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Abstract

In Earth’s surface environment, calcium (Ca) is an important mobile metal that is actively and passively transported in solution and within organic and mineral phases, being cycled and recycled during various biogeochemical processes. With the development of modern mass spectrometric techniques small variations in the stable and radiogenic isotopic compositions of Ca can be measured, revealing insight in these complex biogeochemical cycles and tracing and quantifying components across a range of spatial and temporal scales similar to other more routine isotope systems. More than three decades of work reveal systematic variations in the partitioning of Ca isotopes due to both abiotic and biological processes. An overview of processes that fractionate Ca isotopes at local, regional, and global scales is outlined here. We present detailed examples of instances in which Ca isotopes have provided unique insight into the functioning of Earth surface processes and the cycling of Ca at multiple scales. Future studies should target questions for which Ca isotopic analysis provide unique insight and, when combined with other isotope and trace element multi-proxy studies, better constrain the system of interest. At the same time, we challenge the scientific community to explore new frontiers including polar regions and other extreme environments.
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Highlights:
· Ca isotopes can be applied to gain novel information on (bio)geochemical cycles across temporal and spatial scales.
· Ca isotopes should be applied with other geochemical proxies to uniquely constrain system of interest.
· Ca isotopes in Earth-surface are buffered by primary mineral dissolution or dominated by secondary processes.
· Secondary processes fractionating Ca are biological cycling, secondary mineral precipitation and adsorption/desorption.

1. Introduction

Calcium atoms in a sample of rock, water, vegetation or animal are composed of some mixture of the isotopes calcium-40, calcium-42, calcium-43, calcium-44, calcium-46, and calcium-48 (i.e., 40Ca, 42Ca, 43Ca, 44Ca, 46Ca, and 48Ca), all of which are treated as stable. Because isotopes have identical atomic numbers and therefore electron arrangements, they behave chemically the same. However, the relative differences in masses of the isotopes (due to different numbers of neutrons) result in partitioning of the isotopes during chemical reactions or phase changes that “fractionate” the isotopes, either due to kinetics or equilibrium thermodynamics or some combination. Mass-dependent variations in the Ca isotopic composition of Earth’s surface environment are therefore influenced by a variety of abiotic and biological processes. These mass-dependent variations allow Ca isotopes to trace and quantify components in complex biogeochemical processes across a range of spatial and temporal scales, similar to more traditional stable isotope systems such as carbon and oxygen.

Until recently, strontium (Sr), an alkaline-earth element with similar ionic radius and charge to Ca, and radiogenic Sr isotope ratios (87Sr/86Sr), in combination with Ca concentrations, have been used in conjunction with each other to understand the behavior of Ca in surface environments and biogeochemical cycles. Studies of forested ecosystems, for instance, have shown that Sr is not a perfect chemical analog to Ca, stimulating the development of Ca isotopes as a tracer in such settings (Baes and Bloom, 1988; Poszwa et al., 2000; Bullen and Bailey, 2005; Drouet et al., 2005; Berger et al., 2006). Indeed, Ca isotope analyses have confirmed that Sr and Ca are decoupled in many of these terrestrial ecosystems (Schmitt et al., 2003; Schmitt and Stille, 2005; Cenki-Tok et al., 2009; Holmden and Bélanger, 2010; Schmitt et al., 2017). Furthermore, because Ca fractionates mass dependently during biological processes, it can be used to trace processes occurring in the biosphere that 87Sr/86Sr cannot.

The most abundant isotope of Ca (40Ca) has a radiogenic component as a consequence of the radioactive decay of 40K (- emission). The long half-life of 40K (1.25 billion years; Steiger and Jager, 1977) results in minimal contribution of radiogenic 40Ca for many modern Earth systems (considering our current level of analytical precision; e.g., Mills et al., 2018). Regardless, the radiogenic component of 40Ca, which can be isolated by internal normalization the same way 87Sr/86Sr data are, can be used to trace Ca sources in forested ecosystems, as well as silicate weathering fluxes from old, potassic minerals and/or rocks (i.e., Precambrian or older) (DePaolo, 2004; Fantle and Tipper, 2014). In cases where carbonate 87Sr/86Sr complicates the use of radiogenic Sr to trace silicate weathering, radiogenic 40Ca can be used to trace silicate weathering fluxes in natural systems (e.g., Davenport et al., 2014). Similar approaches have been used in forested ecosystems to trace Ca sources (Farkaš et al., 2011).

Several comprehensive reviews have been published on Ca isotopes in Earth-surface processes, the critical zone, and global Ca cycles that detail previous work over the past thirty years, and the interested reader is referred to these for more information and references (e.g., Nielsen et al., 2012; Schmitt et al., 2012; Bullen, 2014; Fantle and Tipper, 2014; Wiederhold, 2015; Schmitt, 2016; Tipper et al., 2016). Here we present an overview of processes that fractionate Ca isotopically at the Earth’s surface that are important to consider when applying Ca isotopes at local, regional, and global scales. We then give examples and emphasize where Ca isotope analyses provide unique insight for identifying and quantifying mineral sources of Ca during weathering, biological sources of Ca during Ca cycling in forested ecosystems, and Ca sources and carbonate production in marginal marine environments, in particular when combined with other isotope systems.

2. Calcium Isotopic Fractionation in Earth-Surface Processes

Calcium isotopic compositions in the Earth-surface can either be buffered by primary mineral dissolution (i.e., chemical weathering) or dominated by secondary processes such as biological cycling, secondary mineral precipitation (e.g., Schmitt, 2016 and references therein), or adsorption/desorption on phyllosilicate/phyllomanganate minerals (Brazier et al., 2019). Processes imparting Ca isotopic fractionation during biological cycling and water-rock interactions such as chemical weathering, secondary mineral precipitation, and adsorption/desorption are briefly outlined below.

2.1. Water-rock interactions

2.1.1. Abiotic reactions 

Chemical weathering - Although congruent low-temperature dissolution of primary or secondary minerals does not impart mass-dependent fractionation of Ca isotopes (Fig. 1; Hindshaw et al., 2011; Ryu et al., 2011; Cobert et al., 2011a), the relative weatherability of isotopically distinct components and seasonal precipitation and dissolution of secondary (e.g., carbonate) minerals (Hindshaw et al., 2011) can impart variations in Ca isotopes during chemical weathering. Igneous differentiation and crystallization have been shown to fractionate stable Ca isotopes (Amini et al., 2009; Huang et al., 2010) and the subsequent weathering of distinct components could potentially result in dissolved Ca with a Ca isotopic composition different from bedrock. Formation of secondary clay minerals during incongruent weathering is also thought to fractionate Ca isotopes with the lighter Ca isotopes enriched in the solid phase (secondary clay minerals) and heavier Ca isotopes enriched in the dissolved phase.

Secondary Mineral Precipitation – Precipitation (and dissolution) of secondary minerals fractionate Ca isotopes between solutions from which they precipitate and solid phases. The magnitude of the isotopic fractionation depends on the precipitation rate, dissolved phase, and precipitated mineral such as CaCO3 (aragonite, calcite, vaterite, ikaite), gypsum, and Ca-oxalates (Gussone et al., 2003, 2005, 2011; Lemarchand et al., 2004; Reynard et al., 2011; Tang et al., 2012; Harouaka et al., 2014; Yan et al., 2016). The relationship between CaCO3 precipitation and the measured Ca isotopic fractionation is dependent on the experimental set-up which impact the physicochemical conditions during precipitation (see Gussone and Dietzel, 2016 and references therein). Heavier isotopes occur preferentially in the dissolved phase compared to the solid one (to varying degrees), although no isotopic fractionation was seen during marine calcite precipitation from pore waters under chemical equilibrium conditions (Fantle and DePaolo, 2007). In contrast, during travertine precipitation (of calcite) in nature, significant Ca isotopic fractionations are observed (Yan et al., 2016). The larger Ca isotopic fractionations between Ca in CaCO3 and solution are correlated with higher precipitation rates in agreement with some experimental work (Tang et al., 2008) suggesting kinetic fractionation dominates this and likely other natural systems (Yan et al., 2016). 

Ion-Exchange – Adsorption of Ca on clays and phyllomanganates in the terrestrial environment (Brazier et al., 2019) are similar to that studied in the marine environment where the lighter Ca isotopes adsorb preferentially on the solid phase (Teichert et al., 2009; Ockert et al., 2013). A recent study demonstrated that during the adsorption of Ca on soil model phyllosilicates (KGa kaolinite, Swy montmorillonite, Tuftane muscovite), the light isotope (40Ca) is preferentially adsorbed (compared to 44Ca; for only Swy montmorillonite and Tuftane muscovite)  and the amplitude of this isotopic fractionation is a function of the size of the mineral (0.1 to 1 μm versus 50 to 200 μm), the surface charge, the layer charge and the specific surface area of ​​the phyllosilicate mineral considered, as well as the presence of cation-free interfoliar space (Brazier et al., 2019). Isotopic fractionation associated with desorption has been more challenging to study. It is suggested that partial desorption could fractionate Ca isotopically (Ockert et al., 2013; Brazier et al., 2019), the magnitude depending on the isotopic fractionation factor associated with adsorption, the specific mineral, and physicochemical conditions (Brazier et al., 2019).

2.1.2. Importance of microbial processes

Production of carbon dioxide by microbial processes can induce mineralization of CaCO3 in the presence of Ca2+ within microenvironments on small spatial scales, and cell surfaces can act as nucleation sites for mineralization (Hammes and Verstraete, 2002). Therefore, microbes can enhance the potential for secondary carbonate or sulfate mineral precipitation and can impact Ca isotopic fractionation as described above for abiotic secondary mineral precipitation. Krause et al. (2012) studied Ca isotopic fractionation by inducing dolomite crystal formation using sulfate reducing bacteria in laboratory cultures. Calcium uptake into or adsorption on exopolymeric substances (EPS) resulted in a significant Ca isotopic fractionation (preferring the lighter isotopes) as part of a hypothesized two-step Ca isotopic fractionation during microbially induced dolomite formation (Krause et al., 2012). Harouaka et al. (2016) inferred a biological isotope effect associated with gypsum precipitation in laboratory culture experiments, and observed significant fractionation in natural gypsum deposits impacted by microbial activity. In a similar vein, Harouaka et al. (2017) demonstrated a systematic effect of organics on the isotopic fractionation factor associated with gypsum formation, and presented ab inito models that supported the hypothesis that dissolved organics can influence mineral isotopic composition due to interactions with crystal surfaces. Microbially mediated carbonate precipitation has also been studied in the laboratory induced by “simultaneous ammonification and extracellular carbonic anhydrase activity” which result in Ca isotopic fractionation that follow observations made for inorganic precipitation (Krause et al., 2018). 

2.2.  Biological cycling 

In the critical zone, the balance between the supply of Ca from input fluxes (litterfall, atmospheric deposition and soil mineral weathering) and the uptake by vegetation dictates the Ca isotopic composition of the Ca soil pool reservoir. When the vegetative uptake is greater than recycling (i.e., in Ca-limited systems), the exchangeable pool is driven to higher 44/40Ca values (Fantle and Tipper, 2014). In a non-limiting system, the Ca isotopic composition is controlled by primary mineral dissolution (i.e., chemical weathering) and potentially secondary (e.g., carbonate) mineral precipitation. The biological processes fractionating Ca isotopes are briefly outlined below.

2.2.1. Vegetation effects

Two processes primarily fractionate Ca isotopes in vegetation: (1) root uptake, and (2) translocation within the tree (Fig. 2). Ca isotopic fractionation occurs at the nutritive solution/root interface when Ca forms exchangeable bonds with root surface during Ca adsorption on cation-exchange binding sites on the external surface of the cell wall with lighter isotopes being removed from nutritive solution into roots (Schmitt et al., 2013). Translocation of Ca within the tree in roots (fine vs. large), woody parts and leaves result in progressively heavier isotopes from roots to woody parts to leaves. The isotopic fractionation seems to be controlled by the Ca speciation within the tree, e.g., free-Ca, Ca linked to pectins or to oxalates (Schmitt et al., 2018). The intensity of Ca isotopic fractionation within the plants also seems to be dependent on the Ca content and pH (Cobert et al., 2011b). The beginning Ca isotope composition of the soil solution that is taken up by the roots (i.e., nutritive solution) also exerts a primary control on the Ca isotopic signature within plants (Schmitt et al., 2013).

The isotopic fractionations associated with biological processes in forested ecosystems results in a pool of Ca with low isotope values. Ca can be recycled from this pool (e.g., litterfall, Fig. 2) back into the vegetation. Within soils, the degree of Ca isotopic fractionation (i.e., enrichment of 44Ca) is a “function of the calcium uptake rate into trees, the magnitude of the fractionation factor and the supply rate of 40Ca-enriched input fluxes from litterfall, atmospheric deposition and soil mineral weathering” (Holmden and Bélanger, 2010). The balance between the supply of Ca from input fluxes and the uptake by vegetation dictates the Ca isotopic composition of the Ca soil pool reservoir. In a non-limiting Ca soil reservoir, the vegetation uptake will have little effect on the Ca isotopic composition of the Ca soil pool reservoir (Wiegand et al., 2005; Hindshaw et al., 2011). In other ecosystems where Ca is limited, Ca isotopic fractionation during vegetation uptake results in 40Ca enrichment in roots and 44Ca enrichments in soil solutions compared to the average soils or rocks (Cenki-Tok et al., 2009; Holmden and Bélanger, 2010). Soil colloids (enriched in 40Ca) in permafrost environments and organic matter degradation appear to control the Ca isotopic compositions of soil solutions in this environment (Bagard et al., 2013).

2.2.2. Microbial effects

Experimentally work with Scots pines and an apatite substrate in the presence or absence of the rhizosphere bacterial strain Bulkholderia glathei suggest a clear bacterial influence on Ca isotopic signatures (Cobert et al., 2011a). In the absence of bacteria, the analyzed soil percolates were enriched in the heavy 44Ca isotope through time whereas no fractionation was recorded in the presence of bacteria. These preliminary results suggested that bacteria could influence the Ca isotopic signatures of soil-vegetative system by dissolving Ca from apatite more efficiently resulting in a system where Ca is non-limiting. Without the bacteria, Ca appears to be limiting and a measurable Ca isotopic fractionation due to vegetative uptake is seen in the soil percolates.

Similarly, Gangloff et al. (2014) suggested a clear isotopic signature of different bacterial strains in the field due to their impact on bio-weathering and dissolution of apatite (Ca source to soils). In soil solutions originating from the spruce parcel of the Strengbach Critical Zone Observatory (CZO) catchment (Vosges, France), spring samples reflect anoxic conditions after heavy rainfalls, which caused increased bacterial activity and weathering of apatite resulting in non-Ca limiting environment reducing any vegetative effect on the Ca isotopic composition of the soil solutions (Fig. 3). Oxic conditions resulted in Ca isotopic signatures that were more similar to litterfall. As can be seen from studying the data in Fig. 3, only by combining both 87Sr/86Sr and 44/40Ca measurements on the soil solution can we accurately describe the role of bacterial activity in the soils. Strontium isotopes only reveal part of the story (i.e., the source of Ca). Calcium isotopes are needed to provide evidence for the role of bacteria in weathering apatite efficiently during anoxic conditions. If these preliminary studies are confirmed, then Ca isotopes could become an important tracer of bacterial activity in soils.

2.3. Other considerations

Isotopic disequilibrium has been observed between porewaters and Ca labile soil sites, suggesting that cation-exchange processes are non-instantaneous in soils (Bullen et al., 2004).  If cation-exchange processes or the influence of secondary mineral phases during Ca movement in soil below the root level can be neglected (over specific time scales), then 44/40Ca can serve as a conservative hydrologic tracer of Ca transport in natural waters (soil-, ground-, and surface waters) (Schmitt, 2016). Calcium isotope variations with depth and/or age in a soil can also reflect changes in the source of Ca and Ca uptake by vegetation (Wiegand et al., 2005). In this context, Ca isotopes can be used as a marker of vegetal turnover (Schmitt, 2016). Repeat dissolution and reprecipitation events described by Rayleigh fractionation (and not just single events) can also impact the Ca isotopic signatures in the Earth-surface and should be considered (Ewing et al., 2008).

Lastly, the atmospheric Ca reservoir includes a potential source of Ca isotopic fractionation or variation. The impact of atmospheric Ca on soils varies largely between locations, with many observing little to no impact (Wiegand et al., 2005; Perakis et al., 2006; Page et al., 2008; Hindshaw et al., 2011; Bagard et al., 2013). Atmospheric deposition includes wet and dry input. Wet deposition is dominated by terrestrial sources derived from carbonate minerals (Schmitt and Stille, 2005) and other continental rocks or basalts (Holmden and Bélanger, 2010; Farkaš et al., 2011; Bagard et al., 2013; Wiegand and Schwendenmann, 2013). However, wet depositions on forested ecosystems can be modified before reaching the soil as throughfall (interacts with tree canopy) or stemflow (interacts with tree trunk). Throughfall samples have been shown to be slightly enriched in 40Ca compared to wet precipitation due to mixing of dry and wet atmospheric deposits with recycled Ca from leaf and needle exudations (Schmitt and Stille, 2005; Fig. 2). The Ca isotopic composition of atmospheric dry deposition (dust) is strongly linked to weathering as measured by the acid soluble fraction (Ewing et al., 2008; Fantle et al., 2012). Interestingly, Fantle et al. (2012) found the water-soluble fraction of dust enriched in the heavier isotopes of Ca (possibly due to Ca adsorption on clays; Ockert et al., 2013). 

3. Calcium Isotope Variations in Local, Regional, and Global Systems 

The cycling of Ca on the continents and in the oceans are coupled through time and space, thus an understanding of both is critical to constrain either one (Tipper et al., 2016). The oceanic mass balance of Ca is key to our understanding of geological processes moderating atmospheric CO2 and climate because Ca is the key cation in the silicate chemical weathering reaction and calcium carbonate deposition in the oceans –the largest sink of carbon on long geological timescales (Berner et al., 1983; Ridgwell et al., 2003). Calcium is primarily supplied to the oceans through processes that occur on the continents and is eventually returned to the continents through tectonism. In this overview, we first explore known Ca isotope variations in local and regional systems on the continents, then briefly outline variations in the global hydrosphere. 

3.1.   Local and regional systems

Continental Ca reservoirs influencing Ca isotope variations in local and regional systems on the continents include: (1) vegetation having the widest range of variation (~4.1‰) with values ranging from -2.20 and 1.76‰ (relative to SRM915a), (2) soil solutions, bulk and leachable soil fractions with a range of variation of 3.51‰ (from -0.74 to 2.77‰ relative to SRM915a), and (3) continental rocks including sedimentary rocks having a 2.5‰ variability, from -0.77 to 1.73‰ (relative to SRM915a), and igneous rocks with low variability (~1‰), from 0.31 to 1.34‰ (relative to SRM915a; see Schmitt, 2016 and references therein). Atmospheric deposition (rainwater, snow, dust, throughfall) is an additional source of Ca with a global variability of 1.09‰, ranging from 0.27 to 1.36‰ (relative to SRM915a) with two outliers with very low 44/40Ca values (see Schmitt, 2016 and references therein). It is important to remember that these ranges and observations summarized below are based on currently published studies which are limited in some systems.

3.1.1. Small catchments / rivers

Small catchments and “small rivers” that have been studied vary by 1.48‰, ranging from 0.27 to 1.70‰ (relative to SRM915a), similar to “world rivers” sampled along their course (1.38‰, ranging from 0.17 to 1.55‰ relative to SRM915a) (Schmitt, 2016; Lyons et al., 2017). Variations at a single small catchment can be impacted by seasonal variations, changes in depth of water sources, dry/humid periods, low/high water-flow including snowmelt, vegetation uptake and recycling, secondary calcite or calcrete precipitation in soils, inflow of groundwater, or mixing of water sources (e.g., Jacobson and Holmden, 2008; Cenki-Tok et al., 2009; Tipper et al., 2010; Hindshaw et al., 2011, 2013b; Wiegand and Schwendenmann, 2013; Fantle and Tipper, 2014; Lyons et al., 2017; Fig. 4). Stable Ca isotopes have been used to track catchment-scale weathering in many environments including glaciated landscapes (Tipper et al. 2006, 2008; Hindshaw et al. 2011, 2013a, 2014; Moore et al. 2013; Jacobson et al. 2015; Lyons et al., 2017), deserts (Ewing et al., 2008), and groundwaters ( Tipper et al., 2006; Jacobson and Holmden, 2008; Holmden et al., 2012; Jacobson et al., 2015; Li et al., 2018; Shao et al., 2018). However, more extreme environments remain relatively unexplored (e.g., Lyons et al., 2017).

3.1.2. Lakes 

Lake waters have the largest range of aqueous Ca isotope values in small-scale terrestrial systems (3.05‰, spanning from 0.72 to 3.77‰ (relative to SRM915a)), although few systems have been investigated (Nielsen and DePaolo, 2013; Lyons et al., 2017; Shao et al., 2018). The high-alkalinity Mono Lake in California has the most 44Ca enriched natural water because precipitation of carbonates from the lake waters removes 40Ca preferentially, resulting in enrichment of 44Ca in the lake waters (Nielsen and DePaolo, 2013). Furthermore, the variability of Ca isotopes in the lake waters suggest that the lake is out of steady state with respect to Ca isotopes (Nielsen and DePaolo, 2013). In the McMurdo Dry Valleys, Antarctica, no isotopic fractionation was inferred during the cryo-concentration process in ponds and lakes (Lyons et al., 2017), but carbonate precipitation played a role in modifying some of the waters.  

3.1.3. Shallow water, coastal settings

The Ca isotopic composition of waters in coastal waters are sensitive to mixing of freshwaters and seawaters due to their different Ca isotopic signatures as documented in coastal waters of Florida Bay (Holmden et al., 2012) and a lagoon in southeastern Australia (Shao et al., 2018). In addition, Ca isotopic composition of waters from the carbonate-producing lagoon system in southeastern Australia are influenced by Ca removal as CaCO3 precipitated primarily as aragonite, acting as a net sink for dissolved inorganic carbon (Shao et al., 2018). Carbonate precipitation preferentially removes the light isotopes of Ca. The more hydrologically restricted waters show the largest Ca isotopic effect. 

3.2 The global hydrosphere

The three major reservoirs of Ca in the hydrosphere are the ocean, rivers and groundwater (Fig. 5). The atmosphere constitutes a small reservoir of Ca described previously (Section 2.3. and 3.1). 

3.2.1. Large rivers (at mouth)

When considering only waters samples from large “world” rivers at the river mouth, the range in 44/40Ca reduces to 0.58‰ compared to the larger spread of ~1.5‰ measured in small catchments and “small rivers”. At the river mouth, these large rivers have 44/40Ca values spanning between 0.67 and 1.25‰ (relative to SRM915a; Schmitt, 2016 and references therein) and averages 0.86 ±0.06‰ (2SE relative to SRM915a; see also Tipper et al., 2016). This reduction in variance is undoubtedly related to integration of the Ca isotopic signature across larger continental scale areas. Therefore, this homogenization during flow downstream results in no lithology-dependent 44/40Ca signatures in waters sampled at the mouth of these large rivers (Schmitt et al., 2003; Tipper et al., 2010).

The average 44/40Ca value could suggest dominance of silicate weathering over carbonate weathering in contrast with previous work (Meybeck, 1987; Berner and Berner, 1996; Gaillardet et al., 1999; Tipper et al., 2010). However, a more recent study by Fantle and Tipper (2014) suggests that secondary processes such as Ca uptake by plants, secondary mineral precipitation (e.g., pedogenic carbonates, travertines, or calcrete), or adsorption on clays influence the global riverine Ca isotopic composition and are necessary to explain the global riverine Ca isotopic composition which is isotopically heavier than carbonate rocks assumed to be the dominant source of Ca to rivers. They suggest that it is not just simple mixing of sources (e.g., carbonates of various ages and silicate rocks). Furthermore, Fantle and Tipper (2014) suggest that the present-day riverine value reflects a terrestrial Ca cycle that is currently out of steady state, i.e. global net growth of the biosphere could explain the riverine value or that there is an uncharacterized mechanism that fractionates Ca isotopes in the terrestrial weathering environment. 

3.2.2. Groundwater

Interestingly, the average measured ground and spring water value is 0.86 ±0.10‰ (2mean relative to SRM915a, n = 65; Tipper et al., 2016 and references therein) identical to average world rivers at their mouth. This value is not significantly different from that calculated by Holmden et al. (2012) using mass balance constraints on the Ca isotopic budget in the oceans and assuming the ocean Ca cycle is in steady state. However, the measured groundwater data has a much higher variability of 1.91‰ (ranging from 0.17 to 2.08‰ relative to SRM915a) than world rivers at their mouth and slightly higher variability than small rivers (Schmitt, 2016 and references therein). Presumably the controls on the isotopic composition of groundwater are similar to that of large rivers – with a primary control being weathering of the primary rocks and secondary influence from Ca uptake by plants, secondary (e.g., carbonate) mineral precipitation, or adsorption on clays. 

3.2.3. The global ocean

The major sources of Ca to the ocean are rivers, groundwater, and hydrothermal fluids. Additional smaller, but poorly quantified fluxes include cation exchange with clay minerals and diagenesis of marine sediments (Berner and Berner, 1996; Tipper et al., 2016). The major sink of Ca from the ocean is biogenic carbonate in deep-sea and shallow-water environments, which preferentially removes the lighter isotopes of Ca (Skulan et al., 1997; De La Rocha and DePaolo, 2000; DePaolo, 2004; Gussone and Heuser, 2016). Burial of pore water constitutes a minor sink of Ca (Drever, 1997).

The high concentrations of Ca in seawater and relatively small input (or output) flux yield a long residence time for Ca in seawater (~1 Myr) relative to the mixing time of the oceans (~1 kyr) together with small differences in Ca concentrations and isotopic compositions within and between ocean basins suggest seawater has a homogenous isotopic composition that reflects the balance between the sources and sinks of Ca to the ocean and their isotopic compositions (at steady state: ). Modern seawater is isotopically heavy, and has an average 44/40Ca value of 1.89 ± 0.02‰ (2mean relative to SRM 915a, n = 62; Holmden et al., 2012; Fantle and Tipper, 2014; Tipper et al., 2016). With the exception of some lake waters and springs (e.g., Nielsen and DePaolo, 2013), seawater is the isotopically heaviest reservoir in the global Ca cycle. Past work has been aimed at understanding if the modern Ca cycle is at steady state, and how this has changed in the past (Skulan et al., 1997; De La Rocha and DePaolo, 2000; Griffith et al., 2008; Fantle and Tipper, 2014; Tipper et al., 2016; Blättler and Higgins, 2017; Gussone et al., this volume). A clear assessment is limited to some extent by incomplete characterization of the Ca cycle, though efforts are being, and continue to be, made in this area. The similarity in the Ca isotopic composition of the marine inputs and outputs suggests that the modern ocean is in steady state, and recent work suggests this is also true over geologic time scales (Blättler and Higgins, 2017). However, it is unclear if, to what extent, and over what kind of time scales seawater 44/40Ca can evolve over time (e.g., De La Rocha and DePaolo, 2000; Fantle and DePaolo, 2005; Farkaš et al., 2007a; 2007b; Fantle, 2010; Fantle and Tipper, 2014). Such an understanding is critical to the development of the Ca isotope proxy. 

4. Case Studies Using Calcium Isotopes as a Unique Constraint 

Calcium isotopic analyses can provide unique insight into Earth-surface processes and cycling of this element. To date, radiogenic Sr isotopes (87Sr/86Sr) are the most common tracer of Ca sources during weathering because Sr substitutes for Ca in all materials and 87Sr/86Sr ratios are a relatively straightforward isotope system. 87Sr/86Sr ratios vary between primary rocks and minerals due to radiogenic ingrowth but any mass-dependent fractionation is eliminated during isotope measurement. This is in contrast to δ44/40Ca values which can be affected by both sources and fractionation processes including biological processes, as outlined previously, and therefore may be more challenging to interpret. Nevertheless, when radiogenic Sr and stable Ca isotopes are combined along with other isotope and trace element multi-proxy studies, Ca isotopes can often better constrain the system of interest and provide a more comprehensive picture of geochemical cycling of Ca. By combining two (or more) isotope systems, a more complete answer is possible to the question at hand, better than what one or the other isotope system could have provided independently. We highlight several studies here that use stable Ca isotopic analyses to provide unique constraints on processes occurring in Earth’s surface environment and encourage thoughtful application of both stable and radiogenic Ca isotopes to answer previously inaccessible questions about the Earth in the present and past.

4.1. Identifying and quantifying mineral sources of Ca during weathering 

Calcium isotopic analyses can be critical to tracing the source of dissolved Ca in systems where Ca is thought to originate, in part, from the dissolution of Ca-bearing secondary (e.g., carbonate or sulfate) minerals. In these cases, 87Sr/86Sr ratios can be equivocal to sources because secondary carbonate minerals take on the 87Sr/86Sr ratio of the solution from which they form. There is often no distinction between the 87Sr/86Sr ratio of the secondary and primary minerals or bulk lithology. Conversely, because δ44/40Ca isotopes often fractionate during secondary mineral precipitation (e.g., formation of carbonates), they also have a δ44/40Ca signature distinguishable from silicates during subsequent dissolution. This can be used to track weathering of secondary carbonate minerals through space or time. 

4.1.1. Icelandic rivers

The source of Ca during weathering on Iceland was investigated to elucidate the fraction of riverine bicarbonate corresponding to silicate, rather than carbonate, weathering and thereby contribute to long-term atmospheric carbon dioxide regulation (Jacobson et al., 2015; Andrews and Jacobson, 2017). Analysis of radiogenic Sr (along with Ca/Sr) was used to identify sources of Ca in the Icelandic rivers, revealing three-component mixing between basalt, hydrothermal calcite, and atmospheric deposition (Fig. 6a; Hindshaw et al., 2013a; Andrews and Jacobson, 2017). Significantly more calcite-derived Sr was seen in glacial rivers, as compared to non-glacial rivers. However, hydrothermal calcite has an identical 87Sr/86Sr ratio as the host basalt bedrock and these two end-members are only distinguishable in Ca/Sr space. Proportions of Sr from each end-member source cannot be robustly quantified because Andrews and Jacobson (2017) found that the hydrothermal calcite Ca/Sr ratios vary by an order of magnitude between samples and do not define a discrete end-member composition. 

The same suite of samples was also analyzed for Ca isotopes and plotted with Sr/Ca ratios (Fig. 6b; Hindshaw et al., 2013a; Jacobsen et al., 2015). Basalt and hydrothermal calcite have different δ44/40Ca values such that they are distinguishable in both Ca isotope and molar ratio space. Furthermore, as the inverse of Ca/Sr ratios, Sr/Ca ratios insure end-members have well-defined compositions, which facilitate linear quantification of mixing proportions. Ultimately, both δ44/40Ca values and 87Sr/86Sr ratios arrive at the same qualitative observation that glacial rivers derive more Ca (and Sr) from hydrothermal calcite than non-glacial rivers, thereby largely validating Sr as a proxy for Ca. However, Jacobsen et al. (2015) show that dissolved riverine Ca isotopes can be explained by a simple two component mixing between basalt and hydrothermal calcite, where calcite contributes 0-65% of riverine Ca in non-glacial rivers, and 25-90% of Ca in glacial rivers. Unlike the Sr system, atmospheric deposition is not an end-member, likely due to a reservoir effect where the high riverine Ca concentrations derived from basalt and calcite weathering dwarf atmospheric inputs. This highlights an important point, that although Sr is frequently interpreted as a reliable proxy for Ca, the two systems can differ, and only δ44/40Ca values unequivocally trace Ca. 

The earlier study by Hindshaw et al. (2013a) attributed similar trends in δ44/40Ca values of Icelandic rivers to result from mixing between basalt, hydrothermal waters, and meltwaters (in part atmospheric deposition), but required processes imparting isotopic fractionation (and not just simple mixing) to explain the entire dataset due to differences in the way endmembers were defined. Adsorption or ion-exchange onto secondary clay minerals was suggested to modify the riverine Ca isotopic compositions (Hindshaw et al., 2013a). When quantifying sources of Ca (or any other element) to a system, defining endmember geochemistry as representative as possible is of critical importance.

4.1.2. Madison Aquifer, South Dakota, USA

In a study of the Madison aquifer, South Dakota, USA, the geochemical evolution of groundwater was studied along a ~240 km flow path (Jacobson and Wasserburg, 2005). The aquifer is primarily dolomite, contains minor amounts of highly soluble anhydrite, and is recharged by surface water draining the igneous Black Hills range. Along the groundwater flow path, 87Sr/86Sr ratios transitioned from values similar to surface waters to values similar to dolomite and anhydrite, which are effectively isotopically indistinguishable (Fig. 7a). Analysis of Ca isotopes revealed that the anhydrite had lower δ44/40Ca values as compared to dolomite, consistent with fractionation during precipitation of the anhydrite. Measurements of groundwater δ44/40Ca values evolved to this lower value, thereby directly implicating anhydrite dissolution as a primary control on groundwater geochemistry (Fig. 7b) (Jacobson and Holmden, 2008). Strontium isotopes were not able to identify this source of Ca due to the overlapping 87Sr/86Sr signatures of the distinct minerals.

This study highlights a more general phenomena for continental waters. Broadly speaking, the evolution of continental waters to lower δ44/40Ca values (as seen here in the groundwaters with Ca sourced from anhydrite) is suggestive of a mixing control on δ44/40Ca values (with Ca sources of low δ44/40Ca), rather than a mass dependent isotopic fractionation process (e.g., Holmden et al., 2012), because very few reservoirs (e.g., the zeolite stilbite; Andrews and Jacobson, 2017) are thought to preferentially incorporate heavy Ca isotopes.

4.2. Identifying and quantifying biological sources of Ca during Ca cycling in forested ecosystems 

4.2.1. Temporal evolution in a forested temperate ecosystem in Strengbach (Vosges, France) 

The combination of stable Ca and radiogenic Sr isotopes applied to soil solutions under a beech cover at the Strengbach CZO forested catchment (NE France) by Schmitt et al. (2017) shows significant differences in the same forested temperate ecosystem between two time periods:  2004/2006 and 2011/2013. The Sr isotopic composition of the soil solutions from 2004/2006 are similar to those of corresponding roots (highlighted with blue rectangle in Fig. 8), whereas the more recent soil solutions (2011/2013) are more radiogenic than the older soil solutions (2004/2006) (green arrow in Fig. 8b) but some of the roots are less radiogenic (orange arrow in Fig. 8b). The Ca isotopic composition of the soil solutions have higher 44/40Ca values than the roots and leaves, i.e., the soil solutions represent the complement of uptake by roots. Altogether this points to a shift at the CZO site in Sr (and Ca) source towards decreasing contribution of lower radiogenic Sr fluxes alimenting the soil solution, i.e., a decrease in the apatite weathering flux, the atmospheric deposits or the vegetation cycling flux, between 2004/2006 and 2011/2013. Schmitt et al. (2017) suggested that the most recent surface soil solutions are less affected by vegetation uptake, indicating a decline in vegetation growth. Such reduced importance of nutrient uptake and biomass production by the trees could be a result of the aging of the Strengbach trees and weakening by repeated storm events and drought episodes (Schmitt et al., 2017).

4.2.2. Soil, boreal, forested permafrost-dominated ecosystem in Central Siberia (Russia) 

Stable Ca and radiogenic Sr isotopic compositions were measured in different compartments (stream water, soil solutions, rocks, soils and vegetation) of a small permafrost-dominated catchment in the Central Siberia Plateau to understand cycling of Ca in this system which is important for understanding ongoing changes in this system which is very sensitive to climate warming (Bagard et al., 2013). The Sr isotopic compositions vary between a geogenic (basalt) and an atmospheric (snow) end-member (Fig. 9). Large Ca isotopic fractionations are mainly recorded in biological samples (between roots and shoots from a larch tree), and to a lesser degree in soil solutions from the warmer, south-facing slope of the catchment, which is subject to melting of the upper part of the permafrost in summer (Fig. 9). No significant Ca isotopic fractionation is seen in the cold soil active layer of the north-facing slope. In this permafrost-dominated environment, biomass degradation (more significant in the south-facing slope) rather than plant uptake significantly influences the Ca isotopic compositions of soil solutions via the release of light Ca. Another pool enriched in the light Ca isotopes, such as colloids, was also suggested to influence the Ca isotopic compositions of soil solutions from the south-facing slope of the catchment (Bagard et al., 2013). This enrichment of the light Ca isotopes in the soil solution is not seen in the streams or large rivers sampled over the course of a year, which appear to be primarily controlled by 44/40Ca heterogeneity in the lithology of Ca sources (Bagard et al., 2013). 

4.2.3. Soil tropical climosequence Kohala Mountain, Hawaii, USA

In soils, biolifting can be an important process by which plant roots move mineral-derived nutrients from depth and concentrate them in surface soil horizons. Tracing biolifting is complicated by mechanisms such as atmospheric deposition which can also deliver rock-derived nutrients to surface soils. Bullen and Chadwick (2016) used stable Ca and stable Ba (138/134Ba ) isotopes, among other tracers, to investigate the extent to which phosphorus (P) was biolifted along a soil climosequence at Kohala Mountain, Hawaii, USA. Radiogenic Sr isotopes of exchangeable soil within the profiles were largely homogenous and resembled local bedrock and are therefore equivocal to biolifting. Plants preferentially took up light isotopes of both Ca and Ba, relative to source rock, and left a fingerprint of isotopically light, biocycled Ca and Ba in exchangeable surface soils. However, these isotope systems also revealed that Ca and Ba were subject to different pedogenic processes down profile. Below the ~20cm depth, stable Ba isotope values sharply increased, a result of light isotope removal by vegetation, and then remained constant with depth (Fig. 10b). This demonstrated that biolifted Ba was tightly retained at the surface. Conversely, below ~20cm stable Ca isotopes gradually transitioned to heavier isotopic values, indicating that light, biocycled Ca leached from surface soils (Fig. 10a). Additionally, a comparison of multiple soil profiles demonstrated that in some cases, 44/40Ca values were offset to relatively heavier values both in surface soils and with depth due to the formation of pedogenic carbonate, which preferentially sequestered light Ca isotopes throughout the profile (Fig. 10a). Taken together, this study revealed that Ba isotopes are a robust tracer of biolifting while stable Ca isotopes trace different but coincident pedogenic processes such as cation leaching and secondary carbonate mineral formation. 

4.3. Quantifying Ca sources and carbonate production in marginal marine environments 

4.3.1 Florida Bay, USA

Analyses of Ca isotopes in modern shallow-water settings and marginal marine environments provide insight into Ca-cycling and processes such as carbonate production in these environments. They serve as our best analogue for ancient epeiric seas whose sedimentary record has provided most of what is known about Earth History, especially prior to the Cenozoic (Pratt and Holmden, 2008). In Florida Bay, Holmden et al. (2012) demonstrated the impact of submarine groundwater discharge on Ca-cycling in this estuarine lagoon. Waters are typically <3 m deep and overly Pleistocene limestone bedrock which also are exposed to the east and south composing the Florida Keys that keep surface Atlantic waters out of Florida Bay (Holmden et al., 2012). Sediment and waters from the Florida Bay record a 0.7‰ gradient in δ44/40Ca, decreasing towards the Florida Everglades, caused by local-scale Ca-inputs from submarine groundwater discharge with a high Ca concentration and low δ44/40Ca value compared to seawater (Fig. 11; Holmden et al., 2012). Mixing calculations show that submarine groundwater discharge and surface waters (Everglades runoff) contribute between 8% and 60% of the Ca to the waters in the Bay, with salinities between 30 and 14, respectively (Fig. 11; Holmden et al., 2012).

Radiogenic Sr (87Sr/86Sr) was not analyzed on these same samples (C. Holmden, personal communication). The small difference in 87Sr/86Sr of Floridian groundwater (minimum value of ~0.70825; Janzen and Krupa, 2011) and seawater (0.70918; Hodell et al., 1989) would result in a relatively small range of 87Sr/86Sr values that are largely insensitive to small amounts of fresh or brackish waters in the Bay. In contrast, there are significant variations in δ44/40Ca in both sediment and waters which can be explained by simple mixing between Everglades groundwater, surface water and seawater (Fig. 11; Holmden et al., 2012). It is therefore possible, in a restricted or shallow marine environment for Ca cycling to impart large changes in δ44/40Ca due to mixing between seawater, surface or groundwater (e.g., Florida Bay) or due to carbonate production if Ca is limiting (Shao et al., 2018) that are largely undetectable in 87Sr/86Sr of the sediment if the source of Sr (e.g., from carbonate rocks) is similar to coeval seawater. Measuring a contemporaneous seawater 87Sr/86Sr value in a rock does not always indicate that it was deposited in an unrestricted marine setting, and that Ca isotopes (or other isotope systems) measured in these sediments are recording seawater as well (e.g., Swart, 2008). “Similar degrees of circulation restriction between epeiric seas and oceans in the geological past may have also led to overprinting of sedimentary carbonate δ44/40Ca values in nearshore regions of epeiric seas due to local-scale cycling of seawater through coastal carbonate aquifers” (Holmden et al., 2012).

4.3.2. Coorong lagoon system, Australia

Shao et al. (2018) used both Ca and Sr isotopes to constrain the local carbonate cycle of the Coorong lagoon system, Australia. Radiogenic Sr isotopes revealed that, of three potential primary water sources (seawater, surface freshwater, and groundwater) northern lagoon water predominately originated from seawater (Fig. 12a). Southern lagoon waters were a mixture of seawater and surface freshwater, suggesting a more hydrologically restricted lagoon in the south. Indeed δ44/40Ca values of northern lagoon water were similar to seawater, thereby confirming its origin, but southern lagoon water had high δ44/40Ca values (greater than seawater), compared to end-member water sources suggesting an additional process was critical to the Ca cycle in these waters, i.e., not just simple mixing of seawater and surface freshwater (Fig. 12b). The high δ44/40Ca values are indicative of carbonate precipitation which preferentially remove 40Ca into the precipitated solid, leaving the lagoon enriched in the heavier isotopes. The latter observation is consistent with the more hydrologically restricted nature of the southern lagoon, which yields evaporative (hypersaline) conditions and oversaturation with respect to carbonate phases. 

Ultimately, Shao et al. (2018) calculated that ~15% of dissolved Ca is sequestered as carbonate in the southern lagoon suggesting it acts as a net sink for dissolved inorganic carbon. Studies like these are important to better constrain local calcium carbonate cycles in coastal ecosystems (Macreadie et al., 2017).

5. Concluding Statements

Much of the calcium isotope research over the past thirty years has focused on low-temperature processes at the Earth’s surface, where various (bio)geochemical processes cycle Ca between geochemical reservoirs. The examples we have presented clearly demonstrate that Ca isotopes are useful probes of Ca cycling at the local, regional, and global scales. Calcium isotopes fractionate substantially in a range of processes, from ion exchange to mineral precipitation to root uptake and translocation within a tree. Calcium isotopes have been used successfully to identify and quantify Ca sources and to trace mineral dissolution and biological processes. Calcium isotopes add a necessary constraint in complicated, and often underconstrained, natural systems, especially when the more traditional tools (Sr isotopes and elemental ratios) do not function as required. Radiogenic 40Ca, though less developed for elucidating Ca cycling at a range of spatial scales, holds promise for future work. 

Current observations on the behavior of Ca isotopes at local, regional, and global scales at Earth’s surface are summarized here, however many of these observations are based on only one or two studies. These studies reveal that the magnitude of Ca isotopic fractionation during weathering and secondary mineral formation depends on mineralogy as well as different physicochemical variables (affecting precipitation rate, dissolution, ion-exchange) that require additional experimental, theoretical and field work to fully constrain. Future studies that focus on Ca isotope behavior across gradients in lithology, climate, ecosystems, and human impact are needed to refine predictive quantitative models using Ca isotopes to elucidate changes in the past and future due to changing climate, hydrology, and human impact (e.g., land use change). Where are the Ca reservoirs in soils? How are these Ca reservoirs mobilized by plants? How do they respond to changing temperature, dry/wet periods? Can an increase in our understanding improve ecosystem resilience and sustainability, and restore ecosystem function (e.g., White et al., 2015)? The impact of microbial activity (and microbially mediated mineral precipitation) also needs to be thoroughly investigated as initial work presents evidence for large biological isotope effects. How does bacterial activity impact Ca isotope fractionation during mineral formation? What are the function of bacteria and hyphae? Furthermore, what are the fundamental mechanisms behind Ca isotopic fractionation – what is the role of coordination, hydration, speciation?

We also encourage the exploration of new frontiers including polar regions and other extreme environments (e.g., hypersaline, acidic, alkaline, geothermal, anoxic, euxinic). Polar systems with limited biological activity and cold temperatures represent end-members for understanding Ca isotope behavior on a variety of spatial and temporal scales, akin to work done in deep-sea sediments to understand Ca isotope behavior on geologic timescales which is unattainable in laboratory environments (Fantle and DePaolo, 2007). Furthermore, Ca isotopes can be used to characterize different weathering regimes in polar regions associated with ice sheets vs. valley glaciers. The differences, especially when compared to nonglacial systems, could impact global elemental cycles and climate on longer timescales (via sulfate oxidation, silicate vs carbonate weathering; Tranter et al., 2002; Torres et al., 2017). These and other extreme environments also serve as potential analogues for habitats of early life on Earth and extraterrestrial environments. Future studies and collaborations are needed across disciplines in the Earth sciences that apply Ca isotopes in new and interesting ways to gain unique and novel information tracing and constraining Ca (bio)geochemical cycles at local, regional, and global scales (e.g., Pogge von Strandmann et al., 2019).
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FIGURE CAPTIONS

Fig. 1: Overview of processes related to water-rock interactions that impart Ca mass dependent stable isotopic fractionations designated as “i”.  1 during secondary (e.g., carbonate) mineral precipitation from solution. 2 during adsorption onto phyllosilicate or phyllomanganate minerals. Hypothesized (designated with a “?”) Ca isotope fractionations include: 3 during incongruent weathering and formation of secondary clay minerals; 4 during (partial) desorption from phyllosilicate or phyllomanganate minerals; and 5 due to processes related to bacteria and hyphae. All processes that fractionate Ca isotopes preferentially incorporate the light isotopes of Ca into or onto the solid phase (40Ca enriched).

Fig. 2: Overview of processes related to biological cycling of Ca that impart Ca isotopic fractionations designated as “i” including  uptake into vegetation,  translocation within the tree (roots to trunk to leaves), and hypothesized (designated with “?”) due to bacteria and hyphae. Uptake into vegetation preferentially incorporates the light isotopes of Ca, while translocation increases the heavier isotopes of Ca from roots to trunk to leaves. Recycling by vegetation of litterfall enriches the soil Ca pool in light isotopes. Not all of the processes influencing the Ca soil pool reservoir are pictured.

Fig. 3: Variation in soil solutions under spruce at different depths (-5, -10, -30 and -60 cm) at different seasons (modified from Gangloff et al., 2014). Strontium isotopes reveal the Ca source at depth, including more radiogenic minerals at the deepest depth, e.g., plagioclase. Calcium isotopes are also impacted by vegetation and provide evidence for the role of bacteria in weathering apatite efficiently during anoxic conditions in upper 10 cm. Deeper samples (30+ cm) were measured, but no clear end-member was identified limiting interpretation of the measured values (Gangloff et al., 2014).

Fig. 4: Overview of processes producing variation in Ca isotopes in local and regional settings. Mass dependent fractionations designated as “i” including uptake into vegetation (and translocation within trees), and carbonate production. If Ca is limited during carbonate production, then waters are enriched in heavy Ca isotopes. Mixing of Ca sources include decomposition of vegetation, soil solutions, weathering of continental rocks (including sedimentary rocks) and igneous rocks, atmospheric deposition, groundwater, and seawater.  

Fig. 5. Schematic of the major reservoirs of Ca in the modern global hydrosphere and processes that impact their Ca isotopic composition. Mass dependent fractionation is designated as “” associated with neritic and pelagic carbonate production, the largest sink of Ca from oceans. The long residence time of Ca in the ocean (~1 Myr) relative to the mixing time of the ocean (~1 kyr) together with small differences in concentrations and isotopic compositions within and between ocean basins suggest a homogenous Ca isotopic composition of seawater that reflects the balance between the sources and sinks of Ca to the ocean and their isotopic compositions. Minor fluxes are indicated and may constitute relatively greater importance under past conditions.

Fig. 6: Sources of Sr (A) and Ca (B) in Icelandic glacial and non-glacial rivers determined by 87Sr/86Sr (A) and δ44/40Ca (B) values and molar cation ratios. (A) Note the order of magnitude difference in Ca/Sr scale in inset. Gray shading corresponds to the three- (A) or two- (B) component source mixing regime. All samples are within the mixing regime, within analytical uncertainty. Thin-outlined circles indicate data taken from Hindshaw et al. (2013a), δ44/40Ca values  0.14‰. Thick-outlined circles and end-member source data taken from (A) Andrews and Jacobson (2017) or (B) Jacobson et al. (2015); δ44/40Ca values  0.04‰. (A) modified from Andrews and Jacobson (2017) and (B) modified from Jacobson et al. (2015). 

Fig. 7: The evolution of groundwater 87Sr/86Sr (A) and δ44/40Ca (B) isotope values with distance in the Madison Aquifer. (B) Shading around dolomite and anhydrite values indicated δ44/40Ca  0.08‰. (A) data from Jacobson and Wasserberg (2005) and (B) modified from Jacobson and Holmden (2008). 

Fig. 8: 44/40Ca variation as a function of 87Sr/86Sr for the soil solutions, atmospheric inputs, roots, leaves and wooden organs as well as for the ambient geogenic samples in a temperate CZO forested catchment (modified from Schmitt et al., 2017). Samples for soil solutions (stars), roots (diamonds), and leaves (triangles) are given in (a) for the 2004/2006 period and in (b) for 2011/2013. Blue rectangle highlights small range of 87Sr/86Sr values in soil solutions, roots, and leaves from 2004/2006 with a large range of 44/40Ca values where soil solutions are enriched in 44Ca as a result of 40Ca uptake by roots. The green arrow in (b) shows a shift in many soil solutions to higher 87Sr/86Sr values in 2011/2013 compared to 2004/2006. The orange arrow in (b) shows an opposite shift in some roots towards decreasing 87Sr/86Sr values in 2011/2013 compared to 2004/2006 suggesting variations in Sr (and Ca) source. The trend in 44/40Ca values is due to Ca isotopic fractionation during root uptake and translocation within the tree. Geogenic sources are plotted with tan thin cross (apatite) and tan star (plagioclase). Atmospheric sources (precipitation and throughfall) are shown with thick crosses. Circles are measured xylem and phloem. Squares are measured wood and bark. For full legend see Fig. 5 in Schmitt et al. (2017). 

Fig. 9: 44/40Ca variation as a function of 87Sr/86Sr for the soil solutions (circles), atmospheric inputs (squares), roots, leaves and wooden organs (triangles) as well as for the ambient geogenic (basalt indicated with solid diamond and soil represented by empty diamond) samples in a permafrost-dominated forested catchment from Central Siberia. The symbols correspond to individual samples measured for each category (represented as shaded envelopes). Ca isotopic fractionation mechanisms are represented with green arrow, Sr source variations are represented with grey arrows (modified from Bagard et al., 2013).

Fig. 10: Exchangeable soil 44/40Ca (A) and 138/134Ba (B) values in two soil profiles from Kohala Mountain, Hawaii, USA. Gray shading indicates the isotopic composition of bedrock and the dashed line in (A) indicates the isotopic composition of pedogenic carbonate. Vegetation 44/40CaSRM915A values range from -2.01 to -0.6‰ and 138/134BaSRM3104a values range from -0.75 to -0.20‰ (not shown). Exchangeable soil stable Ca isotopes are controlled by the gradual leaching of biocycled, isotopically light 44/40Ca values from surface to depth (Site I) unless offset to higher 44/40Ca values through the uptake of light Ca isotopes by pedogenic carbonate formation (Site B). Exchangeable soil stable Ba isotopes are controlled by the close retention of isotopically light biolifted Ba in surface soils. Modified from Bullen and Chadwick (2016).

Fig. 11: Florida Bay (filled symbols) and Florida Keys (ocean side, open symbol) waters and sediment δ44/40Ca variations with salinity. Percentage of Ca attributed to submarine groundwater discharge and surface waters (Everglades run-off) in the Florida Bay waters indicated next to samples with salinities less than 31 using a mixing model from Holmden et al. (2012).

Fig. 12: Controls on water geochemistry of the Coorong lagoon system, Australia. (A) Input water sources determined by 87Sr/86Sr ratios. Note difference in 87Sr/86Sr ratio scale of inset. (B) Secondary mineral (carbonate) precipitation in waters of the southern Coorong lagoon (yellow symbols) determined by δ44/40Ca values. Dashed lines represent mixing trends between end-member input sources. Modified from Shao et al. (2018). Northern Coorong lagoon waters are plotted with green symbols.
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