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Quantitative modeling is a powerful tool that allows us to develop an understanding of identity and extent of igneous processes on Earth and other planetary bodies. Such models are built upon data from experiments that describe the major and trace element behavior among the phases in a system of interest. Previous work on the analysis of calibration datasets has been done for many of the mafic rock forming minerals such as plagioclase, clinopyroxene, amphibole, olivine, and garnet. What is missing is an evaluation of the sources of uncertainty in the trace element orthopyroxene/melt partitioning experiments. The goal of this investigation is to document the identity and magnitude of a number of sources of uncertainty that were observed in the experimental database for low-Ca pyroxene/melt trace element partitioning. These include multiphase analyses (e.g., mineral and glass analysis in the same analytical volume) as well as uncertainty with regards to the specific structural state of the low-Ca pyroxene in the experiments (e.g., is the mineral reported orthopyroxene or pigeonite?). Our findings confirm earlier work documenting the dependence of the orthopyroxene/melt partition coefficients for the high field strength and rare earth elements on the Ca content of pyroxene. However, the development of predictive expressions for trace element partitioning between orthopyroxene and melt is compromised by a number of database characteristics related to commonly applied analytical methods and phase determinations. Specifically, the average composition of the experimental orthopyroxene and liquids overlap, but is different for each element (e.g., the average composition of all experiments where Sm was determined is different but overlap with those where Zr was determined). Second, the reported analytical uncertainty is significantly higher for experiments where the trace element determinations were done by laser inductively coupled plasma mass spectroscopy compared to secondary ion mass spectroscopy - an observation attributable to the differences in analytical volume between two analytical techniques. Lastly, most experimental studies did not determine the specific low-Ca pyroxene present but rather used the calcium content alone to identify orthopyroxene vs. pigeonite which we showed as unreliable. Taken together, these database characteristics impact any regression analysis and result in an internal bias in the predicted behavior of trace elements. Our ability to “fix” the database is inhibited by the current convention of publishing experimental partitioning data as averages and not publishing individual analyses - making essentially impossible to quantitatively understand the magnitude and sources of error.
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1 INTRODUCTION
Experimental investigation of the partitioning of trace elements between minerals and melt is motivated by the need to develop quantitative models of igneous processes that drive the evolution of the mantle and crust. The predictive accuracy of such models is dependent on the theoretical framework of partitioning models and the characteristics of the experimental database used to calibrate those models. Modeling the impact of specific petrogenetic processes requires the development of predictive expressions that allow the calculation of partition coefficients (mineral-meltDi), the ratio of the concentration of a trace element in the mineral and the melt from which the mineral formed.
The experimental datasets used to calibrate both major and trace element models include experimental conditions, such as pressure (P), temperature (T), oxygen fugacity (fO2), and the composition (X) of the experimental products. It is important to note that experiments on phase equilibria have significantly different goals and priorities than experiments designed to constrain the partitioning behavior of trace elements (Nielsen et al., 2017). Phase equilibria experiments are generally designed to constrain what phases are present at any set of conditions and for compositions that are relevant to the systems of interest. Phase equilibria experimental results typically include analyzes using one analytical technique and prioritize parameters such as phase proportions. While the overlap of analyses is an issue, it is not a source of systematic bias. The experimental design for trace element partitioning experiments also includes the major element composition of the phases and the phase proportions. However, focus of trace element partitioning experiments is often one mineral phase at a time, often require the analysis by multiple analytical methods, and majority experiments are not analyzed for all trace elements. This is due to the different focus of the studies. For example, only the rare earth elements (REE) may be analyzed if focus of the research is in understanding the role of atomic radius on partitioning for a given charge or only multivalent (e.g., V, Sc, Ti) elements may be analyzed if the focus is on role of oxygen fugacity (fO2) in partitioning of a multivalent element to a specific sites in the crystal structure. Another reason for not analysis of all trace elements is the low detection limits of certain specific trace element and the extent to which the starting material is doped with respect to the elements of interest (Nielsen et al., 2017; Cung et al., 2023). Due to these reasons, the result is that the number of experiments that report the trace element composition for a specific element in a specific phase can vary widely for each mineral and among different minerals. This means that the calibration dataset is different and heterogenous for each element in each phase. Since most predictive models for trace element behavior involve regression analysis of the data, heterogeneity in the calibration datasets will result in different regression parameters. The accuracy of those models is therefore subject to differences in analytical error as well as differences in the compositional dependence of the predictive model. It is important to note here that the major sources of uncertainty in partitioning experiments include heterogeneity of the phases in the experiment (nominally due to failure to achieve equilibrium), analytical sensitivity (count rate, background, detector sensitivity) and the analysis of multiple phases in each phase (e.g., contamination of mineral analyses with glass). The first source of uncertainty is a physical and chemical characteristic of the experimental charge and cannot be corrected. The sensitivity of the analytical instrument may be improved with new technology or adjustments in methodology. Analyses contaminated with glass is an analytical artifact, which can be corrected if we know the characteristics of the contamination.
Recognition of the existence of ultradepleted domains in the mantle (Bizimis et al., 2005; Simon et al., 2008; Salters et al., 2011; Neave et al., 2014; Jackson et al., 2015; Stracke et al., 2019; Liu et al., 2025; Daynes et al., 2025; Stracke and Salters, 2025) has raised the profile of orthopyroxene/melt trace element partitioning experiments. Such domains exhibit evidence of high degrees of partial melting, past the point of exhaustion of clinopyroxene in the mantle protolith. In such cases the trace element budget is controlled by orthopyroxene especially at pressures below the stability of garnet. Therefore, knowledge of the details of orthopyroxene/melt partitioning is required to quantitively describe the impact of compositional changes associated with high degree melts and how those changes can be correlated to the composition. This is of particular importance for elements characterized by low partition coefficients and models that use incompatible trace element ratios (Hofmann and Class, 2025) to describe the magmas present in environments where orthopyroxene is stable.
Our objective in this research is to analyze the characteristics of the existing orthopyroxene/melt trace element partitioning experiments in traceDs database1 to evaluate the accuracy, precision, and distribution of the dataset with respect to temperature, pressure, and composition. The analysis includes: (1) identifying the boundary conditions of the orthopyroxene/melt partitioning dataset covered for each element including average and standard deviation of the experimental conditions (e.g., P, T, X, number of experiments); (2) evaluating the analytical uncertainty based on counting statistics; (3) document the analytical uncertainty derived from melt contamination as a result of the spatial resolution of the analytical tools (e.g., Laser Inductively Coupled Plasma Mass Spectroscopy - LA ICP-MS vs. Secondary Ion Mass Spectroscopy - SIMS) that are used for measuring concentration of trace elements in existing phases; and (4) addressing issues arising from uncertainty related to the identification of the specific low-Ca pyroxene (e.g., enstatite, pigeonite, clinoenstatite) present in the phase assemblages.
The inclusion of multiphase analyses (e.g., cases where two or more phases were present in the analytical volume) has been documented in other recent investigations on plagioclase, clinopyroxene, amphibole and garnet (Cung et al., 2023; Nielsen et al., 2017). These studies documented why overlap/contamination of analytical volumes, particularly with glass, that can result in systematic error and bias in the predictive models as well as the impact of this bias for compatible vs. incompatible elements. Further, contaminated analyses represent a particular challenge due to the tradition of publishing only averages from the experimental analyses. Without access to the individual mineral-melt pair analyses, one may identify possible cases where more than one phase was present in the analytical volume, but one cannot make corrections (see example in Nielsen et al., 2017). Our goal here is to identify the existence of sources of systematic bias in the orthopyroxene/melt partitioning database and make a series of recommendations on how we design and report on future experiments.
2 LOW-CA PYROXENE STRUCTURE
This investigation focuses on the evaluation of published experimental data on trace element partitioning between low-Ca pyroxene and melt with a particular focus on orthopyroxene. The mechanism by which trace elements substitute in a mineral, is controlled by the size of the ion, its valence, and the type of charge balance required by the paired substitution, all of which is in turn controlled by the P-T-X of the system (Irving, 1978; Green, 1994; Blundy and Wood, 2003). Orthopyroxene is a low-Ca pyroxene with an orthorhombic crystal structure. Pigeonite, another low-Ca pyroxene, can overlap in chemical composition with orthopyroxene but has a monoclinic crystal structure. Therefore, it becomes important to understand how the differences in the various crystal structures of low-Ca pyroxene can contribute to the behavior of trace elements.
Pyroxenes are single chain inosilicates with the general formula of XYZ2O6. The single chain structure contains alternating tetrahedral and octahedral layers that extend parallel to the c-axis. The tetrahedral site, represented by ‘Z’ is usually occupied by Si4+ and Al3+. Both the M1 (Y) and M2 (X) octahedral sites have 6-fold coordination and are occupied by Mn2+, Fe2+, Mg2+, Al3+, Cr3+, or Ti4+. Only limited amounts of larger cations, such as Ca2+, can fit into the M2 site without changing the structure. Trace elements are more likely to substitute into the slightly larger M2 site but can also be present in paired substitution with Al3+ (Bédard, 2007; 2025). Therefore, the activity of alumina in the melt (which is a function of alkalinity) and availability/suitability of cation sites in the orthopyroxene and charge balancing/pairing become equally important factors if one needs to understand the controls on the partitioning behavior of high field strength elements (HFSE) or REE between melt and orthopyroxene.
Orthopyroxene is a part of the primitive centrosymmetric space group with only screw axes and glide planes (Pbca space group). To specify orthorhombic Pbca in enstatite (Mg2Si2O6) and ferrosilite (Fe2Si2O6), these minerals are referred to as orthoenstatite and orthoferrosilite, respectively. Enstatite can also have an orthorhombic Pbcn crystal structure (protopyroxene) at temperatures higher than 1,000 °C. Protopyroxene differs from orthopyroxene in that the M1 and M2 sites of Pbcn (as well as C2/c) space groups are on locations in the crystal lattice with 2-fold rotational symmetry rather than in general positions (Lindsley, 1980). Enstatite and ferrosilite can be monoclinic P21/c under high pressure conditions (clinoenstatite and clinoferrosilite, respectively). The Pbca space group is the most common form for orthorhombic pyroxenes, and magnesium-iron pyroxenes with less than 5% Wo content are generally referred to as “orthopyroxene” in the literature. For the purposes of this paper, we will refer to all of the pyroxenes that are reported as “orthopyroxene” in the database to be so, with the caveat that in most cases there were no determinations of the structure of the experimentally produced low-Ca pyroxene in the charges.
Pigeonite is a monoclinic low-Ca pyroxene that is stable in systems with lower Mg# and at pressures below 2 GPa (Huebner, 1980). Pigeonite has a number of similar characteristics as orthopyroxene, including tetrahedrally coordinated Si4+ and Al3+, and its M1 and M2 sites have 6-fold coordination. However, the M2 site is more often occupied by larger cations such as Ca2+. With increasing temperature, pigeonite will undergo a structural shift that transitions its M2 site from 6-fold to distorted 8-fold coordination and have a similar structure to diopside (P21/c-C2/c structural transition). This shift will revert under slow cooling conditions, resulting in orthopyroxene with exsolution lamellae of augite (e.g., inverted pigeonite - Lindsley, 1980).
The phase boundaries for low-Ca pyroxenes are complex, with phase stability regions that are narrow and overlap in composition (Figure 1; Huebner, 1980). The phase boundaries for the simple binary system of Mg2Si2O6 - CaMgSi2O6, at low pressures (1 atm) indicate that the CaO content of low-Ca pyroxene is largely temperature dependent, but pyroxene with different structures can still have the same CaO content (Figure 1a). For more Fe-rich systems, pigeonite becomes more stable over orthopyroxene (Figure 1b). However, we can produce orthopyroxene and pigeonite that have the same wollastonite content (mole % Wo = 100 × Ca/(Ca + Mg + Fe total)). We know that mole % Wo is sensitive to P, T, and Al2O3 content of the system and that an increase in Al2O3 stabilizes orthopyroxene over pigeonite (Huebner, 1980; Lindsley, 1980). These interdependent variables lead to uncertainty in our ability to simply rely on the experimental conditions or the chemical composition of the pyroxene, to distinguish orthopyroxene from pigeonite. In spite of the compositional overlap of orthopyroxene and pigeonite, they are rarely distinguished from one another structurally by previous studies when reporting results on pyroxene/melt partitioning.
[image: Two phase diagrams illustrating pyroxene compositions. Diagram (a) is a temperature versus weight percentage chart, showing phases like OEn, Pr, Fo, Pi, Di, and L at various conditions. Diagram (b) is a triangular compositional diagram with axes labeled Mg, CaMg, and CaFe, indicating Augite, OPX, and Pigeonite regions.]FIGURE 1 | Pyroxene phase diagrams adapted from Huebner, 1980. (a) Temperature (°C) vs. composition (wt%) diagram for the pure Mg2Si2O6 - CaMgSi2O6 system at 1 atm. Solid lines indicate boundaries between stable phases while dashed lines are boundaries of metastable phases. “L” refers to silicate liquid, “Fo” to forsterite, ‘Pr’ to protopyroxene, “OEn” to orthoenstatite, “Pi” to pigeonite, and “Di” to diopside. Note the complexity of the stability fields in the low-Ca portion of this simplified system. In Fe-free systems, Pr and Pi will invert to OEn as the system cools. (b) Pyroxene solidus phase diagram for a system containing Ca, Mg, and Fe end members. Units represent the mole % of components. OPX refers to orthopyroxene. Based on these phase boundaries, which were originally determined based on co-precipitating pyroxenes, we can produce OPX and pigeonite with the same mole % Wo. Addition of Fe stabilizes pigeonite over orthopyroxene.In general, the pigeonite stability field expands at lower temperature compared to orthopyroxene (Huebner, 1980). Together with the M2 sites in pigeonite being larger than in orthopyroxene, partition coefficients for the REE and HFSE tend to be higher in pigeonite (Nielsen et al., 1992). Therefore, if the partitioning data for pigeonite/melt is included in the calibration dataset of orthopyroxene/melt partitioning, the model overestimate trace element compatibility. To prevent mischaracterization of trace element behaviors in orthopyroxene, studies can distinguish orthopyroxene from pigeonite optically by checking the extinction angles (e.g., symmetrical extinction vs. inclined extinction) or by microstructural characterization using electron back-scattered diffraction (EBSD) rather than relying only on the CaO content of the pyroxene and temperature (Beattie et al., 1991; Bédard, 2007; 2025).
3 METHODOLOGY
Predictive models require calibration using experiments conducted at a range of P-T-X conditions (e.g., Nielsen et al., 1988; Bédard, 2007; 2025; Yao et al., 2012). To model any system, we need to develop expressions that describe the behavior of every element of interest in all phases in the system of interest. For example, if we wish to model the extent of mantle melting at mid-ocean ridges (MOR), we need to know the compositions and proportions of phases that are contributing to or crystallizing from the system over the P-T range being simulated. This is required for most systems due to the different degrees of dependence of trace element partitioning on P, T, X. The partition coefficients for many elements vary by orders of magnitude of the range of natural compositions and conditions. Therefore, the partition coefficients that one uses for the purposes of quantitatively modeling a magmatic system need to change in response to changes in the P-T-X and the compositions and proportions of phases.
Most trace elements used to monitor degrees of melting or fractionation at MOR are more compatible in clinopyroxene than plagioclase, orthopyroxene, spinel, or olivine (Johnson et al., 1990; Blundy and Wood, 2003; Cung et al., 2023). However, at high degrees of partial melting (>20%), the mantle becomes exhausted with respect to clinopyroxene (Johnson et al., 1990; Warren, 2016; Walter and Cottrell, 2025) after which the trace element budget will be controlled by orthopyroxene at pressures below the garnet stability. Most mineral-melt partition coefficients for orthopyroxene are higher than for olivine, plagioclase, or spinel. Therefore to model the melting of the upwelling mantle under a MOR for high degrees of partial melting (Simon et al., 2008; Neave et al., 2014; Jackson et al., 2015; Daynes et al., 2025), one needs to understand trace element behavior in orthopyroxene and determine where the orthopyroxene/pigeonite phase boundary lies in P-T-X space that is representative of the range of natural conditions and compositions. This understanding requires an investigation of the characteristics, landscape, and uncertainty of the experimental data used for calibration of predictive models for partitioning behavior prior to design and conduct new experiments. For example, the higher calcium content of pigeonite results in a monoclinic structure, with a larger, more distorted M2 site which favors large ions like light rare earth elements (LREE) when compared to the orthorombic structure of enstatite. Larger and distorted M2 site that is correlated with Wo content in pigeonite and higher partition coefficients for light rare earth elements (LREE) than enstatite which also manifests steep LREE features in spider diagrams compared to heavy rare earth elements (HREE) enriched chondrite-normalized pattern in enstatite. Ideally, evaluation of the significance of the differences between the partitioning behavior in pigeonite versus orthopyroxene could be done by comparing the existing experimental values. However, that is not possible if one does not know the actual structural identity of the pyroxenes in the charges.
Bédard (2025) developed a series of predictive models for orthopyroxene/melt partitioning which prioritized a more complete coverage of P-T-X conditions over reducing the sources of uncertainty. Their calibration dataset included all experiments where pyroxenes with <5.5 mol % Wo coexisted with silicate melt in experimental systems that ranged in bulk composition from carbonatite to rhyolite. In addition, they included data from natural phenocryst-matrix mineral-melt inclusion pairs and phase equilibria experiments where only major elements were analyzed. This choice was made to provide a simplified collection of regressions rather than accounting for changes in partitioning behaviors as a function of P-T-X (Bédard, 2025). The inclusion of phenocryst-matrix data from natural systems is problematic because there are few constraints on the pressure and temperature of formation and attainment of equilibrium is not established.
The dataset selected for this study included peer-reviewed/published trace element experimental data of orthopyroxene and coexisting melt (Table 1) and includes all the metadata, i.e., the citation of the source of the data from the literature; laboratory where experiments were performed and samples were analyzed; unique name for each experiment; run conditions of P, T, fO2, and duration; device and capsule information; major and trace element content for phases; and cited analytical uncertainty (typically 1σ on the average of multiple analyses). Further, the database includes the number of experimental determinations for each trace element in each phase (melt and orthopyroxene) (Table 2). More importantly, we only included experiments which melt compositions had <10% H2O and >35% SiO2. Our analysis excluded the data from natural phenocryst-matrix mineral-melt inclusion pairs. The full dataset used is available as Supplementary Material S1 and through the Experimental Petrology community site for traceDs under EarthChem1.
TABLE 1 | Characteristics of the orthopyroxene trace element database.	Experiments with trace element analyses in opx	# of experiments with opx	Pressure range (GPa)	Temperature range (°C)
	Cartier et al. (2014)	10	5	1,580–1850
	Colson and Gust (1989)	11	0.0001	1,169–1,414
	Colson et al. (1988)	5	1.5–2.0	1,318–1,495
	Dalou et al. (2012)	16	0.8–2.5	1,265–1,430
	Davis and Hirschmann (2013)	9	3	1,430–1,450
	Davis et al. (2013)	11	3	1,465–1,475
	Fabbrizio et al. (2021)	6	1.5	1,275–1,300
	Fellows and Canil (2012)	8	1	1,250–1,375
	Fonseca et al. (2014)	13	0.001	1,300
	Frei et al. (2009)	5	1.1–3.2	1,230–1,535
	Green et al. (1989)	1	1.2	1,100
	Green et al. (2000)	1	2	1,080
	Huang et al. (2006)	1	1.1	1,150
	Klemme et al. (2006)	1	1	1,200
	Koga et al. (2003)	1	1.8	1,380
	Laubier et al. (2014)	12	0.001	1,155–1,180
	Liu et al. (2014)	3	1	1,290–1,300
	Liu et al. (2015)	6	1.0–2.0	950–1,000
	Mallmann et al. (2007)	13	1.5–3.0	1,275–1,400
	McDade et al. (2003)	1	1.3	1,245
	Ottolini et al. (2009)	1	1	1,330
	Rapp et al. (2010)	3	3.0–3.8	1,100–1,200
	Salters et al. (2002)	11	2.4–3.4	1,535–1,675
	Schwandt and McKay (1998)	5	0.0001	1,210
	Sun and Liang (2013)	6	2–2.1	1,340–1,450
	Van Kan Parker et al. (2010)	3	0.0001	1,326–1,390
	Vander Auwera et al. (2000)	1	1	1,160
	Wang et al. (2019)	15	1.0–2.0	1,150–1,350
	Yao et al. (2012)	4	2	1,380–1,425


TABLE 2 | Characteristics of the orthopyroxene trace element database containing the average temperature (T), pressure (P), and composition of experimental liquid products by trace element (e.g., the average liquid major element compositions for all experiments where a specific element was determined in both orthopyroxene and co-existing melt). Elements are listed in increasing atomic number (Z). Numbers in parentheses are 1σ standard deviations of the averages.	Element	Z	# Of exps	# Of investigations	T (°C)	P (GPa)	SiO2	TiO2	Al2O3	Cr2O3	FeO	MnO	MgO	CaO	Na2O	K2O	P2O5
	Sc	21	86	14	1,355 (161)	1.9 (1.4)	49.67 (7.22)	1.63 (2.54)	13.82 (4.49)	0.14 (0.15)	7.98 (4.55)	0.18 (0.09)	12.58 (5.79)	9.26 (2.93)	2.39 (1.07)	0.62 (0.85)	0.11 (0.10)
	Sr	38	41	12	1,308 (98)	1.5 (0.8)	50.14 (5.52)	1.52 (2.55)	16.06 (3.17)	0.21 (0.20)	8.36 (3.97)	0.16 (0.09)	11.76 (5.14)	10.11 (2.83)	2.56 (1.28)	0.62 (1.19)	0.11 (0.11)
	Zr	40	78	15	1,365 (163)	1.7 (1.6)	52.04 (6.94)	1.50 (2.65)	12.90 (5.00)	0.20 (0.18)	6.69 (5.91)	0.18 (0.11)	13.86 (6.51)	9.60 (3.75)	2.22 (1.21)	0.49 (0.93)	0.10 (0.08)
	Nb	41	52	12	1,400 (180)	2.0 (1.8)	53.04 (8.19)	1.97 (3.26)	11.36 (5.52)	0.27 (0.23)	5.71 (7.48)	0.21 (0.14)	15.54 (7.17)	9.45 (4.42)	2.07 (1.45)	0.54 (1.16)	0.08 (0.09)
	Ba	56	18	5	1,338 (124)	1.8 (1.1)	51.35 (6.01)	1.40 (0.35)	16.90 (3.99)	0.61 (0.24)	4.58 (3.73)	0.15 (0.05)	14.27 (6.78)	10.55 (3.56)	2.86 (1.58)	1.05 (2.07)	0.07 (0.06)
	La	57	59	12	1,388 (178)	2.3 (2.1)	51.86 (7.96)	1.45 (2.92)	13.53 (5.32)	0.20 (0.18)	8.48 (5.59)	0.19 (0.11)	13.19 (6.51)	8.68 (3.36)	2.32 (1.42)	0.49 (0.97)	0.09 (0.09)
	Ce	58	43	11	1,398 (213)	2.3 (2.2)	52.33 (8.17)	1.46 (2.92)	12.27 (4.63)	0.22 (0.18)	8.97 (5.30)	0.17 (0.12)	13.24 (7.24)	8.12 (3.05)	2.39 (1.40)	0.58 (0.95)	0.10 (0.07)
	Pr	59	22	5	1,509 (194)	3.3 (1.6)	53.00 (10.95)	2.55 (4.55)	8.25 (4.77)	0.23 (0.19)	8.83 (8.15)	0.25 (0.15)	15.92 (7.64)	6.10 (2.92)	1.57 (1.11)	0.41 (0.47)	0.10 (0.11)
	Nd	60	47	12	1,387 (207)	2.2 (2.2)	52.03 (7.85)	1.46 (2.84)	12.85 (4.98)	0.21 (0.18)	8.99 (5.45)	0.18 (0.11)	13.14 (6.97)	8.33 (3.06)	2.40 (1.39)	0.53 (0.92)	0.10 (0.07)
	Sm	62	46	12	1,410 (190)	2.3 (2.2)	51.82 (7.98)	1.61 (3.10)	12.43 (5.15)	0.24 (0.19)	9.86 (6.03)	0.18 (0.12)	14.19 (6.67)	7.79 (3.20)	2.34 (1.51)	0.55 (1.03)	0.10 (0.08)
	Eu	63	63	10	1,340 (180)	1.7 (1.7)	51.72 (6.81)	1.38 (2.79)	13.36 (4.91)	0.18 (0.17)	8.61 (5.33)	0.18 (0.10)	11.57 (6.00)	8.36 (2.96)	2.22 (1.15)	0.49 (0.90)	0.09 (0.07)
	Gd	64	50	8	1,365 (193)	2.0 (1.7)	52.20 (7.70)	1.52 (3.12)	12.36 (4.93)	0.20 (0.18)	8.22 (5.54)	0.19 (0.11)	11.93 (6.63)	8.12 (3.17)	2.17 (1.18)	0.56 (0.98)	0.10 (0.08)
	Tb	65	21	4	1,494 (211)	3.3 (1.7)	55.05 (7.77)	0.73 (0.69)	11.16 (7.16)	0.13 (0.14)	4.27 (4.51)	0.17 (0.07)	16.53 (7.34)	6.71 (3.61)	2.08 (0.93)	0.39 (0.35)	0.13 (0.10)
	Dy	66	28	6	1,441 (217)	2.8 (1.9)	52.93 (9.48)	1.98 (4.14)	9.65 (5.03)	0.22 (0.18)	9.09 (7.53)	0.23 (0.15)	14.06 (7.72)	6.06 (2.64)	1.84 (1.59)	0.53 (0.69)	0.09 (0.11)
	Ho	67	36	5	1,445 (171)	2.8 (2.1)	51.92 (9.43)	1.72 (3.61)	11.75 (5.53)	0.19 (0.15)	8.44 (6.25)	0.21 (0.12)	13.95 (6.11)	8.15 (3.30)	1.95 (1.21)	0.28 (0.30)	0.10 (0.11)
	Er	68	26	7	1,461 (233)	3.0 (1.9)	55.10 (7.47)	0.54 (0.63)	10.49 (5.35)	0.19 (0.20)	6.54 (4.98)	0.15 (0.08)	14.66 (8.28)	5.84 (2.68)	2.26 (1.20)	0.80 (1.35)	0.13 (0.11)
	Tm	69	15	2	1,610 (148)	4.1 (1.4)	58.16 (7.80)	0.28 (0.22)	7.21 (5.25)	0.13 (0.14)	4.01 (4.56)	0.17 (0.08)	19.39 (7.07)	4.96 (2.86)	1.80 (0.69)	0.47 (0.38)	0.13 (0.03)
	Yb	70	72	14	1,368 (173)	1.9 (1.8)	51.21 (7.10)	1.49 (2.62)	13.52 (5.04)	0.21 (0.18)	10.55 (6.38)	0.17 (0.10)	13.19 (6.04)	8.64 (3.12)	2.46 (1.27)	0.42 (0.82)	0.14 (0.11)
	Lu	71	60	12	1,401 (166)	2.0 (1.6)	50.86 (7.41)	1.55 (3.08)	13.30 (5.39)	0.19 (0.14)	9.02 (5.74)	0.19 (0.11)	14.12 (5.92)	8.93 (3.25)	1.98 (1.05)	0.29 (0.34)	0.10 (0.08)
	Hf	72	70	13	1,388 (157)	1.8 (2.1)	51.89 (7.31)	1.57 (2.80)	12.67 (5.23)	0.22 (0.19)	6.44 (6.23)	0.19 (0.11)	14.68 (6.37)	9.72 (3.88)	2.09 (1.19)	0.45 (0.95)	0.09 (0.09)
	Ta	73	50	10	1,404 (166)	1.9 (1.8)	52.97 (8.05)	1.97 (3.33)	11.41 (5.65)	0.22 (0.19)	5.69 (7.56)	0.23 (0.13)	16.00 (6.62)	9.67 (4.32)	1.97 (1.30)	0.36 (0.42)	0.10 (0.09)


4 RESULTS
4.1 Distribution of experiments as a function of pressure, temperature, and composition
We evaluated the data for calibrating predictive models by examining the range of P-T-X of the experiments in the orthopyroxene database. From range of conditions represented in the orthopyroxene database, it is clear that the characteristics of the population of experiments for each element are different (Figure 2; Table 2). For example, for Sr, the average experimental P-T conditions (Figure 2) are ∼1.5 GPa and 1,300 °C. In contrast, the average P-T conditions for experiments where Tm was determined are ∼4 GPa and 1,600 °C. The average experimental liquid composition (Figure 3, total alkali (Na2O + K2O) vs. SiO2) for experiments where a specific element was measured in both orthopyroxene and melt are also significantly different for each element (Table 2). The average total alkali and silica for experiments where Ba was measured are 3.9 and 51 wt% and the average for Tm are 2.2 and 58 wt%, respectively (Figure 3) indicating that the majority of orthopyroxene-melt partitioning experiments are conducted in basalt to basaltic andesite liquids. Further, the number of partitioning experiments for a specific trace element was measured in orthopyroxene and melt range from 15 for Tm to 86 for Sc (Table 2). In all cases, the experimental results were reported as averages of multiple analyses within an experimental charge. In no case were the individual analyses on mineral-melt pairs reported, therefore limiting our ability to determine the instances where the average included contaminated analyses.
[image: Scatter plot showing the relationship between average temperature in degrees Celsius (x-axis) and average pressure in gigapascals (y-axis) across various chemical elements. Most elements cluster between 1300°C to 1500°C and 1.5 to 2.5 GPa, with notable exceptions such as Tm, Tb, and Pr at higher temperatures and pressures. The plot is labeled 'Orthopyroxene' at the bottom right.]FIGURE 2 | Average temperature (°C) vs. pressure (GPa) for mineral/melt trace element partitioning experiments where trace elements were measured in orthopyroxene and coexisting melt. Each symbol represents the average P/T condition of all experiments where that specific element was measured in both orthopyroxene and coexisting melt (traceDs database - Tables 1, 2). Note the linear distribution of pressure and temperature across the trace elements in the database.[image: Scatter plot showing various elements plotted against average SiO₂ and Na₂O + K₂O experimental liquid weight percentages. SiO₂ ranges from 48 to 60 wt.% along the x-axis, and Na₂O + K₂O ranges from 1.5 to 4.0 wt.% on the y-axis. Elements such as Ba, Sc, Sr, and others are distributed throughout the chart. The word "Orthopyroxene" is highlighted at the bottom right.]FIGURE 3 | Average silica (wt%) vs. total alkali (wt%) content of melt from mineral/melt trace element partitioning experiments where trace elements were measured in orthopyroxene and coexisting melt. Each symbol represents the average liquid composition specific to a particular element as determined from the traceDs database. For example, the average liquid composition for all experiments where Zr was measured in orthopyroxene and co-existing melt is 52 wt% SiO2 and 2.7 wt% Na2O + K2O. These values are reported in Table 2 along with the 1sigma (σ) standard deviation on the average. The majority of the average alkali-silica liquids for trace element experiments range from basalt to basaltic andesite in composition.4.2 Structure of the Low-Ca pyroxene in existing experiments
For most of the results present in the orthopyroxene/melt experimental database, distinction between the low-Ca pyroxene species were made using major element composition, where the wollastonite content of pyroxene vs. temperature was used to define the boundary between orthopyroxene and pigeonite (Beattie et al., 1991; Bédard, 2007) (Figure 4). The cutoff of 5.2 wt% Wo (Wo = 100 × (Ca/Ca + Mg + Fetotal) applied by Bédard (2007) includes most of the published orthopyroxene database. However, some of the low-Ca pyroxene that was petrographically identified by inclined vs. parallel extinction as pigeonite (Nielsen et al., 1992) would also be grouped with orthopyroxene if one only applies Wo% as a boundary condition. Beattie et al. (1991) calculated a boundary between pigeonite and orthopyroxene (Figure 4) based on mole fraction of CaO and temperature (XCaOPx= (1850-T(K))/12,500). This boundary excludes much of what is categorized as orthopyroxene in the experimental database and includes the majority of the pigeonite analyses from Nielsen et al. (1992) compared to the application of a single variable divide. At present, for most of the experiments reporting orthopyroxene, we do not know what the pyroxene was, nor do we know what the impact of knowing what low-Ca pyroxene is present. Given that the structural determination of the specific mineral species could be checked with EBSD when sample preparation for optical characterization is more complicated, we recommend that future experiments on low-Ca pyroxene include the structural determination of orthopyroxenes species.
[image: Scatter plot showing mole percent pyroxene against temperature in degrees Celsius. Blue, red, yellow, and dark blue points represent data from various studies. Solid and dashed lines indicate orthopyroxene/pigeonite boundaries. The legend details sources and calculation formulas.]FIGURE 4 | Temperature (°C) vs. wollastonite (Wo) mole % of pyroxene. Pigeonite compositions in green determined petrographically (Nielsen et al., 1992) and undesignated pyroxene data light in blue are from the traceDs database (Nielsen and Ustunisik, 2024). Dark blue (Frei et al., 2009) and yellow (van Kan Parker et al., 2010) data indicate experiments where the structural state of orthopyroxene was determined. The orthopyroxene/pigeonite phase boundaries are from Beattie et al. (1991) and Bédard (2007). Beattie et al. (1991) developed an expression as a function of mole fraction of CaO in the pyroxene and temperature. Bédard (2007) phase boundary is based on the 5.2 mole % Wo component in the pyroxene. Both classifications include pyroxenes confirmed to be pigeonite (Nielsen et al., 1992).4.3 Differences in calibration databases for phase equilibria and trace elements experiments
Simulation of the liquid line of descent (LLD) of an evolving system requires models that includes major element composition and proportions of coexisting phases as to predict trace element behavior. Both the phase equilibria and the trace element partitioning models are dependent on the character of the databases used to calibrate each model. Most such models are based on regression analysis of a calibration database such as the experimental partitioning dataset. In general, due to the dependence of partition coefficients on T, P and X, the calibration dataset for each element in each phase must be sufficiently similar that they are calibrated over the same range of P-T-X space (Nielsen et al., 2017; Cung et al., 2023). The calibration dataset for many major element models (such as the MELTS family of algorithms) is the Library of Experimental Phase Relations (LEPR) database (Hirschmann et al., 2008). If we compare the LEPR database with the trace element partitioning experiments in traceDs database1, the traceDs database contains fewer experiments, and the range of both major and minor elements such as Na and Ti, were measured in orthopyroxene and coexisting melt is more restricted. In addition, the traceDs database includes fewer experiments that are conducted at low temperatures (800–1,000 °C) (Figure 5). This is mostly due to the absence of orthopyroxene in experiments containing significant water - a fact that may compromise any effort to calculate LLD for subduction related magmas (in addition MELTS having difficulty simulating amphibole stability).
[image: Two scatter plots labeled as "a" and "b" compare orthopyroxene-melt partition coefficients for titanium (plot a) and sodium (plot b) against inverse temperature in Kelvin. Each plot has blue and purple data points representing different datasets: traceDs and LEPR. The horizontal axis shows \(10000/T\) (Kelvin), and the vertical axes show natural logarithms of the partition coefficients (\(\ln D_{Ti}\) and \(\ln D_{Na}\)). The data points are spread with variations, indicating trends related to temperature changes.]FIGURE 5 | Correlation of reciprocal temperature and natural log of the orthopyroxene/melt (a) Ti and (b) Na partition coefficient from experiments in the Library of Experimental Phase Relations - LEPR (purple) (Hirschmann et al., 2008) and traceDs (blue) (Ustunisik and Nielsen, 2024) databases. Each symbol represents a single experiment. Note the wider distribution of temperature of experiments in the LEPR database and alignment of Na partitioning at high temperature between two databases.Equally important, the partitioning behavior of Ti and Na in the trace element and phase equilibria databases overlap, particularly at high temperature. This is significant because many trace elements have behaviors (Cung et al., 2023) that are similar to or correlated to Ti (and to a lesser extent Na). However, if the goal is to develop a model that incorporates both the major and trace element systematics, we must be aware of the lack of experimental constraints at temperature <1100oC for water-bearing systems.
4.4 Comparison of the reported uncertainty for different analytical techniques
Most of the commonly measured trace elements such as REE, HFSE, and light ion lithophile elements (LILE) are incompatible in orthopyroxene (Di<1). Consequently, the concentration of trace elements in the mineral tend to be low. To evaluate the influence of analytical error related to low concentration (and low detector count rate) vs. the analytical error related to analysis of multiple phases in the analytical volume, here we used the reported 1σ uncertainty as a ratio of the reported average value in orthopyroxene. In addition, we cited uncertainty related to differences in two commonly used analytical techniques (LA ICP-MS and SIMS) for each experiment (Figures 6–8). These elements were selected as examples because there are a significant number of experiments in which they have been measured and they represent trace elements with different partitioning behavior (opx-meltDSc3+ > opx-meltDYb3+> opx-meltDZr4+).
[image: Two scatter plots compare uncertainty in orthopyroxene measurements. Plot a shows LA ICP-MS data, with various markers representing different studies, with uncertainty increasing as concentration increases. Plot b shows SIMS data with lower uncertainties, also using various markers for different studies. Both plots feature labeled legends indicating study authors and years.]FIGURE 6 | Uncertainty (1σ uncertainty/reported Sc value) vs. Sc in orthopyroxene measured by (a) LA ICP-MS and (b) SIMS from all orthopyroxene-melt partitioning experiments where Sc was measured (traceDs database). Pink cross represents repeat measurement of NIST-612 standard by LA ICP-MS. Uncertainty for LA ICP-MS measurements exceeds uncertainty for SIMS measurements in Sc. The high levels of uncertainty for LA ICP-MS measurements at higher Sc concentrations in orthopyroxene cannot solely be attributed to analytical error related to counting statistics.[image: Scatter plot comparing uncertainty in yttrium barium (Yb) concentration in orthopyroxene using LA ICP-MS (left) and SIMS (right) methods. The x-axis represents Yb concentration in parts per million, while the y-axis shows uncertainty ratio. Various studies are indicated by different colored shapes. LA ICP-MS data shows more scatter and higher uncertainty overall than SIMS data, which demonstrates tighter grouping and lower uncertainty levels on the right.]FIGURE 7 | Uncertainty (1σ uncertainty/reported Yb value) vs. Yb in orthopyroxene measured by (a) LA ICP-MS and (b) SIMS from all orthopyroxene-melt partitioning experiments where Yb was measured (traceDs database). Pink cross represents repeat measurement of NIST-612 standard by LA ICP-MS. Uncertainty for LA ICP-MS measurements exceeds uncertainty for SIMS measurements in Yb. The high levels of uncertainty for LA ICP-MS measurements at higher Yb concentrations in orthopyroxene cannot be solely attributed to analytical error related to counting statistics.[image: Two scatter plots compare uncertainty in Zr measurements in orthopyroxene. Plot a shows LA ICP-MS data with higher variability; plot b shows SIMS data with lower variability. Each point represents different studies, with various colors and shapes indicating specific researchers and years.]FIGURE 8 | Uncertainty (1σ uncertainty/reported Zr value) vs. Zr in orthopyroxene measured by (a) LA ICP-MS and (b) SIMS from all orthopyroxene-melt partitioning experiments where Zr was measured (traceDs database). Pink cross represents repeat measurement of NIST-612 (Betts et al., 2025) standard by LA ICP-MS. Uncertainty for LA ICP-MS and SIMS measurements are similar.Note that the range of values for the ratio of reported uncertainty to the reported value for the trace element in the orthopyroxene are greater for experiments where the trace element concentrations were determined by LA ICP-MS compared to those where the trace element concentrations were determined by SIMS. This is also seen in the different extent of scatter and range of opx-meltDi (opx-meltDSc3+ > opx-meltDSm3+ = opx-meltDGd3+> opx-meltDLa3+) vs. reciprocal temperature values for experiments where Sc, Sm, Gd, and La were determined in pigeonite and orthopyroxene (Figure 9). All of the data for pigeonite are at relatively low temperature, consistent with the general observations on orthopyroxene and pigeonite phase stability (Figure 1). The data for DSc (most compatible in opx) exhibits the smallest range of opx-meltDi values at any given temperature while DLa (least compatible in opx) exhibits the greatest. The data obtained by SIMS are not systematically offset from experiments analyzed by LA ICP-MS or electron microprobe (EMP). However, the small number of determinations and the low temperature pigeonite data is at the low temperature end of the data makes the source of uncertainty difficult to determine. This means that, at present, it is difficult to quantify the degree to which partitioning behavior is due to differences in structure (orthopyroxene versus pigeonite) or to temperature dependence.
[image: Four scatter plots labeled a, b, c, and d, display relationships between temperature (in °C and 10000/T in K) and various px/melt lnD values. Each plot features green circles, blue diamonds, and brown squares representing different datasets: "Opx (traceDs, Nielsen and Ustunisik, 2024) - LA ICP-MS," "Opx (traceDs, Nielsen and Ustunisik, 2024) - SIMS," and "Pig (Nielsen et al., 1992) - EMPA." Different elements are analyzed in each subplot, with the y-axes labeled: a, Sc; b, Sm; c, Gd; d, La. Data points are organized across each plot, suggesting trends or correlations.]FIGURE 9 | Comparison of pigeonite and traceDs orthopyroxene partition coefficients as a function of reciprocal temperature. lnDSc (a), lnDSm (b), lnDGd (c), and lnDLa (d), vs. 10000/T (K) for low-Ca pyroxene/melt of measurements in the TraceDs database measured via LA ICP-MS (light green circles) and SIMS (blue diamonds). Pigeonite data via EMPA (red squares; Nielsen et al., 1992) overlaps with the lowest temperature “orthopyroxene” measurements from the traceDs database.4.5 The impact of multiphase analyses
In the absence of individual analyses of the phases (mineral-melt pair individual analyses rather than averages of multiple mineral and melt compositions) or structural determination of orthopyroxene from pigeonite, it is not possible to confirm whether the higher values of partition coefficients are true values, or they are anomalous due to inclusion of glass in the spot analysis of pyroxene or not determining the pyroxene structure. Among the experiments that measured Zr in orthopyroxene, only two identified the pyroxene as orthopyroxene or pigeonite via petrographically (e.g., inclined extinction for pigeonite or parallel extinction for orthopyroxene) (Frei et al., 2009; Nielsen et al., 2017) or X-ray diffraction (van Kan Parker et al., 2010). Trace elements are typically more compatible in pigeonite than in orthopyroxene due to the larger M2 site in monoclinic pyroxenes (Nielsen et al., 1992) and the lower temperature at which pigeonite is stable (Figure 10). If trace element behaviors in orthopyroxene were similar to pigeonite, we could assume that the structural differences of low-Ca pyroxenes are negligible or correlated to temperature (Figure 10). Without verification of the structural state of the orthopyroxenes in the existing experimental database, it is difficult to determine the extent to which behavioral and compositional overlap between orthopyroxene and pigeonite is caused by not identification of the specific low-Ca pyroxene despite their structural differences.
[image: Scatter plots in three panels labeled a, b, and c. Panel a shows a correlation of opx/melt\(_{lnD_{Yb}}\) and opx/melt\(_{lnD_{Sc}}\). Panel b illustrates opx/melt\(_{lnD_{Zr}}\) versus opx/melt\(_{lnD_{Ti}}\). Panel c plots opx/melt\(_{lnD_{Ce}}\) against opx/melt\(_{lnD_{Sm}}\). The legend indicates data sources: blue diamonds for Opx using SIMS, purple squares for SIMS with 1% melt contamination, and green circles for LA ICP-MS with 1% melt contamination.]FIGURE 10 | Depiction of the effect of low amounts of melt contamination on partition coefficients in orthopyroxene. lnDZr vs. lnDTi (a), lnDCe vs. lnDSm (b), and lnDYb vs. lnDSc (c) for low-Ca pyroxene/melt of Zr measurements in the database measured via LA ICP-MS (light green circles) and SIMS (blue diamonds). Dark green circles and purple diamonds represent 1% contamination of the paired melt value to the LA ICP-MS and SIMS experiments respectively. As compatibility of a trace element in orthopyroxene decreases, the effect of melt contamination increases.5 DISCUSSION
5.1 The limitations on modeling related to how data is reported
Existing limitations on our ability to develop predictive models for orthopyroxene/melt trace element partitioning are due to two reasons: (1) most previous studies report the composition of phases from trace element partitioning experiments as averages of multiple mineral or melt analyses and (2) the majority of papers did not identify the structural state of the low-Ca pyroxenes in experiments, instead opting to use major element compositions to distinguish orthopyroxene from pigeonite. Publication of phase composition as averages limits our ability to evaluate the impact of two-phase analyses where the concentration of the trace element of the mineral is contaminated by the inclusion of melt composition (Nielsen et al., 2017). If we were to have the individual analyses that comprise the average, we can directly assess the degree to which the orthopyroxene average may be driven by contamination with glass. An example as to how to make that assessment is described in Nielsen et al. (2017) where the analysis of trace elements on plagioclase-melt pairs are reported in some of the existing experiments.
5.2 Impact of the differences in data distribution
Publication of all of the individual analyses alone will not address all of the potential sources of bias. Specifically, if we consider how basic regression analysis would be impacted by the diversity of the dataset as documented (Figures 2, 3; Table 2), any expression that described the partitioning behavior of an element will be influenced by the average values of the dataset. In groups of elements such as the REE, where the partitioning behavior of the elements is correlated to ionic radius, calibration of any expression that includes temperature, pressure and a term to accommodate mineral or melt composition or structure would be influenced by the “center of gravity” of the calibration dataset. For example, the average temperature and pressure for the experiments where Tm was measured is 240 °C and 2.5 GPa higher than the average for experiments for which Yb was measured. In addition, the average liquid composition for Tm is 7 wt% SiO2 higher and 1 wt% alkalis lower than for experiments where Yb was measured. Further, the number of experiments for Yb is almost 5 times as high as the number of experiments for Tm. The differences in the average composition, T and P would result in a range of regression constants for the influence of those parameters–and when used to predict behavior, would predict an irregular REE pattern.
Equally important, the distribution of experimental data for other mineral systems is different. One could argue that we only need ∼ four REE elements to define the temperature, pressure and compositional dependence for orthopyroxene, and one could use four elements whose average temperature, pressure and composition were similar (e.g., La, Sm, Gd and Yb averages are ∼2.5 wt% alkalis, 52 wt% SiO2, 2.5 GPa and 1,400 °C Figures 2, 3). However, consider the experimental partitioning data for clinopyroxene. The average temperature, pressure and composition for those same elements are 4.5 wt% alkalis, 49 wt% SiO2, 1.5 GPA and 1,250 °C (Figure 1 of Cung et al., 2023). Therefore, if one attempts to calculate predictive models for conditions appropriate for systems where both orthopyroxene and clinopyroxene are present, those models will be calibrated to datasets characterized by distinctly different set of conditions and compositions. This has implications for models that use a strictly empirical approach (e.g., Bédard, 2007) as well as those that apply models for melt component activity (Cung et al., 2023) or elastic strain (Bédard, 2025).
Another approach is to calibrate expressions that cover a restricted range of conditions (e.g., Bédard, 2007 and others) or to use constraints that put those dependencies into a broader framework such as the lattice strain model (Blundy and Wood, 2003; Bédard, 2025). Models that are calibrated for a limited range of conditions are difficult to apply over a range of magmas (e.g., progressive fractionation or differential partial melting) and can result in artificial discontinuities in the calculated LLD. In addition, as described above, the presence and impact of contaminated analyses is dependent on the partition coefficient of that element (e.g., compatible vs. incompatible) in a specific phase. For example, as the average temperature of the calibration dataset increases, partition coefficients decrease (e.g., Figure 9) and the potential impact of contaminated analyses of the mineral increases. This would create a series of expressions with incrementally different levels of uncertainty, that is dependent on the average temperature of the experiments in the calibration dataset. It is important to re-iterate here that compositional heterogeneity of the phases in an experimental charge is a physical and chemical characteristic of that experiment and cannot be corrected. For example, as opposed to phase equilibria experiments, most trace element partitioning experiments reach local equilibrium within the charge due to the slow diffusion characteristics of certain trace elements as well as compositional zoning in phases. Because of this, as one analyzes the trace element experiments, partition coefficients are calculated using the mineral/melt pairs that are spatially closest to one another. This should not be confused with the multiphase analysis. Multiphase/contaminated determinations are an analytical artifact and can be corrected if all the component analyses are known.
5.3 Comparative analytical uncertainty
Ultimately, our ability to predict the partitioning behavior of trace elements is dependent on the uncertainty related to the experimental database with which we calibrate our models. Predictive power of the models is limited to the degree to which the experiments achieve equilibrium and sensitivity of the analytical tools applied in addition to the degree to which multiphase analyses are included in the reported data. Therefore, we can use measures of the instrument precision, whether in the form of counting statistics or multiple analysis of a standard, as a metric against which we can judge the predictive power of the model. Specifically, our predictive models should produce results as close to instrumental precision as possible.
Despite the fact we cannot access the individual analyses of mineral-melt pairs that were averaged to make the reported concentrations, we can indirectly assess the uncertainty of trace element measurements by comparing the concentration to reported relative 1σ standard deviation of the average. If we make the initial assumption that the source of error of the measurements is related to counting statistics, reported concentrations of trace elements would be expected to result in relatively high uncertainty at low concentrations (mineral-meltDi<1) and less uncertainty at higher concentrations (mineral-meltDi>1). Given the differences in the sensitivity of different instruments, one can only generalize regarding the source of uncertainty. When we examine the uncertainty (1σ as a fraction of the reported value) vs. concentration in orthopyroxene for Sc, Yb, and Zr (Figures 6–8), even at relatively higher concentrations (e.g., Sc > 1,000 ppm, Yb > 200 ppm, Zr > 20 ppm) the uncertainty of the LA ICP-MS analyses is on the order of 10%–20%. This variability is not observed in measurements of standard NIST-612 from three separate LA ICP-MS runs (Betts et al., 2025) that all have less than 0.02 uncertainty (reported 1σ deviation/average value) in the values of the trace elements in the pyroxene in an experiment. This indicates that the range of uncertainty, particularly for LA ICP-MS measurements, cannot solely be attributed to analytical error related to counting statistics. Overall, the experimental results report analytical uncertainty at least an order of magnitude higher than what can be attributed to instrument related uncertainty.
The impact on the reported values for partition coefficients that can be related to differences in analytical approach has not been addressed in previous orthopyroxene-melt partitioning models (Bédard, 2025). However, we know that the analytical volume of laser LA ICP-MS (50 µm) and SIMS (5 µm) are important factors in the determination of the probability of contamination. In addition, inclusion of glass in the analyses are more likely to occur in minerals with skeletal or acicular crystal habits that are the common form of orthopyroxenes in partitioning and phase equilibria experiments or inclusions of melt or other minerals in orthopyroxene. The larger uncertainty related to microanalytical results of experimental charges compared to homogeneous standards is consistent with a greater degree of heterogeneity at lower spatial resolution and resultant contamination of analyses associated with the larger analytical volume for LA ICP-MS compared to SIMS. The impact of melt contamination is dependent on the relative concentration of a given trace element in the mineral vs. the melt. In general, the impact of multiple phases in the analytical volume will depend on the partition coefficient for that element and is a function of the analytical volume (Nielsen et al., 2017), the lower the partition coefficient, the greater the impact of contamination. For example, for an element with a partition coefficient of 0.1, 1% contamination will cause the apparent partition coefficient to increase by 9%. If the partition coefficient is 0.001, 1% contamination will cause the apparent partition coefficient to increase by an order of magnitude (Table 5 of Nielsen et al., 2017).
5.4 Quantifying the impact of multiphase analyses
The impact of melt contamination can be assessed by considering the case of adding 1% contamination by weight of the melt paired with each measurement, the impact is small for lnDYb and lnDSc (Figure 10a), which are both more compatible than most other REE and HFSE in orthopyroxene (opx-meltDSc3+>opx-meltDYb3+>opx-meltDTi4+>opx-meltDZr4+>opx-meltDCe4+>opx-meltDCe3+). However, measurements with the lowest lnDZr (Figure 10b) behaves as if it was more compatible by two log units, even after only 1 wt% contamination. This effect is even more striking between elements such as Ce and Yb with lower partition coefficients than Zr, Ti, Sc and Yb (Figure 10c). Even with small amounts of melt contamination, the resulting “contaminated” partition coefficients for incompatible elements will increase significantly. Equally important, the effect of contamination results in less scatter of partition coefficients in more compatible elements (e.g., Sc, Figure 10a) than less compatible elements (e.g., Sm, Figure 10c). There is about one log unit of scatter in lnDSc via LA ICP-MS vs. two in the values of lnDSm obtained via LA ICP-MS. It is important to note here that all highly incompatible elements will be impacted by the inclusion of multiphase analyses and this impact will be more pronounced when their values are used in the denominator of a metric we use for evaluating degree of melting or the composition of a reservoir (e.g., CO2/Nb).
Glass contamination can be identified prior to publication if one compares EMP and LA ICP-MS values of individual analyses from a single experiment. Specifically, we can compare the relationship between an element that has a relatively low concentration that is measurable by both EMP and LA ICP-MS with the concentrations of the trace element evaluated. For example, Nielsen et al. (2017) used the LA ICP-MS measurement of Mg in plagioclase to exclude analyses that contained Mg concentrations outside of 1,600 ± 200 ppm based on the clustering of Mg concentrations in that experiment. For each mineral, a different minor element component for that phase should be used (e.g., Si for oxides, Al for olivine, Ca or Ti for orthopyroxene). This data filtration process could be standardized to ensure internally consistent partition coefficients for modeling.
5.5 Compositional dependence of Ti and Zr in pyroxene/melt partitioning
The relationship between DZr and DTi between melt and mafic minerals has commonly been used to estimate extent of partial melting (Johnson et al., 1990; Warren, 2016). In the case of melting of a lherzolite protolith, clinopyroxene is the dominant phase controlling the trace element budget. Additionally, Ti and Zr are both analyzable (concentrations significantly above the detection limits) in mid-ocean ridge basalt (MORB) lavas. Partition coefficients for Ti and Zr are much lower in orthopyroxene than clinopyroxene. Therefore, understanding the behaviors of Ti and Zr in both clinopyroxene and orthopyroxene is critical for our ability to quantify the impact of high percents of melting in the lower crust and upper mantle.
If we compare lnDZr vs. lnDTi for clinopyroxene and orthopyroxene, the orthopyroxene/melt partitioning results exhibit no consistent correlation and tend to either cluster or trend only within experiments from the same investigations (Figure 11a). This is not the case for clinopyroxene (Figure 11B) which shows a tighter correlation between lnDZr and lnDTi. This correlation in lnDZr and lnDTi for clinopyroxene is in spite of the wider range of composition where clinopyroxene is stable (Cung et al., 2023) and the larger number of experiments, both of which could contribute to increased scatter. The narrower range of prx-meltDi values may be attributed to Zr and Ti having higher compatibilities in clinopyroxene than orthopyroxene (Supplementary S1), and therefore less likely to be impacted by contamination. The lack of a coherent trend for orthopyroxene/melt between lnDZr and lnDTi (Figure 11a) could arguably be related to contamination with glass or to uncertainty with respect to the structure state of the mineral (e.g., are they really orthopyroxene?).
[image: Two scatter plots (a) and (b) compare opx/melt and cpx/melt \(\ln DZr\) against \(\ln DTi\) using various datasets. Plot (a) presents data from multiple studies, each represented by different colored and shaped markers, indicating variations in the values. Plot (b) shows data from Cung et al., 2023, as uniform pink circles with a positive trend. Both axes in each plot are logarithmic scales.]FIGURE 11 | Differences between orthopyroxene and clinopyroxene partition coefficient correlation. lnDZr vs. lnDTi pyroxene/melt of Zr measurements in the database for each experiment for orthopyroxene (a) and clinopyroxene (b). Orthopyroxene data is divided based on experiment publication to highlight clustering. lnDZr vs. lnDTi shows a stronger correlation in clinopyroxene than in orthopyroxene.We also observe decoupling of the DTi and DZr values as a function of wt% CaO in orthopyroxene and clinopyroxene (Figure 12). For both orthopyroxene and clinopyroxene, the majority of experiments have a DTi/DZr at or below 10. Nevertheless, the ratio increases at different rates as wt% CaO in pyroxene decreases. In clinopyroxene, the ratio of DTi/DZr is relatively constant above 9 wt% CaO, while DTi/DZr gradually increases as CaO wt% decreases. This behavior is even more striking in orthopyroxene, with consistent DTi/DZr between 2-4 wt% CaO and a larger rate of change in DTi/DZr as CaO wt% in orthopyroxene decreases compared to the ratio for clinopyroxene. Understanding why DTi/DZr is similar between clinopyroxene above 9 wt% CaO and orthopyroxene above 2 wt% CaO, as well as what influences the differences in the magnitude of change in DTi/DZr is fundamental to understanding the trace element signatures of the mantle as the degree of melting increases and clinopyroxene is exhausted.
[image: Scatter plot showing px-melt \(D_{\text{Ti}}/D_{\text{Zr}}\) versus CaO pyroxene (wt.%) with data for orthopyroxene and clinopyroxene. Blue circles represent orthopyroxene data from Nielsen and Ustunisik (2024), and pink circles represent clinopyroxene data from Cung et al. (2023). The x-axis ranges from 0 to 25, while the y-axis ranges from 0 to 100.]FIGURE 12 | Changes in the ratio of Ti to Zr partitioning as a function of CaO content in orthopyroxene and clinopyroxene. DTi/DZr vs. wt% CaO for orthopyroxene (light blue) and clinopyroxene (pink) from the traceDs database. For CaO values below 10 wt% CaO, DTi/DZr in clinopyroxene and orthopyroxene increases when CaO values are below 10 wt% and 2 wt%, respectively.5.6 Impact of multiphase analyses on the elastic strain model
The susceptibility of trace element measurements to contamination, and the dependence of the impact of contamination on the partition coefficients will impact the determination of elastic strain parameters (Young’s modulus) by broadening the base of the mineral-meltDi vs. ionic radius parabola (Onuma curve) and result in systematic bias in any predictive model based on such data (e.g., values for elements furthest from the ideal radius will be most prone to error). Since the inclusion of glass in the analytical volume will impact the apparent partition coefficient for the most incompatible elements, the result will be the broadening of the Onuma curve and the assumed rigidity of the structure (Figure 13). Note that the impact of contamination will move the points vertically on plots of mineral-meltDi vs. ionic radius. The degree to which the results from each experiment will be impacted will be a complex combination of the crystal size in the experiment, the analytical volume and the actual (uncontaminated) value of the partition coefficient. All three of these parameters are mutually independent.
[image: Graph illustrating the relationship between partition coefficient and cation radius. It features a solid curve showing uncontaminated data and a dashed curve indicating 1% melt contamination. Key points include \( r_o \), \( E_s \), and \( E^* \). Y-axis ranges from 0.001 to 0.1, while the X-axis is labeled "Cation radius."]FIGURE 13 | Sketch of Onuma diagram showing the impact of 1% contamination on the mineral-meltDi vs. ionic radius curve from which the Young’s modulus is calculated (Wood and Blundy, 2003). The magnitude of the offset is based on the model calculations described in Nielsen et al. (2017).As documented above, examination of the orthopyroxene/melt database has yielded a significant amount of circumstantial evidence indicating that the database contains a level of contamination that makes even first order estimates of uncertainty difficult. In the absence of individual mineral/melt pair analyses in the published literature for orthopyroxene/melt partitioning experiments, we can still examine the methods one may use to interpret such data if we were to have access. Towards that end, we developed a “synthetic” dataset the includes assumed levels of uncertainty, and applied the approach documented in Nielsen et al. (2017). Note that individual analyses for plagioclase/melt experiments were available to work with in that investigation. If there were published data on orthopyroxene/melt partitioning, it would be possible to use that data to make this case without making a synthetic dataset.
The synthetic data we created was based on a set of assumed concentrations for the orthopyroxene and glass (9 and 1,500 ppm Zr; 1.5 and 12.5 wt% CaO) and randomized analytical error (Figure 14). Modeled contamination was calculated assuming a randomized maximum of 4% contamination (resulting in a maximum level of 2% contamination). In addition, the model assumed that we could determine the average and standard deviation of the CaO content of the pyroxene and glass by EMP separately from independent model microanalysis by LA ICP-MS. The projected uncontaminated orthopyroxene can then be calculated as the intercept of the trend of modeled contaminated data and the CaO content as assumed to be derived by EMP. In this example (Figure 14), the projected value for uncontaminated orthopyroxene is 10 ppm. It is not exactly the model value due to the impact of the modeled analytical uncertainty–but is within the uncertainty of the randomized Zr values (green field).
[image: Scatter plot showing Zr (ppm) versus CaO (wt. %) with blue dots representing randomized orthopyroxene analyses limited to a maximum of 2 wt. % glass contamination. A dotted orange line illustrates the linear regression through contaminated orthopyroxene data, with a green shaded area representing uncertainty. A blue vertical line and shaded area indicate one sigma uncertainty in orthopyroxene CaO content by EMP. Labels indicate glass and orthopyroxene directions.]FIGURE 14 | Model results for the interpretation of a series of analyses subject to both analytical error and two component (orthopyroxene and melt) mixing. The assumed composition of orthopyroxene is 9 ppm Zr and 1.5 wt% CaO. The composition of the glass is 1,500 ppm Zr and 12.5 wt% CaO. The model data was assumed to have a randomized 4% uncertainty for CaO in orthopyroxene, a 1% randomized uncertainty in CaO in glass, a 10% randomized uncertainty in Zr in orthopyroxene and a 5% randomized uncertainty in Zr in the glass. Different sets of randomized numbers were used for the model EMP CaO than used for the model LA ICP-MS data. The model partition coefficient for Zr was therefore 9 ppm/1,500 ppm or 0.006 (consistent with the range of values within the traceDs database). The set of model orthopyroxene/melt mixed analyses were calculated assuming a randomized 4% maximum contamination. The uncontaminated orthopyroxene composition (10 ppm Zr, 1.5 wt% CaO) is represented by the intercept of the trendline through the calculated mixed analyses and the value of model EMP CaO. The average value for the model mixed analyses is 40 ppm Zr, 1.72 wt% CaO. If we were to have only that average, the value of the Zr partition coefficient would be 0.027, over 4 times the actual value. The average % contamination is 2% and would be difficult to detect unless we had access to all the data used to calculate the average. Note that the range of values and uncertainty are similar to that seen in the plagioclase/melt experimental results described in Nielsen et al. (2017).If we were to have only the average and standard deviation of the mixed analysis (40 ± 18 ppm Zr, 1.72 ± 0.13 wt% CaO), we would not have a means of detecting the level of contamination, and the model Zr partition coefficient would be 0.027, over 4 times the actual value assumed in the model. In addition, technically it is possible to project from the glass composition through the average of the (contaminated) mineral analyses to the intercept with the CaO derived from EMP. However, projection of the uncertainty represented by the 1σ of the average (±18 ppm) includes negative values of Zr in orthopyroxene, and therefore there is a significant probability withing the 1σ uncertainty of negative values for the partition coefficient (e.g., the uncertainty on the intercept is greater than the value of the intercept). It is important to note here that the slope of the mixing line (dashed line on Figure 14) is a function of the partition coefficient. For lower values of the partition coefficient, the intercept between the mixing line and the independently determined mineral composition will be closer to 0, magnifying the impact of the analytical uncertainty of the trace element values (documented in detail for Zr in plagioclase in Nielsen et al., 2017). The technique described above for estimating the partition coefficient is only possible if one has access to the individual analyses and can calculate the uncertainty on the regression (green field in Figure 14) which is significantly less than the 1σ on the average. The difference in the calculated uncertainty is due to the fact that regression analysis includes the associated uncertainty of two measured parameters.
6 CONCLUSION AND RECOMMENDATIONS
Constraining the behavior of trace elements in systems in which orthopyroxene is stable is important for developing quantitative models of igneous processes, especially during high degrees of partial melting. However, the level of uncertainty in the existing database of the orthopyroxene trace element partitioning experiments is such that it compromises our ability to develop predictive models for trace element behavior. The unique aspect of the low-Ca pyroxene partitioning database is the issue of the structural state of the specific low-Ca pyroxene, specifically distinguishing orthopyroxene from pigeonite. This has generally been based solely on Ca content of the pyroxene (Figure 4). The experiments where structure was determined (Frei et al., 2009; van Kan Parker et al., 2010) are all relatively close to the 5.2 Wo% divide. The uncertainty with respect to the identity of the low-Ca pyroxene has led to complications in determining the significance of such differences in understanding the low-Ca pyroxene/melt partitioning behavior.
The major sources of uncertainty in the experimental determination of trace element partitioning are a) precision related to count rates and background determination for specific trace elements, b) heterogeneity of the phases (failure to achieve equilibrium) in the experiments and c) multiphase analyses where the analytical volume includes more than one phase. Count rates and background can be adjusted to improve precision can be achieved by re-analysis with different analytical parameters or improved detector sensitivity. Heterogeneity of the phases in the experiment is a physical and chemical characteristic of the specific experiment and cannot be corrected for, and can only be addressed by conducting additional experiments using different run time, capsules, etc. Contamination in the individual analyses can be identified by examination of all analyses for a specific element in an experimental charge. That distribution may be used to determine the magnitude of and make corrections for contamination. Such a determination cannot be performed using only the average and standard deviation of the analysis.
Incompatible elements are most sensitive to the analysis of glass in the analytical volume (Nielsen et al., 2017). This can be seen in the form of increased scatter in the reported composition and uncertainty (Figures 6–8) for more incompatible elements. For incompatible elements, inclusion of glass in the analytical volume of the mineral will lead to overestimation of compatibility of certain trace elements (Figure 9). The possibility of such a bias has been known for decades (McKay, 1989; Westrenen et al., 2001). It is important to note that the identification and correction of two-phase analyses cannot be achieved without the individual analyses on mineral-melt pairs.
LA ICP-MS measurements are more susceptible to glass contamination due to the large analytical volume (compared to SIMS and EMP). The impact of such analysis may be mitigated by filtering the individual analyses for contamination (Nielsen et al., 2017). Identifying the threshold of exclusion of multi-phase analyses can be accomplished by examining the individual analyses that were used to calculate the averages reported for each experiment. Additionally, these factors will impact the determination of elastic strain parameters (Young’s modulus) by broadening the base of the mineral-meltDi vs. ionic radius parabola (Onuma curve) and result in systematic bias in any predictive model based on such data (Figure 13).
The current state of the experimental partitioning database has internal inconsistencies that can create bias in developing predictive models for trace element partitioning behavior. In the past, we have not been able to report experimental details because of the limitations placed on authors by the journals. To address the issues related to the publication of experimental data, we recommend an upgrade in our best practices. Towards that end, we should require publication of.
	Individual analyses together with the average and standard deviation of the analyses.
	The detection limits for the elements of interests at the appropriate/relevant set of conditions.
	Repeat analyses of a secondary standard as an indicator of the instrument uncertainty (due to reduced influence of heterogeneity and absence of multiple phases).
	The results of the application of a projection technique (as described in Nielsen et al., 2017) to evaluate the degree to which analyses represent more than one phase.
	Images of the experimental charges with the analysis spots located on them.

Arguably, the single most important observation in this investigation is the difference (a factor of ∼10 or more) between the cited uncertainty for any specific trace element and the uncertainty represented by multiple analyses of a standard (Figures 6–8). If we can improve our publication protocol, we can narrow that gap and until we do that, we cannot fully understand how much we can improve the predictive power of our trace element models.
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