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Abstract 35 

 Equilibria between plagioclase and ferrobasaltic melt in low-pressure, dry melting 36 

experiments can be demonstrated near the liquidus. Further analyses of melting 37 

experiments using optimized beam conditions reveals that previous data for 38 

understanding the Skaergaard intrusion potentially suffered from the analytical 39 

inclusion of non-equilibrated components in the average plagioclase compositions. 40 

New reversal experiments demonstrate convergence between plagioclase rim 41 

compositions in melting and crystallization products for a ferrobasaltic melt and thus 42 

support equilibrium relations. The new dataset provides tighter bounds on 43 

experimental plagioclase composition and documents composition-dependent 44 

partitioning of Na and Ca between plagioclase and melt. Application of the results to 45 

modeling the Skaergaard requires only minor adjustments to the previously proposed 46 

liquidus temperatures and liquid line of descent.  47 

 48 

Keywords: plagioclase, melting experiments, equilibrium, Skaergaard intrusion, 49 
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Introduction 51 

 Plagioclase is ubiquitous in low-pressure melting experiments involving 52 

ferrobasalts with Skaergaard affinities (e.g., Biggar, 1974; Hoover, 1989; Juster et 53 

al., 1989; Snyder et al., 1993; Toplis and Carroll, 1995). Because of sluggish 54 

reaction kinetics and difficulties in attaining and demonstrating equilibria, 55 

specifically in dry melting experiments, attention is required when products are 56 

evaluated and experimental plagioclase are used in petrogenetic modeling (Johannes, 57 

1978; Johannes and Koepke, 2001; Morse, 2010).  58 

 Melting experiments are typically performed on a fine powder of the rock of 59 

interest (or its synthetic equivalent) pressed into a pellet and inserted directly into a 60 

furnace at the desired final melting temperature. The pellet typically equilibrates 61 

toward stable equilibria from its original mineral content and compositions within 12 62 

to 24 hour duration. Although equilibrium can normally be demonstrated for olivine 63 

and pyroxenes, it is often difficult to obtain and document stable equilibrium for 64 

plagioclase. The reason is that the attainment of stable plagioclase equilibrium 65 

typically is restricted to the development of narrow marginal mineral zoning and the 66 

preservation of unreacted sodic fragments in cores of plagioclase grains (Johannes 67 

and Koepke, 2001). In order to account for this, experimentalists direct the electron 68 

beam to the marginal parts of plagioclase grains. Despite such caution, published 69 

plagioclase analyses still are often associated with large uncertainties particularly for 70 

low temperature melting experiments that may be related to the incorporation of 71 

unreacted parts in recorded averages.  72 

 Johannes and Koepke (2001), therefore, in a study of plagioclase equilibria in 73 

melting experiments have expressed the view that most experimental results are not 74 

even close to equilibrium, contrary to the opinion of their authors. Another view has 75 

recently been voiced by Morse (2010), suggesting that the existing low-pressure 76 

experimental plagioclase-melt database suffer from endemic metastable equilibria 77 

and is of little use for evaluating equilibrium conditions.  78 

 On this background, we re-evaluate our previous plagioclase-melt data (Thy et al., 79 

2006) using new, optimized, high-resolution, back-scattered electron (BSE) images 80 

and narrow electron-beam analyses. We confirm that incomplete reactions can 81 

explain the large uncertainty in many existing plagioclase-melt data (Grove et al., 82 

1982; Grove and Bryan, 1983; Beard and Lofgren, 1991; Toplis and Carroll, 1995; 83 
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Thy et al., 2006) and outline the simple experimental and analytical techniques 84 

required for studying basaltic plagioclase-melt equilibrium relations. We further 85 

report the positive result of new convergence experiment demonstrating that 86 

plagioclase equilibria can be obtained in melting experiments on ferrobasaltic 87 

magmas. The improvements in our plagioclase dataset from 2006 have minimal 88 

effects on modeling the liquid line of descent for ferrobasaltic magmas (Thy et al., 89 

2006, Thy et al., 2008; Thy et al., 2009b) and on estimating the liquidus 90 

temperatures for the Skaergaard intrusion (Thy et al., 2009a).  91 

 92 

Experimental Procedures 93 

 The experimental products re-examined in this study were originally described by 94 

Thy et al. (2006) in a study of Skaergaard dikes (FG1). All samples are from dike 95 

swarms believed to be associated with the Skaergaard intrusion and its liquid line of 96 

descent (Nielsen, 1978). The majority of experiments were performed on chilled 97 

margin samples without or with only submicroscopic plagioclase (Am, Bm, and Cm; 98 

Brooks and Nielsen, 1990). The remaining sample (Dc) was from the center of a 99 

dike that contains fresh groundmass plagioclase (Brooks and Nielsen, 1978). All 100  

samples were finely powdered to an estimated maximum grain size of 10 µm and 101  

were not dried above ambient temperature.  102  

 The new data reported here are for a subset of the original one-atmosphere 103  

experiments all of which represent near liquidus conditions. These run products 104  

contain between 94 and 80 % melt, 5 to 12 % plagioclase, and small amounts of 105  

olivine (all by weight). In addition, we present in Table 1 results of one-GPa melting 106  

experiments performed in a standard ½” piston-in-cylinder press with powders of 107  

Am and Cm contained in graphite capsules. The high-pressure experimental 108  

products contain 60 to 70 % melt, 24 to 30 % high-Ca pyroxene, and 6 to 11 % 109  

plagioclase. Details of the experimental conditions for the new and previous 110  

analytical results are summarized in Table 1. 111  

 All experiments, except one (FG1Cm-19), were melting experiments, meaning 112  

that the powders were directly brought from room temperature to the desired 113  

experimental temperature and held there until quenched in air. The experimental 114  

durations varied between 22 and 94 hours. The one–atmosphere experiments used 115  

the standard wire-loop techniques in a vertical quench furnace with gas-mixing 116  
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control at the fayalite-magnetite-quartz oxygen buffer. For the high-pressure 117  

experiments the assembly consisted of a CaF2 pressure medium surrounding a 118  

graphite resistance heater, capsule and internal spacers of MgO. Temperature was 119  

controlled within ±5º C using a D-type thermocouple (without corrections for the 120  

pressure effect on emf readings), and thermal quenching was achieved by cutting 121  

power to the heater.  122  

 The results of a convergence experiment are summarized in Table 2 using a 123  

titanium-rich ferrobasalt from the East Greenland plateau lavas. The first experiment 124  

was a melting experiment ramped at >300 oC/min to the dwell temperature of 125  

1132oC, below the liquidus temperature and kept there for 24 hours after which the 126  

product was quenched in water. The second experiment was a dynamic 127  

crystallization experiment made by letting the temperature oscillate around the 128  

expected liquidus decreasing the cooling rates with each cycle (5 oC/min and 1 129  
oC/min). The final dwell temperature was at 1145 oC for duration of 76 hours (see 130  

Table 2 for details). 131  

 132  

Analytical Procedures 133  

 The selected experimental products were previously analyzed in the early 1990’s 134  

using a CAMECA SX-50 electron microprobe. At that time the mineral phases were 135  

analyzed using a narrow beam (1-2 µm) and glasses were analyzed using a broad 136  

beam of 10-µm diameter to avoid sodium loss. The analytical procedures used by 137  

Thy et al. (2006) were representative of common strategies used for analyzing 138  

products of melting experiments involving plagioclase (e.g., Drake, 1976; Kinzler 139  

and Grove, 1992). It is, however, important to note that the BSE image technique 140  

used by Thy et al. (2006) was optimized to distinguish among all silicate phases, 141  

including the pyroxenes, and by so doing was unable clearly to detect small 142  

differences in plagioclase compositions. Consequently, we found and noted large 143  

variations in anorthite-content with standard deviations often reaching 4-6 % An 144  

(1σ). Such large standard deviations were attributed to incorporation of unreacted 145  

cores in the average value in marked contrast to coexisting olivine with standard 146  

deviations normally well below 0.5 % Fo (1σ) (Thy et al., 2006).  147  

 The experimental near-liquidus products of Thy et al. (2006) selected for this 148  

study contain plagioclase contents sufficiently high to allow multiple analyses of 149  
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grain rims. The new analyses were performed using a CAMECA SX-100 electron 150  

microprobe, employing the same mineral standards and beam conditions as for the 151  

2006 study. However, this time the back-scattered electron (BSE) imaging resolution 152  

and contrast were optimized to allow us to distinguish plagioclase compositions with 153  

an absolute variation of 1-2 wt. % Na2O, or about 10 % An-content (Table 1).  Table 154  

3 summarizes the new analytical results, while the previous dataset can be found in 155  

Thy et al. (2006). The products of the convergence experiment were analyzed using 156  

the same method as used for reanalyzing the older experimental products with the 157  

results summarized in Table 2. 158  

 159  

Results and Discussion 160  

 The BSE images summarized in Figure 1 illustrate that it is possible to distinguish 161  

between plagioclase rims and cores based on mean-atomic-density variation. The 162  

cores appear as irregular dark regions with low mean-atomic density (high sodium). 163  

The overall shape varies from large (~50 to 100 µm), highly irregular, sieve-textured 164  

grains (FG1Am and FG1Cm; Figure 1) to smaller (10-50 µm) grains with irregular 165  

and embayed margins (FG1Bm and FG1Dc; Figure 1) to partially faceted growth 166  

surfaces (e.g., FG1Dc; Figure 1). The cores often contain minute grains of oxides. 167  

Sieve-textured grains sometime outline an overall rectangular fabric reaching about 168  

100 µm in their longest dimension. The presence of compositionally identical rims 169  

through sieve-textured grains suggests connectivity allowing reaction and 170  

precipitation of compositionally similar plagioclase.  171  

 The contacts between rims and cores are in all cases highly irregular, suggesting 172  

partial resorption followed by precipitation of new plagioclase during heating as 173  

proposed by Johannes and Koepke (2001). There is no evidence of exchange 174  

between plagioclase cores and rims on the time scale of the experiments, consistent 175  

with the low interdiffusivities for plagioclase components (Grove et al., 1984).  176  

 There are a couple of experimental constraints and observations that have 177  

important bearing on the origin of the plagioclase textures. The original starting 178  

materials are powders containing very fine (<10 µm diameter) fragments much 179  

smaller than many of the sieve plagioclase grains. Moreover, in thin section these 180  

sieve plagioclases are optically continuous and occasionally include euhedral olivine 181  

(FG1Am-9; Figure 1) or vice versa (FG1Am and FG1Bm; Figure 1). These 182  
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observations suggest that sieve-textured plagioclase nucleated and grew rapidly 183  

under supercooled conditions during heating. On approaching the final dwell 184  

temperature the grains were partially resorbed and/or overgrown by more An-rich, 185  

near-liquidus plagioclase. This interpretation also applies to sieve textured 186  

plagioclases observed in natural basalts attributed to constitutional supercooling 187  

during magma mixing or rapid ascent (Dungan and Rhodes, 1978; Tsuchiyama and 188  

Takahashi, 1983; Tsuchiyama, 1985; Nelson and Montana, 1992). It is noteworthy 189  

that sieve plagioclase are scarce in experiments using starting material from dike 190  

centers, i.e. FG1Dc, presumably because the presence of plagioclase crystal 191  

fragments (“seeds”) did not present a barrier to crystal nucleation. 192  

 In contrast to our one-atmosphere experiments, plagioclase in the one-GPa 193  

products show ubiquitous faceted rim growth sometimes as overgrowths on sieve-194  

textured plagioclase (FG1Am-1-8; Figure 1). Overall these high-pressure products 195  

display greater textural equilibration consistent with enhanced kinetics of reaction 196  

and diffusion at elevated pressure and perhaps the presence of small amounts of 197  

water remaining in the original starting material (e.g. Johannes, 1978; Johannes and 198  

Koepke, 2001).  199  

 200  

Assessment of plagioclase-melt equilibrium 201  

 Our refined operating conditions for BSE imaging of experimental products 202  

clearly distinguishes plagioclase rims with higher mean-atomic density (higher 203  

calcium-content) from cores with lower mean-atomic density (higher sodium-204  

contents) (Figure 1). The width of rims varies from a few microns to 20 µm (Figure 205  

1) and thus enables representative analyses to be obtained using an optimally sized 206  

electron beam without interferences from melt and plagioclase core material. Table 3 207  

summarizes the new core and rim analyses of plagioclase. The new rim 208  

compositions are systematically more calcic (An64-80) than the cores (An53-70), and, 209  

likewise, often more calcic than the average compositions reported by Thy et al. 210  

(2006) (An58-73). The latter averages consistently lie between the new core and rim 211  

compositions, although for starting materials FG1Bm and FG1Dc the old averages 212  

are indistinguishable from the new rim compositions within uncertainties. We can 213  

now show that some of our previous plagioclase data represented to varying extents 214  

analytical mixtures of core and rim that skewed the average An-contents to lower 215  
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values. This problem was more severe in experimental products in which there were 216  

only very thin rims of new growth on relict plagioclase. Figure 2 compares the new 217  

and old data as a function of final dwell temperature. The new data for rims 218  

approach the empirical fit of Thy et al. (2009a) based on experimental liquidus 219  

plagioclase from 450 experiments on North Atlantic ferrobasalts.  220  

 The plagioclase grains in the melting product of the convergence experiment 221  

showed the same distribution between sodic cores of An61.4 and calcic rims of An67.6 222  

found for the Skaergaard dikes (Table 2). The product of the dynamic crystallization 223  

experiments contained unzoned plagioclase of An68.9 and thus converged within the 224  

analytical uncertainty to the results of the melting experiment, clearly supporting the 225  

attainment of equilibria in the melting experiments. The distribution coefficient for 226  

sodium and calcium between plagioclase and liquid was likewise well reversed by 227  

the convergence experiment (Table 2).  228  

Reversal of the plagioclase liquidus was also demonstrated by Thy et al. (2006) 229  

for dike composition FG1Cm (their table 1, experiments 13 and 19) to within ±2-3 230  
oC. Experiment 13 was a melting experiment brought up from ambient to above the 231  

liquidus, while 19 was a crystallization experiment that was kept above the liquidus 232  

for 30 minutes before being lowered to below plagioclase saturation. The 233  

composition of plagioclase rims in this crystallization experiment (An70.9; FG1Cm-234  

19, Table 1) is identical within uncertainty to near-liquidus rim compositions in our 235  

melting experiments (An69.3-70.6; FG1Cm-10 and FG1Cm-8, Table 1).  236  

 An additional test of reversibility is possible by comparing the crystallization 237  

experiments of Toplis and Carroll (1995) to the melting experiments of Thy et al. 238  

(2006) for the same starting composition (FG1C). The natural dike sample used by 239  

Thy et al. (2006) was from the chilled margin (Brooks and Nielsen, 1990) of the 240  

same dike for which a central composition was synthesized by Toplis and Carroll 241  

(1995) from reagent-grade oxides and carbonates, only excluding MnO and P2O5. In 242  

table 1 of Thy et al. (2006) the compositions of the two samples are given as FG1Cm 243  

and FG1Cc, respectively. The plagioclase composition was An70.9 at a liquidus 244  

temperature of 1164±4 oC in the crystallization experiments of Toplis and Carroll 245  

(1995), which is similar to the liquidus plagioclase (An71.4; 1168±3 oC) in our 246  

melting experiment (Table 1). This demonstrates excellent interlaboratory agreement 247  
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and provides further evidence that near liquidus equilibrium was attained in both 248  

these melting and crystallization experiments.  249  

 250  

Distribution Coefficients 251  

 The compound distribution coefficient KD,std for the new plagioclase rim analyses 252  

and the melt (glass) analyses of Thy et al. (2006) vary from 0.80 to 1.09, where 253  

KD,std is defined conventionally on an atomic basis as (Na/Ca)pl/(Na/Ca)liq. A similar 254  

coefficient (KD,Morse) based on the distribution of anorthite (An) and albite (Ab) 255  

components between melt and plagioclase varies from 0.38 to 0.53, where the An 256  

and Ab contents for the melt come from the normative plagioclase composition of a 257  

standard CIPW norm calculation (Morse, 2010). For both definitions, there is a 258  

systematic increase in KD that generally correlates positively with iron and titanium 259  

contents of the melts as well as negatively with melting temperature (Thy et al., 260  

2006; Table 1). The similarly defined KD’s for the reversal experiment (Table 2) are 261  

1.06-0.95 (KD,std) and 0.46-0.43 (KD,Morse). The results are shown in Figure 3, using 262  

the binary linear partition diagram approach advocated by Morse (2000, 2010). 263  

Morse argues that true equilibrium for all low-pressure plagioclase-melt pairs 264  

requires a KD,Morse of ~0.26 as shown for the simple albite-anorthite and albite-265  

anorthite-diopside systems (e.g., Bowen, 1913, 1915). In contrast, the present results 266  

suggest a strong compositional control on KD,Morse for evolved basalt compositions 267  

(as is the case for KD,std). This is also predicted by the MELTS algorithm (Figure 3) 268  

and was observed by Toplis and Carroll (1995) in their experimental study of a 269  

Skaergaard dike.  270  

 271  

Pressure Effects 272  

 Morse (2010) showed that plagioclase KD,Morse for high-alumina basaltic magmas 273  

depends on pressure and found that extrapolation of data from 0.5 to 1 GPa (Fram 274  

and Longhi, 1992; Morse et al., 2004) to one atmosphere agreed well with the KD for 275  

the albite-anorthite-diopside system. A similar evaluation of our experimental data 276  

on the FG1 dikes (Table 1) shows that KD,Morse (and KD,std) is weakly dependent on 277  

pressure between one-atmosphere and one-GPa. Moreover, for such ferrobasaltic 278  

magmas the liquidus temperature of augite increases markedly with pressure at the 279  

expense of plagioclase until the latter ceases to crystallize at intermediate pressures 280  
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(0.8-1 GPa) (Green and Ringwood, 1967; Bender et al., 1978; Thy, 1991). In 281  

contrast, high-aluminous basaltic and jotunitic magmas retain plagioclase on or near 282  

the liquidus to high crustal pressures (Emslie and Lindsley, 1968; Fram and Longhi, 283  

1992; Morse, 2010). This is another timely reminder that the phase relations for 284  

ferrobasaltic magmas relevant to discussions of the Skaergaard intrusion are 285  

fundamentally different from the high-alumina magmas of the Kiglapait intrusion 286  

(Morse et al., 2004; Morse, 2010).  287  

 288  

Liquidus temperature of the Skaergaard Intrusion 289  

 The principal motivation for the empirical plagioclase thermometer of Thy et al. 290  

(2009a) was to constrain the thermal history of the Skaergaard intrusion from 291  

cumulus plagioclase composition. The experimental database of plagioclase-melt 292  

pairs used for the model included about 450 one-atmosphere melting experiments 293  

performed on 50 different North Atlantic basaltic rocks; only 9 of the starting 294  

materials were Skaergaard-related dikes. The An-contents for plagioclase ranged 295  

from a high of 88 to a low of 40, covering most of the compositional range of 296  

plagioclase in gabbroic rocks of the Skaergaard intrusion. Regressing the entire 297  

dataset for plagioclase An-content (in mole %) versus temperature originally yielded 298  

the relation: T (oC) = 899 + 3.6 ∗ An (± 20 oC 1σ). We attributed this large 299  

uncertainty to the diversity of basaltic rocks used in the experimental studies and the 300  

likely inclusion of some non-equilibrium plagioclase grains in this large dataset. Had 301  

we restricted consideration to the subset of near-liquidus experiments with > 70 % 302  

melt and excluding all our experiments on the Skaergaard-related dikes, the 303  

regression would be T (oC) = 933+ 3.2 ∗ An (± 18 oC 1σ). If the regression is forced 304  

through the same intersection as in the original regression (An30 at 1007 oC), the fit 305  

gives T (oC) = 895 + 3.8 ∗ An (± 19 oC 1σ). Both of these regressions are 306  

indistinguishable within error to our original fit to the entire North Atlantic 307  

experimental dataset (see Figure 2 for comparison). The rationale for the above 308  

forced regression is that the low temperature point is reasonable well constrained by 309  

direct melting experiments on final differentiation products of the Skaergaard 310  

intrusion (Tilley et al., 1963; Lindsley et al., 1969).  311  

 Regardless of which fit is preferred, Figure 2 shows the very close agreement 312  

between our new plagioclase rim compositions for the Skaergaard-related dikes and 313  
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model compositions. This is reassuring considering that the equation of Thy et al. 314  

(2009a) also agreed closely with independent liquidus determinations for other 315  

Skaergaard rocks (Hoover, 1989; McBirney and Naslund, 1990) and predictions of 316  

forward modeling by Ariskin (2003). These considerations do not resolve the 317  

discrepancies between the Thy et al. (2009a) and Morse (2008) plagioclase 318  

geothermometers; the latter predicting markedly higher liquidus temperatures during 319  

the early stages of Skaergaard evolution, although both models converge to similar 320  

temperatures at the Sandwich Horizon end-stage. The estimated high temperature 321  

differences between the two thermometers amounts to 58 oC (equivalent to 322  

crystallization of LZa and LZb combined). The uncertainty of the thermometer of 323  

Thy et al. (2009a) is ±20 oC at the 1σ level. The uncertainty in the temperature 324  

estimates of Morse (2008) is not available. However since both thermometers are 325  

based on the same type of data, it may be reasonable to assume that the uncertainties 326  

also are largely similar. Thus, at the 1σ confidence interval, the results are 327  

systematically different at the temperatures of the LZ, but converge for the low 328  

temperature crystallization interval of the UZ. We hypothesize that the differences in 329  

the two thermometers largely arises from the attempt to extrapolate the plagioclase 330  

liquidus relations for model Kiglapait magmas (high-alumina basalt) at 0.5 GPa 331  

(Morse, 2004) to the low-pressure conditions applicable to Skaergaard (Morse, 332  

2008).  333  

  334  

Forward modeling of the liquid line of descent for the Skaergaard intrusion 335  

 Given the improved dataset, it is worthwhile to consider the implications for 336  

forward modeling of the Skaergaard liquid line of descent. The model presented by 337  

Thy et al. (2006, 2009b) was based on our experiments on the Skaergaard-related 338  

dikes. Since we have demonstrated that some non-equilibrium plagioclase 339  

compositions were present in this dataset, it is prudent to assess their impact on the 340  

predicted liquid line of descent. The original calculated modes for the eight near-341  

liquidus, low-pressure melting experiments are given in Table 1. Our revised 342  

experimental modes based on the new plagioclase analyses are in close agreement 343  

with those of Thy et al. (2006). 344  

 The KD,std values used by Thy et al. (2006) in their forward modeling are as 345  

expected from Figure 2 slightly higher than the values based on the reanalysis of the 346  
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near-liquidus run products. Thy et al. (2006) showed that KD,std depends weakly on 347  

temperature (KD,std = 7.61 - 0.0057 * T oC). The new plagioclase rim analyses give a 348  

revised relation (KD,std = 5.35 - 0.0038 * T oC) predicting systematically lower KD‘s 349  

although the temperature dependence is similarly weak. For example, the KD,std 350  

calculated by Thy et al. (2009b) for preferred model ‘A’ at 1162 oC (based on lower 351  

zone a) is 1.02 and at 1000 oC (equivalent with the Sandwich Horizon) is 1.92. 352  

Similarly, the KD,std based on the revised regression for Skaergaard like dikes only 353  

(Table 1) yields 0.93 and 1.55, respectively. Figure 4 compares model liquid lines of 354  

descent for Skaergaard using the new and original (Thy et al., 2009b) 355  

parameterization of KD,std, respectively.  As expected, there is a small shift in 356  

plagioclase composition (from An70 to An72), but the differences diminish with 357  

differentiation. Likewise, the Na2O content of the Skaergaard magma after ~50% 358  

fractional crystallization (~1085 oC) predicted by the original model is 2.76 wt. % 359  

and 2.89 wt. % using the revised calibration, while after 75 % fractional 360  

crystallization (~1016 oC) Na2O is 3.11 and 3.46 % wt., respectively. It is possible 361  

that the effect of these changes in melt composition may slightly affect the liquidus 362  

temperature and also the modal proportions; however, the overall effects on the 363  

liquid line of descent for the Skaergaard intrusion are inconsequential. These 364  

adjustments to the plagioclase compositions bring our revised model into even closer 365  

agreement with those of Toplis and Carroll (1996) and Ariskin (2003).   366  

 367  
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Figure and Table Captions 491  

 492  

Figure 1. Back-scattered electron images showing plagioclase-melt relations for 493  

representative experiments from Table 1. The images are mean-atomic density maps 494  

where light plagioclase (usually as rims) is anorthitic and darker plagioclase (usually 495  

forming the cores) is more abitic. Ol - olivine.  496  

 497  

Figure 2. Plagioclase composition (An mole %) as a function of melting temperature 498  

(T oC). Shown are averages and standard deviations at the 1σ level. Included are the 499  

new plagioclase rim compositions from Table 1 compared to plagioclase “averages” 500  

reported by Thy et al. (2006). The letters ‘A’ to ‘D’ refer to the series of experiments 501  

on the FG1 dikes reported in Table 1 and Thy et al. (2006). The dashed black line is 502  

the empirical plagioclase thermometer of Thy et al. (2009a) based on 450 one-503  

atmosphere melting experiments on North Atlantic basalts. The solid grey line is a 504  

similar regression, but using only those experiments with > 70 % melt and excluding 505  

all experiments on the FG1 dikes. The dashed grey line is the regression of this same 506  

subset of data, but forced through 1007 oC and An30 as obtained on the original 507  

regression.  508  

 509  

Figure 3. Binary linear partitioning diagram of Morse (2000) where the mole 510  

fraction of anorthite in plagioclase (Xpl
An) is plotted against the ratio of the mole 511  

fraction of albite in plagioclase and liquid, respectively (i.e., D = Xpl
Ab / Xliq

Ab). 512  

Xliq
Ab is derived from CIPW normative plagioclase composition for the liquid. The 513  

slope of D versus Xpl
An is -KD,Morse. Curves for KD,Morse = 0.26 - 0.70 are plotted with 514  

0.26 being the value proposed by Morse (2000, 2010) for plagioclase-melt 515  

equilibrium in simple binary (Ab-An), ternary (Ab-An-Di) and natural basaltic 516  

systems at low pressure. Deviations from this value are considered due to 517  

plagioclase disequilibrium by Morse (2010) and purported to be ubiquitous in one-518  

atmosphere experiments on basaltic systems. Also plotted are our equilibrium one-519  

atmosphere results for FG1 compositions A, B, C and D defining a sloping array that 520  

cuts across KD,Morse contours from 0.26 to 0.46, along with data for 1 GPa falling on 521  

the 0.60 KD,Morse line. The increase in KD,Morse along the 1-atm array correlates with 522  

enrichment in FeO and TiO2. The grey dashed line is the trend for one-atmosphere 523  
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fractional crystallization buffered at FMQ predicted by MELTS (Ghiorso and Sack, 524  

1995) for the initial composition FG1-Cm. The MELTS results extends the trend to 525  

even higher KD,Morse shown by the one-atmosphere experiments, consistent with our 526  

conjecture that KD,Morse is compositionally dependent in naturally occurring basaltic 527  

magmas.  528  

 529  

Figure 4. An-content of plagioclase (mole %) versus temperature showing the results 530  

of forward modeling the Skaergaard liquid line of descent based on the original 531  

parameterization of Thy et al. (2009b) and the new parameterization for KD,std (this 532  

study).  533  

 534  

Table 1. Run conditions for near-liquidus melting experiments on FG1 dikes starting 535  

materials (see Thy et al. 2006), and "new" and "old" (Thy et al., 2006) plagioclase 536  

analyses for these run products. All experiments are of the "melting" type, where 537  

temperature is ramped to Tdwell and quenched after tdwell, except FG1Cm-19 that was 538  

held at 1177 ºC (~10 º above the liquidus) for 30 minutes and lowered at 500 ºC/hour 539  

to a Tdwell of 1168 ºC. The one GPa experiments are new; all 1-atm experiments from 540  

Thy et al. (2006). 541  

 542  

Table 2. Reversal/convergence experiment for ferrobasaltic magma (East Greenland 543  

basalt, GEUS 435068). Melting (JAS-78PT) and dynamic crystallization 544  

experiments (JAS-29PTB). All experiments at a fO2 of 10-9.3. 545  

 546  

Table 3. Summary of plagioclase analyses for near-liquidus melting experiments on 547  

FG1 dikes. See Table 1 for experimental conditions and Thy et al. (2006) for details 548  

and the compositions of the coexisting phases. 549  
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Sample Run P 
(GPa)

T dwell  

( o C)
t dwell 

(Hours)
% Melt % Plag % 

Oliv % Cpx † N
An % 
(1σ)

† N An % (1σ) † N An % (1σ)
|| 100*Ca/(Ca

+Na)

# Ca/(Ca+Na) 
Normative 
Plag (%)

§ K D,std
§§ K D,morse

FG1Am 13 0.0001 1173 22 87.2 (86.1) 9.3 (10.2)3.5 (3.7) 0 (0) 4 70.4 (0.7) 10 80.0 (1.6) 5 70.2 (1.5) 77.2 60.7 0.85 0.40
9 0.0001 1163 30 81.1 (80.2)10.6 (11.5)3.4 (3.6)4.5 (4.7) 4 68.5 (1.6) 9 80.6 (0.8) 7 69.6 (1.0) 76.8 60.0 0.80 0.38

FG1Bm 13 0.0001 1173 22 87.6 (87.3) 9.5 (9.7) 3.0 (3.0) 0 (0) 5 64.8 (2.6) 11 75.5 (0.9) 6 73.0 (3.6) 74.0 56.2 0.92 0.44

FG1Cm 19 0.0001 1168 29 100 <1 0 0 4 55.6 (6.6) 11 71.4 (0.8) 71.1 53.5 0.99 0.48
10 0.0001 1163 24 93.9 (93.9) 6.1 (6.1) 0 (0) 0 (0) 6 54.4 (6.4) 11 69.7 (3.3) 5 59.9 (2.4) 70.2 54.3 1.03 0.53
8 0.0001 1154 42 92.9 (92.7) 6.8 (7.3) 0 (0) 0 (0) 4 57.8 (7.2) 8 71.0 (0.6) 4 57.9 (4.1) 69.6 51.3 0.93 0.44

FG1Dc 4 0.0001 1135 24 92.3 (92.6) 5.4 (5.3) 1.9 (2.1) 0 (0) 7 57.7 (3.7) 11 65.9 (0.8) 6 62.4 (2.4) 66.7 47.6 1.04 0.48
3 0.0001 1126 67 86.4 (86.6) 9.4 (9.5) 3.7 (3.9) 0 (0) 4 56.6 (5.3) 9 64.6 (0.9) 5 60.0 (5.0) 66.5 40.6 1.09 0.47

FG1Am 1-8 1 1160 23 70.3 5.8 0 24.0 6 62.7 (5.1) 14 70.5 (1.6) 4 68.9 (1.7) 71.5 64.1 1.05 0.78

FG1Cm 1-22 1 1140 94 60.8 10.3 0 28.5 10 50.4 (7.2) 17 57.3 (2.2) 7 56.4 (2.1) 58.0 46.6 1.03 0.67

Table 1. Run conditions for near-liquidus melting experiments on FG1 dikes starting materials (see Thy et al. 2006), and "new" and "old" (Thy et al., 2006) plagioclase analyses for these run products. All 
experiments are of the "melting" type, where temperature is ramped to Tdwell and quenched after tdwell, except FG1Cm-19 that was held at 1177 ºC (~10 º above the liquidus) for 30 minutes and lowered at 
500 ºC/hour to a Tdwell of 1168 ºC. One gigapascal experiments are new; all 1-atm experiments from Thy et al. (2006).  

This study
* Calculated Modes [New (Old)] Plag Core Plag Rim Plag Liquid

‡Thy et al. (2006)

*Phase proportions (wt. %) estimated by least-squares mixing calculations (see Thy et al., 2006, for details).  "New" are modes based on new plagiolcase analyses; "old" in parentheses are those reported by Thy et al. (2006). 

|| Ca/(Ca+Na) ratio of liquid calculated on a cation basis x 100.

†N is the number of analyses comprising averages of cores, rims and possible "mixtures" (from Thy et al., 2006) with one-standard deviation given in parentheses.  Anorthite content (An %) given by the 
Ca/(Ca+Na) ratio on a cation basis x 100.         

§§ Compound partitioning coefficient for Ab and An between plagioclase and liquid calculated from the CIPW normative plagioclase according to Morse (2010) and given on a molecular basis. The liquid 
compositions are from Thy et al. (2006), except as indicated above.

# Calculation based on CIPW normative plagioclase components renormalized to 100 % on a cation basis.
‡ Liquid compositions are from Thy et al. (2006), except FG1Cm-19 (Na2O = 2.43 and CaO = 10.85, wt. %), FG1Am-1-8  (Na2O = 2.07 and CaO = 9.41, wt. %) and FG1Cm-1-22 (Na2O = 3.16 and CaO = 
7.91, wt. %) from this study.
§ Customary compound Na-Ca distribution coefficient for plagioclase/liquid calculated as the ratio (Na/Ca)pl/(Na/Ca)liq on a cation basis. 



Starting Material
Run Identification/Sample 436068
Thermal Regime
Final Dwell Temperature (oC) Whole Rock
Final Dwell Time (hours) XRF

Analysis
Plag Core † 1σ Plag Rim † 1σ Glass † 1σ Plag Unzoned † 1σ Glass † 1σ

N=2 N=7 N=10 N=7 N=8
SiO2 53.18 1.49 51.41 0.56 47.21 0.32 50.08 0.44 47.23 0.20 47.24
Al2O3 29.59 0.78 30.34 0.49 13.28 0.21 30.49 0.30 13.34 0.19 14.24
TiO2 0.16 0.04 0.18 0.02 4.85 0.07 0.99 0.10 4.52 0.08 4.24
Fe2O3 1.00 0.07 1.40 0.27
FeO 14.51 0.26 13.67 0.30 13.29
MnO 0.21 0.01 0.23 0.10 0.19
MgO 0.13 0.01 0.20 0.03 5.75 0.05 0.10 0.02 6.49 0.09 6.18
CaO 12.06 0.68 13.50 0.28 10.42 0.09 13.64 0.23 10.19 0.24 10.52
Na2O 4.19 0.49 3.57 0.13 2.61 0.05 3.45 0.14 2.70 0.08 2.76
K2O 0.26 0.05 0.19 0.02 0.75 0.02 0.09 0.02 0.47 0.12 0.69
P2O5 0.53 0.04 0.42 0.06 0.48
Total 100.57 100.79 100.12 98.84 99.26 99.83
* An % 61.4 4.1 67.6 0.6 68.6 0.7
§ KD,std 1.06 0.95
§§ KD,Morse 0.46 0.43

* Anorthite content (An %) given by the Ca/(Ca+Na) ratio on a cation basis x 100.  
‡ JAS-78PT is in addition also saturated in olivine (Fo74).
† 1σ, N is the one-standard deviation and number of analyses comprising averages of cores and rims.         

1132
24

# B
1145

76

Melting Dynamic Crystallization

# B - ramp at >300 ºC/min to 1190 ºC, dwell for 8h, cool at 5 ºC/min to 1095 ºC, heating at >300 ºC/min to 1175 ºC, cool at 1 ºC/min to 1145 
ºC/min, (final) dwell until thermal quenching in water. 

Table 2. Reversal/convergence experiment for ferrobasaltic magma (East Greenland basalt, GEUS 435068). Melting (JAS-78PT) and dynamic 
crystallization experiments (JAS-29PTB). All experiments at fO2 at 10-9.3. See text for details. 

‡ JAS-78PT JAS-29PTB

||  A - ramp at >300 ºC/min to (final) dwell temperature and quenching in air after (final) dwell time.

||  A



Sample-Run
Core † 1σ Rim † 1σ Core † 1σ Rim † 1σ Core  † 1σ Rim † 1σ Core † 1σ Rim † 1σ Core † 1σ Rim † 1σ

N=4 N=10 N=4 N=9 N=5 N=11 N=4 N=11 N=6 N=11
SiO2 51.13 0.15 48.67 0.42 51.94 0.35 48.76 0.42 52.21 0.87 49.26 0.32 55.14 1.96 50.67 0.34 55.51 1.93 51.46 1.02
Al2O3 30.61 0.13 32.70 0.33 30.17 0.50 32.03 0.54 29.83 0.34 31.86 0.27 28.26 1.27 31.01 0.51 28.77 1.20 30.30 0.52
TiO2 0.09 0.01 0.08 0.01 0.10 0.02 0.10 0.04 0.09 0.01 0.08 0.01 0.12 0.02 0.12 0.02 0.11 0.02 0.15 0.02
Fe2O3 1.02 0.21 1.07 0.08 1.13 0.09 1.47 0.24 0.94 0.12 1.00 0.09 0.87 0.13 1.30 0.23 0.91 0.14 1.59 0.22
MgO 0.30 0.05 0.26 0.04 0.27 0.03 0.39 0.10 0.20 0.06 0.24 0.02 0.18 0.03 0.30 0.06 0.08 0.02 0.30 0.09
CaO 14.12 0.13 16.05 0.34 13.65 0.33 16.12 0.20 12.87 0.57 15.21 0.18 11.19 1.35 14.42 0.21 10.87 1.35 14.00 0.62
Na2O 3.28 0.09 2.22 0.17 3.46 0.17 2.14 0.09 3.86 0.28 2.72 0.12 4.94 0.73 3.20 0.09 5.03 0.66 3.36 0.38
K2O 0.16 0.08 0.15 0.02 0.20 0.06 0.15 0.02 0.17 0.04 0.09 0.01 0.20 0.05 0.10 0.02 0.17 0.04 0.10 0.02
Total 100.71 101.20 100.93 101.15 100.18 100.45 100.91 101.13 101.44 101.25
An % 70.4 0.7 80.0 1.6 68.5 1.6 80.6 0.8 64.8 2.6 75.5 0.9 55.6 6.6 71.4 0.8 55.6 6.3 71.4 0.8

Core † 1σ Rim † 1σ Core † 1σ Rim † 1σ Core † 1σ Rim † 1σ Core † 1σ Rim † 1σ Core † 1o Rim † 1σ
N=4 N=8 N=7 N=11 N=4 N=9 N=6 N=14 N=10 N=17

SiO2 54.43 2.24 50.64 0.30 54.19 1.05 51.97 0.28 54.45 1.83 52.30 0.23 52.76 1.43 50.65 0.54 55.62 2.04 53.71 0.49
Al2O3 28.99 1.41 31.20 0.24 29.36 0.75 30.02 0.91 29.06 1.10 29.90 0.42 29.73 0.98 31.43 0.70 27.82 1.22 29.58 0.45
TiO2 0.12 0.01 0.11 0.01 0.15 0.03 0.25 0.24 0.11 0.03 0.19 0.11 0.11 0.01 0.08 0.02 0.11 0.02 0.10 0.02
Fe2O3 0.86 0.06 1.05 0.06 0.84 0.22 1.37 0.53 0.65 0.06 1.13 0.23 1.00 0.12 0.77 0.19 0.84 0.10 0.58 0.09
MgO 0.15 0.03 0.22 0.02 0.10 0.03 0.29 0.21 0.07 0.01 0.22 0.08 0.24 0.06 0.19 0.09 0.11 0.02 0.08 0.02
CaO 11.52 1.54 14.29 0.19 11.44 0.75 13.17 0.27 11.22 1.18 12.88 0.19 12.57 1.09 14.17 0.30 10.16 1.45 11.53 0.45
Na2O 4.64 0.74 3.22 0.07 4.63 0.41 3.77 0.07 4.76 0.53 3.90 0.11 4.14 0.55 3.28 0.18 5.53 0.79 4.75 0.25
K2O 0.18 0.06 0.10 0.01 0.24 0.03 0.15 0.02 0.24 0.03 0.15 0.01 0.26 0.07 0.22 0.06 0.23 0.07 0.21 0.02
Total 100.90 100.82 100.95 100.98 100.56 100.66 100.80 100.79 100.41 100.53
An % 57.8 7.2 71.0 0.6 57.7 3.7 65.9 0.8 56.6 5.3 64.6 0.1 62.7 5.1 70.5 1.6 50.4 7.2 57.3 2.2

* Anorthite content (An %) given by the Ca/(Ca+Na) ratio on a cation basis x 100.  
† 1σ, N is the one-standard deviation and number of analyses comprising averages of cores and rims.         

FG1Cm-8

Table 3. Summary of plagioclase analyses for near-liquidus melting experiments on FG1 dikes. See Table 1 for experimental conditions and Thy et al. (2006) for details and the 
compositions of the coexisting phases. 
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