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Using a binocular microscope, olivine macrocrysts were hand-picked from crushed and sieved (0.5–1 mm) whole rock samples and subsequently mounted in 1-inch epoxy rounds. The rounds were polished, cleaned with ethanol, and then carbon coated. Major and trace element analyses of olivine macrocrysts were conducted on a JEOL Superprobe JXA-8230 (Electron Probe Microanalyzer; EPMA) in the Department of Earth and Environmental Sciences, University of Iowa. Energy Dispersive Spectroscopy (EDS) was used to initially screen the olivines to target high forsteritic (Fo > 85 %) olivine, as the focus of the study is to infer source lithology and relative concentrations of minor elements can be influenced by co-crystallization of other phases in less primitive melts with lower Fo % olivines. Each olivine was analyzed for the following elements; Si, Fe, Mn, Mg, Ca, Ni, Co, and Cr. The macrocryst data were collected over three sessions, targeting a minimum of 30 macrocrysts with Fo > 85 % per sample. Calibrations using natural and synthetic standards were performed at the beginning of each run. The EPMA settings are based on the method for high precision analyses published in Sobolev et al. [2007], with an acceleration voltage of 20 kV and 200 nA beam current. The analytical settings and the count times are provided in Supplementary Material 2 (page 1). The analytical reproducibility was tracked using replicate analyses of the San Carlos olivine standard from the Smithsonian (USNM 111321/44). The accuracy was assessed by comparisons with other published high precision analyses of the San Carlos olivine. These results are displayed in Supplementary Material 2 (page 1). Full olivine dataset can be found in Supplementary Material 2 (page 2). 
Al-in-olivine thermometry [Wan et al. 2008] was conducted on the same sample set, with the addition of olivines macrocrysts from Vatnafell, a subglacial tuya, located between the Lysusgarð and Ljósufjöll volcanic systems [see Burney et al. 2020]. Although high forsterite olivines were preferred, in order to maximize the temperature dataset, any available olivine-spinel pairs were analyzed. EPMA analyses were conducted over four sessions. The olivines were analyzed for Si, Mg, Al, Ca, Cr, Fe, Mn, Ni, Co, Ti, P, and V. The spinels were analyzed for Mg, Al, Ti, Mn, Fe, Cr, Ni, and V. EPMA calibrations using natural and synthetic standards were performed at the beginning of each run. An acceleration voltage of 20 kV and currents of 200 nA and 20 nA were used for olivine and spinel, respectively. The count times and beam settings were chosen to ensure detection limits low enough (~ 10–12 ppm) to accurately quantify Al2O3 in olivine. The analytical precision and reproducibility were tracked by replicate analyses of the San Carlos Olivine (USNM 111321/44) and Chromite (NMNH 117075) standards. The analytical precision of Al2O3 was 1σ = 0.002 wt% in olivine, for Al2O3 and Cr2O3 in spinel the precision was 1σ = 0.06 wt% and 1σ = 0.7 wt% respectively. The specific analytical settings, count times, and standard reproducibility can be found in Supplementary Material 2. It should be noted that the count times between the high precision and thermometry olivine analyses are different. Initially, the macrocryst analysis procedure included Al, however, I was unable to accurately reproduce published Al values for San Carlos olivine. We found that the addition of an extended wavelength peak scan (> 6 minutes) for the Al peak at the beginning of each run corrected this problem and allowed us to reduce the total count times for all elements. The results for the olivine standard, using both methods, are displayed separately in Supplementary Material 2 (page 1). 
	One of the challenges for the Al-in-olivine thermometer is accurately quantifying the Al concentration in the olivine due to the 1) low concentrations; and 2) spatial heterogeneity. In order to address the low concentrations, beam current and/or count times must be increased to facilitate greater X-ray generation from the sample and/or better counting statistics [Sobolev et al. 2007]. Al concentrations in natural olivine can be heterogeneous and the geothermometer is particularly sensitive to small variations [Matthews et al. 2016; 2021]. Mineral and melt inclusions can also affect the Al distributions in a host mineral. Two recent papers which employ the Al-in-olivine geothermometer on Icelandic tholeiitic basalts approached the analysis procedure quite differently. Spice et al. [2016] used point analyses at least 100 µm away from the spinel to avoid Al2O3 diffusion from the spinel. Matthews et al. [2016] used line scans and selected an average based on a plateau of points in proximity to the spinel to quantify the Al2O3 in olivine that is most likely in equilibrium with the spinel. Despite the different analytical approaches, there is agreement in the overall thermometry results between the two studies [Matthews et al. 2016]. For this paper we opted for the point analysis approach. Additional considerations for opting for point analyses over line scans included an overall shorter analytical time (thus allowing analysis of more olivine-spinel pairs). Most importantly, the olivine and spinel analyses could be run serially with the respective standards to ensure better accuracy and reproducibility. In order to account for compositional heterogeneity, each mineral (olivine and spinel) core was analyzed with three random points. Backscatter imaging was used to ensure the point selection avoided observable zoning. Each analytical olivine-spinel pair was evaluated for good totals (100 ± 3 %) and accurate stoichiometry. Note, after completion of this project, Matthews et al. [2021] observed that Al variability in olivine did not correlate with Mg-Fe zoning visible in backscatter imaging. Matthews et al. [2021] recommend making Al content maps of olivine crystals to avoid anomalous Al concentrations. 
The Al-in-olivine thermometer of Wan et al. [2008], subsequently updated by Coogan et al. [2014], is applicable only for spinels that match the range of compositional parameters of those used in the calibration experiments which is Cr # of 0–0.69, Fe3+ atoms per 4 O atoms of 0–0.11, and <0.025 Ti atoms per 4 O atoms. These values were used to screen the Snaefellsnes spinel data used for application of the Al-in-olivine geothermometer. Most of the spinels analyzed fall within these calibration parameters. In total only ~15 % of the spinels had >0.11 Fe3+ and >0.025 Ti atoms per 4 O atoms. Although there is a correlation between high Fe3+ and Ti atoms per 4 O in the olivines, it is not a perfect correlation. Two of the sampled flows had spinels that were just outside the calibration parameters. Prestahraun (Snæfellsjökull) and Vatnafell had average Ti atoms per 4 O of 0.028 and 0.032, respectively. The average calculated temperatures for the Prestahraun olivine are within error of the other Snæfellsjökull samples (Sandhraun and Búðahraun), 1193 °C versus 1192 °C. The average temperature for the Vatnafell samples is 1217 °C, within error of crystallization temperatures (1212 °C) estimated using an olivine–clinopyroxene Fe-Mg exchange thermometer [Burney et al. 2020; Loucks 1996]. Given the spatial proximity and temperature agreement with another geothermometer, the analytical details for these two samples have been included in the summary list in italics in Supplementary Material 2 (page 3).	Comment by Behnaz Hosseini: This isn't in the references at the end.	Comment by Jacob Siebach: added
Coogan et al. [2014] found a positive linear correlation between phosphorus and Al concentrations in the experimental results. Although the mechanism for Al incorporation into olivine is not yet clear, the presence of P might facilitate an increase in the Al content in olivines, potentially through a coupled substitution (P5+ + Al3+ = 2 Si4+) and thus give rise to apparently elevated temperatures [Coogan et al. 2014]. This necessitates a correction to Al values when high P is present to estimate the P-free Al content [Coogan et al. 2014]. For this study 90 % of all olivine macrocrysts have extremely low P < 50 ppm and show no correlation with Al concentrations. The highest P value for all the olivine macrocrysts analyzed is only 116 ppm (0.027 wt% P2O5). In total 4 samples (Prestahraun, Helgastadir, Berserkjahraun B and D) had slight positive correlations between P and Al, however, regressing the Al values back to P = 0 resulted in crystallization temperatures within error of the original temperatures. Therefore, no correction to the Al concentration is warranted. 
I used the updated calibration of the Al-in-olivine thermometer from Coogan et al. [2014]. The equation and variables are presented above (Equation 1). 
Initial data filtering for outliers was achieved by first calculating the Al2O3 ratio between each olivine and spinel pair (i.e., Al2O3 olivine / Al2O3 spinel). The ratio for each pair was then used to calculate an average and standard deviation for each flow. A 95% confidence interval was calculated and any data point that fell outside of the confidence interval was excluded from the final dataset. The average and standard deviation for the remaining olivine and spinel pairs were run through a Monte Carlo simulation, similar to Matthews et al. [2016], to allow propagation of analytical errors to the calculated temperature estimate. The mean and standard deviation were used to generate 10,000 random pairs of ‘new’ data following a Gaussian distribution with the same mean and standard deviation. These ‘new’ olivine and spinel data pairs were then used to calculate a final average temperature and error for each host-inclusion pair. Where the standard deviation of the original three analyses (olivine or spinel) was less than the reproducibility of the standard, the error on the standard was used. Coogan et al. [2014] reported that the accuracy of the Al-in-olivine thermometer as ± 20–22 °C, therefore, any of the calculated errors < 20 °C have been set at 20 °C to reflect the inherent uncertainty in the thermometer. The final data tables used in the thermometry calculations can be found in Supplementary Material 2 (page 3).
The Ljósufjöll system shows the highest temperatures (>1310 °C) which are distributed between 3 flows: Rauðhálsahraun, Staðarhraun, and Helgastadir, all three flows fall within 13 km of each other. Thus far, the highest observed maximum crystallization temperature for the NVZ/WVZ and Snaefellsnes are 1399 ± 20 °C [Matthews et al. 2016] and 1351 ± 20 °C (this study). 
The covariation of crystallization temperature with forsterite content can be illustrated by modeling the forsterite content of olivine crystallizing from a cooling melt (using Petrolog3: [Danyushevsky and Plechov 2011]). Figure 5 shows the cooling trends for two melts [after Matthews et al. 2016], the solid line represents the cooling trend of a melt sourced from a garnet peridotite (KR4003; [Walter 1998]), and the dotted line represents the cooling trend of a melt from an enriched peridotite (KG1; [Kogiso et al. 1998]). These experimental melt compositions have been inferred to be broadly representative of the depleted and enriched end-member components of the primary rift zones in Iceland (i.e., Northern and Western Volcanic Zones; [Shorttle and Maclennan 2011]). Both cooling trends assume olivine is the only crystallizing phase. The Snaefellsnes major element data generally follows the trend for initial olivine fractionation followed by crystallization of olivine + plagioclase + clinopyroxene [Jennings et al. 2019]. This suggests that most of the variability in the temperature data can be explained by mineral fractionation during melt evolution [Matthews et al. 2016]. 	Comment by Behnaz Hosseini: This isn't in the references at the end.	Comment by Jacob Siebach: added
	Whole rock data for the samples in this paper were used in Figure 2 and are included in Supplementary Material 2 (page 4). These values were determined via ICP-MS at the University of Iowa and XRF at Brigham Young University. Full analytical methods including standard data are included in Siebach [2023].
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