiotic and biotic 

data, respectively. The triangles represent the dialysis 
assays and the circles represent the homogenous assays, 
while the red and blue symbols represent the biotic and 
abiotic assays, respectively. Mg and Si concentration 

data are from Harrold (2014). Data are reported in 
Table 1.	

(‰
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adhesion, did not have a resolvable effect on Mg isotope fractionation during dissolution. In both 

biotic and abiotic assays, forsterite dissolution resulted in the preferential release of 24Mg into 

solution. 

The partial dissolution of Mg-bearing minerals during chemical weathering is known to 

produce an isotopically light aqueous phase at conditions far from equilibrium, as exhibited in 

these dissolution experiments. This fractionation occurs because 24Mg forms slightly weaker 

bonds than 26Mg within the crystal structure of a mineral, so 24Mg is more readily leached during 

dissolution (Li et al., 2010, 2014; Liu et al., 2014; Pogge von Strandmann et al., 2012; Teng et al. 

2010b; Wimpenny et al., 2010). The aqueous Mg and Si concentrations continued to increase at a 

steady rate throughout the incubation period in these assays, indicating that the system did not 

approach equilibrium, as expected at these experimental conditions (Harrold, 2014; Fig. 1). 

Magnesium isotope composition also did not vary systematically with time or with aqueous Mg 

or Si concentration (Fig. 2). These results confirm that forsterite dissolution rapidly (<10 days) 

produces an isotopically light aqueous phase compared to the initial mineral composition, but the 

progressive effects of dissolution do not exert a strong influence on the Mg isotope composition 

of the dissolution products for the remaining length of the incubation period (10-43 days). 

Two abiotic samples exhibit Mg:Si ratios above 1.8 as well as relatively heavy Mg 

isotope compositions at δ26Mg = -0.26 ± 0.09 and -0.34 ± 0.06 ‰ (Fig. 3a). We attribute this 

anomaly to a combination of two processes: complete dissolution of forsterite fines and Si 

adsorption onto secondary Fe-oxide mineral surfaces. Given the observed variety of Fo powder 

surface area observed in Harrold (2014), some samples are likely to have a higher fraction of 

fines than others. If these fines are completely dissolved during the assay, mass balance dictates 

that the Mg isotope composition of their dissolution products will reflect the original mineral 



	 35	

composition (δ26Mg = -0.24 ± 0.03‰) and will therefore be isotopically heavy compared to the 

dissolution products of partially dissolved larger grains. If even small amounts of Si are also 

adsorbed onto secondary precipitates, then the dissolution products of these fines will be 

isotopically heavy and have Mg:Si ratios above 1.8 like the observed samples (Fig. 3a). Given 

these results, we exclude these two samples from further consideration in this discussion. 

4.2 Effects of secondary mineral precipitation 

Some secondary mineral precipitation likely occurs across the measured incubation 

period. The expected precipitates are primarily Fe-oxides, particularly hematite, and these 

minerals are known to adsorb silicic acid at the circumneutral pH conditions present in these 

experiments (Fein et al., 2002). This adsorption will decrease aqueous Si and alter the steady 

state of the dissolution system (Harrold, 2014). Because of this aqueous Si sink, the observed 

decrease in Mg:Si ratios due to endospore surface adsorption of Mg may underestimate the 

amount of Mg adsorbed. In addition, the mineral precipitates may adsorb aqueous Mg in addition 

to the endospores. 

However, secondary mineral precipitation does not exert a strong control on aqueous Mg 

isotope composition in these dissolution experiments. The solutions are supersaturated for some 

Fe-oxide minerals throughout the incubation period, and therefore some precipitation is expected 

to have occurred (Fig. 4). However, Mg isotope composition is not correlated with the saturation 

index of these minerals in any of the four assays (Fig. 4). In the biotic assays, the observed Mg 

isotope fractionation can be primarily attributed to the influence of the endospores as discussed 

below. A small fractionation effect, likely due to precipitation, is observed in the abiotic assays. 

Compared to the expected composition of the dissolution products, two abiotic samples exhibit 
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slightly increased Mg isotope compositions (δ26Mg = -0.33 and -0.28 ± 0.06 ‰) and decreased 

Mg:Si ratios (Mg:Si = 1.29 and 1.35, respectively). These two samples also have the highest 

saturation indices for various Fe-oxide minerals, such as hematite, from among the abiotic assays 

(Figs. 3, 4). We therefore conclude that Mg adsorption onto these Fe-oxides preferentially 

removes 24Mg from solution, increasing the aqueous Mg isotope composition, although the effect 

is negligible and likely overshadowed by endospore adsorption in the biotic assays.  

 

4.3 Mg isotope fractionation during endospore surface adsorption 

Surface adsorption has been shown to have a variable impact on Mg isotopes. Studies 

using natural samples (Brewer et al., 2018; Ma et al., 2015; Opfergelt et al., 2012, 2014) and 

laboratory experiments (Wimpenny et al., 2014) have found that materials containing high 
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Figure 4: (a) Mg/Si (mol/mol) ratio and (b) Mg 
isotope composition as a function of the saturation 
index (SI) of hematite, a representative Fe-oxide 

mineral phase. The two abiotic samples exhibiting 
the apparent effects of precipitation are identified 

with arrows. The solid line represents the Mg isotope 
composition of the pristine forsterite. The triangles 

represent the dialysis assays and the circles represent 
the homogenous assays, while the red and blue 
symbols represent the biotic and abiotic assays, 

respectively. Mg and Si concentration data are from 
Harrold (2014). Data are reported in Table 1.	
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fractions of adsorbed Mg, such as kaolinite, preferentially retain 24Mg. However, other studies 

have concluded that adsorbed Mg, on gibbsite for example, is isotopically heavy (Huang et al., 

2012; Liu et al., 2014; Pogge von Strandmann et al., 2012). To date, Mg isotope fractionation 

associated with adsorption onto biological surfaces has not been assessed. This study is therefore 

a major step towards quantifying the contribution of microbial processes to the Mg cycle and Mg 

isotope fractionation. 

B. subtilis endospore surfaces preferentially 

adsorb aqueous 24Mg, much like some mineral surfaces 

(Brewer et al., 2018; Ma et al., 2015; Opfergelt et al., 

2012, 2014; Wimpenny et al., 2014). In the biotic 

dialysis assays, the endospores are separated from the 

forsterite powder by dialysis tubing and cannot interact 

with the minerals directly. However, the endospores do 

adsorb the Mg dissolution products, as evidenced by the 

decreased Mg:Si ratios in the biotic assays (Fig. 1). The 

endospore dialysis assay has a significantly decreased 

Mg:Si ratio at 0.60 ± 0.14 (SD), compared to the initial 

forsterite mineral at ~1.8, and a correspondingly heavy 

average aqueous Mg isotope composition at -0.11 ± 0.07 ‰. It is known that silicon exhibits 

little adsorption onto endospore surfaces (Harrold, 2014), and the effects of secondary mineral 

precipitation on Mg are thought to be minimal as discussed in the previous section. Therefore, 

we attribute the decreased Mg:Si ratio and increased Mg isotope composition to Mg adsorption 

onto the endospore surfaces in the biotic dialysis assay.  

(‰
)

Figure 5: Calculated isotope 
composition of the Mg adsorbed onto 
the endospore surfaces (grey symbols) 

compared to aqueous Mg (red 
symbols) over time. The triangles 

represent the dialysis assays and the 
circles represent the homogenous 

assays. Mg and Si concentration data 
are from Harrold (2014). The solid line 
represents the Mg isotope composition 
of the forsterite dissolution products 

(δ26Mg = -0.37‰) based on the abiotic 
dissolution assays. 
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The biotic homogenous assays also have elevated Mg isotope compositions and 

decreased Mg:Si ratios due to Mg adsorption onto the endospores, although to a lesser degree 

than the biotic dialysis assays. The average Mg:Si ratio is 1.14 ± 0.08 (SD), which is lower than 

the ratio expected during congruent dissolution (~1.8), indicating that some aqueous Mg is 

adsorbed, but a lower fraction than in the dialysis endospore assay (average Mg:Si = 0.60 ± 0.14, 

SD). The endospores in both assays have approx. the same Mg adsorption capacity (0.51 ± 0.14 

and 0.40 ± 0.11 mg in the dialysis and free assays, respectively); however the free assay has a 

higher concentration of dissolution products than the dialysis assay. The free assay reached Si 

concentrations ~2-fold higher than the dialysis assay (Table 1), and, assuming congruent 

dissolution, total Mg dissolved will be ~2-fold higher as well. Because the aqueous Mg 

concentration is higher in the free assays, the endospores, which have a finite adsorption 

capacity, are capable of adsorbing a smaller percentage of the dissolved Mg (~37%) compared to 

the dialysis assay (~67%). The relatively low degree of Mg adsorption in the free assay also 

produces an intermediate aqueous Mg isotope composition (avg. δ26Mg = -0.26 ± 0.06 ‰) that is 

higher than the pristine abiotic assays (avg. δ26Mg = -0.37 ± 0.02 ‰) but lower than the dialysis 

endospore assay (avg. δ26Mg = -0.11 ± 0.07 ‰) (Table 1, Fig. 3).  

The adsorption of aqueous Mg onto the endospore surfaces is the primary mechanism by 

which endospores fractionate Mg isotopes. As forsterite dissolves, 24Mg is more readily leached 

into solution, resulting in light aqueous Mg isotope compositions but aqueous Mg:Si ratios that 

are the same as the dissolving mineral (Fig. 3). Due to endospore adsorption, aqueous Mg:Si 

ratios decrease and Mg isotope ratios increase relative to the abiotic fluid composition with no 

effects from adsorption (Figs. 3, 5). The Mg isotope composition across the biotic assays is 

negatively correlated with Mg:Si ratio and positively correlated with the % of Mg adsorbed 
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(Figs. 3, 5), which demonstrates that 24Mg is preferentially adsorbed onto the endospore surfaces, 

leaving the solution relatively enriched in 26Mg. A basic mass balance calculation allows us to 

estimate the isotope composition of the Mg adsorbed on the endospore surfaces (Fig. 5). 

Assuming a Mg isotope composition of -0.37‰ for the forsterite dissolution products based on 

the abiotic dissolution assays, the average isotope composition of the adsorbed Mg was -0.48‰ 

and -0.51‰ for the dialysis and free assays, respectively. The calculated adsorbed composition 

does not vary with time over the course of the measured incubation period, which, combined 

with the linear correlation between isotope composition and % Mg adsorbed, indicates that Mg 

isotope fractionation associated with adsorption is likely an equilibrium process in these assays 

(Fig. 5).  

Because the endospores are metabolically dormant and released minimal organic acids 

into solution, their impact is limited to these cell surface reactions. The increase in dissolution 

rate that is associated with the presence of endospores, with and without the dialysis tubing 

barrier, does not appear to affect the aqueous Mg isotope composition over the analyzed 

incubation period. However, we cannot rule out any changes in Mg isotope behavior associated 

with changes in dissolution rate in the first few days of incubation where no Mg isotope data is 

available. Secondary mineral precipitation appears to play a minimal role in Mg isotope 

fractionation in the biotic systems. Overall, the endospores affect the Mg isotope systematics of a 

weathering environment by preferentially adsorbing 24Mg onto their cell walls. 

4.4 Implications 

Magnesium is a bioactive element and Mg isotopes can help to elucidate the various 

biological processes that affect Mg cycling in the environment. Microbes can affect Mg in 
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weathering systems through the production of organic acids, adhesion onto mineral surfaces, 

uptake and utilization of Mg within the cell, and adsorption onto the cell surface. While previous 

work has assessed the effects of the biosphere on Mg isotopes in regards to plant uptake (Black 

et al., 2006, 2008; Bolou-Bi et al., 2010, 2012), biogenic carbonate precipitation (Pogge von 

Strandmann et al., 2008; Wombacher et al., 2011), and uptake into microbial (Pokharel et al., 

2017) and fungal cells (Fahad et al., 2016), this study is the first to examine the Mg isotope 

fractionation associated with adsorption onto cell surfaces, with endospores here being taken as 

generally representative of many types of vegetative cells (Borrok and Fein, 2005; Daughney et 

al., 2001, 2002). These results address cell surface adsorption in isolation as a single facet of the 

total biological contribution to the Mg cycle. A complete understanding of Mg isotope behavior 

in the environment requires that the impact of each relevant process be assessed individually. 

The fluid mobility of Mg in the environment, for example, may be increased by organic acid 

production, but decreased by adsorption and/or uptake by organisms within the solid substrate, 

and the relative contribution of each process will likely vary with time and location. A thorough 

understanding of Mg isotope fractionation during each of these relevant processes would yield 

important insights into Mg cycling in the environment. 

With improvements in our understanding of Mg isotope behavior in weathering 

environments, including biological effects, Mg isotopes could be used as a biosignature in 

weathered rocks. This study demonstrates that Mg adsorption onto cell surfaces can retain 24Mg 

in the solid phase on immobilized cells, acting counter to purely chemical weathering, which 

preferentially releases 24Mg into the hydrosphere. If the effects of various processes involved in 

weathering, including primary mineral dissolution and alteration, secondary mineral formation, 

and biological uptake of Mg, can be quantified, it may be possible to parse the individual 
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contribution of each process. A more detailed understanding of the many individual processes 

involved in rock weathering and their effects on Mg isotopes could permit the use of Mg isotopes 

as an indicator of biological activity in weathered rocks.  

5. Conclusions 

1. Forsterite dissolution at room temperature and circumneutral pH results in the preferential 

release of 24Mg into solution, producing an aqueous Mg isotope composition of δ26Mg = -0.39 to 

-0.35 ‰, compared to the initial mineral composition of δ26Mg = -0.24 ± 0.03‰. 

2. Endospore surfaces preferentially adsorb 24Mg from solution, resulting in a maximum aqueous 

Mg isotope composition of δ26Mg = -0.10 ‰ and an average adsorbed Mg isotope composition 

of δ26Mg = -0.49 ‰. 

3. Magnesium adsorption onto the endospore surfaces decreases the Mg:Si ratio of the bulk 

solution, and therefore aqueous Mg isotope composition is negatively correlated with Mg:Si 

ratio. 

4. A thorough understanding of the Mg isotope fractionation associated with individual 

biological weathering processes, including cell surface reactivity, will help to elucidate Mg 

cycling in the environment. 
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CHAPTER 3: Magnesium isotope fractionation during granite weathering 

 

This chapter is published as: 

Brewer, A.B., Teng, F.-Z., Dethier, D. (2018) Magnesium isotope fractionation during granite 

weathering. Chemical Geology 501, 95-103. 

 

Abstract 

The Mg isotope compositions of weathering profiles developed on granite and 

granodiorite bedrock have been analyzed to investigate Mg isotope behavior during the 

weathering of felsic rocks in a continental environment. δ26Mg generally exhibits a small 

increase from the bedrock values, which range from -0.17 ± 0.06 ‰ to +0.07 ± 0.06 ‰, until the 

upper two meters in which a decrease is observed, producing near surface values between -0.14 

± 0.06 ‰ and +0.09 ± 0.06 ‰. The small observed increase in isotopic composition below 2 m is 

likely due to Mg loss to the hydrosphere during biotite weathering and in situ illite production, 

while the decrease at depths less than 2 m is likely due to illite weathering near the surface, with 

a possible minor contribution from downslope deposition of less weathered material. One 

hydrothermally altered profile shows more extreme fractionation, reaching δ26Mg values as 

heavy as +0.55 ± 0.06 ‰ in the near surface component of the section. The fractionation 

associated with Mg loss during weathering can be modeled by Rayleigh distillation with 

fractionation factors between the residual rock and fluid ranging from α = 1.00001 to 1.00040. 

The Mg isotope composition is primarily controlled by the behavior of illite in the weathering 

profile, as Mg isotope composition is positively correlated with the illite fraction of major Mg-

bearing minerals. A thorough understanding of Mg isotope systematics in these complex clay 

minerals may permit the use of Mg isotopes in paleosols as paleoclimate indicators. 
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1. Introduction 

Continental weathering is a major geochemical control on the state of the atmosphere, 

hydrosphere, and lithosphere. Chemical weathering of silicates, in combination with carbonate 

precipitation, removes carbon dioxide from the atmosphere, influencing the long-term 

atmospheric CO2 budget (Urey, 1952). Weathering also breaks down igneous rocks, providing 

the components for the formation of clays and other sedimentary rocks, while controlling river 

water composition, which in turn affects seawater composition (Edmond et al., 1979). Finally, 

the subduction of weathered crustal material may have an impact on the chemical and isotopic 

composition of the middle and lower crust as well as upwelling magmas (Hofmann, 2003; 

Planck, 2014). 

Weathering profiles are one of the primary ways of investigating continental weathering. 

These profiles demonstrate the progressive effects of weathering, from the pristine bedrock to the 

highly weathered regolith. Weathering characteristics, including mineral dissolution, the 

formation of secondary minerals, changes in elemental concentrations, and isotope fractionation 

effects, vary significantly based on bedrock composition and environmental variables such as 

temperature, pH, precipitation, and atmospheric composition. The chemical and geological 

variations across a weathering profile can be exploited to elucidate these weathering processes. 

Magnesium is both water-soluble and ubiquitous, and can be found in significant 

concentrations in the hydrosphere, biosphere, and lithosphere. Magnesium has three stable 

isotopes (24Mg, 25Mg, and 26Mg), and the 8% mass difference between 24Mg and 26Mg permits 

observable mass dependent fractionation, particularly during processes associated with low-

temperature water-rock interactions (Teng, 2017 and references therein). Granitoids have been 

shown to exhibit a wide range of Mg isotopic compositions from -0.404 to +0.441 ‰, likely due 
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to the addition of weathered crustal materials into the magma source (Shen et al., 2009; Li et al., 

2010; Liu et al., 2010). The removal of Mg from igneous rocks during chemical weathering has 

been shown to produce an isotopically heavy residue, as heavy as +1.81 ‰ (Liu et al., 2014). 

River water is isotopically light, at an average of approximately -1.09 ‰ (Brenot et al., 2008; 

Huang et al., 2012; Li et al., 2010; Ma et al., 2015; Teng et al., 2010b; Tipper et al., 2006, 2008, 

2012; Wimpenny et al., 2010). Individual clay minerals assessed to date exhibit a wide range of 

compositions, from -1.85 (kaolinite) to +0.18 ‰ (illite), most likely due to the different Mg 

bonding environments found within the different clays, so clay-rich rocks will also exhibit large 

compositional variations (Li et al., 2010; Ma et al., 2015; Opfergelt et al., 2014; Wimpenny et 

al., 2014a). Carbonates, on the other hand, are isotopically light, between -5.54 ‰ and -0.47 ‰ 

(Higgins and Schrag, 2010; Immenhauser et al., 2010; Pokrovsky et al., 2011). The isotopic 

composition of loess varies significantly based on its source and transport processes (from -2.04 

to +0.25 ‰, Huang et al., 2013; Li et al., 2010; Wimpenny et al., 2014b). 

Weathering profiles have previously been analyzed for their Mg isotope compositions, 

mainly for mafic rocks, such as basalt (Huang et al., 2012; Liu et al., 2014; Pogge von 

Strandmann et al., 2012) and diabase (Teng et al., 2010b), as well as for shale (Ma et al., 2015). 

However, granite and granodiorite weathering profiles have not been the subject of systematic 

study to date. Granite and granodiorite are important components of the continental crust, given 

that granodiorite is representative of the bulk chemical composition of the upper crust, while 

granites are the most abundant rock-type in the upper crust (Rudnick and Gao, 2003; Wedepohl, 

1995). Therefore, an understanding of granite and granodiorite weathering is crucial to an 

understanding of weathering on the continents, and Mg isotopes may provide important insights 

into these weathering environments. This study investigates Mg isotope fractionation during the 
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dissolution and alteration of primary Mg-bearing minerals in felsic rocks, the formation and 

behavior of secondary clay minerals, and the lateral deposition of aeolian and/or upslope 

sediment. It represents a first step towards a thorough understanding of Mg isotope systematics 

in felsic, continental weathering environments.  

2. Samples 

The weathering profiles studied here consist of the Boulder Creek granodiorite (1.65 Ga) 

and the Silver Plume granite (1.4 Ga) collected around the upland portion of Boulder Creek, 

Colorado, USA. By 60 Ma, these rocks were uplifted during the Laramide orogeny, coinciding 

with the removal of their overlying Paleozoic sedimentary rocks (Kelley and Chapin, 2004). 

Low-grade hydrothermal alteration occurred periodically during the late Mesozoic through the 

mid-Cenozoic (Dethier and Bove, 2011). Prior to the late Pliocene, down-cutting drainages were 

responsible for local erosion of these rocks, and glaciers subsequently advanced down the 

drainage valleys across the region (Thompson, 1991). The modern climate varies with elevation 

with a mean annual temperature range between 11°C and -4°C and mean annual precipitation 

between 46 cm and >100 cm (Dethier and Bove, 2011). The late Pleistocene was likely between 

8 and 12°C cooler with increased discharge from glaciers (Leonard, 1989).  

Three weathering profiles, Magnolia Road, Cave Creek South, and Lee Hill Road, 

contain 3 to 10 m thick sequences consisting of, in order of increasing depth, regolith (grus or 

soil), saprolite, oxidized bedrock, and unaltered bedrock (Dethier and Bove, 2011). One 

additional profile from Hurricane Hill experienced hydrothermal alteration as well as weathering 

processes, and includes hydrothermally altered regolith, saprolite, and bedrock (Dethier and 

Bove, 2011). Within the bedrock, plagioclase and biotite are most often altered, and clays 

including illite, smectite, and kaolinite are commonly present (Dethier and Bove, 2011). Within 
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the saprolites, the alteration sequence is plagioclase > biotite > microcline > quartz, with clay 

concentrations increasing with degree of weathering (Dethier and Bove, 2011). Soils contain 

minor aeolian contributions as well as laterally transported upslope material (Dethier and Bove, 

2011).  

The mineralogy of the samples follows the expected trends in regard to Mg-bearing 

minerals, with primary biotite generally decreasing with decreasing depth, being replaced by clay 

minerals, primarily illite, but also kaolinite and smectite in some cases. In the Magnolia Road 

profile, biotite concentrations decrease 3.89 wt% from the bedrock to the near surface regolith, 

with a corresponding 4.60 wt% increase in smectite, 10.60 wt% increase in illite, and 1.01 wt% 

increase in kaolinite (Table 1; Figure 1). The Lee Hill Road profile is slightly more complex, 

with a 2.29 wt% decrease in biotite from the bedrock to the upper portion of the saprolite, but 

then a 10.14 wt% increase from the saprolite to the regolith (Figure 1). There is a sharp increase 

in kaolinite (2.92 wt%), smectite (3.34 wt%), and illite (2.34 wt%) across that saprolite/regolith  
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Figure 1: Variation of mineral composition (wt%) with depth for each of the four profiles. Note 
the differences in both x and y-axis scales between the panels. Data are from Dethier and Bove 

(2011) and are reported in Table 1.	
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Sample 
 

Biotite Illite Smectite Kaolinite Chlorite Calcite Rock Type 

        
Hurricane Hill        
LC-03-31a 20.4 0.0 0.0 0.2 0.9 0.00 Bedrock 
LC-03-31b 14.6 0.7 0.0 0.0 0.9 0.00 Oxidized Bedrock 
LC-03-31c 15.7 7.3 0.0 1.7 1.7 0.00 Oxidized Bedrock 
LC-03-31d 19.1 3.3 0.0 0.0 0.7 0.00 Oxidized Bedrock 
LC-03-31f 0.10 7.9 0.0 10.7 0.2 0.00 Regolith (hydrothermal) 
        
Magnolia Road        
LC-03-32a 12.71 0.54 0.00 1.48  0.29 Bedrock 
LC-03-32b 11.32 4.02 0.00 1.55  0.02 Oxidized Bedrock 
LC-03-32c 8.68 3.65 0.00 1.68  0.00 Oxidized Bedrock 
LC-03-32d 9.51 12.30 2.73 2.70  0.07 Saprolite 
LC-03-32e 8.82 11.14 4.60 2.49  0.09 Regolith (grus) 
        
Cave Creek South        
LC-04-02 4.71 0.06 0.00 1.29  0.00 Bedrock 
TC-05-S-01a1 1.52 10.47 3.81 2.56  0.00 Saprolite 
TC-05-S-01b1 2.87 1.82 3.56 2.94  0.00 Saprolite 
TC-05-S-01c2 2.79 4.52 3.07 3.28  0.00 Saprolite 
TC-05-S-01d1 3.95 8.43 4.98 5.46  0.00 Regolith (soil) 
TC-05-S-01e1 3.94 7.35 4.73 5.54  0.00 Regolith (soil) 
        
Lee Hill Road        
TC-05-S-02a 19.49 0.00 0.00 0.48  0.20 Bedrock 
TC-05-S-02b 16.18 5.54 0.00 1.55  0.10 Saprolite 
TC-05-S-02c 17.20 3.93 0.00 1.57  0.05 Saprolite 
TC-05-S-02d 27.34 6.27 3.34 4.49  0.05 Regolith (soil) 
        
Additional Samples        
DC-04-110 16.31 0.94 0.00 0.72  0.29 Bedrock 
DC-04-116       Bedrock 
DC-04-117       Bedrock 
DC-05-01 11.77 0.00 0.00 0.68  0.00 Bedrock 
 
 

       

Table 1: Mineralogical compositions of weathering profile samples. Quantitative XRD data for 
Magnolia Road, Cave Creek South, Lee Hill Road, and additional samples from Dethier and 

Bove (2011). All data are expressed in weight percent.	
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Sample 
 

δ26Mg 2SD δ25Mg 2SD Depth (m) Rock Type MgO (wt%) Mg Norm 

         
Hurricane Hill         
LC-03-31a -0.07 0.06 -0.05 0.07 6.50 Bedrock 2.44 1.00 
LC-03-31b -0.15 0.06 -0.08 0.07 3.50 Oxidized Bedrock 2.05 1.03 
LC-03-31c +0.07 0.06 +0.07 0.07 2.50 Oxidized Bedrock 2.00 0.77 
LC-03-31d -0.15 0.06 -0.07 0.07 1.50 Oxidized Bedrock 2.39 0.97 
LC-03-31f +0.55 0.06 +0.30 0.07 0.50 Regolith (hydrothermal) 0.30 0.17 
         
Magnolia Road         
LC-03-32a -0.17 0.06 -0.10 0.07 8.00 Bedrock 1.61 1.00 
LC-03-32b -0.12 0.06 -0.06 0.07 7.00 Oxidized Bedrock 2.09 1.17 
LC-03-32c -0.10 0.06 -0.08 0.07 6.00 Oxidized Bedrock 1.33 1.00 
LC-03-32d 0.00 0.06 +0.04 0.07 1.50 Saprolite 2.33 0.91 
LC-03-32e -0.12 0.06 -0.06 0.07 0.80 Regolith (grus) 0.58 0.36 
         
Cave Creek South         
LC-04-02 +0.07 0.06 +0.02 0.07 7.00 Bedrock 0.39 1.00 
TC-05-S-01a1 +0.24 0.06 +0.15 0.07 1.65 Saprolite 0.34 0.74 
TC-05-S-01b1 +0.10 0.06 +0.03 0.07 0.85 Saprolite 0.36 0.88 
TC-05-S-01c2 +0.21 0.06 +0.09 0.07 0.60 Saprolite 0.43 0.98 
TC-05-S-01d1 +0.14 0.06 +0.07 0.07 0.40 Regolith (soil) 0.52 0.90 
TC-05-S-01e1 +0.09 0.06 +0.07 0.07 0.15 Regolith (soil) 0.77 0.67 
         
Lee Hill Road         
TC-05-S-02a -0.17 0.06 -0.07 0.07 3.30 Bedrock 2.79 1.00 
TC-05-S-02b -0.04 0.06 +0.01 0.07 2.20 Saprolite 3.14 1.07 
TC-05-S-02c -0.12 0.06 -0.06 0.07 0.80 Saprolite 3.17 1.11 
TC-05-S-02d -0.14 0.06 -0.07 0.07 0.30 Regolith (soil) 3.73 1.19 
         
Additional Samples         
DC-04-110 -0.14 0.06 -0.10 0.07 0.00 Bedrock 2.47  
DC-04-116 -0.26 0.06 -0.10 0.07 0.00 Bedrock 1.86  
DC-04-117 -0.18 0.06 -0.09 0.07 0.00 Bedrock 3.69  
DC-05-01 -0.15 0.06 -0.08 0.07 0.00 Bedrock 1.87  
 
Reference Materials 

        

Basalt BR -0.33 0.06 -0.20 0.07     
Replicate -0.35 0.06 -0.17 0.07     
Replicate -0.36 0.06 -0.18 0.07     
Replicate -0.36 0.06 -0.22 0.07     
Seawater -0.85 0.06 -0.42 0.07     
Duplicate -0.87 0.06 -0.46 0.07     
         

Table 2: Magnesium isotope and chemical compositions of weathering profile samples and 
reference materials. Elemental data from Dethier and Bove (2011). 2SD = Two standard 
deviation of the population of n (n=22) repeat measurements of the standards during an 

analytical session. Mg Norm = [(MgO/TiO2)sample/(MgO/TiO2)bedrock]. 
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boundary as well (Figure 1). The 

Cave Creek South profile exhibits 

a 3.19 wt% decrease in biotite 

from the bedrock to the saprolite, 

but then an increase up through 

the saprolite and regolith; 

kaolinite increases consistently 

from 1.29 wt% to 5.54 wt%, but 

the trends in illite and smectite are 

more erratic, increasing and decreasing across the profile (Figure 1). Finally, the Hurricane Hill 

profile contains 20.4 wt% biotite in the unaltered bedrock, which decreases to only 0.1 wt% in 

the upper regolith, with corresponding increases in kaolinite (0.2 to 10.7 wt%) and illite (0 to 7.9 

wt%) (Figure 1).  

The Mg concentration of these four profiles also demonstrates the effect of weathering 

(Figure 2). The Magnolia Road, Cave Creek South, and Hurricane Hill profiles exhibit a 

decrease in Mg concentration, as expressed in terms of normalized MgO (MgO Norm = 

(MgO/TiO2)sample/(MgO/TiO2)bedrock), between the bedrock and the upper ~2 meters of the 

profile. At Magnolia Road, Cave Creek South, and Hurricane Hill, this decrease is approximately 

9%, 26%, and 23% respectively; then in the upper ~2 meters, Mg is depleted again, dropping a 

further 55%, 7%, and 60%, respectively (Figure 2). The Lee Hill Road profile does not follow 

this trend, and instead demonstrates a 19% increase in Mg from the bedrock to the near surface 

regolith, likely due to the deposition of less weathered upslope material (Figure 2). The profiles 

generally exhibit a decrease in MgO concentration with increasing chemical index of weathering 
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Figure 2: Variation of normalized MgO concentration with 
depth for three weathering profiles (Magnolia Road, Cave 

Creek South, and Lee Hill Road) and one hydrothermal 
weathering profile (Hurricane Hill). MgO Norm = 

[(MgO/TiO2)sample/(MgO/TiO2)bedrock]. Data are from Dethier 
and Bove (2011) and are reported in Table 2.	
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(CIW = (Al2O3/(Al2O3 + CaO + Na2O))*100), as is 

expected given that Mg-bearing minerals are 

progressively lost during weathering (Figure 3).  

3. Methods 

All Mg isotope analyses were performed at the 

Isotope Laboratory at the University of Washington, 

and follow the procedures reported in previous studies 

(Li et al., 2010; Teng et al., 2007, 2010a; Teng and Yang, 2014; Yang et al., 2009).  

Powdered samples in Savillex screw-top beakers were dissolved in two stages to ensure 

complete dissolution. First, concentrated HF and HNO3 were added in a 3:1 ratio, and the 

samples were heated for at least one week at approximately 125°C, after which the sample was 

completely dried. Second, concentrated HCl and HNO3 were added in a 3:1 ratio, heated for 

several days, again at approximately 125°C, and finally dried. To achieve Mg purification, the 

samples were passed through columns containing Bio-Rad 200-400 mesh AG50W-X8 cation 

exchange resin, and were eluted using 1N HNO3. This procedure ensures that the collected 

fraction contains > 99% of the total sample Mg to prevent fractionation within the column, and 

that the matrix elements were limited to less than 5% of the concentration of Mg to prevent 

matrix effects (Teng and Yang, 2014). 

 Magnesium isotope compositions were analyzed using the sample-standard bracketing 

method on a Nu Plasma II MC-ICP-MS. Mg isotope data is expressed in standard δ-notation: 
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Figure 3: Variation of Mg concentration 
(wt% MgO) with chemical index of 

weathering (CIW), where CIW = 
[Al2O3/(Al2O3+CaO+Na2O)]*100. Data are 

reported in Table 2.	
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where x refers to masses 25 or 26. The reference materials Seawater (n=2) and Basalt BR (n=4) 

were analyzed at least once during each analytical session, each time yielding a δ26Mg value of  -

0.83 ± 0.07‰ and -0.41 ± 0.09‰ (Table 2). These values agree with previously published data 

(Foster et al., 2010; Ling et al., 2011; Teng et al., 2015). 

The mineralogy of the Hurricane Hill samples was analyzed at the Space Science and 

Astrobiology Division at NASA’s Ames Research Center. Bulk samples were crushed and 

passed through a 250 µm sieve, spiked with 10% α-Al2O3 as an internal standard, and micronized 

in ethanol using a McCrone Mill. The micronized samples were dried under a heat lamp, 

saturated with Vertrel® and vortexed with plastic beads to promote random orientation. The 

samples were then sieved (250 µm) and side-loaded into an XRD mount. All powdered samples 

were analyzed on a Rigaku Smartlab diffractometer using Cu k-alpha radiation and a scintillation 

detector with 1° divergence and receiving slits. Samples were scanned from 5° to 65° at 0.02° 2θ 

steps with a 2 second per step count time. Quantitative mineralogy was calculated using the full 

pattern peak-fitting program RockJock 11 (Eberl, 2009).  

4. Results 

Magnesium isotope compositions for weathering profile samples and reference materials 

are reported in Table 2, along with major element data for the rock samples, including those from 

Dethier and Bove (2011). The mineralogy of the Hurricane Hill samples, together with others 

from Dethier and Bove (2011), is reported in Table 1. 

The Mg isotope composition of the non-hydrothermally altered samples generally 

increases slightly from the bedrock to the upper ~2 meters of the profile, and then above 2 m 

decreases again back to near bedrock values. At Magnolia Road, δ26Mg increases from -0.17 ± 

0.06 ‰ in the bedrock, to 0.00 ± 0.06 ‰ in the saprolite at 1.5 meters depth, and then decreases 
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to -0.12 ± 0.06 ‰ in the overlying grus. Cave Creek South exhibits an increase in δ26Mg from 

+0.07 ± 0.06 ‰ in the bedrock to +0.24 ± 0.06 ‰ in the saprolite at 1.65 meters, and then 

decreases to +0.09± 0.06 ‰ in the uppermost soil sample at 0.15 meters. At Lee Hill Road, the 

trend continues, moving from a δ26Mg value of -0.17 ± 0.06 ‰ in the bedrock to -0.04 ± 0.06 ‰ 

in the saprolite at 2.20 meters, and then decreasing to -0.14 ± 0.06 ‰ in the soil at 0.30 meters. 

The Hurricane Hill hydrothermal sample shows a major increase in one near surface sample (0.5 

m), from a bedrock value of -0.07 ± 0.06 ‰ to +0.55 ± 0.06 ‰ at the surface (Figure 4). 

However, the profiles generally exhibit a small increase in Mg isotope composition with 

decreasing depth from the bedrock, until the upper 2 meters in which a decrease is observed in 

the non-hydrothermal profiles (Figure 4). While the bedrock compositions of these samples vary 

widely, from -0.17 to +0.07 ‰, the effects of weathering within each profile are apparent, and 

reveal a consistent trend of Mg isotope fractionation. 

 

5. Discussion   

In this section, we discuss three possible mechanisms for Mg isotope fractionation during 

granite weathering: lateral deposition, primary mineral alteration and dissolution, and the 

Figure 4: δ26Mg variations with depth for the three weathering profiles (Magnolia Road, Cave 
Creek South, and Lee Hill Road) and one hydrothermal weathering profile (Hurricane Hill). 

Error bars represent two times the standard deviation (± 0.06 ‰). Data are reported in Table 2.	

(‰)
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formation, alteration, and dissolution of secondary minerals. We then compare these granite and 

granodiorite weathering profiles with other weathering profiles that have been analyzed for Mg 

isotopes to date. Finally, we discuss the implications of constraining the effects of granite 

weathering on Mg isotopes for Mg cycling on the continents, the historical shift of continental 

crust composition, and the reconstruction of paleo-weathering environments. 

5.1 Lateral Transport 

Aeolian deposition in the upper section of a weathering profile can alter its Mg isotope 

composition (e.g., Liu et al., 2014). Loess, for example, is known to demonstrate a variety of Mg 

isotopic compositions, depending on its source material and transport processes (Huang et al., 

2013; Li et al., 2010; Wimpenny et al., 2014b). Because carbonate minerals tend to be 

isotopically light in regard to Mg, loess containing a significant carbonate fraction typically has a 

low Mg isotope composition, while more silicate-rich loess tends to be heavier (Huang et al., 

2013; Li et al., 2010; Liu et al., 2014; Wimpenny et al., 2014b). To produce the observed near-

surface decrease in δ26Mg, the deposited material would almost certainly need to contain a 

significant carbonate fraction. However, the calcite concentration in these profiles never exceeds 

0.3 wt% and no other carbonate minerals are observed, so it is unlikely that carbonate could play 

a role in controlling Mg isotope composition (Table 1). Therefore, while aeolian sediments may 

be present in the near-surface portion of the profiles, they are unlikely to be responsible for the 

observed shift towards lighter δ26Mg values, given the low levels of carbonate present 

throughout the profiles. 

The lateral transport of less weathered silicate material from upslope may also play a role 

in the decrease in Mg isotope composition in the near surface samples (Liu et al., 2014). The 

Cave Creek South and Lee Hill Road locations exhibit an increase in biotite content in this 
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portion of the sections, most likely indicating the deposition of less-weathered sediment (Figure 

1). The addition of relatively pristine material could result in a decrease in δ26Mg, given that rock 

gradually loses light Mg to the hydrosphere during weathering. However, no systematic increase 

in Mg concentration is observed, which one would expect if such deposition had occurred 

(Figure 2). With the current data, it is not possible to quantify the extent of these additions, given 

that the nature of the source materials and the fraction of the total Mg that they contributed are 

unknown, but given the absence of increased Mg concentrations, the effect on Mg isotopes is 

likely minimal. 

5.2 Primary and secondary mineral behavior 

Previous weathering profile studies focusing on mafic lithologies have found that 

26Mg/24Mg ratios generally increase with increased weathering intensity (Huang et al., 2012; Liu 

et al., 2014; Teng et al., 2010b; Pogge von Strandmann et al., 2012); a trend which is also 

observed in these more felsic profiles. Magnesium in the unweathered granite and granodiorite 

bedrock in these profiles is primarily contained in biotite, and the loss of biotite in the rock may 

affect its Mg isotope composition (Ryu et al., 2011). In these profiles however, very little Mg is 

removed from the rock until the upper two meters of the profile (Figure 2). The Mg remains 

within secondary minerals, primarily illite, with minor contributions from oxides and other clays. 

This transition from primary biotite to secondary minerals results in limited Mg isotope 

fractionation because nearly all of the Mg is preserved in the rock, retaining the original isotope 

composition. The small decrease in Mg concentration at depths below two meters is likely 

responsible for the small increase in Mg isotope composition in those sections, as heavy Mg is 

preferentially incorporated into secondary clay minerals, while light Mg is lost to the 

hydrosphere. The weathering of primary minerals, largely biotite, therefore has a small but 
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observable impact on Mg isotopes in these granite and granodiorite weathering environments, 

imparting a relatively heavy isotopic signature in the residual rock at depths greater than 1.5-2 m. 

The Mg isotope composition of these weathering profiles is mainly controlled by the 

formation and loss of secondary clay minerals. A decrease in the Mg isotope ratios is observed in 

the upper two meters of each non-hydrothermal profile primarily due to changes in secondary 

mineral abundance, particularly the illite content. Illite can be produced in situ during weathering 

or hydrothermal activity as an alteration product of feldspars and micas, and can subsequently be 

lost due to further weathering (Meunier and Velde, 2004). The Mg in illite, like in biotite, is 

primarily structural, while Mg in clays such as kaolinite is primarily adsorbed onto surface and 

interlayer sites (Drever, 1988). Structural sites in clays and similar minerals show a systematic 

preference for the heavy isotope of Mg, while Mg adsorbed onto clay surfaces is typically 

isotopically light (Opfergelt et al., 2012, 2014; Wimpenny et al., 2014a). As the illite fraction of 

total major Mg-bearing minerals (biotite, illite, chlorite, and smectite) increases, so does the Mg 

isotope composition (Figure 5). However, the upper two meters of the non-hydrothermal profiles 

show a decrease in Mg isotope composition, and the Magnolia Road and Cave Creek South 

locations also show a general decrease in illite (Figures 1 and 4). As illite is weathered in the 

profile, Mg likely shifts from being primarily present in structural sites to being adsorbed onto 

surface sites in minerals such as kaolinite, resulting in heavy Mg being lost to the hydrosphere 

and leaving the solid phase enriched in light Mg. The strong positive correlation between δ26Mg 

and the illite fraction of total major Mg-bearing minerals (biotite, illite, chlorite, and smectite) is 

likely primarily due to a combination of in situ illite production below 2 m and subsequent loss 

in the near surface samples (Figure 5).  
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The observed Mg isotope fractionation associated with Mg loss to the hydrosphere can be 

modeled using Rayleigh fractionation, as also observed in the weathering profiles of other rock 

types (Teng, 2017). Note that Rayleigh fractionation models provide only a limited 

approximation of isotope behavior in natural weathering systems. The models assume a constant 

fractionation factor between the solid and liquid phases during rock leaching. However, a natural 

weathering system is comprised of many complex chemical interactions, and some of these 

processes, such as adsorption onto secondary minerals, are not accounted for in the Rayleigh 

models. The equation governing Rayleigh fractionation is δ26Mgresidual rock = 

(δ26Mgbedrock+1000)f(1/α – 1) – 1000, where f = fraction of bedrock Mg remaining in the weathered 

sample (Mgresidual rock/Mgbedrock). The apparent fractionation factor (α) values 

[α=(26Mg/24Mg)residual rock/(26Mg/24Mg)fluid] vary from 1.00001 to 1.00040 for these samples 

(Figure 6), similar to the values observed during the weathering of mafic rocks (1.00005 < α < 

1.0004; Liu et al., 2014). The Hurricane Hill hydrothermal profile samples reflect a higher 

Figure 5: δ26Mg variation with illite fraction of Mg-bearing minerals, expressed in terms of 
weight percent. The Mg-bearing minerals considered here are illite, biotite, smectite, and 

chlorite (illite fraction = [(wt% illite / (wt% illite + wt% biotite + wt% smectite + wt% 
chlorite)]. The Mg contribution from other minerals is negligible. Error bars represent two 

times the standard deviation for δ26Mg (± 0.06 ‰). Data are reported in Tables 1 and 2.	
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fractionation factor, falling near 1.00040, while the Lee Hill Road samples exhibit minimal 

fractionation with Mg loss and therefore have a low α near 1.00001 (Figure 6). This range of α 

values is similar to that found in other weathering profiles (Figure 6b). Despite the complications 

associated with the clay mineralogies in these profiles, they still display behavior broadly typical 

of Rayleigh fractionation. 

5.3 Comparison with other weathering profiles 

Compared to the other weathering profiles analyzed for Mg isotopes, primarily with 

mafic lithologies, these granite and granodiorite profiles exhibit a small degree of fractionation; 

Literature Data

(‰
)

(‰
)

Figure 6: Panel (A) shows Mg concentration (wt% MgO) correlated with δ26Mg for all measured 
samples. Magnolia Road (red squares), Cave Creek South (blue squares), Lee Hill Road (green squares), 
and Hurricane Hill (purple squares) profiles are included, as well as additional bedrock samples (black 

squares) from the area. Dashed curves represent Rayleigh distillation models of Mg loss and Mg isotope 
fractionation for three different values of the fractionation factor α (top: 1.00040, middle: 1.00015, 

bottom: 1.00001). The orange triangle represents the pristine bedrock used in the Rayleigh distillation 
models (MgO wt% = 3.73 and δ26Mg = -0.20 ‰). Panel (B) shows the experimental (colored squares) 
and modeling data (dashed lines) from Panel (A) as well as weathering profile data from other regions 
and lithologies (grey circles). Literature data from Huang et al., (2012), Liu et al., (2014), Pogge von 

Strandmann et al., (2012) and Teng et al., (2010b). The dotted lines represent Rayleigh distillation 
models of Mg removal from pristine bedrock and its effect on Mg isotope composition. For the upper 

line α = 1.00040, and for the bottom line α = 1.00001. The blue triangle represents the pristine bedrock 
used in the Rayleigh distillation models (MgO wt% = 16.0 and δ26Mg = -0.25 ‰). Data are reported in 

Table 2. 



	 63	

however, this difference is unsurprising given the mineralogical and weathering conditions 

present in each profile. Profiles developed on diabase and basalt bedrock exhibit more extreme 

fractionation, -0.24 to +1.81 ‰ in one basalt profile, for example (Figure 6b; Liu et al., 2014). 

The samples in those profiles have experienced much more extreme Mg depletion, often greater 

than 99%, while the non-hydrothermal granite and granodiorite profiles have only lost up to 64% 

Mg (Table 2; Huang et al., 2012; Liu et al., 2014; Teng et al., 2010b). The hydrothermal profile 

lost 83% Mg, which may explain its more dramatic Mg isotope fractionation than the other 

profiles (Table 2). Given that one of the dominant controls on Mg isotope fractionation in 

weathering environments is the preferential loss of 24Mg to the hydrosphere, leaving a rock 

residue enriched in 26Mg, it makes sense that more extreme Mg depletion will produce more 

extreme Mg isotope fractionation. The explanation for the more extreme weathering observed in 

these other profiles is likely primarily the 

result of mineralogical differences. The 

abundant Mg-bearing minerals in the mafic 

profiles, primarily pyroxene, are more readily 

weathered than biotite in these felsic profiles, 

so Mg is more readily lost to the hydrosphere 

(Ehlers and Blatt 1982). The Mg isotope 

fractionation in the granite and granodiorite 

profiles is less dramatic than that previously 

observed in mafic profiles; however, Mg 

isotopes remain informative regarding 

weathering in these lithologies.  

(‰
)

Figure 7: δ26Mg correlation with Chemical Index 
of Weathering, where CIW = 

[Al2O3/(Al2O3+CaO+Na2O)]*100. Cation 
concentrations are expressed in terms of weight 

percent. Magnolia Road (red squares), Cave 
Creek South (blue squares), Lee Hill Road (green 

squares), and Hurricane Hill (purple squares) 
profiles are included, as well as additional 

bedrock samples (black squares) from the area. 
The grey symbols represent literature data from 
other weathering profiles. The dashed black line 
expresses the average upper continental crust Mg 
isotope composition, δ26Mg = -0.22 ‰ (Li et al., 

2010). Data are reported in Table 2. 
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5.4 Implications 

Granite and granodiorite weathering processes play a major role in Mg cycling in many 

continental surface environments and Mg isotopes could help elucidate these processes. In these 

environments, the sources of Mg in groundwater, soils, and the biosphere may be limited to the 

weathering of felsic rocks and aeolian deposition. To understand Mg isotope behavior in these 

regions, it is therefore important to have a clear picture of these weathering processes, and how 

they affect the isotopic composition of the Mg that is released into near-surface environments. In 

particular, the ability to differentiate the effects of primary mineral alteration and dissolution, 

secondary mineral formation, alteration, and dissolution, and lateral transport would permit 

significant insights into surface processes. The variety of trends observed in these four profiles is 

evident in the correlation between δ26Mg and the chemical index of weathering (CIW), a 

measure of weathering and alteration intensity, demonstrating the complexity of Mg isotope 

behavior in these systems (Figure 7). The Cave Creek South and Hurricane Hill samples show a 

strong positive correlation, while the Magnolia Road and Lee Hill Road profiles show no 

variation in δ26Mg with CIW (Figure 7). Magnesium isotopes are clearly sensitive to the specific 

mechanisms of chemical weathering, sensitive enough to exhibit different behaviors even within 

profiles from the same locale, and a complete understanding of this Mg isotope behavior could 

provide valuable insight into these complex weathering systems.  

Magnesium isotope behavior during continental weathering may also help explain the 

role of preferential Mg weathering in the compositional shift of the continental crust from basalt 

to andesite.  During weathering, MgO, Na2O, and CaO are leached from the crustal rock into the 

hydrosphere, while other components, such as SiO2, Fe2O3, and TiO2, are more likely to be 

retained in the rock (Garrels and McKenzie, 1971). Na2O remains in solution or is precipitated as 
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an evaporite and CaO is precipitated as carbonate, but MgO is primarily fixed in oceanic crust, 

and ultimately subducted (Holland, 1984; Rudnick, 1995). MgO is thus recycled from the crust 

back into the mantle, which may have contributed to the transition in the crust from more mafic 

lithologies to the modern andesitic composition (Rudnick, 1995). The present study demonstrates 

that, with the exception of the near surface samples, the weathering of granite and granodiorite 

results in a progressive increase in δ26Mg in the residual rock as MgO is lost to the hydrosphere, 

which is in agreement with previous studies of the effects of weathering on other lithologies 

(Huang et al., 2012; Liu et al., 2014; Ma et al., 2015; Pogge von Strandmann et al., 2012; Teng et 

al., 2010b). The Mg isotope composition of the continental crust varies significantly (-0.52 to 

+0.92 ‰; Li et al. 2010). If sedimentary and formerly sedimentary material comprises a 

significant fraction of the crust, the crust overall should evolve towards a heavy Mg isotope 

composition, which can be tested by systematic studies of crustal compositions through time.  

Magnesium isotope fractionation during the weathering of felsic lithologies, particularly 

the fractionation effects observed during the formation of secondary minerals, may be applied as 

an indicator of past climate and lithological conditions. The type and composition of clays and 

other secondary minerals are controlled by the lithology of the rock being weathered and 

environmental factors, such as pH, temperature, and water availability, so these variables 

indirectly determine the Mg isotope composition of a profile. For example, the transition from 

biotite, with primarily structural Mg, to kaolinite, with primarily exchangeable Mg, is associated 

with a change in Mg isotope composition (Drever, 1988; Opfergelt et al., 2012, 2014; Wimpenny 

et al., 2014a). In pristine weathering profiles, the clay mineralogy itself could be used a tracer of 

the weathering environment, but in paleosol profiles that have been heavily altered by 

metamorphism, the clay composition may not be preserved. However, the Mg isotope 
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composition of a rock is not significantly affected by metamorphism (Geske et al., 2012; Li et 

al., 2011; Wang et al., 2015), so this isotopic indicator of climate may remain. While this study 

focuses Mg isotope behavior during the transitions between biotite, illite, and kaolinite, the 

relationships between other primary and secondary minerals during weathering could be used in 

a similar way. With a thorough understanding of the relationship between Mg isotopes and clay 

mineralogy, Mg isotopes in preserved weathering profiles may be used to reconstruct paleo-

weathering environments (Huang et al., 2016). 

6. Conclusions 

Based on the Mg isotope analysis of four weathering profiles from granite and 

granodiorite lithologies from Boulder Creek, Colorado, USA, the following conclusions are 

drawn: 

1. The Mg isotope composition of three non-hydrothermal weathering profiles varies from -0.17 

± 0.06 ‰ to +0.07 ± 0.06 ‰ in the bedrock to -0.14 ± 0.06 ‰ to +0.09 ± 0.06 ‰ near the 

surface, and -0.07 ± 0.06 ‰ to +0.55 ± 0.06 ‰ in one hydrothermal section. 

2. Magnesium isotope fractionation is primarily controlled by the illite content in the rocks, 

increasing with illite production at depths greater than ~2 m, then decreasing in the near surface 

samples, most likely from illite weathering with a small contribution from the lateral transport of 

less weathered material. 

3. Magnesium isotope fractionation can be described by Rayleigh distillation with α values 

from 1.00001 to 1.00040. 

4. With additional study, magnesium isotopes may be used as paleoclimate indicators in 

preserved felsic weathering profiles, even altered profiles, because they are sensitive to clay 

mineralogy. 
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CHAPTER 4: Magnesium Isotopes as a Tracer of Crustal Materials in Volcanic Arc 

Magmas in the Northern Cascade Arc 

 

This chapter is published as: 

Brewer, A.B., Teng, F.-Z., Mullen, E. (2018) Magnesium isotopes as a tracer of crustal materials 

in volcanic arc magmas in the Northern Cascade Arc. Frontiers in Earth Sciences 6:21. 

 

Abstract 

Fifteen North Cascade Arc basalts and andesites were analyzed for Mg isotopes to 

investigate the extent and manner of crustal contributions to this magmatic system. The δ26Mg of 

these samples vary from within the range of ocean island basalts (the lightest being -0.33 ± 

0.07‰) to heavier compositions (as heavy as -0.15 ± 0.06‰). The observed range in chemical 

and isotopic composition is similar to that of other volcanic arcs that have been assessed to date 

in the circum-pacific subduction zones and in the Caribbean. The heavy Mg isotope 

compositions are best explained by assimilation and fractional crystallization within the deep 

continental crust with a possible minor contribution from the addition of subducting slab-derived 

fluids to the primitive magma. The bulk mixing of sediment into the primitive magma or mantle 

source and the partial melting of garnet-rich peridotite are unlikely to have produced the 

observed range of Mg isotope compositions. The results show that Mg isotopes may be a useful 

tracer of crustal input into a magma, supplementing traditional methods such as radiogenic 

isotopic and trace element data, particularly in cases in which a high fraction of crustal material 

has been added.  
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1. Introduction 

Volcanic arcs involve significant crust-mantle interactions, particularly through 

assimilation and fractional crystallization as magma rises to the surface and/or the addition of 

subducted sediment, altered oceanic crust, and slab-derived fluids to the mantle source or the 

primitive magma (Kelemen et al., 2007; Plank, 2014). This varied crustal material can be a major 

determinant of the final composition of these igneous rocks. Quantifying the crustal contribution 

to these magmas, and the mechanism(s) by which these materials were added, informs our 

understanding of the petrogenetic history of volcanic arcs, motivating the development of 

chemical tracers of these processes.  

The unique systematics of Mg isotopes in mantle and crustal materials offer a new 

approach for tracing crustal additions to arc magmas. With a few exceptions, most significant 

Mg isotope fractionation occurs at the low temperatures of Earth’s surface, while little 

fractionation occurs at high temperatures and pressures (Teng, 2017 and references therein). The 

Mg isotope compositions of uncontaminated mid-ocean ridge basalts and of the mantle are 

δ26Mg = -0.25 ± 0.07‰ and -0.25 ± 0.04‰, respectively (Teng et al., 2010a). Large deviations 

from the well-constrained mantle Mg isotope composition in an unweathered mafic rock may be 

indicative of crustal input to the magma. Surface material displays a wide range of δ26Mg values, 

from -5.57 to +1.81‰, reflecting the variety of fractionation mechanisms possible at low 

temperatures (Teng, 2017). During chemical weathering, for example, light isotopes are 

preferentially removed from a rock, which in combination with variations in watershed lithology, 

produces isotopically light river (Pogge von Strandmann et al., 2008; Tipper et al., 2008; Teng et 

al., 2010b; Huang et al., 2012) and ocean water (-0.83 ± 0.07‰; Foster et al., 2010; Ling et al., 

2011). The residual silicate rock and sediment is typically isotopically heavy due to these same 
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processes (as heavy as +1.81‰; Tipper et al., 2008, 2010; Li et al., 2010; Teng et al., 2010b; Liu 

et al., 2014). This chemical weathering and other associated processes, such as carbonate 

precipitation, have produced an extremely heterogeneous upper crust in regard to Mg isotopes, 

and the subduction of this material has also resulted in isotopically heterogeneous lower crust 

and mantle wedge material (Li et al., 2010; Teng et al., 2013; Yang et al., 2016; Wang et al., 

2017).  

Recent investigations into the Mg isotope 

systematics of volcanic arc systems in the circum-

Pacific subduction zones and in the Caribbean have 

found samples with a wide range of Mg isotope 

compositions (-0.35 ± 0.05‰ to +0.06 ± 0.04‰), which 

has been attributed to variable slab-derived fluid 

additions (Figure 1; Teng et al., 2016; Li et al., 2017).  

To explore the effects of crustal contamination on Mg 

isotopes in volcanic arcs, we measured 15 samples from 

the North Cascade Volcanic Arc, where both 

uncontaminated primary magma and contaminated, 

evolved magmas have been previously observed.  These 

samples are geochemically well characterized and 

thought to record a range of crustal content due the 

addition of subducted material and/or crustal 

assimilation during magma transport (Figure 2; Mullen 

and Weis, 2013, 2015; Mullen and McCallum, 2014; 

(‰)

Figure 1: Mg isotope composition of 
volcanic arc samples. Lesser Antilles 

data from Teng et al., (2016); 
Kamchatka, Philippines, Costa Rica, and 

Lau data from Li et al., (2017); North 
Cascade data from the present study. The 

black line and green bar represent the 
mantle composition based on peridotite 
xenoliths (δ26Mg = -0.25 ± 0.04‰) from 
Teng et al., (2010a). North Cascade data 

are reported in Table 1. Error bars 
represent the 2SD for each sample. 
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Mullen et al., 2017). Our results show that the Mg isotope compositions of these arc magmas 

vary from within the established values for uncontaminated mantle-derived mafic magmas to 

relatively heavy compositions, likely due to crustal contamination (Figure 1). The use of Mg 

isotopes as a tracer of crustal material in magma is not limited to specific sites, but could be 

applicable to a variety of volcanic arc settings (Teng et al., 2016; Li et al., 2017). 

2. Samples 

The Cascade Arc, located on the western margin of North America, is the result of the 

subduction of the Juan de Fuca plate beneath the North American plate. Most of the associated 

magmatic rocks contain geochemical evidence for the addition of subducted material, derived 

from both oceanic crust and sediment, to their mantle sources (Mullen et al., 2017). In addition, 

some magmas assimilated continental crust during transit to the surface (Mullen et al., 2017). We 

choose 15 samples from the North Cascade Volcanic Arc for Mg isotope analysis in an effort to 
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Figure 2: (a) Ba and Nb contents of the North Cascade 
samples, as well as literature data from other volcanic arcs 

where available. The first labeled gray arrow approximates the 
effects of the addition of a subducted component (bulk 

sediment) prior to 10% partial melting of the depleted mantle, 
and the second approximates the effects of partial melting of 
the primitive mantle for the North Cascade based on Mullen 
and Weis, (2013).  Primitive mantle composition is from Sun 

and McDonough, (1989). Depleted mantle composition is from 
Salters and Stracke, (2004). (b) Sr isotope composition and Sr 
content of the North Cascade samples, as well as literature data 
from other volcanic arcs where available. The first labeled gray 
arrow approximates the effects of the addition of a subducted 

component (bulk sediment) to a primitive magma and the 
second approximates the effects of assimilation and 

fractionalization of a gabbro assimilant for the North Cascade 
based on Mullen and Weis, (2013).  The primitive magma 

composition is based on Mullen and Weis, (2013). The colored 
circles represent those samples identified as most primitive 

from Mt. Baker and the Bridge River Cones, while the colored 
triangles represent samples that exhibit crustal contamination. 
North Cascade data are reported in Table 1. Literature data are 

represented by gray symbols and are from Li et al., (2017).	
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cover samples exhibiting a wide range of known crustal content, from negligible to considerable, 

based on trace element compositions and Sr-Nd-Hf-Pb isotope data. The analyzed samples 

represent a range of locations and rock types within the northern segment of the Cascade Arc, 

including the Mt. Baker volcanic field, the Bridge River Cones, Glacier Peak, and the Chilliwack 

batholith (Tepper, 1996; Mullen and Weis, 2013, 2015; Mullen and McCallum, 2014; Mullen et 

al., 2017). To ensure that no weathering has occurred, all samples were collected from the 

interior of lava flows, were confirmed to have low LOI contents (<1%), and were examined for 

signs of weathering in thin section (Mullen and Weis, 2013).   

The North Cascade samples fall into three petrologic groups: (1) alkali basalts from the 

Bridge River Cones; (2) calc-alkaline arc basalts from Mt. Baker, Glacier Peak, and the 

Chilliwack batholith; and (3) andesites from Mt. Baker and the Bridge River Cones. The alkali 

basalts from the Bridge River Cones display trace element and Sr-Nd-Hf-Pb isotope 

compositions that indicate an enriched mantle source and the absence of a subducted component 

(Figure 2; Mullen and Weis, 2013). A slab gap between the stagnant Explorer and Juan de Fuca 

plates near the northern termination of the arc likely facilitated upwelling of enriched 

asthenosphere that produced these alkali basalts nearly free of slab input (Mullen and Weis, 

2013, 2015; Mullen et al., 2017). One andesite from the Bridge River Cones does show signs of 

crustal assimilation, like other andesites from the North Cascade (Figure 2; Mullen and Weis, 

2013). Previous work has found that the calc-alkaline basalts from Mt. Baker, Glacier Peak, and 

the Chilliwack batholith, as well as andesites from Mt. Baker and the Bridge River Cones, 

demonstrate a clear subducted component, marked by elevated abundances of lead (Pb), large 

ion lithophile elements (LILE), and light rare earth elements (LREE) relative to high field 

strength elements (HSFE) (Figure 2; Mullen and McCallum, 2014; Mullen and Weis, 2013, 
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2015). Furthermore, the 87Sr/86Sr versus Sr systematics indicate the involvement of assimilation 

and fractional crystallization in the deep crust in some samples (Figure 2; Mullen and McCallum, 

2014; Mullen and Weis, 2013, 2015).   

3. Methods 

Magnesium isotope analyses were performed at the Isotope Laboratory in the Department 

of Earth and Space Sciences at the University of Washington. All procedures are similar to those 

reported in previous publications (Teng et al., 2007, 2010a; Yang et al., 2009; Li et al., 2010; 

Teng and Yang, 2014).  

The powdered rock samples were dissolved in Savillex screw-top Teflon beakers on a 

hotplate at approximately 125°C using a 3:1 HF-HNO3 acid mixture followed by a 3:1 HCl-

HNO3 acid mixture. The samples were kept in each acid mixture for several days to ensure 

complete dissolution. To achieve cation separation, the samples were passed twice through a 

column containing Bio-Rad 200-400 mesh AG50W-X8 cation exchange resin in a 1N HNO3 

media, and were eluted using 1N HNO3. The resulting Mg cut contains >99% of the Mg in the 

sample to prevent isotope fractionation within the column, and limits the concentrations of the 

other elements to less than 5% of the concentration of Mg (Teng et al., 2007). 

The purified Mg samples were then analyzed on a Nu Plasma MC-ICP-MS using the 

standard-sample bracketing method. The Mg concentrations of the sample and standard solutions 

were matched to within 5% to prevent mass bias caused by a concentration mismatch (Teng and 

Yang, 2014). The solutions contained approx. 300 ppb Mg in 3% nitric acid. The samples were 

introduced using the “wet” plasma method and 24Mg, 25Mg, and 26Mg were analyzed 

simultaneously using three Faraday cups (H5, Ax, and L4). Results are presented in delta 

notation: 
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where x refers to mass 25 or 26. 

The precision of the measured 26Mg/24Mg ratio for one sample solution at the 2SD level, 

based on repeat standard analyses during a single analytical session, is < ± 0.07‰, comparable to 

previous Mg isotope studies (Li et al., 2010; Teng et al., 2010a; Ling et al., 2011; Teng and 

Yang, 2014). The reference materials San Carlos Olivine (n=4) and Seawater (n=3) were each 

analyzed at least once during an analytical session, each time yielding a δ26Mg value within the 

established 2SD of -0.25‰ and -0.83‰ respectively. These values agree with previously 

published data (Teng et al., 2015; Hu et al., 2016a). 

4. Results 

Magnesium isotopic compositions, MgO concentrations, relevant trace element data, and 

Sr isotope compositions for the North Cascade Arc are reported in Table 1. The Mt. Baker 

samples range from δ26Mg = -0.32 to -0.15 ± 0.06 ‰; the Bridge River Cones samples range 

from δ26Mg = -0.33 to -0.22 ± 0.07 ‰; the Mg isotope composition of the Chilliwack Batholith 

and Glacier Peak samples is δ26Mg = -0.23 and -0.22 ± 0.07 ‰, respectively.  Weak correlations 

between δ26Mg and MgO content, 87Sr/86Sr, Th/Yb, and Pb/Ce may be evident in these samples, 

but given the number of processes that can affect the chemical and isotopic composition of arc 

magmas, clear correlations are not expected (Figures 3 and 5). No correlation is observed 

between Mg isotope composition and Ba/Th, Dy/Yb, or Sm/Yb (Figures 4 and 5).  The increase 

in δ26Mg from the MORB-like composition is small; however, it is resolvable with the current 

precision (≤0.07‰). 
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Sample 
 

δ26Mg 
(‰) 

2SD δ25Mg 
(‰) 

2SD MgO 
(wt%) 

Sm/Yb Dy/Yb Th/Yb Pb/Ce Ba/Th Ba 
(ppm) 

Nb 
(ppm) 

Sr 
(ppm) 

87Sr/86Sr 

               
North Cascade Arc               
Mt. Baker               
Tarn Plateau -0.28 0.07 -0.19 0.06 7.76 2.199 2.078 1.295 0.122 155.8 335 3.57 860 0.703109 
Sulphur Creek -0.23 0.06 -0.13 0.04 5.42 1.878 2.069 0.446 0.084 206.7 279 7.40 563 0.703240 
Lake Shannon -0.29 0.07 -0.19 0.06 6.44 1.586 1.918 0.410 0.100 195.5 215 5.13 486 0.703213 
Park Butte -0.32 0.06 -0.18 0.04 8.38 1.470 1.939 0.303 0.088 331.7 199 2.56 502 0.703156 
Cathedral Crag -0.15 0.07 -0.11 0.06 3.96 2.944 2.219 1.163 0.097 229.0 426 4.95 1194 0.703513 
Coleman Pinnacle 
101B 

-0.15 0.06 -0.09 0.04 1.36 1.929 1.688 3.326 0.192 120.0 894 10.16 603 0.703383 

Coleman Pinnacle 105 -0.17 0.06 -0.10 0.04 2.84 3.949 2.178 3.010 0.185 158.2 938 9.77 1801 0.703718 
Coleman Pinnacle 86 -0.20 0.07 -0.08 0.06 2.59 3.110 1.991 2.749 0.187 148.5 894 9.65 1394 0.703686 
Table Mountain -0.17 0.07 -0.12 0.06 3.08 1.963 1.817 1.846 0.169 132.1 585 7.79 673 0.703475 
Bridge River Cones               
Tuber Hill East Dot -0.22 0.06 -0.08 0.04 3.44 2.272 1.685 1.568 0.173 257.9 655 7.0 618 0.703495 
Tuber Hill East Cap -0.30 0.07 -0.16 0.06 4.60 2.928 2.432 0.808 0.043 143.1 289 34.0 571 0.703042 
Tuber Hill East Plateau -0.33 0.07 -0.16 0.06 3.10 2.752 2.314 0.625 0.077 212.6 440 32.8 514 0.703186 
Nichols Valley -0.25 0.07 -0.14 0.06 4.44 3.043 2.361 0.816 0.037 140.0 287 36.4 567 0.703052 
Chilliwack Batholith               
Mount Sefrit -0.23 0.07 -0.09 0.06 6.80 2.550 2.015 1.329 0.164 161.3 300 3.19 799 0.703441 
Glacier Peak               
Dishpan Gap -0.22 0.07 -0.14 0.06 4.47 2.129 1.817 1.378 0.139 112.7 374 3.87 631 0.703566 
               
Standards               
Seawater -0.81 0.07 -0.43 0.06           
Replicate -0.88 0.07 -0.54 0.06           
Replicate -0.83 0.07 -0.50 0.06           
SC Olivine -0.23 0.07 -0.05 0.06           
Duplicate -0.25 0.07 -0.20 0.06           
Duplicate -0.31 0.06 -0.15 0.04           
Replicate -0.24 0.06 -0.11 0.04           
               

Table 1: Magnesium isotope and trace element compositions of samples and standards. North Cascade major 
and trace element data from Mullen et al., (2017), Mullen and McCallum, (2013, 2014), Mullen and Weis, 

(2015). 2SD = Two standard deviation of the population of n (15 < n < 22) repeat measurements of the 
standards during an analytical session. 
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5. Discussion 

5.1 Mg isotope variations in the North Cascade Volcanic Arc 

The alkali basalts from the Bridge River Cones are essentially free of crustal 

contamination based on trace element and Sr-Nd-Hf-Pb isotope data; a conclusion which is 

supported by Mg isotope systematics (Figure 2; Mullen and Weis, 2013).  The samples, with 

δ26Mg between -0.33 and -0.25 ± 0.07 ‰, fall within the range of Mg isotope compositions 

exhibited by MORBs (δ26Mg = -0.31 to -0.19‰) and OIBs (δ26Mg = -0.35 to -0.18‰) (Teng et 

al., 2010a).  They do not reach the heavier compositions found elsewhere in the North Cascade, 

for example at Mt. Baker (Figure 3). Thus, the Mg isotope composition of these basalts supports 

the conclusion that the Bridge River Cones likely reflect the melting of a primitive mantle source 

with little to no contribution from subducted material or assimilated continental crust (Figure 3; 

Mullen and Weis, 2013).   

The calc-alkaline arc basalts from Mt. Baker, Glacier Peak, and the Chilliwack batholith 

and the andesites from Mt. Baker and the Bridge River Cones do show the influence of 

subducted material and/or assimilation and fractional crystallization of the continental crust 

(Mullen and McCallum, 2014). While all of these samples are thought to exhibit some crustal 

contamination, we consider the Tarn Plateau and Park Butte samples to be the most primitive, 

given their high MgO contents (>7 wt%), high Mg# (>0.6), and relatively high compatible trace 

element content (e.g. Cr >200 ppm) (Mullen and Weis, 2013, 2015; Mullen and McCallum, 

2014).  The Mg isotope compositions of these samples are also quite light (-0.28 ± 0.07 ‰ and -

0.32 ± 0.07 ‰, respectively), similar to the primitive alkali basalts from the Bridge River Cones, 

which are known to contain little crustal contamination (Figure 3). The remainder of the calc-

alkaline basalts and andesites display variable crustal involvement from subducted material 
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and/or assimilated continental crust (Tepper, 1996; Mullen and Weis, 2013, 2015; Mullen and 

McCallum, 2014). The relatively heavy Mg isotope compositions of these samples likely reflects 

the addition of isotopically heavy crustal material, such as subducted sediment (δ26Mg = -3.65 to 

+0.52‰), altered oceanic crust (δ26Mg = -2.76 to +0.21‰), and deep continental crust (δ26Mg = 

-0.76 to +0.19‰) (Figure 3; Huang, 2013; Teng et al., 2013; Hu et al., 2017; Yang et al., 2016). 

The following sections will examine the possible causes of the elevated Mg isotope compositions 

of these arc samples. 

 

 

5.2 Hypotheses for Mg Isotope Variations 

The observed increase in Mg isotope composition may be the result of one of three 

processes, or a combination thereof: the primary melt was derived from partial melting of garnet-

rich peridotite, isotopically heavy subducted material was added to the primitive magmas or the 

mantle source, or the primitive magmas underwent assimilation and fractional crystallization 

during transport within the continental crust. 

(‰
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Figure 3: (a) Variation of δ26Mg with wt% MgO. (b) 
Variation of δ26Mg with 87Sr/86Sr. The colored circles 

represent those samples identified as most primitive from 
Mt. Baker and the Bridge River Cones, while the colored 

triangles represent samples that exhibit crustal 
contamination. The black line and green bar represent the 
mantle composition based on peridotite xenoliths (δ26Mg 

= -0.25 ± 0.04‰) from Teng et al., (2010a). North 
Cascade data are reported in Table 1. Error bars represent 

the 2SD for each sample.	
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Garnet has a light Mg isotope composition compared to coexisting silicates (Li et al., 

2011, 2016; Wang et al., 2012, 2014; Huang et al., 2013). The difference in Mg coordination 

between garnet (8-fold) and most silicate minerals (6-fold) causes 24Mg to be preferentially 

incorporated into garnet, leaving the surrounding minerals enriched in 26Mg (Li et al., 2011, 

2016; Wang et al., 2012, 2014; Huang et al., 2013). Both equilibrium and disequilibrium inter-

mineral fractionation can occur between garnet and coexisting silicates (Li et al., 2016). 

Therefore, partial melting that leaves a garnet-rich 

residue could produce a melt with a relatively heavy 

Mg isotope composition. However, the trace 

element data do not support this explanation for the 

origin of the isotopically heavy magmas. Because of 

the affinity of the HREE for garnet, partial melts 

leaving a garnet-rich residue would also display 

relatively high Sm/Yb and Dy/Yb ratios (Lassiter 

and DePaolo, 1997). Therefore, δ26Mg should be 

positively correlated with Sm/Yb and Dy/Yb, which 

is not observed in the North Cascade or any other 

volcanic arc assessed to date (Figure 4). 

Furthermore, previous work has ruled out residual 

garnet for Mt. Baker and Glacier Peak based on 

trace element modeling (Mullen and Weis, 2013, 

2015).  Residual garnet associated with the Bridge River Cones is likely, however, those samples 

do not exhibit heavy Mg isotope compositions (Mullen and Weis, 2013). We therefore conclude 

(‰
)

(‰
)

(a)

(b)

Figure 4: Variation of δ26Mg with (a) 
Sm/Yb and (b) Dy/Yb ratios. The colored 
circles represent those samples identified 
as most primitive from Mt. Baker and the 

Bridge River Cones, while the colored 
triangles represent samples that exhibit 
crustal contamination. North Cascade 
data are reported in Table 1. Literature 

data are represented by gray symbols and 
are from Li et al., (2017). Error bars 

represent the 2SD for each North 
Cascade sample. 
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that partial melting in the presence of garnet is unlikely to have produced the observed Mg 

isotope compositions. 

The addition of a crustal component to the 

magmas is more consistent with the Mg isotope 

data. Because crustal material, such as subducted 

sediment, generally has lower MgO contents than 

the mantle source and primitive magmas 

(McDonough and Sun, 1995; Rudnick and Gao, 

2003; Plank, 2014), crustal input into a magma is 

generally associated with a decrease in MgO. 

Fractional crystallization can produce similar 

changes in chemical composition; however, 

fractional crystallization does not fractionate Mg 

isotopes, with the exception of processes 

associated with garnet (Teng, 2017 and references 

therein). A heavy Mg isotope composition in 

these samples is also associated with increased 

87Sr/86Sr, which is expected given that crustal 

materials have elevated 87Sr/86Sr compared to 

most mantle-derived melts (Kelemen et al., 2007; 

Plank, 2014). Slab-derived fluid additions to the 

mantle wedge are typically associated with 

increases in Pb/Ce and Ba/Th ratios, while 
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Average

Figure 5: Variation of δ26Mg with, Ba/Th (a), 
Th/Yb (b), and Pb/Ce (c). The black triangles 

represent the average MORB composition.  
MORB δ26Mg value (-0.25 ± 0.07‰) is from 
Teng et al., (2010a), Th/Yb (0.1113), Pb/Ce 

(0.0384), and Ba/Th (72.2772) are from Gale et 
al., (2013). The colored circles represent those 
samples identified as most primitive from Mt. 
Baker and the Bridge River Cones, while the 

colored triangles represent samples that exhibit 
crustal contamination. Literature data are 

represented by gray symbols and are from Li et 
al., (2017). North Cascade data are reported in 
Table 1. Error bars represent the 2SD for each 

North Cascade sample. 
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subducted sediment melts are typically associated with increased Th/Yb ratios.  Weak 

correlations between δ26Mg and Pb/Ce and Th/Yb may be present in these samples, but no 

correlation with Ba/Th is observed (Figure 3).  Taken together, the North Cascade Volcanic Arc 

samples exhibit a range of Mg isotope compositions that is best explained by crustal additions, 

rather than garnet involvement.  

5.3 Modeling Crustal Input 

 To investigate the origin of crustal contributions to the North Cascade Arc, an AFC 

model (DePaolo, 1981) combining primitive magma and lower continental crust and two 

different two-component bulk-mixing models (primitive magma + subducted sediment and 

depleted mantle + subducted sediment) were 

constructed for the North Cascade Arc (Figure 

6). The models are designed to be representative 

of the calc-alkaline arc basalts from Mt. Baker, 

Glacier Peak, and the Chilliwack batholith and 

the andesites from Mt. Baker and the Bridge 

River Cones, but not the alkali basalts from the 

Bridge River Cones since they are known to be 

petrogenetically distinct from the other samples. 

All end-member compositions and other model parameters are listed in Table 2.  

The primitive magma composition was selected based on the samples judged to be the 

most primitive in the Mt. Baker dataset (Tarn Plateau and Park Butte).  The depleted mantle 

composition is from Salters and Stracke, (2004), with the exception of the Mg isotope 

composition (-0.25 ‰), which is the canonical mantle value described in Teng et al., (2010a) and  

Sample 
 

δ26Mg 
(‰) 

MgO 
(wt%) 

Sr 
(ppm) 

87Sr/86Sr 

     
End-Member Compositions     
Depleted Mantle -0.251 38.24 9.84 0.702604 
Primitive Magma -0.30 8.38 502 0.70311 
Lower Crust -0.052 6.575 4015 0.704005 
Subducted Sediment +0.203 2.536 3236 0.714906 
     
Modeling Parameters     
DSr 3.27     
DMgO 3.07     
r 0.57     
     
1Teng et al., (2010a)     
2Yang et al., (2016)     
3Hu et al., (2017)     
4Salters and Stracke, (2004)     
5Mullen and Weis, (2013)     
6Plank, (2014)     
7Teng et al., (2016)     

Table 2: Modeling parameters and end-
member compositions	
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Figure 6: AFC (assimilation-fractional crystallization) and bulk mixing 
models for δ26Mg vs. wt% MgO (a) and 87Sr/86Sr (b) for the North Cascade 

samples and available literature data. The colored circles represent those 
samples identified as most primitive from Mt. Baker and the Bridge River 
Cones, while the colored triangles represent samples that exhibit crustal 

contamination. The dashed and dotted line represents bulk mixing between 
depleted mantle and subducted sediment; the dashed line represents bulk 
mixing between primitive magma and subducted sediment; the solid line 
represents assimilation and fractional crystallization of lower continental 

crust by the primitive magma.  Table 2 contains the end-member 
compositions, modeling parameters, and their sources. The black circles 

along the modeled curves represent 10% bulk mixing increments, and 10% 
crystallization increments in the AFC model. The black triangle represents 
the initial primitive magma end-member. Error bars represent the 2SD for 
each North Cascade sample. North Cascade data are reported in Table 1. 
Literature data (grey symbols) are from Li et al., (2017) and Teng et al., 

(2016). 
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elsewhere (Huang et al., 2011; Hu et al., 2016b; Wang et al., 2016). The lower continental crust 

composition is based on the North Cascade lower crust end-member from Mullen and Weis, 

(2013). The Mg isotope composition of the lower crust in this region is unknown, so a reasonable 

composition (-0.05 ‰) was selected based on the range exhibited by lower crustal material in 

Yang et al., (2016). Finally, the subducted sediment end-member is based on the subducted 

sediment at the Cascade from Plank, (2014). However, the Mg isotope composition of the 

subducted sediment component affecting the mantle source or primitive magma is unknown, so 

again a reasonable value (+0.20 ‰) was selected based on Hu et al., (2017). For the AFC 

models, the ratio of assimilation to crystallization was fixed at 0.5, and the bulk partition 

coefficients for MgO and Sr were estimated and fixed at 3.0 and 3.2, respectively, after the 

volcanic arc modeling of Teng et al., (2016).  Minor changes in the bulk partition coefficients 

have little impact on the model. Although some of the relevant modeling parameters can only be 

estimated, these models do demonstrate that AFC is a feasible explanation for the observed data, 

while bulk mixing alone is not. 

The North Cascade Arc two-component bulk mixing models are unable to reproduce the 

observed trends in the data, particularly the Sr isotope compositions. To approximate the MgO 

content and Mg isotope composition of some North Cascade samples with the primitive magma 

mixing model, the sediment must contribute more than 50% of the final magma, which is 

unreasonably high (Figure 6a). The Sr and Mg isotope primitive magma mixing model predicts 

very little change in Mg isotope composition across the whole range of Sr isotope compositions 

observed in the samples, which does not agree with the observed data (Figure 5b). The two-

component mantle source mixing model requires an even higher fraction of crustal material 

(more than 80%) to produce the observed Mg isotope compositions given the high MgO content 
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of the mantle, and again no change in Mg isotope composition is predicted for the observed 

range in Sr isotopes (Figure 5). Therefore, bulk sediment additions to the primitive magma or 

mantle source are unlikely to be the cause of the elevated Mg isotope compositions found in the 

North Cascade Arc samples. 

Assimilation and fractional crystallization in the deep continental crust, on the other 

hand, can match the observed trends without an excessively high crustal contribution. The 

observed major element and isotopic trends can be reproduced with between 100% and 60% 

liquid remaining in the system (Figure 6). Unlike the bulk mixing models, AFC can approximate 

the observed increase in Mg isotope composition within the range of Sr isotope compositions 

exhibited by the samples (Figure 6). Given the elevated Pb/Ce and Ba/Th ratios, and the apparent 

correlation between δ26Mg and Pb/Ce in these samples, fluid additions may also have made a 

minor contribution to the final Mg isotope compositions. However, quantifying the slab-derived 

fluid effect on Mg isotopes is not currently possible given our limited understanding of Mg 

isotope behavior during slab dehydration. Assimilation and fractional crystallization is the 

favored explanation for the increase in Mg isotope composition, and while minor effects from 

the addition of slab-derived fluids to the mantle source and primitive may have occurred, those 

processes are unlikely to the primary cause of the heavy Mg isotope compositions observed in 

the North Cascade Volcanic Arc.   

The Mg isotope compositions exhibited by the North Cascade Volcanic Arc samples are 

similar to those from previously analyzed volcanic arcs (Figure 1). Li et al., (2017) analyzed arc 

samples from Kamchatka (δ26Mg = -0.35 ± 0.05 to -0.24 ± 0.08 ‰), the Philippines (-0.19 ± 0.05 

to +0.06 ± 0.04 ‰), Costa Rica (-0.32 ± 0.01 to -0.27 ± 0.05 ‰), and Lau (-0.26 ± 0.02 to -0.16 

± 0.05 ‰), while Teng et al., (2016) analyzed samples from the Lesser Antilles (-0.24 ± 0.07 to -
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0.10 ± 0.07 ‰). The Cascade samples (-0.33 ± 0.07 to -0.15 ± 0.06 ‰) have similar Mg isotope 

compositions to the samples from all of those locations except the Philippines, which have 

unusually heavy compositions (Li et al., 2017). The present dataset fills in a gap in the Mg 

isotope data for arc volcanics from the circum-Pacific subduction zones, representing the margin 

along the northwestern coast of North America. The similarity to these other arc samples, 

including those from the Lesser Antilles in the Caribbean, demonstrates that the processes 

affecting Mg isotopes are likely consistent from margin to margin. Much of the combined data 

for the volcanic arcs worldwide can be approximated by the same assimilation and fractional 

crystallization model used with the North Cascade samples (Figure 6). AFC processes are, 

therefore, the most likely explanation for the range in Mg isotope data observed in volcanic arcs. 

Small differences in the Mg isotope compositions of the primitive magma, subducted sediment, 

and assimilated lower crust between and within different arcs likely do impact the final magma 

composition, producing the observed variety between the arcs.  

Although crustal input to the North Cascade magmas produced only small, just beyond 

two-sigma analytical uncertainty, variations from normal mantle values, this likely required a 

significant crustal addition. Nonetheless, improvements in analytical precision may make 

possible the use of Mg isotopes as a valuable tracer of crustal recycling that is complementary to 

established methods such as Sr-Nd-Hf-Pb isotopic and trace element data. The crustal materials 

that may be involved in arc volcanism, including subducted sediment and sediment melt, altered 

oceanic crust, slab-derived fluids, and assimilated continental crust, have extremely varied Mg 

isotope compositions. This variability, along with the lack of fractionation during most high 

temperature processes, may permit Mg isotopes to be a valuable tool in tracing arc volcanic 

processes. With a thorough understanding of the composition of these different reservoirs, Mg 
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isotope systematics, combined with existing geochemical indicators, would elucidate the nature 

of crustal input in a given arc. Furthermore, Mg isotopes may provide a solution for detecting 

crustal input in settings where commonly-used radiogenic isotopes are ambiguous due to lack of 

isotopic contrast between the crust and primary magmas (e.g. Mullen et al., 2017). These 

findings also represent a significant step in our understanding of the Mg cycle by demonstrating 

that silicate material from the crust can alter the isotopic composition of a magma. 

6. Summary 

The main conclusions from this study are: 

1. The Mg isotope composition of samples from the North Cascade Arc range from -0.33 ± 

0.07‰ to -0.15 ± 0.06‰.  

2. The alkali basalts from the Bridge River Cones reflect the partial melting of the mantle 

source with minimal crustal contamination, while the calc-alkaline basalts and andesites from 

Mt. Baker, Glacier Peak, Chilliwack Batholith, and the Bridge River Cones do have Mg isotope 

compositions indicative of variable crustal contamination. 

3. The samples with high δ26Mg are best explained by the addition of isotopically heavy deep 

continental crust to primitive magmas through assimilation and fractional crystallization with a 

possible minor contribution from slab-derived fluids. 

4. With further study and analytical improvements, Mg isotopes will become a useful tool in 

understanding the generation and evolution of magmatic rocks. 
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Abstract 
 
Rare earth elements (REEs) are in increasing demand in the modern economy and yet 

meaningful REE production is limited to only a few locations worldwide, which motivates the 

development of novel strategies to enable cost-effective REE recovery from non-traditional 

feedstocks. We investigate biosorption as a potential means of recovering REEs from geothermal 

fluids, a low-grade but abundant REE source. We have previously engineered E. coli to express 

lanthanide binding tags (LBTs) on the cell surface and the resulting strain showed an increase in 

both REE adsorption capacity and selectivity. Here we examined how REE adsorption by the 

engineered E. coli is affected by various geochemical factors relevant to geofluids, including 

total dissolved solids (TDS), temperature, pH, and the presence of specific competing metals. 

REE biosorption is robust to high TDS concentrations, with high extraction efficiency and 

selectivity observed in geofluids containing REE concentrations as low as 100 ppb and TDS as 

high as 165,000 ppm.  Among several metals tested, U, Al, and Pb were found to be the most 

competitive, causing significant reductions (>25%) in REE biosorption when present at 

concentrations ~3 to 11-fold higher than the REEs.  Optimal REE biosorption occurs between 

pH 5-6, with significant loss in sorption capacity (~65%) as pH decreases from 6 to 2.  REE 
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extraction efficiency and selectivity increase as a function of temperature up to ~70°C, which 

can be explained by the thermodynamic properties of metal complexation on the bacterial 

surface.  Together, these data demonstrate the potential utility of biosorption for selective REE 

recovery from geothermal fluids by defining the optimal and boundary conditions for this 

extraction technology. 

Introduction 

Rare earth elements (REEs) are becoming increasingly significant to the international 

economy with the emergence and development of new technologies, particularly in the area of 

clean energy. Common applications of REEs include automotive and industrial catalysts, 

permanent magnets, and electronics. However, the supply of these metals is uncertain and 

potentially at risk globally. As of 2011, more than 95% of REE production came from China, 

even though there are significant reserves worldwide.1 Given the limited sources of REE 

production and the increasing demand for these metals around the world, it is crucial to explore 

new REE feedstocks and to develop new and improved methods of REE extraction.1-5  

Biosorption has gained interest in recent years as a potential clean, sustainable method for 

REE recovery. The high binding affinity of native cell surfaces for REEs relative to most non-

REEs permits selective extraction of these valuable metals from low-grade feedstocks.4, 6-8 

Microbes are relatively inexpensive to produce in large quantities, and native biomass has a 

naturally high capacity for REE adsorption.4, 9-13 Cell surfaces can withstand multiple cycles of 

adsorption and desorption, enabling reuse of biomass.14 Furthermore, biosorption processes are 

not expected to contribute hazardous chemical wastes to a REE extraction scheme, unlike some 

conventional methods such as solvent extraction.15, 16 Microbial surface adsorption could present 
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a clean and effective means of REE recovery from a variety of feedstocks, including those that 

are low-grade and traditionally unexploited. 

We have previously bioengineered Escherichia coli to express lanthanide binding tags 

(LBTs) on the cell surface to enhance their natural adsorptive properties, improving both 

extraction efficiency and selectivity for REEs.17 LBT display increased REE adsorption capacity 

from ~13 to ~28 mg Tb / g dry cell weight in a simple buffer solution and also improved REE 

binding selectivity 2 to 10-fold over most non-REE metals present in mine tailing leachates.17 

The native cell surface functional groups, primarily carboxylate and phosphate,18-21 do continue 

to play a major role in REE recovery with the LBT-displayed cells.  In this study, we investigate 

the REE adsorption performance of the engineered LBT-displayed strain of E. coli under various 

geochemical conditions characteristic of geofluids. 

Geothermal fluids are abundant, low-grade feedstocks that are currently being 

investigated as a potential source of REEs.4, 6, 22, 23 Total REE concentrations reported in 

geofluids range from sub-ppb to low-ppm levels.24 Fluids with REE concentrations at ppb levels 

or higher are nearly always acidic (pH <3.5), likely due to increased metal leaching at lower 

pH.22, 24 Optimal REE biosorption typically occurs at pH ~6 and decreases with pH; therefore, 

pH adjustment may be required for the acidic, REE-rich feedstocks.14, 25, 26 The temperature of 

geofluids varies greatly, and previous studies have demonstrated that temperatures as high as 

80°C can lead to increased REE adsorption onto organic surfaces.26-28 Total dissolved solids 

(TDS) in geofluids can be as high as hundreds of thousands of ppm, several orders of magnitude 

higher than the REEs.24 The major contributors to TDS, such as Na and Mg, have low affinities 

for cell surface binding sites compared to the REEs but are present at such high concentrations 

that they may still be competitive. In addition, some metals, such as U and Pb, although present 
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at much lower concentrations, are likely competitive because they have high affinities for the 

relevant surface sites.17   

Although they have relatively low REE concentrations, geofluids are abundant and have 

the advantage of requiring minimal pretreatment prior to REE extraction, unlike solid feedstocks 

such as ion adsorption clays, where chemical leaching is generally required.17, 23, 30 The 

geochemical characteristics of geofluids, such as elevated temperature, non-optimal pH, and high 

TDS can have a major impact on REE biosorption. Herein, we systematically examined the 

effects of these factors on REE extraction efficiency and purity.  Results define the geochemical 

conditions that are amenable to REE biosorption, information that is key to the future 

development of a high-performance biosorption technology for REE recovery from geofluids. 

Methods 

Bacterial strains and growth conditions 

The E. coli strain harboring a lpp-ompA-dLBT expression plasmid was grown in LB 

media supplemented with 50 µg/mL ampicillin. Expression of lpp-ompA-dLBT was induced at 

mid-exponential phase using 0.002% arabinose for 3 h at 37 °C. For a full description of plasmid 

construction and LBT expression see Park et al. (2016) and (2017).14, 17 Cells were harvested, 

washed once in 10 mM MES (2-(N-morpholino)-ethanesulfonic acid) pH 6, normalized by 

OD600, and used in biosorption experiments. 

Blue Mountain geofluid REE biosorption 

A natural geofluid (pH = ~6) from the Blue Mountain geothermal area (BMG, Table 1) 

was obtained from AltaRock Energy Inc (WA, USA). Since the REE concentrations in BMG are 

<10 ppt, Tb was spiked in at 10 ppb. Cell density was set at ~1x108 cells/ml. After 30 min 

incubation with the BMG, cells were separated by centrifugation at 20,000 x g for 5 min. Cells 
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were washed once in 10 mM MES (pH 6) and resuspended in an equal volume of 5 mM citrate 

(pH 6) for 60 min for metal desorption. The supernatant was collected for analysis following 

centrifugation at 20,000 x g for 8 min. 

REE biosorption with the Great Salt Lake brine 

To test the effects of TDS and pH on REE biosorption, we used a synthetic geofluid that 

resembles the Great Salt Lake brine (GSL), but 2x more concentrated (Table 1).  For the TDS 

experiment, aliquots of this GSL solution were diluted 3-, 10-, 100-, and 1000-fold using 10 mM 

MES buffer (pH 6).  Tb concentration was set at 100 ppb and cell density at ~1x108 cells/ml. 

Cells were incubated in the spiked brine solutions for 30 min prior to separation via 

centrifugation at 20,000 x g for 15 min. Then, the cells were washed in 10 mM MES (pH 6) and 

resuspended in an equal volume of 5 mM citrate pH 6 for 60 min for desorption. The supernatant 

was collected following centrifugation at 20,000 x g for 5 min. Control experiments with no cells 

revealed <2% Tb extraction at all TDS conditions. 

For the pH experiment, the synthetic GSL solution, diluted 2-fold, was spiked to a final 

Tb concentration of ~16 ppm and adjusted to an initial pH of 2-6 using 10 M NaOH. The cells 

(~1x109 cells/ml) were pelleted at 6000 x g for 5 min and resuspended in the respective pH-

adjusted GSL feedstock.  Following a 30 min incubation, aliquots of the cell suspension was 

transferred to cellulose acetate centrifuge tube filters (Costar) and spun at 6000 x g for 5 min to 

collect the cells.  The cells on the filters were then washed in 10 mM MES (pH 6) and exposed to 

an equal volume of 5 mM citrate for 60 min for desorption. The cellulose acetate filters extracted 

<4% Tb at all tested conditions.   
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Temperature dependence 

The GSL solution was diluted 2-fold and adjusted to pH 6 using 10 mM MES buffer (pH 

6). Tb was added to ~48 ppm and cell density was set at ~1x109 cells/ml. The cells were 

incubated in the brine for 25 min at 24°C, 40°C, or 70°C. Cells were collected, washed, and the 

metals were desorbed with 5 mM citrate (pH 6) at room temperature using the centrifuge tube 

filters as described above. Two additional experiments were conducted in the low-TDS 10 mM 

MES buffer (pH 6).  First, cells (~1x109 cells/ml) were exposed to UV radiation or heated to 

70°C and cooled back to room temperature before being exposed to ~48 ppm Tb.  Second, cells 

(~1x109 cells/ml) were exposed to solutions containing ~48 ppm of an individual metal (Tb, Cu, 

Mg, K, or Ca) at a range of temperatures from 24°C to 70°C. 

Metal competition experiments 

Metal competition experiments were conducted in 10 mM MES buffer (pH 6) by mixing 

a fixed concentration of Tb (~8 ppm) with different concentrations of the competing metals, 

including up to 5000 µM copper (Cu), 300 µM aluminum (Al), 500 µM lead (Pb), 1000 µM 

uranium (U), 100 µM thorium (Th), 250 mM magnesium (Mg), or 2000 mM sodium (Na). The 

range of metal concentrations was selected based on concentrations commonly found in 

geofluids (Table 1).24 Cell density was set at ~1x109 cells/ml and the adsorption assay was 

conducted using the centrifugation method as described above. 

ICP-MS analysis 

GSL sample analyses were performed using a Thermo XSeriesII ICP-MS run in standard 

mode at UC Santa Cruz.  The sample introduction system was an ESI PFA-ST nebulizer pumped 

at 120 µl/min.  BMG sample analyses were conducted at Duke University on an Agilent 7900 

ICP-MS run in either hydrogen (Ca) or helium gas modes. 
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Thermodynamic analysis 

The cell surface complexation thermodynamics of REEs can be described by a linear free 

energy relationship (LFER) that relates aqueous metal-acetate stability constants to calculated 

metal-bacterial stability constants.33 Temperature dependent metal-bacteria stability constants are 

not available for the majority of metals, so we use available data for Zn(II), Cd(II), and Pb(II) 

complexation with acetate34 and Penicillium simplicissimum35 at 20, 30, and 40°C to calibrate T-

dependent LFERs (Figure S1). These LFERs maintain high linear correlation coefficients (0.992-

0.999) within this temperature range (Figure S1). La-acetate,36 Na-acetate,37 Cu-acetate,34 and 

UO2-acetate38 stability constants were input into each LFER to obtain approximate values for the 

corresponding metal-bacteria stability constants (Figure S1). We restrict our analysis to between 

20 and 40°C because metal-bacterial stability constants are not yet available for higher 

temperatures. 

 Heats of reaction were evaluated using Van’t Hoff plots, which relate thermodynamic 

stability constants to reaction free energies based on the relationship,   
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where ΔG is the Gibbs free energy of reaction, ΔS is the change in entropy, ∆𝐻 is the change in 

enthalpy, R is the gas constant, and T is temperature in °K.  

Results and Discussion 

REE recovery from the Blue Mountain geothermal fluid 

The low REE concentrations present in most geofluids are a major potential obstacle to 

economic recovery of REEs from these feedstocks. A natural solution (BMG, pH ~6) from the 

Blue Mountain geothermal area in Nevada, USA (Table 1) was selected to test the performance 

of REE biosorption from geofluids with low REE contents. Because the natural REE 
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concentrations in the BMG are <10 ppt, we spiked the solution with a low concentration (10 ppb) 

of Tb, a REE of high criticality.  Given the low REE concentration, a relatively low cell density 

(~1x108 cells/ml) was used. The results reported here and throughout this study describe the 

metals recovered during a single adsorption/desorption cycle.  Since 5 mM citrate is known to 

enable complete elution of adsorbed REEs,14 the extraction efficiencies and purities are 

controlled by adsorption rather than desorption behavior.   

 Total 
REEs 
(ppb) 

Na 
(ppm) 

Mg 
(ppm) 

K 
(ppm) 

Ca 
(ppm) 

Cu 
(ppb) 

Pb 
(ppb) 

U 
(ppb) 

Th 
(ppt) 

Al 
(ppb) 

pH 

Sangan Thermal Spring, Iran59 3166 882 152 477 752 n/a n/a n/a n/a 2420 1.2 

Obuki Hot Spring, Japan60 220.4 34 32.8 31 104 n/a n/a n/a n/a 95 1.35 

Dagunguo Spring, China61 87.694 1823 0.07 744.9 1.26 1.16 3.13 0.19 0.21 0.16752 8.27 

Valles Caldera, USA62 338.98 12.2 n/a 81 115 n/a n/a n/a n/a 170 1.33 

Salton Sea, USA62 1.3218 60500 n/a 18800 31100 n/a n/a n/a n/a bd 5.70 

Blue Mountain Geofluid, USA bd 1370 2.06 150 21.6 0.25 bd bd bd 105 6.15 

Great Salt Lake, USA 0.3904 25665 2585 2051 162 n/a n/a 5.835 6.595 164 7.92 

 

LBT-displayed E. coli cells31 extracted ~76% of the available Tb from the spiked BMG 

(Figure 1a), and extracted <1% of the Na, Li, and Rb and none of the K, Ca, As, Cs, Ba, or W, 

whose concentrations in the eluent were below the instrumental detection limits (Figure 1a, 

Table S1).  Among the non-REEs, the biosorption process resulted in >1% extraction for only a 

few elements, Fe (~29%), Mg (~5%), Mn (~9%), and Sr (~2%) (Figure 1, Table S1).  Compared 

to the feedstock prior to adsorption, the Tb purity in the eluent increased by >100-fold.  The 

purity is defined as the molar ratio of the target metal relative to the total concentration of Na, 

Mg, K, Ca, and Tb, which approximates the total metals present. The few non-REE metals that 

showed an increase in purity were Fe (~40-fold), Mg (~10-fold), Mn (~10-fold), and Sr (~3-

Table 1: Chemical composition of several geofluids. Data not available is reported as ‘n/a’, and below detection 
limit is reported as ‘bd’. 
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fold), largely due to the more effective removal of other metal ions (Figure 1b).  These data 

demonstrate effective and selective recovery of low concentrations of REEs from a complex 

geofluid matrix.  Next, we describe a systematic investigation into the effects of several 

geochemical variables on REE recovery.  

Effects of high TDS 

The high ratio of total dissolved solids (TDS) to REEs, which in some cases can be on the 

order of 100,000:1, is a major potential challenge facing efficient recovery of REEs from 

geofluids.24 To test the effects of TDS on REE adsorption, we performed REE recovery 

experiments with a synthetic Great Salt Lake brine (GSL, ~165,000 ppm TDS) that was used 

either at full strength or diluted 3-, 10-, 100-, and 1000-fold, covering a wide TDS range relevant 

to geofluids (Table 1).  Tb was added to a final concentration of 100 ppb, which falls on the high 

end of REE concentrations in natural geofluids (Table 1).24 Cell density was maintained at 

~1.2x108 cells/ml to ensure an excess of surface sites for REE adsorption. 

REE recovery by the LBT-displayed cells was largely unaffected by TDS under these 

experimental conditions.  At low TDS conditions (~5.4 ppm), the LBT-displayed cells extracted 

~81.5 ± 4.8% of the available Tb (Figure 2).  A slight increase in Tb recovery was observed at 

elevated TDS, with ~95.1 ± 5.6% Tb extracted in the concentrated GSL brine (~165,000 ppm; 

Figure 1: (a) Metal concentrations of the initial REE-spiked Blue Mountain geofluid (blue) and the 
recovered eluent after biosorption (grey). (b) Fold purity increase for each metal, which is defined for 
metal x relative to total metals as (xeluent/Totaleluent)/(xfeedstock/Totalfeedstock). The initial Tb concentration 

was 10 ppb and cell concentration was ~1.2x108 cells/ml. The error bars represent the standard 
deviations of biological triplicates. 
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Figure 2). Na, K, and Ca were not extracted 

from the initial feedstock, although some Na was 

contributed by the sodium citrate eluent (Table 

S2). A small amount Mg was extracted across 

the tested TDS range (Table S2).  The observed 

strong cell surface preference for REEs over the 

major non-REEs in the GSL brine is consistent 

with previous studies with other feedstock types, 

demonstrating the efficacy of biosorption for 

REE recovery from complex feedstocks.10, 12, 39  

Previous reports have found that high 

TDS can have variable effects on metal adsorption onto a variety of surfaces. Increasing TDS 

may decrease REE adsorption onto mineral surfaces, likely due to competition effects from low 

affinity cations present at high concentrations.40, 41 High TDS is also expected to increase surface 

charge, weakening the electrostatic attraction between the surface and aqueous metals and 

decreasing adsorption.42-44 However, other studies have observed that changes in ionic strength 

do not affect REE adsorption onto surfaces including chelating polysaccharides,45 clays,46 and 

mesoporous silica.47  It has been suggested that this REE adsorption is dominated by inner sphere 

complexation at high affinity sites rather than outer sphere complexation; therefore, the REEs 

cannot be easily displaced by low affinity ions that constitute the majority of the TDS.47 Based 

on our findings, at circumneutral pH, the TDS levels typical of geofluids do not strongly affect 

REE extraction by LBT-displayed E. coli.  

 

Figure 2: (a) REE adsorption efficiency by LBT-
displayed E. coli at different total dissolved solid 
(TDS) concentrations. GSL solution was used at 
full strength (~165,000 ppm) or diluted 3-, 10-, 
100-, 1000-fold. The low salt solution (10 mM 
MES buffer pH 6, ~5.4 ppm) was included for 

comparison. The initial Tb concentration was 100 
ppb and cell concentration was ~1.2x108 cells/ml. 
The error bars represent the standard deviations 

of biological triplicates. 
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Effects of competing metals 

In addition to high TDS, which is primarily contributed by a few major elements present 

at high concentrations, REE extraction efficiency may also be affected by the presence of low 

concentration metals with a high affinity for the cell surface. Previous experiments with mine 

tailing leachates identified certain metals, such as Cu, Al, and Pb, that are adsorbed onto the 

LBT-displayed cell surface alongside the REEs.17 In addition, uranium and thorium are cogenetic 

elements during rare earth mineralization and are thus commonly found in REE-bearing 

minerals.48, 49 These five metals (Cu, Al, Pb, U, and Th) were selected for analysis in a series of 

competition experiments. Sodium (Na) and magnesium (Mg) were also included for comparison, 

given their abundance in geofluids.  

In these two-element competition experiments, a fixed concentration of Tb (~8 ppm) was 

mixed with varying concentrations of an individual competing metal and the amount of Tb 

Figure 3: The fraction of terbium (Tb) adsorbed in the presence of a competing metal in 
buffer solution (10 mM MES pH 6).  Initial Tb concentration was fixed at ~8 ppm and cell 

concentration was fixed at ~1.2x109 cells/ml.  The data for each competing metal was fit by a 
three-parameter log-logistic function using the drc (dose response curve) package in R.  

[x]/[Tb] represents the ratio of the concentration of the competing metal to that of Tb and 
x/Tb25 refers to the value at which Tb adsorption decreases by 25% from that observed in the 

absence of any competing metal.  The error bars represent the standard deviations of 
biological triplicates. 
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adsorbed was compared to conditions without the competing metal. The data for each 

competition experiment was fit by a three-parameter log-logistic function to approximate the 

competing metal to Tb concentration ratio (x/Tb25) at which Tb adsorption is decreased by 25% 

(Figure 3). We found that U and Al were the most competitive, with x/Tb25 values of 3.85 and 

4.81, respectively. Pb and Cu were less competitive, with x/Tb25 values of 10.83 and 63.72, 

respectively. In contrast, Na (x/Tb25 = 32,532) and Mg (x/Tb25 = 1351) were much less 

competitive. Tb adsorption was not affected by Th at the tested concentrations, which cover the 

range found in most geofluids (Table 1).  

The mechanism by which competitive metals displace REEs during adsorption is likely 

distinct from that of major electrolyte ions (e.g., TDS) because these competitive metals have 

similar affinities for the same cell surface sites as the REEs. Using the known LFER relating 

metal-acetate and metal-bacteria stability constants shown (Figure S1), we found that the 

stability constant for cell surface complexation at 20°C for La, a model REE, is similar in 

magnitude to that of U(VI), ~10-40% higher than for Pb and Cu, and >1300% higher than for 

Na. When ranked in order of decreasing metal competitiveness for bacterial surface sites, La(III) 

≈ U(VI) > Pb(II) > Cu(II) >> Na(I). These results illustrate that the influence of Na and other 

weakly adsorbing metals, which constitute the majority of TDS, is clearly distinguishable from 

the effect of specifically competitive metals. 

Effects of pH 

The geofluids with higher total REE concentrations (e.g., >100 ppb) are typically acidic 

(pH <3.5), so a biosorbent that can function at lower pH is advantageous.24 To test the effect of 

pH on REE biosorption, we conducted a series of Tb adsorption experiments with the GSL brine 

adjusted to an initial pH between 2 and 6. Higher pH conditions were not tested due to limited 
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REE solubility.7, 14, 25, 50, 51 Tb was added in 

excess to avoid undersaturation of cell surface 

binding sites. We observed an increase in Tb 

extraction efficiency with increasing pH, 

peaking at ~36.9 ± 10.3% at pH 6, and 

dropping to ~12.5 ± 1.3% at pH 2 (Figure 4). 

As in the TDS experiments, the concentrations 

of major elements (Na, Mg, K, and Ca) in the 

eluent are generally <2% of those present in 

the initial GSL brine across the tested pH 

range (Figure 4). At pH 6, there was a ~20-

fold increase in REE purity in the eluent 

compared to the initial feedstock, which 

dropped to ~9-fold at pH 2 due to a decrease 

in Tb adsorption.   

Likely factors contributing to suppressed REE adsorption at lower pH include the 

protonation of cell surface binding sites and an increase in overall cell surface charge.  The 

primary native cell surface functional groups involved in REE adsorption are carboxyl (pKa, 4.3 

and 5.5) and phosphoryl (pKa, 2.2 and 6.9).18-21 At low <4, phosphoryl ligands are expected to 

exert a dominant control on REE adsorption, and carboxyl ligands play a larger role as pH 

increases55 which is reflected in the REE adsorption data in which adsorption decreases with pH, 

especially below pH 4. Consistent with previous studies,50-54 we conclude that the optimal REE 

adsorption by the LBT-displayed strain of E. coli occurs at pH 5-6. 

Figure 4: (a) REE biosorption performance from 
the GSL brine at pH 2-6.  Initial Tb concentration 

was fixed at ~16 ppm and cell concentration at 
~1.2x109 cells/ml.  Less than 4% Tb extraction 

was observed for abiotic controls at all tested pH 
conditions.  (b) Extraction efficiency of major 

metals is <3% and shows no significant change 
over pH 2-6. The error bars represent the 

standard deviations of biological triplicates. 
	



	 107	

Effects of temperature 

Since geothermal fluids range from ambient temperatures to >300°C, we examined REE 

extraction efficiency as a function of temperature.  A series of adsorption experiments with the 

synthetic GSL brine were conducted at 24, 40, and 70°C. A high Tb concentration (~48 ppm) 

was set to exceed the apparent adsorption capacity of the cells at room temperature. Although 

cells are no longer viable at 70°C, they appear to remain structurally intact as examined via light 

microscopy (Figure S2). While there was minimal change in Tb adsorption from 24 to 40°C in 

the high TDS GSL brine, REE adsorption nearly tripled (~2.9-fold) from 40 to 70°C (Figure 5a). 

Further temperature increase to 100°C did not yield additional improvement in extraction 

efficiency (Figure S3).  The increase in purity improved from ~15-fold at 24°C to ~60-fold at 

70°C.  Less than 1% of the major elements were recovered at all tested temperatures (Figure 5b).  

The increase in the extraction efficiency of REEs but not major elements suggests that a 

biosorption operation at elevated temperatures (e.g., 70°C) can improve REE extraction 

efficiency without compromising REE purity. We performed a series of experiments and 

constructed a theoretical model to better understand this intriguing REE biosorption behavior at 

elevated temperatures. 

To determine if the temperature dependence of Tb adsorption was impacted by the high 

TDS in the GSL brine or was an innate feature of the cell surface, we conducted mono-element 

biosorption experiments in the low TDS buffer solution (10 mM MES pH 6) at 24, 40, and 70°C.  

Tb adsorption in MES buffer exhibited an approximately linear increase in extraction efficiency 

with increasing temperature, with a smaller increase (~1.6-fold) compared to the GSL brine 

(~2.9-fold) from 24 to 70°C (Figure 5c).  Prior studies have similarly revealed that temperature 

dependence of Mg and Ca adsorption onto mineral surfaces was variably affected by ionic 
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strength.56, 57 Major element (Mg, K, Ca) adsorption in the buffer solution exhibited no 

systematic change with temperature (Figure 5c); Na was not tested due to the non-negligible Na 

present in MES. The increased Tb extraction efficiency and selectivity with increasing 

temperature is therefore not likely controlled by aqueous speciation in the GSL feedstock, but 

rather is characteristic of the cell surface. 

To examine whether the temperature dependence of REE adsorption is caused by a 

temporary, reversible change in adsorption behavior or a permanent change in cell envelope 

structure, we analyzed the REE extraction efficiency of cells that were heated to 70°C then 

Figure 5: (a) REEs extracted (ppb) and extraction efficiency (%) as a function of temperature 
from 24-70°C. The initial Tb concentration was ~48 ppm and the cell concentration was 

~1.2x109 cells/ml. Less than 3% Tb extraction was observed for abiotic controls at all 
temperatures.  (b) Extraction efficiency (%) remains <2% for the major metals at all tested 

temperatures. (c) Tb, Cu, Mg, K, and Ca extraction efficiencies as a function of temperature 
from 24-70°C in 10 mM MES pH 6.  (d) Comparison of Tb extraction efficiency in buffer 
solution at room temperature (24°C), heated (70°C), heated to 70°C then cooled to 24°C 
before Tb exposure, and UV-killed cells at 24°C. The error bars represent the standard 

deviations of biological triplicates. 
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cooled to 24°C prior to REE exposure. These cells exhibited the same extraction efficiency as 

unheated cells, indicating that the increased Tb adsorption at elevated temperatures is reversible 

(Figure 5d). Moreover, UV-killed cells exhibited the same Tb extraction efficiency as live cells, 

suggesting that cell vitality has no effect on REE adsorption (Figure 5d). A change in adsorption 

kinetics is also unlikely to explain the temperature dependence since maximum adsorption 

occurs within 5 min at room temperature (Table S3), and the incubation time of 25 min ensured 

that equilibrium was reached for all experiments.  Together, these observations provide strong 

evidence that the observed increase in REE extraction efficiency and selectivity with increasing 

temperature likely results from innate thermodynamic properties of the cell surface functional 

groups. 

Thermodynamic analysis of temperature-dependent biosorption 

Changes in temperature have been shown to directly impact the thermodynamics of metal 

complexation by surface ligands. For example, complexation of many metals by carboxylate 

complexes on biological surfaces tends to be endothermic, resulting in enhanced metal 

adsorption at higher temperatures.58 This behavior has been attributed to a reversible increase in 

the enthalpy of REE inner sphere complexation with cell surface functional groups.26-28 

Fein et al. (2001) constructed a linear free energy relationship (LFER) at ambient 

temperature to relate metal-acetate and metal-Bacillus subtilis complexation stability constants, 

reporting a high 0.97 linear correlation coefficient for numerous metals including neodymium 

(Nd). The stability of aqueous REE-acetate complexes is known to increase with temperature,34 

but the corresponding REE-bacteria stability constants are unknown at elevated temperatures.  

We developed a series of temperature-dependent LFERs based on available metal-bacteria 

stability constants for Penicillium simplicissimum biosorption of Zn(II), Cd(II), and Pb(II) at 24, 
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30, and 40°C.   The slopes of these LFERs steepen with increasing temperature, indicating that 

metal-bacteria stability constants increase more quickly with temperature than the corresponding 

metal-acetate stability constants (Figure S1).35 A Van’t Hoff plot for aqueous REE-acetate 

complexation stability constants was constructed using thermodynamic data from Ding and 

Wood (2002) (Figure 6a).36 The slope of the Van’t Hoff plot gives a positive ∆𝐻La-Acetate of 24.8 

kJ/mol, indicating an endothermic reaction. Based on the temperature dependence of calculated 

LFERs, the slope of the REE-bacteria Van’t Hoff plot is expected to be steeper (i.e., more 

negative) than its corresponding REE-acetate plot (Figure 6a), which strongly suggests that REE-

bacterial surface complexation reactions are even more endothermic. We conclude that the 

strong positive temperature dependence of REE biosorption is likely controlled by the increased 

REE affinity for carboxylate functional groups on the cell surface.  

The same LFER analysis can be used to evaluate the influence of temperature on 

bacterial surface selectivity for various metals. At higher temperatures, La-bacteria stability 

constants increase more dramatically than those of the competitive metals included for 

Figure 6: (a) Van’t Hoff plots of lanthanum-acetate and projected lanthanum-bacteria complexation. 
The lanthanum-bacteria ln(K) vs 1/T plot is a qualitative dashed line indicating a steeper negative slope 
than lanthanum-acetate given that the lanthanum-bacteria stability constant is higher than its lanthanum-
acetate counterpart at elevated temperatures. (b) Metal-bacteria stability constants (logK) as a function 

of temperature. Stability constants for La, U(VI), Cu, and Na (closed symbols) were calculated based on 
a temperature-dependent linear free energy relationship (Figure S1) generated from Zn, Cd, and Pb-

acetate34 and bacteria (open symbol) stability constant data.35 
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comparison (Na, Zn, Cd, Cu, and Pb, Figure 6b). Thus, increasing temperature is expected to 

cause both increased REE adsorption and increased surface selectivity for the REEs. The 

apparent increase in surface selectivity for REEs with respect to the competitive metals in the 

GSL brine can be explained by the proportionally greater increase in REE-surface site affinity 

compared with non-REEs with increasing temperature, as indicated in Figure 6b. Based on the 

good agreement between the experimental data and the theoretical thermodynamic behavior, we 

conclude that the observed increase in Tb adsorption with increasing temperature is likely a 

thermodynamic effect, although reversible, temperature-mediated changes to the cell surface 

cannot be conclusively ruled out.  

Implications for REE extraction 

Given its high REE recovery efficiency and selectivity, biosorption with LBT-displayed 

E. coli shows promise for REE recovery from geofluids. In the overall REE recovery process 

(Figure 7), the first step would be preconditioning the geofluid to optimal conditions for 

biosorption (e.g., pH 5-6 and 70°C). As a result of the temperature and pH changes, the solubility 

of some competitive metals, particularly Al and Pb, will be limited. Therefore, the removal of 

precipitates prior to biosorption may help to eliminate these contaminants. Following 

preconditioning, selective biosorption will deliver an enriched and purified REE eluent, and the 

Figure 7: Schematic showing a process flow for integrating the LBT-displayed E. coli biosorption 
system for REE extraction from geofluids. 
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aqueous REEs are then precipitated as REE minerals by adding oxalate or carbonate.  Unlike 

REEs, some metals, such as U and Th, will remain in solution during this precipitation step, 

improving REE purity.15, 48  Finally, the REE precipitates are roasted to produce total rare earth 

oxides.  These results demonstrate that biosorption using bioengineered microbes may be an 

effective platform for extracting REEs from geofluids and other non-traditional feedstocks.  

Overall, this study contributes to the development of innovative clean mining technologies. 
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Metal Feedstock 
Concentration (ppb) 

Eluent 
Concentration (ppb) 

Extraction 
Efficiency (%) 

Li 1733 12 0.71 
Na 838,392 6311 0.75 
Mg 1448 76 5.25 
K 87,874 bd 0.00 
Ca 23,251 bd 0.00 
Mn 99 9 8.81 
Fe 737 216 29.30 
As 20 bd 0.00 
Rb 426 3 0.69 
Sr 1068 21 1.93 
Cs 155 bd 0.00 
Ba 162 bd 0.00 
W 31 bd 0.00 
Tb 9.40 7.16 76.21 

 

 

 

 

 

 

 

 

 

 

 

Table S1: Metal concentration profile of the initial Blue Mountain geothermal fluid (BMG) 
prior to biosorption and of the recovered eluent upon desorption with 5 mM citrate.  Data 
below the detection limit are reported as ‘bd’.  The extraction efficiency is defined as the 

percent of a given metal recovered by one cycle of biosorption and elution.	
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TDS (ppm) Tb (ppb) Na* (ppm) Mg (ppm) 
165,000 63.0 ± 3.7 341.6 ± 3.2 2.2 ± 0.3 
55,100 64.9 ± 3.9 339.1 ± 2.5 1.9 ± 0.2 
16,500 66.1 ± 1.6 343.4 ± 6.2 1.3 ± 0.0 
1,650 56.1 ± 6.2 343.1 ± 2.3 0.8 ± 0.1 
165 56.3 ± 7.8 358.7 ± 1.2 1.6 ± 0.9 
5.4 52.0 ± 3.1 370.0 ± 9.2 0.3 ± 0.1 

 

 

 

Time (min) Tb Adsorbed (µM) 
5 41.36 ± 0.43 
10 41.27 ± 0.78 
20 42.20 ± 0.39 
40 41.72 ± 0.83 
90 41.60 ± 0.66 

 

 

 

 

 

 

Table S2: Tb, Na, and Mg extracted from the GSL solution at different TDS conditions.  
*Note that the Na concentration of the sodium citrate used for elution is ~369 ppm, so the Na 

present is not derived from the GSL feedstock but from the citrate desorbent.	

Table S3: Tb adsorption by the LBT-displayed E. coli in MES buffer (pH 6) over time.  The 
initial Tb concentration was ~8 ppm (50 µM) and the cell concentration was ~1.2x109 

cells/ml.	
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Figure S1: Linear free energy relationship dependence on temperature for Zn, Cd, and Pb. 
Penicillium simplicissimum was used to experimentally generate the metal-bacteria logKs for Zn, 

Cd, and Pb (open symbols).1 La-acetate,2 Na-acetate,3 Cu-acetate,4 and UO2-acetate5 stability 
constants were used in the computed linear free energy equations to obtain fitted La-, Na-, Cu- and 
U(VI)-bacteria Langmuir affinity logKs (closed symbols, asterisked metal names). Most notably, 

this figure illustrates that the linear free energy relationships become steeper in slope as 
temperature increases. 
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Figure S2: Propidium iodide staining of LBT-displayed E. coli cells that were heated to 70°C 
for 30 minutes and cooled back to room temperature before imaging. Composite of phase 

contrast and fluorescence images (490/635 nm) of dead cells stained with propidium iodide 
during a bacterial viability test (BacLightTM, ThermoFisher).	
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Figure S3: Tb recovery from the synthetic GSL brine.  Initial Tb concentration was ~48 ppm 
(300 µM) and cell concentration were maintained at ~1.2x109 cells/ml.  Note that temperatures 

above 70°C (i.e., 100°C) did not improve recovery efficiency.	
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using bacteria immobilized in polymer microparticles 
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bacteria immobilized in polymer microparticles. ACS Applied Materials & Interfaces. 

 

Abstract 

Rare earth elements (REEs) are considered critical materials based on their importance to 

the modern economy and their potential supply vulnerability. This supply vulnerability motivates 

the development of new techniques to enable cost-effective REE recovery from non-traditional 

feedstocks. We have previously engineered E. coli to express lanthanide binding tags (LBTs) on 

the cell surface for selective recovery of REEs from feedstocks such as geothermal fluids. 

However, free-floating cells are generally not suitable for industrial-scale extraction operations, 

in part because they can limit fluid transport in continuous flow systems. Here we immobilize the 

engineered cells by encapsulating them in polyethylene glycol diacrylate (PEGDA) 

microparticles for use in fixed-bed columns for REE recovery and purification. We demonstrate 

that optimal REE recovery (~2.6 mg Nd/g dry sorbent) in these columns occurs at a flow rate of 

≤1 ml/min with an influent pH of 6. The estimated maximum influent REE concentration is ~21 

mM, so the microparticles are capable of extracting REEs from most non-traditional feedstocks 

when applied in a column system. The microparticles are reusable over >9 adsorption/desorption 

cycles, with minimal loss in REE recovery performance. Furthermore, the microparticles exhibit 

a strong preference for heavy REEs, particularly Eu, Sm, Yb, and Lu, compared to the light 
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REEs, which may permit the separation of individual REEs with an appropriate method design. 

The results of this study represent a major step towards transitioning engineered microbes from 

promising REE adsorbents to a practical, industrial scale REE extraction technology. 

Introduction 

Rare earth elements (REEs) are critical components of many green energy technologies, 

such as wind turbines, and consumer products, including mobile phones, laptops, and 

appliances.1 However, greater than >85% of the global REE supply is obtained from China, 

leaving the global market vulnerable to supply restrictions.2 Given the lack of economically 

exploitable REE ore deposits in many locations, various abundant, non-traditional REE resources 

(e.g., geothermal fluids,3 coal byproducts,4, 5 and electronic wastes6) are currently being explored 

as potential REE feedstocks.  The adverse chemical characteristics of many of these feedstocks 

relative to high-grade ores, including high concentrations of non-REE metals and low REE 

contents, present a significant challenge for industrial-scale exploitation using traditional 

extraction technologies. The development of new REE extraction methodologies that can 

effectively exploit these non-traditional feedstocks is thus important for diversifying the REE 

supply chain and reducing dependency on foreign imports. 

Adsorption-based solid-phase extraction systems offer promise for extracting REEs from 

low-grade feedstocks. Many adsorbents have been tested,7 including bioengineered microbes,8-10 

organic wastes such as seafood11 and vegetable byproducts,12 various hydrogels,13 zero-valent 

iron particles,14 and mineral powders.15 Each of these materials has advantages and 

disadvantages for REE extraction. For example, organic wastes are inexpensive, abundant, and 

non-hazardous; however, they may not have the high selectivity for REEs that an engineered 

hydrogel will exhibit.7 Zero-valent iron particles on the other hand, are highly adsorbent but 

degrade at some environmentally-relevant conditions.14 An ideal adsorbent would exhibit both a 
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high capacity and a high selectivity for REEs and be inexpensive, readily available, mechanically 

and chemically stable, and environmentally friendly.  

Biosorption offers a sustainable method for REE extraction and purification that is well 

suited for non-traditional REE feedstocks. Native microbial surfaces typically have a high 

binding affinity for REEs compared to most non-REE metals, enabling REEs to be selectively 

concentrated on the cell surface relative to the aqueous phase.16-19 Microbes are relatively 

inexpensive to produce in large quantities, exhibit fast adsorption and desorption kinetics, and 

can be reused over multiple REE recovery cycles.8, 20-24 Furthermore, unlike solvent extraction, 

which is the current industrial standard for REE separation, biosorption processes would not 

contribute to the production of hazardous chemical wastes.25, 26 Recent work from our group and 

others has revealed the potential utility of genetic engineering to enhance the already high REE 

binding capacity and selectivity of native microbial surfaces. Genetic alteration of teichoic acids, 

a major cell wall component of Bacillus subtilis,27 and heterologous expression and display of 

lanthanide binding peptides on the surface of Caulobacter crescentus8 and E. coli9 has enhanced 

microbial REE adsorption capacity and selectivity. Although the adsorptive characteristics of 

these microbes are appropriate for selective REE extraction, there are several drawbacks to their 

use in industrial-scale applications in their native form, including a tendency to obstruct fluid 

flow, relatively low cell stability, and the risk of cells escaping into the feedstock.28  

Immobilizing the cells, often by imbedding them in a permeable matrix such as a 

polymer, circumvents these issues, limiting obstruction to flow, stabilizing the cells, and 

preventing their release into the fluid phase. The ideal carrier material would be biocompatible, 

highly permeable, and mechanically and chemically stable. To date, several natural and synthetic 

polymers including polyacrylamide,29 silica,30 polyvinyl alcohol,31 and more commonly 
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alginate,31-34 have been used to immobilize cells for metal adsorption applications in matrix-type 

capsules, or microparticles. With cells uniformly distributed throughout the material, these 

microparticles exhibit both the advantageous chemical characteristics of the biological material 

and the advantageous physical characteristics of the polymer. Polyethylene glycol diacrylate 

(PEGDA) is an attractive polymer matrix for cell immobilization as it is highly customizable, 

capable of being modified to display a range of physical and chemical characteristics, and is non-

adsorptive, unlike other common polymers such as alginate and silica gel.35-38 For biomining 

purposes, where the purity of the adsorbed metals is of paramount importance, it is crucial to 

minimize any non-specific adsorption by the carrier material. Finally, adsorbed REEs must be 

recovered through targeted desorption with an eluent such as citrate or EDTA. These eluents 

would degrade some polymer materials, such as alginate, which is ionically crosslinked with 

divalent metals, but PEGDA remains stable even after long exposure to these chemicals. With 

these considerations in mind, we have synthesized PEGDA microparticles impregnated with a 

high concentration of LBT-displayed E. coli cells to create an adaptable adsorbent suited for 

selective REE recovery in a continuous flow column. 

Methods 

Bacterial strains and growth conditions 

The E. coli strain with an lpp-ompA-dLBT expression plasmid was grown in LB media 

containing 50 µg/ml ampicillin. Induction of LBT expression occurred at mid-exponential phase 

using 0.002% arabinose for 3 hr at 30°C. Park et al. (2016) and (2017) include a complete 

description of plasmid construction and LBT expression.8, 9 Cells were harvested, washed once in 

0.9% NaCl, and normalized by OD600 in preparation for microparticle synthesis. 
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Microparticle synthesis 

Three components are required for microparticle synthesis 1) polymer precursor: 1% 

(g/g) TPO-L photoiniator (2,4,6-Trimethylbenzoylphenyl phosphinic acid ethyl ester; Rahn AG) 

and 99% polyethylene glycol diacrylate (Mn 575; Sigma Aldrich); 2) cell suspension: ~1x1011 

cells/ml (OD600 ~40) LBT-displayed E. coli in 10 mM MES pH 6; and 3) oil phase: 1% (g/g) 

Triton X-100 surfactant (Sigma Aldrich) and 99% 10cSt PDMS oil (polydimethylsiloxane; 

Clearco Products). 10 mM MES pH 6 was used as the cell suspension solution for all 

microparticle production batches except for one large batch, used to pack a 315 ml column, for 

which 0.9% NaCl was used. The polymer precursor and cell suspension were first mixed at a 1:3 

ratio (25% PEGDA by volume) to produce the final aqueous phase.  The oil phase and aqueous 

phases were then mixed to a ratio of ~7:1 (vol/vol) in 40 ml silanized borosilicate vials. The vials 

were vigorously shaken for ~15 s by hand to produce an emulsion and were immediately 

exposed to UV (4 W/cm2 at 365 nm) for 120 s to polymerize the droplets comprised of PEGDA 

and LBT-displayed cells. The PDMS oil was removed from the polymerized microparticles by 

vacuum filtration through a 20 µm nylon mesh filter. The microparticles were rinsed ~10 times 

in 0.9% NaCl solution to remove any residual oil before being stored in 10 mM PIPES buffer pH 

7 (or 0.9% NaCl for the 315 ml column batch) at ~4°C until use. 

Batch sorption experiments 

Microparticles were collected on a 20 µm nylon mesh filter and any residual liquid was 

removed. The microparticles were then distributed into 5 ml Eppendorf tubes at a controlled 

wetweight. To determine the dry weight, the particles were dried for >72 hours at ~65°C and re-

weighed. For the batch adsorption capacity experiment, 4.5 ml of feedstock with varying Nd 

concentrations in 10 mM MES buffer pH 6 was added to 0.2 g (wet weight) of the 
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microparticles. For the batch adsorption kinetics experiment, 5 ml of 500 µM Nd in 10 mM MES 

buffer pH 6 was added to 0.2 g (wet weight) of microparticles. The tubes were mixed in a rotator 

for the duration of the experiments (30 min for the adsorption capacity tests and 1-120 min for 

the adsorption kinetics tests). The Nd concentrations remaining in the solutions were tested 

colorimetrically with Arsenazo, and the amount of Nd adsorbed was calculated based on mass 

balance. 

Breakthrough columns 

Empty glass columns (Biorad) were packed with the cell/PEGDA microparticles. Column 

dimensions used were 15 x 0.5 cm, 20 x 0.5 cm, and 100 x 1 cm. The microparticle suspension 

was initially added gravimetrically, then packed down by adding slight pressure to the top of the 

column. Under pressure, the sorbent bed compressed and more microparticles were added. This 

procedure was repeated until the entire column volume was filled. The microparticle sorbent was 

conditioned with 10 mM MES buffer pH 6 at >5x the bed volume prior to REE adsorption. The 

REE feedstock was then pumped through the column at a measured rate of 1 ml/min unless 

otherwise specified. For most tests, the feedstock concentration was kept at 500 µM Nd in 10 

mM MES buffer pH 6, though exceptions are described and discussed below. The effluent was 

collected in 1 ml aliquots during the adsorption step. Following adsorption, columns were 

desorbed with >1.5x fixed bed volume of 10 mM citrate, and again conditioned with 10 mM 

MES buffer pH 6 prior to reuse. The microparticles were removed from the columns that would 

no longer be used and dried down to assess dry adsorbent weight. REE concentrations of the 

samples were assessed by ICP-MS and/or colorimetrically with Arsenazo. Non-REE 

concentrations were measured by ICP-MS. 
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ICP-MS analysis 

  Nd breakthrough column sample analyses were performed using a Thermo XSeriesII ICP-

MS run in standard mode at UC Santa Cruz.  The sample introduction system was an ESI PFA-

ST nebulizer pumped at 120 µl/min.  Selectivity column sample analyses were conducted at 

Idaho National Laboratory on an Agilent 7900 ICP-MS run in either hydrogen or helium gas 

modes. 

Results and Discussion 

Microparticle synthesis and characterization 

To encapsulate a high density of LBT-displayed E. coli in PEGDA microparticles, we 

employed a bulk emulsion and polymerization technique. Microparticles were produced and 

tested over a range of cell densities and PEGDA concentrations in order to determine the optimal 

microparticle formulation. As expected, REE adsorption scaled in proportion to cell density 

between ~1.5x1010 and ~9.6x1010 cells/ml (Supplementary Figure 1a), suggesting that cell 

surface availability was not limited by increased cell density within the tested range.  With a cell 

density above ~4.3x1010 cells/ml, a higher PEGDA content (≥15 vol%) was required to maintain 

the physical integrity of the produced microparticles (data not shown). This increase in PEGDA 

content had a minimal negative effect on REE sorption (per unit wet weight) between 10 and 25 

vol% (Supplementary Figure 1b). As such, all cell/PEGDA microparticles described in this work 

were formulated with ~10x1010 cells/ml in 25 vol% PEGDA.  

The microparticles were assessed in batch to determine their baseline REE adsorption 

behavior. Nd was used for these experiments given its abundance in many REE feedstocks and 

its high criticality. The calculated adsorption capacity was ~2.9 mg Nd/g dry particles. This 

capacity represents a significant decrease (~88.7%) from the LBT-displayed cells alone, which 
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have an adsorption capacity of ~25.7 mg Nd/g dry cells.9 This decrease is expected given that 

PEGDA, which is not adsorptive, contributes ~86.6% of the total dry weight of the 

microparticles as discussed above. The observed REE adsorption capacity is comparable to 

published values for some other adsorbents, which range from <1 to hundreds of mg/g.7 The 

adsorption and desorption kinetics for free LBT-displayed cells were rapid, with equilibrium 

attained within 1 min (Figure 1); however, cell immobilization appears to slow the kinetics, with 

equilibrium attained at ~10 and ~5 min for adsorption and desorption, respectively (Figure 1). 

The slower sorption kinetics are unsurprising given that the feedstock must diffuse through the 

entire volume of the microparticles to reach all of the accessible cell surface functional groups. 

Although encapsulation does have a negative effect on adsorption capacity and kinetics 

compared to free-floating cells, the microparticles are a practical and scalable adsorbent while 

the cells alone are not.  

 

 

Figure 1: (a) Nd adsorption capacity, (b) Nd adsorption kinetics, and (c) Nd desorption kinetics of the 
microparticles (black symbols) and free-floating cells (grey symbols) in batch. The dotted line in the 
first plot is adsorption capacity fit with a Langmuir isotherm. The dotted lines in the second and third 
panels represent the fitted curves for second order adsorption and first order desorption behavior. The 

influent solution for adsorption was Nd in 10 mM MES buffer pH 6. 10 mM citrate was added for 
desorption. 
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REE adsorption in a fixed-bed column 

Breakthrough curves for fixed-bed 

columns packed with microparticles with or 

without cells were analyzed to assess any 

contribution of the PEGDA to REE recovery. In 

the column without cells, Nd breakthrough 

occurred almost immediately (after ~2 ml), and 

the delay is attributable to the passage of void 

volume rather than sorption (Figure 2). In the 

column with cells, on the other hand, Nd 

breakthrough occurred after ~28 ml, demonstrating a 

baseline Nd capacity of ~2.56 mg Nd/g dry sorbent 

(Figure 2). Breakthrough data were approximated with a Bohart-Adams model for visualization 

purposes. To establish the potential of these microparticles in a fixed bed REE extraction 

column, we conducted a series of column recovery experiments designed to assess the effects of 

influent flow rate, concentration, and pH. 

REE extraction rates within a continuous flow column are determined by a combination 

of adsorption rate, diffusion rate within the particles, and influent flow rate. The ideal flow rate 

would enable rapid feedstock throughput without compromising extraction efficiency. Increasing 

flow rate above 1 ml/min caused increasingly early Nd breakthrough from the column (Figure 

3a), likely due to Nd transport limitations within the microparticles. There was a small change 

observed in the calculated total adsorption capacity as flow rate increased from 0.5 to 1 ml/min, 

going from ~2.59 and ~2.50 mg Nd/g dry sorbent. As flow rate increased to 2 and then 5 ml/min, 

Figure 2: (a) Nd breakthough behavior 
from a 20 cm x 0.5 cm column packed 
with microparticles with or without the 
LBT-displayed cells at a flow rate of 1 
ml/min. Influent composition was 500 

µM Nd in 10 mM MES pH 6. 
	



	 131	

column capacity continued to decrease, to ~1.94 and 

~1.83 mg Nd/g dry sorbent, respectively. Previous 

fixed-bed column studies have also observed a 

decrease in column adsorption capacity with increased 

flow rate.29, 39 The equilibrium adsorption capacity of 

the sorbent should not change unless a physical or 

chemical process is affecting the available binding 

sites. In the case of flow rate, the most likely 

explanation is that increasing flow rates physically 

isolates a fraction of the binding sites from the 

feedstock, perhaps by causing bead deformation due 

to increased pressure in the column.  In situations for 

which a high flow rate is required, the sorbent mass 

could be increased to account for the loss in 

adsorption capacity. These tested flow rates are rapid 

compared to other fixed-bed column studies for REE 

extraction,29, 39 demonstrating that this system could 

more quickly process the desired feedstock volume, 

which is a significant advantage at an industrial scale. 

Based on these results, the remainder of the column 

experiments were conducted at a flow rate of 1 

ml/min. 

An ideal metal adsorption system would be 

Flow Rate Effect
cap1 = 

    2.6439 

caphalf = 

    2.5760 

cap2 = 

    2.0162 

cap5 = 

    1.9078

Figure 3: Breakthrough curves showing 
the effect of (a) flow rate, (b) initial 

influent concentration, and (c) influent 
pH on REE extraction. The column 
dimensions were 15 cm x 0.5 cm.	
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capable of functioning across a wide range of influent concentrations to permit recovery from 

various feedstocks. We tested the effect of feedstock REE concentration on cell/PEGDA 

microparticle column performance at pH 6 and a flow rate of 1 ml/min. Observed REE 

adsorption capacity exhibited a small increase with increasing influent concentration, from ~2.29 

to ~2.80 mg Nd/g dry sorbent at 50 and 1500 µM Nd in the influent. The breakthrough points 

were roughly proportional to feedstock concentration, occurring at ~5 ml, ~19 ml, and ~185 ml 

for the influents with 1500 µM, 500 µM, and 50 µM Nd, respectively (Figure 3b). Based on this 

data, the scalability of this column system in terms of influent concentration can be assessed. The 

maximum practical REE concentration can be estimated by calculating the total molar adsorption 

capacity, at the given column conditions, and dividing that capacity by the minimum volume that 

could be passed through the column, which is approximately the column pore volume (~76% of 

total column volume). Other variables, such as pH, must be accounted for when designing a 

system for a specific influent; however, at this influent composition, the maximum concentration 

is estimated to be ~21 mM Nd. Once the concentration goes above that threshold, there will be 

insufficient fluid volume to distribute the REEs across all of the available cell surface sites, and 

the extraction process would require further steps. In cases where waste volume is not a limiting 

factor, the influent may be diluted to a usable concentration. Because the LBT-displayed cells 

have a high selectivity for REEs compared to most non-REE metals, these microparticles in a 

continuous flow column system are particularly well suited to low-grade REE feedstocks such as 

geothermal fluids. Large volumes of these feedstocks could be passed through relatively low 

volume fixed bed columns to purify and dramatically concentrate the REEs. 

Many aqueous REE feedstocks, from the leachates of solid materials like E-waste and 

coal byproducts to REE-bearing geothermal fluids, have a low pH. It is therefore crucial that a 
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REE adsorbent be able to function at low pH conditions. REE extraction by cell/PEGDA 

microparticles packed in 20 cm x 0.5 cm continuous flow columns was tested at an influent pH 

of 4, 5, and 6 (Figure 3c). Influent composition was 500 uM Nd in 10 mM HomoPIPES (pH 4 or 

5) or MES buffer (pH 6). Optimal recovery performance was observed at pH 6, and the 

breakthrough point came progressively earlier with decreasing pH, from ~28 ml at pH 6 to ~17 

ml at pH 5 and ~12 ml at pH 4 (Figure 3c). The total adsorption capacity was also strongly 

correlated with pH, decreasing from ~2.56 to ~1.79 to ~1.13 mg Nd/g dry sorbent, for pH 6, 5, 

and 4, respectively. This decrease in recovery from pH 6 to 4 represents an ~56% loss in column 

capacity, comparable to the observed decrease in REE adsorption with free-floating LBT-

displayed cells (~57%).8 The microparticle columns do remain functional REE adsorbents down 

to pH 4, albeit with significant loss in performance. This loss may, however, be accounted for by 

increasing the column size for low pH influents, permitting this recovery technique to be used 

with a variety of feedstocks without the need for pH adjustment. 

Column Reusability 

A green mining adsorption system becomes increasingly practical and economically 

feasible if it is capable of being reused multiple times without a major loss in performance. To 

assess cell/PEGDA microparticle reusability, a single column was tested over 9 

adsorption/desorption cycles. Each cycle, adsorption from an influent with 500 µM Nd in 10 mM 

MES buffer pH 6 was measured. Desorption was achieved by passing 10 mM citrate (pH ~6) 

through the column after adsorption (Figure 4a). 10 mM MES buffer pH 6 was passed through 

the column following desorption to remove any residual citrate in preparation for the next 

adsorption phase. A small, gradual decrease in adsorption capacity (totaling ~18%) was observed 

over the course of the nine cycles (Figure 4a), corresponding with progressively earlier Nd 
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breakthrough (Figure 4b). We attribute this performance loss to the citrate desorption process, 

likely due to minor, gradual degradation of the cell surfaces over prolonged exposure periods. 

These data show that the cell/PEGDA adsorbent columns exhibit excellent reusability over >9 

adsorption/desorption cycles. 

 

Selective REE Recovery 

A continuous flow column that is capable of achieving a degree of separation between the 

individual REEs would be advantageous because it would allow the user to have some control 

over the final product composition, rather than just generating a total REE mixture. The LBT-

displayed E. coli cells have previously been shown to exhibit some selectivity between different 

REEs,9 and a sufficiently large column may be able to exploit this selectivity for REE separation. 

A 100 x 1 cm column was packed with the microparticles to test REE selectivity with a synthetic 

Figure 4: (a) Nd adsorption capacity and (b) Nd breakthrough behavior of the 
microparticles in a fixed-bed column after 1 to 9 adsorption/desorption cycles.  The 

feedstock solution was 500 µM Nd in 10 mM MES buffer pH 6 for each test. ~35 ml 10 mM 
citrate was used for desorption, and then the column was washed with >100 ml 10 mM MES 
buffer pH 6 prior to the next adsorption cycle. The column dimensions were 15 cm x 0.5 cm 

and flow rate was 1 ml/min. 
	



	 135	

multi-REE influent. The feedstock contained equal concentrations (500 µM) of Y and all of the 

lanthanides except Pm in 10 mM MES buffer pH 6. The sorbent generally exhibited a preference 

for the heavy REEs over the light REEs, with a particular affinity for Sm, Eu, Yb, and Lu (Figure 

5). Light REEs that were initially adsorbed onto the column prior to reaching adsorption capacity 

were ultimately desorbed and replaced by the heavy REEs as evidenced by the spike in La and 

Ce concentration in the effluent, reaching concentrations above that of the initial feedstock, as 

heavy REE adsorption increased (Figure 5a). This observed selectivity for heavy REEs would 

permit us to achieve a degree of the separation between the REEs in a breakthrough column and 

may be further exploited with a chromatography column system design to separate individual 

REEs or REE pairs. 

 

 

 

 

Figure 5: (a) Breakthrough curves for all REEs (except Pm and Sc) from a 100 cm x 1 cm fixed 
bed column. (b) Factor of concentration for each REE. The initial feedstock had approx. equal 

concentrations of all REEs in a 10 mM MES buffer pH 6 solution matrix.  The flow rate through 
the column was 1 ml/min.  
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Implications for REE extraction 

The LBT-displayed cells, and a number of other REE adsorbents, have shown great 

promise in terms of their REE adsorption capacity and selectivity; however, many of these 

adsorbents have not yet been incorporated into a practical, industrial-scale REE recovery 

technology. The requirements for an industrial-scale REE adsorbent go beyond simply its 

adsorptive characteristics. In addition to having adequate REE adsorption capacity and kinetics, 

the sorbent must be reusable, stable in the presence of harsh REE feedstocks and eluents, capable 

of being applied in continuous flow systems, and easily and sustainably produced. Based on 

these criteria, the cell/PEGDA microparticles are suited for REE extraction processes beyond the 

bench scale, unlike many REE sorbents, including LBT-displayed cells alone.   

Immobilizing LBT-displayed cells in PEGDA microparticles creates a REE adsorbent 

that has the advantageous adsorptive characteristics of the cell surfaces and the advantageous 

physical characteristics of the polymer. While the microparticles do have a lower adsorption 

capacity than the cells, immobilization has successfully enabled the cells to be used in 

continuous flow column extraction systems. The microparticles are also highly stable, capable of 

being recycled and reused through many adsorption/desorption cycles. Furthermore, the 

microparticles are relatively simple to synthesize in large quantities, allowing the technology to 

be scaled to the requirements of the specific application. This microparticle synthesis method 

could be easily scaled to rapidly produce large volumes of sorbent for industrial-scale REE 

recovery operations, for example, by incorporating an in-line emulsifier and UV source to 

continuously mix and polymerize the microparticles. The microparticles are an effective, green 

REE adsorbent that is readily scalable, broadly reusable, and can be applied in continuous flow 

systems. 
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Figure S1: (a) µM Tb adsorbed as a function 
of cell density in the cell/PEGDA 

microparticles. PEGDA was set at 10 vol% 
for all microparticles, except for the highest 
tested point (~10x1010 cells/ml) for which 15 

vol% PEGDA was required to maintain 
particle integrity. (b) µM Tb adsorbed as a 
function of PEGDA fraction (vol%) in the 

cell/PEGDA microparticles. Cell density was 
set at ~1.5x1010 cells/ml. In all sorption 

assays, 0.5 g of microparticles was exposed 
to 4 ml of 300 µM Tb in 10 mM MES buffer 

pH 6 in a 5 ml Eppendorf tube for ~30 
minutes, except for the highest cell density 

(~10x1010 cells/ml), which required 600 µM 
Tb due to its high adsorption capacity. Error 

bars represent the SD of the assays in 
triplicate.	
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CHAPTER 7: Summary and Future Work 

 

The first portion of this dissertation investigates Mg isotope fractionation associated with 

biological and chemical weathering and weathered materials. I first discuss a laboratory study of 

the effects of cell surface reactivity on Mg isotopes in a forsterite weathering system. Next, I 

characterize the Mg isotope fractionation associated granite and granodiorite weathering in 

natural environments. Finally, I conclude with the use of Mg isotopes to trace the fate of upper 

crustal materials in volcanic arc magmas. The described results further our understanding of Mg 

isotope behavior during biological and chemical weathering and the effects of upper crustal 

material on the Mg isotope composition of volcanic arc rocks. The main conclusions from these 

chapters are discussed below: 

1. Chapter 2 discusses Mg isotope fractionation during forsterite dissolution in the presence of 

Bacillus subtilis endospores. Because the endospores do not have an active metabolism or release 

significant organic acids, their surface reactivity is the only way that they affect the weathering 

system. The endospores therefore are ideal for demonstrating the isolated effects of cell surface 

reactivity on Mg isotopes during weathering. As the forsterite dissolves, 24Mg is preferentially 

leached from the mineral into the aqueous phase, and the presence of endospores has little impact 

on this process despite increasing initial dissolution rate. However, the endospore surfaces 

preferentially adsorb 24Mg from the aqueous phase, causing the Mg isotope composition of the 

liquid phase to increase in proportion to the fraction of aqueous Mg adsorbed. With further study 

of the other ways in which microbes can fractionate Mg isotopes, this geochemical tracer may 

function as a biosignature in weathered rock. 
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2. Chapter 3 describes the Mg isotope composition of four granite and granodiorite weathering 

profiles from Boulder Creek, Colorado, USA. As weathering progresses, the primary biotite is 

lost, but most Mg is retained in the solid phase as secondary illite. A small increase in Mg 

isotope composition is observed at >2 m depth during this process as some 24Mg is preferentially 

lost to the hydrosphere. However, as weathering continues, the secondary illite is lost, with Mg 

retained in the profile adsorbed onto other clay minerals like kaolinite. Exchangeable Mg is 

typically isotopically light, which is reflected in a decrease in Mg isotope composition in this 

upper portion of the weathering profiles. These results demonstrate the effects of chemical 

weathering on the Mg isotope composition of felsic lithologies, which informs Mg cycling in 

many continental surface environments. 

3. Chapter 4 presents Mg isotope data for a suite of well-characterized samples from the North 

Cascade Volcanic Arc that are known to exhibit variable input from upper crustal materials 

(Mullen and Weis, 2013, 2015; Mullen and McCallum, 2014; Mullen et al., 2017). The Mg 

isotope results, in conjunction with trace element data, demonstrate that the addition of 

isotopically heavy upper crustal material to upwelling magmas during assimilation and fractional 

crystallization caused a small, but measurable, increase in Mg isotope composition in some 

locations. A small contribution to Mg isotope composition due to bulk mixing of subducted 

materials cannot be ruled out. With further study, Mg isotope systematics may supplement 

traditional geochemical tracers to monitor the addition of crustal materials to primitive magmas 

in a variety of geological settings. 

Magnesium isotope behavior has become increasingly well characterized for a wide 

range of geological processes, but many avenues remain for further investigation. In the context 

of weathering specifically, I believe that important advances could be made in our mechanistic 
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understanding of specific weathering processes. Natural weathering systems are typically the 

result of a combination of several distinct processes that can be difficult to differentiate or 

quantify. Primary mineral dissolution, secondary mineral formation, surface adsorption, and 

uptake into plants, for example, could all play a role in determining the ultimate composition of a 

weathered rock. Laboratory studies at controlled conditions can isolate the Mg isotope 

fractionation associated with a single process in isolation. Armed with the results of a more 

comprehensive series of these laboratory studies, a researcher could interpret Mg isotope data 

from natural weathering environments much more rigorously than is currently possible.  

Part 2 

The second portion of this dissertation describes the application of engineered E. coli for 

the selective extraction of rare earth elements (REEs) from non-traditional feedstocks. First, I 

investigate the possibility of using these microbes to recover REEs specifically from natural 

geofluids. The work assesses the chemical characteristics of these feedstocks, such as pH and 

temperature, in terms of their effect on REE biosorption. Next, I encapsulate the engineered 

microbes in polymer microcapsules to create a scalable hybrid adsorbent that may be practical 

and economically-feasible for industrial REE extraction and purification operations. 

1. Natural geofluids have several characteristics that present obstacles for REE extraction, 

including low REE contents, high total dissolved solids (TDS), high concentrations of 

competitive metals, low pH, and high temperatures. Chapter 5 discusses the effects of these 

variables on REE adsorption by engineered E. coli. The beneficial adsorptive characteristics of 

the cells (high capacity and high selectivity) are retained at a wide range of chemical conditions 

relevant to geofluids. The results obtained during this study will inform the use of biosorption for 

practical REE recovery from geothermal fluids. 
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2. Chapter 6 discusses the encapsulation of engineered E. coli in polyethylene glycol diacrylate 

(PEGDA) microparticles for use in continuous flow REE extraction systems. The synthesis 

procedure is described along with the fundamental physical and chemical characteristics of the 

microparticles. When packed in a fixed bed column, the hybrid adsorbent is an effective REE 

extractant at a variety of feedstock concentrations and pH conditions and with several influent 

flow rates. The optimal conditions for REE recovery are assessed, as is the possibility of the 

separation of individual REEs in a column extraction system using this adsorbent. The work 

described in this chapter represents a significant step towards industrial scale application of 

biosorption for REE extraction and purification. 

The importance of REEs to the modern economy, in combination with their potential 

supply vulnerability, makes the design of novel REE extraction technologies from novel 

feedstocks a matter of immediate practical concern. Ample progress has been made in the initial 

development and characterization of many promising REE-specific adsorbents for solid phase 

extraction systems. However, these materials have generally not progressed to a technology 

readiness level that approaches industrial scale application. I believe that advancements in 

polymer encapsulation, particularly in the area of microfluidics, may permit a variety of 

adsorbents to make the jump from proof of concept to actual application. Once these 

technologies have been adequately developed, a wide range of applications become possible, 

from remediation to green mining to analytical chromatography, just to name a few. 
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