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Leucosome sizes in migmatites has been shown to follow power-law distribution, which is indicative of self-organized criticality governing accumulation and transport of partial melts in anatexis. In our measurements of leucosome widths in the Olkiluoto migmatite in western Finland, we found double power-law distributions in addition to single power-law distributions. We divided the double power-law behaviors into those with positive and negative kinks separating the two power-law regimes. We propose that double power-law distributions in migmatites result from impediments on the bottom-up self-organized criticality that melt transport processes commonly display. These impediments can be caused by some leucosomes solidifying before others, in which case the leucosomes were effectively formed in two distinct events or phases. We also consider the emergence of double power-laws as a result of melt accumulation in and sudden melt removal from conduits of a specific size.
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INTRODUCTION
Migmatites are high-temperature metamorphic rocks formed by anatexis (partial melting) in continental middle and lower crusts. As any rock will start to melt at sufficient pressure and temperature conditions, often aided by the influx of fluids, and the forming melts depend on the protolith (source rock) composition, migmatites can be very heterogeneous in chemical and mineralogical composition (Sawyer, 2008). The heterogeneity combined with their messy appearance — usually striped or flecked, and easily affected by any tectonic forces — makes migmatites complicated to study. In addition, within the same or temporarily close tectono-magmatic cycle, several melting events may occur (e.g., Korhonen et al., 2010), and melt is transported from some parts of the anatectic area into other parts (D’Lemos et al., 1992; Brown, 2007). Effectively, migmatites are the crystallized remains of a melt factory, providing solidified snapshots of how partial melting in the crust looked at certain times. The complex melting and melt transport processes leading to that situation are, however, not easily identifiable from the field appearance.
Migmatites consist of paleosome, the metamorphic rock that did not melt, and neosome, the rock that was formed through anatexis (e.g., Sawyer, 2008). Furthermore, the neosome consists of melanosome, the rock from which the partial melt was extracted, and leucosome, an igneous rock that represents the crystallized partial melt. Leucosomes are useful as proxies for melt pockets in anatexis, because anatexis as a process is more difficult to observe than the crystallized migmatites it produces. However, it should be kept in mind that leucosomes only record the state of partial melts at the time of crystallization, which can differ from the period when the melt was active (Sawyer, 2001). Based on the proportional amounts of leucosome and paleosome, migmatites are commonly classified into leucosome-rich diatexites and paleosome-rich metatexites (Sawyer, 2008). This classification is descriptive and does not consider if the difference in melt proportions stems from higher grade of partial melting in diatexites than metatexites, or from melt transport processes that have depleted metatexites and enriched diatexites in melt.
Anatexis and transport of partial melts within an anatectic crust and outside it into granitic plutons is a significant process that contributes to the chemical differentiation of the continental crust and drives orogens to grow laterally (Jamieson et al., 2011; Sawyer et al., 2011). Ductile shear zones are known to act as melt transport channels in migmatite terrains (e.g., D’Lemos et al., 1992; Vigneresse, 1995; Brown and Solar, 1998; Johannes et al., 2003; Brown, 2007), although tectonic shear zones and partial melt transport are not always connected. Lee and others (2018) have shown that not all shear zones in an anatectic crust transport melt and, conversely, Bons and others (2009) have shown that some structures previously identified as shear bands and boudin necks are collapse structures formed by melt removal, not dependent on differential stress and thereby not tectonic shear zones. For an anatectic melt to move into shear zones and upwards in the crust, it must first be removed from the sites of partial melting and collected into a shear zone, necessitating melt transport processes that start from the grain-scale and continue through the outcrop-scale to the major ductile shear zone scale. Some authors see this melt transport in anatectic areas occurring through an interconnected network, where melt flows from small rivulets of melt into ever larger melt pathways, resulting in a network of connected melt-bearing veins of many sizes (Brown and Solar, 1998; Tanner, 1999; Weinberg, 1999; Sawyer, 2001; Brown, 2007; Vanderhaeghe, 2009). Others, like Bons and others (2009) propose that stable connections between melt accumulations are untenable, as local and transient transport of melt would cause the collapse of connectivity, and propose that melt accumulates in a stepwise manner. According to this model, melt-bearing veins or pockets only make temporary connections to each other when melt moves in batches from one site to another, transport pathways closing after a melt batch has moved. What most of the models of anatectic melt transport have in common is that they view it as a bottom-up process that exhibits self-organization.
Self-organized criticality (SOC) is a process where statistical order is generated from many individually unpredictable events in a system with both spatial and temporal degrees of freedom (Bak et al., 1988). Systems displaying SOC behavior follow power-law distributions, and therefore a power-law distribution can indicate SOC – although it should be noted that other processes can also produce power-law distributions (Corral and González, 2019 and references therein). A power-law distribution is often visualized as in Figures 1A,B: either a negatively sloping straight line or a downward curving line on a log-log plot of the cumulative number of events as a function of event size, here shown for leucosome widths. In addition to this single line distribution, other forms of power-law distribution also exist. A double (or broken) power-law distribution consists of two power-law distributions with different slopes, separated by a kink at a specific event size [image: image] as shown in Figures 1C,D. In this work we refer to the general shapes of power-law distributions in Figure 1 as single untruncated (Figure 1A) or truncated (Figure 1B) power-law distributions, and as double power-law distributions with a positive kink (Figure 1C) or a negative kink (Figure 1D). In Earth sciences, double power-law distributions have been shown to describe phenomena such as the severity of tornadoes in the United States (Pinto et al., 2014), the size of forest fires in Portugal (Pinto et al., 2014), the daily flow above the annual flow in some hydrological systems (Segura and Pitlick, 2010; Segura et al., 2013), and the seismic moment of global earthquakes (Corral and González, 2019).
[image: Figure 1]FIGURE 1 | Simplified sketch of the different leucosome width distribution types. (A) In migmatites showing this leucosome distribution pattern, leucosome widths follow a single untruncated power-law distribution. The value of [image: image] indicates the slope of the line: if [image: image] is above 1, most of the solidified melt resides in small leucosomes, but if [image: image] is close to 2/3, the largest leucosomes or dikes host the majority of the solidified melt. (B) The leucosome widths follow a single truncated power-law distribution, resulting in the curved shape of the function. Truncation can be an artifact from measuring, in which case it indicates that the measured section was not long enough to contain the largest leucosomes. Alternatively, truncation can result from the power-law distribution being limited, in which case it indicates that the largest measured leucosomes are nearly in the same order of magnitude as the largest possible leucosomes that follow this power-law distribution. (C) The smallest leucosomes follow a different power-law distribution from the largest leucosomes. The change from the first trend to the second occurs at around width [image: image]. The leucosomes close to width [image: image] are relatively more abundant than in (A). (D) The smallest and largest leucosomes follow different trends, but the situation is the opposite of (B) most of the melt is found in the very smallest and very largest leucosomes, while leucosomes sized around width [image: image] are underrepresented.
Many studies concerning power-law distribution of leucosomes in migmatites have been presented (see chapter two for a literature review), but the focus has been on identifying single power-law trends and establishing that partial melting displays SOC. In this study, we measured leucosome width distributions and identified double power-law trends in them to show that the SOC behavior of partial melting can, in some cases, result in leucosome sizes that do not follow a single power-law distribution. We chose Olkiluoto Island in western Finland as our study area, because in addition to hosting a suitable migmatite, the metamorphic history of the area is well constrained, and the location of shear zones is known. We compare the leucosome size distributions in different parts of this spatially limited migmatite area to one another and to previous geological research on the anatectic history of the area in order to estimate where double power-law distributions stem from. We model numerically two sets of partial melts that display SOC independently of one another, to quantify how leucosome size distributions would appear on a single outcrop where two partial melting events occurred. We also consider other mechanisms that may cause double power-law distributions in leucosome widths. Our findings can be applied to identify multiple sets of leucosomes on other migmatite areas where leucosome sizes do not follow single power-law distributions and aid in constructing the anatectic history of such migmatites.
POWER-LAW BEHAVIOR AND SELF-ORGANIZATION IN MIGMATITES
Leucosome size distributions in migmatites have been shown to follow power-laws in many migmatite areas: the Paleoproterozoic in Finland (Bons et al., 2004; Bons et al., 2009; Soesoo and Bons, 2015), Estonia (Bons et al., 2004; Soesoo et al., 2004; Urtson and Soesoo, 2007; Urtson and Soesoo, 2009; Soesoo and Bons 2015) and Arizona (Bonamici and Duebendorfer, 2010), and the Paleozoic in Namibia (Hall and Kisters, 2012), Portugal (Urtson and Soesoo, 2009; Soesoo and Bons, 2015) and West Antarctica (Yakymchuk et al., 2013). Many of these distributions follow single untruncated or truncated power-law functions, resulting in shapes as seen in Figures 1A,B. In contrast to these results, Marchildon and Brown (2003) did not observe power-law distribution in French Paleozoic migmatites. Many of the migmatites where leucosome distribution has been measured are stromatic, as this kind of migmatite consists of elongated parallel leucosomes and is therefore easy to measure with simple line transects perpendicular to the leucosome stripes (Marchildon and Brown, 2003; Bons et al., 2004; Soesoo et al., 2004; Urtson and Soesoo, 2007; Urtson and Soesoo, 2009; Bonamici and Duebendorfer, 2010; Yakymchuk et al., 2013; Soesoo and Bons, 2015). Some non-stromatic migmatites (Tanner, 1999), as well as granitic intrusions on a 1–100 km scale (Soesoo and Bons, 2015), also show power-law distributions. Spacing of leucosomes in migmatites has also been shown to display power-law distributions (Soesoo et al., 2004; Bonamici and Duebendorfer, 2010).
Power-law distribution of leucosome sizes in migmatites can be seen as the probability of encountering a leucosome of a certain size or larger. The smallest leucosomes are ubiquitous, but the larger the leucosome, the less likely it is to have formed. This means that the probability of any given leucosome in a migmatite being small rather than large is very high. This is expressed as:
[image: image]
where [image: image] is the number of observed leucosomes that are larger than size [image: image] (width in mm), [image: image] is a constant defining the total amount of leucosomes larger than or equal to unit size, and [image: image] the distribution exponent that gives the behavior of the distribution over different orders of magnitude. The exponent [image: image] is an empirical constant whereas the unit size can be chosen arbitrarily, taken to be 1 mm in this work. When the function is plotted on a log-log graph, the result is a straight line with the slope defined by [image: image] and the value at unit size given by [image: image], as shown in Figure 1A.
Power-law distributions in nature are always valid only for a limited range of values for the observed feature. Truncated power-law distributions are used to describe situations where the largest events either do not follow the same power-law distributions as the smaller events or where large events have not been observed due to measurement limitations (Corral and González, 2019). In some cases, two different power-law distributions can be identified in one data set so that events smaller than a cutoff size [image: image] follow a truncated power-law, and events larger than [image: image] follow another power-law distribution (Corral and González, 2019). These are called double power-law distributions.
The exponent [image: image] in the equation describes if leucosomes in a migmatite – and by extension, melt-bearing pockets or veins during the anatexis – are predominantly small or large. When [image: image] is low, the line extends far toward large leucosome sizes, meaning that there are proportionally many large leucosomes. The higher value [image: image] takes, the steeper the line and the more numerous the small leucosomes are. In other words, most of the melt was concentrated in large conduits if [image: image] is low, and if [image: image] is high, most of the melt was situated in many small pockets (Soesoo et al., 2004). Typical values for [image: image] in leucosome distributions range from about 2/3 to 1.9 (Urtson and Soesoo, 2009; Yakymchuk et al., 2013; Soesoo and Bons, 2015).
Many leucosome size distribution studies have noted that the power-law functions that describe the leucosome size distribution for most of the size range do not apply for the smallest leucosomes (Bonamici and Duebendorfer, 2010; Yakymchuk et al., 2013). In many cases, these discontinuities in leucosome distribution diagrams have been attributed to measurement limitations (Bonamici and Duebendorfer, 2010) or size range limits for the power-law behavior (Marchildon and Brown, 2003; Yakymchuk et al., 2013). Marchildon and Brown (2003) suggest that the original anisotropy in partially melted metasediments can cause this limitation, but it has also been found in metaigneous rocks that lack the strong anisotropy of metasedimentary rocks (Yakymchuk et al., 2013; Saukko, 2016).
When one measures line transects of leucosomes, measurement limitation will affect both the smallest and largest leucosomes. These measurement limitation effects are visible in the distribution graphs as deviations from the power-law trends. When logging leucosomes of the minimum measurement resolution width, it is difficult to determine whether a given leucosome is large enough to be included in the measurement set, or small enough to be left out, leading to possible misclassification at the size range. Measurement limits can also affect the largest measured leucosomes, since the probability of a very large (i.e., uncommon) leucosome occurring on a measured section is effectively random: in some sections, there will be large outliers while they are absent on others (Bonamici and Duebendorfer, 2010). Thus, measurement limitations affect the number of leucosomes close to the minimum measurement resolution width and the largest leucosomes, but significant misclassification is unlikely to occur between these sizes. Any error in the number of large leucosomes affects the whole distribution due to it being cumulative, but the relative size of the error is small for the more numerous, smaller leucosomes.
We propose that kinks in leucosome width distribution diagrams can signify underlying double power-law distributions: leucosomes smaller than the kink size follow a power-law distribution that is different from the power-law that governs the size distribution of the larger leucosomes. Thus, these kinks are not necessarily caused by measurement limitations or truncation. Multiple power-law regimes within size distribution diagrams have previously been identified by Soesoo and Bons (2015) and Saukko (2016).
As mentioned in the introduction, many models of melt transport are based on self-organized criticality and predict power-law behaviors. Therefore, field observations of power-law behaviors displaying features such as kinks or very high or very low exponents, can provide valuable insights into the underlying processes of melt accumulation and transport. In a SOC state (e.g., Bak et al., 1988), a system adjusts itself to accommodate transport, whereas in a classical Darcian system, the transport adjusts itself to the system (Bons et al., 2004). For magma transport, this means that the rock matrix is modified to allow transport to happen at the rate determined by the melting rate, and the amount of magma residing in melt pockets and veins. A typical feature of a SOC system is that there is a strongly dynamic balance between input and output and that any small perturbation can – but not necessarily must – lead to a large chain reaction or an avalanche. In magma transport, this “avalanche” would be a large-scale merging of melt batches and emplacement of large melt volumes.
According to the stepwise melt accumulation model proposed by Bons and others (Bons et al., 2004; Bons et al., 2009), Bons and van Milligen (2001), Soesoo and others (2004), and Urtson and Soesoo (2007), magma batches join each other in a stepwise manner, continuously merging into ever-bigger batches and migrating farther away from their point of origin. Eventually, batches large enough to escape the source are formed, and magma can ascend through the crust as dikes to feed larger igneous bodies. Each time two or more veins are connected, transport can occur and lead to the merging of the magma in these veins, but also to the collapse of a part of the veins involved and, thus, the destruction of local connectivity (Bons et al., 2009). Contrary to classical models of magma percolating through a network of ever-bigger veins (e.g., Weinberg, 1999), veins are rarely connected, as their connection is only transient. This model is supported by analogue experiments (Bons and van Milligen, 2001; Urtson and Soesoo, 2007) and by numerical modeling (Bons et al., 2004). The observation in outcrops that leucosomes tend to be parallel, with generally few visible second order melt pathways that crosscut the smaller leucosomes has also been suggested to be evidence for transient connections (Soesoo and Bons, 2015).
In areas with high melt production, melt can accumulate in and escape as batches multiple times, like air behaves in an accordion (Yakymchuk et al., 2013). Not all melt is necessarily lost when a batch empties—partial crystallization and the retention capacity of the rock affect the amount of melt that will stay trapped (Yakymchuk et al., 2013). Due to this, small-sized leucosomes are not necessarily indicative of small degree of melting: instead, they can indicate that melt has been lost from the migmatite. Many researchers (e.g., Vigneresse et al., 1996; Yakymchuk et al., 2013) have proposed that there is a melt extraction threshold, meaning a maximum size range of melt accumulation, at which it will empty instead of growing more. The volume or spatial dimensions of melt at the threshold are not known, and it is also unclear if similar melt accumulation thresholds occur at larger scales of melt transport, i.e., if they also show scale invariance.
Melt extraction efficiency can be roughly estimated from leucosome size distributions (Soesoo et al., 2004). The exponent [image: image] in Eq. 1 that describes how melt is situated in a migmatite can show if a pressure minimum appearing in the proximity can be effectively filled by melt extraction from the system. When [image: image] is low, a larger portion of melt resides in large melt-bearing veins rather than in small pockets. Melt transport over larger distances is restricted when the volume of melt in a system is below about 20% (Vigneresse et al., 1996) and an interconnectedness of melt is needed for melt migration (Vanderhaeghe, 2009), indicating that small and separate melt pockets may not empty as effectively as more voluminous collections of melts. Thus, melt can be removed more efficiently from a partially melted rock if it is situated in a single vein, whereas it would require more disruptions in the surrounding rock to empty as much melt from numerous small melt-bearing veins or pockets that are separate from one another.
GEOLOGY OF THE STUDY AREA
This study was conducted on the six by 2.5 km large Olkiluoto Island on the west coast of Finland, where the bedrock is particularly well studied (e.g., Tuisku & Kärki, 2010; Aaltonen et al., 2016) due to plans for using the area as an underground nuclear waste repository. The bedrock in southern and western Finland was formed in the Precambrian Svecofennian orogeny, at around 1.9–1.8 Ga (e.g., (Lahtinen et al., 2005; Korja et al., 2006; Nironen et al., 2017). During the orogeny, igneous rocks in the region formed in two distinct compressional phases, at 1.89–1.87 and 1.84–1.80 Ga (Väisänen et al., 2002; Lahtinen et al., 2005), and an extensional phase between them, at 1.87–1.84 Ga (Lahtinen et al., 2005; Korja et al., 2006).
The bedrock of Olkiluoto predominantly consists of metatexitic migmatite in the western part and diatexitic migmatite in the eastern part (Figure 2; Aaltonen et al., 2016). The early stages of the Svecofennian orogeny are recorded in the parent material of the migmatites: the metapelitic, meta-arenitic and intermediate metavolcanic rocks were deposited at 1.90–1.88 Ga (Aaltonen et al., 2016). The earliest ductile deformation stage discovered on Olkiluoto, D1, also occurred at this time (Aaltonen et al., 2016). A metamorphic peak at about 6 kbar that occurred at some time between 1.88 and 1.86 Ga was largely overprinted by later events (Tuisku and Kärki, 2010; Aaltonen et al., 2016). Starting at 1.86 Ga, during the regional extensional event, a series of tonalitic, granodioritic, and granitic rocks formed in Olkiluoto (Aaltonen et al., 2016). Deformation stage D2 and the second metamorphic peak, which erased much of the traces of the earlier one, occurred during the later regional compressional phase at 1.84–1.83 Ga, at 660–700°C and 3.7–4.2 kbar (Tuisku and Kärki, 2010; Aaltonen et al., 2016). D3 followed the metamorphic peak at around 1.82 Ga, and the final deformation stage D4 at 1.81–1.79 Ga. Production of granitic melts was at its most voluminous during the metamorphic peak at ca 1.84 Ga, but also occurred during the later ductile deformation stages D3 and D4, so that the last zircons in granitic veins did not crystallize until 1.80 Ga (Mänttäri et al., 2010; Aaltonen et al., 2016). Migmatization also occurred earlier, coevally with the granitoid magmatism at 1.86 Ga, as evidenced by zircon ages in leucosome pegmatoids (Aaltonen et al., 2016) The error margins of the U-Pb data overlap (Aaltonen et al., 2016), making it unclear if partial melts were present during the whole period from 1.86 to 1.80 Ga, or if there were multiple separate anatectic events. Further uncertainties concern the earlier metamorphic peak at about 6 kbar: establishing its timing and whether migmatization occurred during it has been obfuscated by the later metamorphic peak.
[image: Figure 2]FIGURE 2 | Map of the Olkiluoto island. Upper left: location of the site within the Svecofennian rocks in the Baltic Shield (based on Koistinen et al., 2001). Main picture: simplified bedrock map of Olkiluoto, after Aaltonen et al., 2016. In general, the Olkiluoto migmatite is more diatexitic to the east and metatexitic to the west, although the transition is more gradual than indicated in the map. Strain was concentrated into the ductile shear zones that divide the island into several less-intensely deformed structural blocks. Shear zones oriented E to W are the oldest, and the younger the shear zone, the more NNE-SSW orientation it has. The measured drill-core sections are projected to the corresponding structural units on the surface according to Hartley et al. (2017). Labels A-D correspond to the sections in Figure 4.
The paleosomes of the Olkiluoto migmatite were originally turbidite-type sediments, volcanic deposits, and felsic intrusive rocks (Aaltonen et al., 2016). These rocks now appear as different kinds of gneisses migmatized to varying degrees. The metapelitic gneisses on Olkiluoto typically consist of quartz, plagioclase, K-feldspar and biotite as major phases, and accessory cordierite and sillimanite (Aaltonen et al., 2016). The metapsammitic gneisses are simpler in composition, consisting of quartz, plagioclase, and K-feldspar as major phases, and biotite as a minor phase (Aaltonen et al., 2016).
Petrographically, leucosomes on Olkiluoto can be divided into tonalitic leucosomes consisting mainly of quartz and plagioclase with small amounts of potassium feldspar, and granitic leucosomes that consist of potassium feldspar, quartz, and plagioclase (Aaltonen et al., 2010). As the granitic leucosomes cross-cut the tonalitic leucosomes on some outcrops, they have been considered to be younger (Paulamäki and Koistinen, 1991; Kärki, 2015). On many other locations, no cross-cutting relations have been observed, and no geochronological studies show the absolute age of the different leucosomes in one migmatite. It is therefore unclear if the cross-cutting implies a significant age difference between the leucosomes, or if it simply shows that the tonalitic leucosomes were products of early crystallization, whereas the granitic leucosomes represent liquids differentiated from them.
The long tectonic history is visible in the bedrock of Olkiluoto Island also in the form of several shear zones that divide the island into less-deformed structural blocks (Figure 2; Aaltonen et al., 2016). The shear zones, which are well described by Aaltonen and others (2016), can be tens of meters wide but vary in the outcrop scale from narrow shear bands to several meters wide zones. The oldest shear zone systems were formed during D2 but extensively overprinted during D3. They are dextral, strike E-W and dip moderately to steeply to the S (Aaltonen et al., 2016). A younger, purely D3 stage shear zone strikes NE-SW and dips moderately to the SE, and the youngest shear zones from D4 strike NNE-SSE and dip moderately to steeply to the ESE (Aaltonen et al., 2016).
MATERIALS AND METHODS
We made field observations of the Olkiluoto migmatite on outcrops and examined a drill core. On all observed sites, leucosomes that display variation in color and texture were present. The leucosomes can broadly be categorized into two groups: gray fine- and even-grained leucosomes (grain size <2 mm), and white leucosomes that are generally coarser and more uneven in grain-size than the gray ones. The gray leucosomes correspond to the tonalitic leucosomes described by Aaltonen et al. (2010), and the lighter leucosomes to the granitic leucosomes described in the same work. Examples of each group in the same sections are shown in Figure 3. Some leucosomes display intermediate colors and grain-sizes, obstructing definite categorization. We did not observe unambiguous cross-cutting relations that would reveal the relative ages of the two leucosome sets, but earlier studies suggest that the white, coarser-grained leucosomes solidified later than the gray, even-grained leucosomes (Kärki, 2015).
[image: Figure 3]FIGURE 3 | Leucosome color and texture variation in the Olkiluoto migmatites. Kärki (2015) identified similar white, coarse-grained leucosomes cross-cutting thin gray leucosomes on another outcrop in Olkiluoto, indicating that the two sets crystallized at different times. (A) Thin gray leucosomes and white pegmatitic leucosomes. Picture from a flat outcrop, taken directly from above. (B) Thin gray leucosomes and pegmatitic white leucosomes from a drill-core section.
Measurements
We measured leucosome width distribution in stromatic migmatites on one surface outcrop and in three different sections of a drill core. Measurements were made by placing a measuring tape perpendicular to the rock’s schistosity and logging the leucosome thicknesses along the tape. The smallest measured leucosomes were 2 mm wide, anything smaller than that was left unmeasured. Similar methods for leucosome measurements have been used by previous researchers (e.g., Soesoo et al., 2004; Urtson and Soesoo, 2009). In the case of the drill core, which cuts the general schistosity of the rock at a 45° angle, corrections from apparent thickness to actual thickness were made with the sine rule. With the outcrop measurements, corrections were not necessary, as the schistosity is perpendicular to the measured horizontal surface. Because the length of the measured sections can be critical in whether power-law distributions are seen in the measurement results (Yakymchuk et al., 2013), we chose section lengths of approximately 5 m or longer.
The measured outcrop consists of stromatic migmatite and is located by a D2 shear zone that was overprinted during the D3 stage, at around 1.83–1.82 Ga (Aaltonen et al., 2016). A total of 693 leucosomes were measured in the 10.1 m long section A in the outcrop. All leucosomes on the outcrop were nearly parallel, so no semi-perpendicular leucosomes were neglected by the measurement method.
The 870 m long drill core OL-KR29 penetrates many of the different structural units of the island (Hartley et al., 2017). The amount of leucosome in it varies: some parts are diatexitic whereas others are more metatexitic. Our measurements are from stromatic parts in the drill core. Drill core section B is from the structural block in the center of the island, not associated with any of the known local shear zones. The measured section is 9.4 m long, and we observed 162 leucosomes in it. Measured section C is from the middle of a D3 shear zone, which is a younger shear zone than the one represented on section A (Aaltonen et al., 2016). We observed 114 leucosomes in the 6.0 m long section C. Drill core section D, which is 4.9 m long with 152 leucosome observations in it, is from the structural block in the northern part of the island. This section is not associated with shear zones.
Fitting of Power-law Distribution on Measured Data
We fitted both truncated and untruncated power laws to our measured cumulative leucosome distribution. To account for measurement limitations, power-law distributions were not fitted to the smallest leucosomes. In cases where the largest leucosomes clearly deviated from the overall trend line, they were also disregarded. We determined the value of [image: image] using the maximum likelihood method, which gives the [image: image] value of the distribution that would be most likely to produce the measured data. This method has been shown to give good estimates of [image: image] for power-law distributions (White et al., 2008).
The log-likelihood for an untruncated power law is given by
[image: image]
where [image: image] and [image: image] are the lower and upper cutoff size and [image: image] the geometric mean of the leucosome width data (Deluca and Corral, 2013). The geometric mean is calculated as
[image: image]
where [image: image] is the total number of measured widths and [image: image] the measured widths. This means that the fits are made to the measured widths, yielding the slope of the cumulative distribution [image: image]. In the case of an untruncated distribution, the maximum of the likelihood function can be calculated directly, yielding
[image: image]
For the untruncated power laws, we chose a value for the lower cutoff, which in combination with the measured leucosome sizes immediately gives a value for [image: image]. We then chose the value for [image: image] so that the fitted distribution matched the measured distribution for the lower cutoff size. To use maximum likelihood for fitting truncated power laws, first both the lower, and upper cutoff must be chosen and then the likelihood function must be maximized numerically (Deluca and Corral, 2013). We used the GRG nonlinear solver in microsoft excel for the numerical maximization and obtained the [image: image] value. We chose the value for [image: image] and shifted the fitted distribution so that it matched the measured distribution for both the lower and upper cutoff size (Corral and González, 2019). To ensure that the fits follow power-laws instead of log-normal distributions, we also tried fitting log-normal distributions to sections B, C and D using the microsoft excel function LOGNORM. These fits are shown in the Supplementary Material. Finally, we performed the Kolmogorov-Smirnov test to determine the best fit for each measured section.
Distribution Modeling
To better understand the double power-law behavior, we modeled how leucosome width distribution would appear on a hypothetical section if there were two sets of leucosomes, each following their own power-law distributions. Measurements from such section would simply represent the sum of leucosomes originating from both events. We let one synthetic set of leucosomes follow an untruncated power-law distribution with a low value for the exponent, [image: image], and another an untruncated power-law distribution with a high exponent, [image: image]. We calculated the expected number of leucosomes for some sizes for each of the two distributions, summed them up, and plotted the new leucosome size distributions. We used microsoft excel to fit power-laws to these synthetic width distributions to approximate the resulting double power-laws.
RESULTS
Measurements
Leucosome width distribution results, shown in Figure 4, reveal that distribution types vary within the island of Olkiluoto. Two of our sections follow kink-free single power-law distributions and two display kinks indicative of double power-law distribution. Data from the outcrop section A show a negative kink at width [image: image], whereas the drill core section B displays a positive kink at width [image: image]. Leucosomes measured in the drill core section C, from the middle of a D3 shear zone, follow a single truncated distribution. Drill-core section D from outside of shear zones in the northern structural block displays a single untruncated distribution, although the shorter section length may affect the representativeness of these results and can explain the unexpected distribution of large leucosomes on the section.
[image: Figure 4]FIGURE 4 | Leucosome width distribution on four different sites on Olkiluoto. The open circles indicate leucosomes not included in distribution determination. (A) Outcrop section from a D2 shear zone follows a double power-law with a negative kink, showing an underrepresentation of leucosomes around the kink size [image: image] (24 mm) in comparison to both smaller and larger leucosomes. (B) Drill core section 1 follows a double power-law with a positive kink ([image: image] = 20 mm), corresponding to an overrepresentation of leucosomes of that size. This section is not from a shear zone. (C) A kink-free truncated power-law distribution fits the measurements from drill core section 2. This section is from the central parts of a D3 shear zone. (D) Drill core section 3 appears to follow an untruncated power-law distribution. This section is not close to a shear zone. The Supplementary Material shows the other distributions considered for the measurement data.
Modeling
Our numerical modeling of untruncated power-law width distributions in synthetic leucosome sets shows that distinguishing between two different distributions is possible in some cases, whereas in others the sum simply looks like a single distribution. Figure 5 shows a double power-law distribution with a negative kink for synthetic leucosome widths, akin to the measured outcrop section of Figure 4A Additional graphs illustrating the modeling can be found in the Supplementary Material. A negative kink emerges when the number of mid-sized leucosomes originating from each of the two original distribution sets are roughly equally numerous, and the exponents for the two distributions have very different values. The sum of the two sets then follows the original distribution with higher [image: image] at small leucosome widths, and the original distribution with lower [image: image] at large leucosome widths. If the leucosomes of one set are much more numerous than those of the other, or when both sets have very similar distribution exponents, the sum of the two individual distributions looks like a single distribution. Consequently, identification of more than two sets of leucosomes is difficult: for more than two kinks to be visible, all the sets should contribute with a large enough fraction of all leucosomes, and their power-law distributions should all have significantly different values for [image: image] and [image: image].
[image: Figure 5]FIGURE 5 | Modeling results of leucosome width distribution when two untruncated power-law trends interfere with each other, comparable to the measured outcrop section (Figure 4A). This double power-law distribution with a negative kink can form when two sets of leucosomes following different width distributions interfere. For the kink to be visible, the two distributions must have substantially different exponents [image: image], and the total amount of leucosomes on the trend with the lower [image: image] value must be considerably lower than on the trend with the higher [image: image] value.
Because the leucosome set containing more numerous leucosomes in a given size range always dominates over the other set in that range when the sets are summed up, a positive kink in the width distribution graphs cannot result from the sum of two different untruncated distributions. A truncated distribution with low [image: image] and a lower cutoff at kink size [image: image] together with an untruncated distribution with high [image: image] and an upper cutoff at kink size [image: image] would form a positive kink, but to our knowledge there are no mechanisms in anatectic systems that could plausibly explain the emergence of the upper cutoff size for the distribution with the higher [image: image].
DISCUSSION
The Olkiluoto Island is a spatially limited migmatite area, where the main aspects controlling anatexis, such as temperature, lithostatic pressure and regional stress direction, can be assumed to have been uniform. The discovery of multiple distribution types and double power law distributions in leucosome widths therefore reflects not the regional scale constraints but the inherent heterogeneity of migmatites.
Assuming that rocks undergoing anatexis are a self-organized system spanning over all the orders of magnitude that are observed in outcrop-scale measurements, leucosome widths should display single power-law distributions (e.g., Yakymchuk et al., 2013). While this often is the case both in our measurements and in previous research (Bons et al., 2004; Soesoo et al., 2004; Urtson and Soesoo, 2007; Bons et al., 2009; Bonamici and Duebendorfer, 2010; Hall and Kisters, 2012; Yakymchuk et al., 2013; Soesoo and Bons, 2015), the occasional double power-law distributions show that sometimes different size ranges follow different distributions.
In the migmatites where leucosome widths follow double power-law distributions, the measured leucosomes are not parts of a single self-organized system, but could stem from multiple self-organized sets that were formed at separate times so that one forms on top of the other. Alternatively, the two systems may have been active simultaneously but only interacted intermittently. We present two different conceptual models for how these situations can arise in migmatites.
Multiple Melt Generations
Distribution type differences in the Olkiluoto migmatite mainly depend on the inherent heterogeneity of migmatites: because melts tend to drain from their partially molten sources once the melt volume is sufficiently high, some parts of crystallizing migmatites will represent areas where melts were drained from, whereas others represent sites where melts accumulated (Bons et al., 2008). As ductile shear zones are known to act as melt channels (e.g., D’Lemos et al., 1992; Vigneresse, 1995; Brown and Solar, 1998; Johannes et al., 2003; Brown, 2007; Bons et al., 2008), they can represent the migmatite parts where melt once accumulated in, and possibly later drained from into more extensive granite bodies higher up in the crust (Bons et al., 2008). Conversely, migmatite parts outside of shear zones are where the melts were formed in and where they drained from into the shear zones.
Felsic magmas in the Olkiluoto migmatite crystallized between about 1.86 and 1.81 Ga (Mänttäri et al., 2010; Aaltonen et al., 2016), so age differences between leucosomes can be large enough for some to have been crystallized while others were still forming (Kärki, 2015). The age difference between the melting events or melt pulses need not be as large as the extremes of the age range: fractional crystallization occurs simultaneously with transport of partial melts in migmatite terrains and partially crystallized leucosomes are significantly more competent than melt-bearing conduits (Sawyer, 1987), suggesting that leucosomes undergoing fractional crystallization become less active as melt conduits. Additionally, during a long anatectic event, melt likely segregates from its source several times, so that leucosomes cross-cutting each other can result from a later melt loss event creating new pathways that cross-cut the pathways formed in an earlier melt loss event (Diener and Fagereng, 2014). We propose that the double power-law distributions seen in two of the measured sections can be explained by one early set of melt-bearing veins and pockets that behaved as a self-organized system before crystallization (either complete or fractional) that rendered it inactive, and one later set of melts that formed its own self-organized system on top of the earlier, inactive one.
Measurements from a D3 and a D2 shear zone plot as different distribution types. In the younger shear zone, we found a single set of leucosomes that fits a single truncated power-law distribution with [image: image] = 0.76. In contrast, measurements from the older shear zone show a negative kink that separates the trends into two power-law distributions. The shear zone may have acted as melt channel when it was formed during D2 and expelled much of the melt in it into a higher crustal level. Thus, only the parts of melt-bearing veins that crystallized early or melts that were otherwise difficult to move remained at the site. These remains are now visible as the many thin leucosomes that result in the observed truncated power-law distribution with exponent [image: image] = 1.78. Later, more melts accumulated in the shear zone, forming a collection of melts that solidified before it could be transported away. This melt pulse is seen as the set of leucosomes that fits the untruncated power-law distribution with [image: image] = 0.95. Our numerical modeling of synthetic leucosomes fits with this model, showing that negative kinks can arise when two leucosome sets solidified independently of one another.
The age difference between the two leucosome sets in the D2 shear zone cannot be estimated from the distribution results or the mathematical modeling. The later melt pulse may have entered the shear zone during D2 but after the solidification of the first set of leucosomes, or later, during D3 when the shear zone was reactivated. In the latter case, the later melt pulse would be roughly coeval with the leucosomes in the D3 shear zone, which also display a comparable power-law exponent [image: image] between 2/3 and 1, the maximum and minimum melt transport efficiency values as established by Soesoo et al. (2004). If the leucosome sets with similar power-law exponents indeed are coeval, our results are in accordance with earlier assessments that less melt was active in the anatexis during D3 than D2 (Aaltonen et al., 2016): during D3, there was enough melt to accumulate in the shear zones but not enough for it to move upwards in the crust, whereas melt removal had occurred earlier in the D2 shear zone.
Similarly to the D2 shear zone, a new melting event in a migmatite where the earlier leucosomes were already at least mostly solidified may have caused the positive kink in the section that was measured outside of any shear zones. In this case, the first set of leucosomes would have formed in situ in the migmatite and the anatectic system would have formed a melt conduit size distribution following a single power-law. If melting proceeded long enough, the melt pockets would have grown and many of the largest melts could have escaped the rock after the system reached the melt escape threshold (Vigneresse et al., 1996; Rosenberg, 2001; Rosenberg and Handy, 2005), resulting in a truncated power-law distribution with low exponent [image: image]. When bedrock partially melts, the first melts are formed in the most melt-fertile locations, namely three-grain junctions commonly containing feldspar, quartz, and a hydrate phase (Brown, 2008). Such triple junctions frequently occur in metapelitic rocks, but because the most fertile locations produce melt first (Sawyer, 2008), fewer such points would be left in the metapelite for a second melt generation event. However, at the 3.7–4.2 kbar pressure and 660–700°C temperature conditions of Olkiluoto (Tuisku and Kärki, 2010), a neosome consisting of plagioclase and quartz in the leucosome and biotite in the melanosome could have partially melted if water was present (e.g., Weinberg and Hasalová, 2015; Sola et al., 2017). Thus, a second melting event in the Olkiluoto migmatite could have favored generating melts inside the previously formed neosomes rather than in the paleosome, where melt-fertile sites did not readily occur. This would have led into a situation where many of the older leucosomes were effectively re-melted, and due to local heterogeneities in the neosome composition, some could have been re-melted to a larger extent than others. Inheriting an earlier truncated leucosome distribution would have affected how the younger melts were distributed in the early stages of the second anatexis, possibly exaggerating the bend of the truncated distribution into a prominent kink. Given that melt production was lower during the later deformation stages, the second melt generation may well have stalled before it could reach self-organized criticality.
Field observations also support that there are two groups of leucosomes on the outcrop and the drill core sections (Figure 3). On the outcrop section, the majority of the observed leucosomes larger than the kink size 24 mm are white and coarse-grained, even though the vast majority of all measured leucosomes are gray and fine-grained. The gray leucosomes are generally small in all the drill core sections as well, even though the white leucosomes are more abundant than the gray on each drill core section, thus contrasting with the outcrop measurements. Earlier research also suggests that granitic leucosomes are generally more abundant than tonalitic leucosomes on Olkiluoto (Aaltonen et al., 2010). The differences between the two leucosome sets indicate differences in protolith compositions or in the crystallization processes between large and small leucosomes. This can stem from, for example, the differing nucleation rates in early and late melts (Marsh, 2015), melt fractionation caused by partial crystallization, or differing mineralogical, and chemical compositions of protoliths: the protolith of a partial melt formed at a later stage is inevitably somewhat different from the protolith of the earliest melts (Sawyer, 2008), even though the compositions of a normal metapelite and a metapelite modified by low-grade anatexis are not necessarily very large. If the first melts were formed in a metapelite but later melts in the tonalitic leucosomes, as we suggested above, the mineralogical difference of the protoliths is even larger.
Distribution measurements alone cannot show how the origins of the two leucosome sets on Olkiluoto differed from each other. Closer observations of the different types of leucosomes, especially detailed inspection of their cross-cutting relations, could help ascertain if the leucosomes originate from separate anatectic events within the same migmatite, or if they represent different melt segregation pulses within the same anatectic event. Tuisku and Kärki (2010) found traces of an earlier metamorphic peak in a study of Olkiluoto migmatites, but it is not known if anatexis was associated with the metamorphic peak. Isotope-based mineral age determinations of zircon might help determine whether the leucosomes represent distinct generations of melting, or generations of melt segregation. However, as Wolfram et al. (2019) have shown, it is not always possible where anatexis is cyclic and can cause both zircon crystallization and dissolution in melt, depending on melt connectivity and melt extraction rates. Further research in melt generation in the Olkiluoto migmatite may also show if different formation processes are the cause of the two distinct sets: some of the leucosomes may have formed through spatially-focussed melting around certain minerals, as detailed by White et al. (2004), whereas others may have formed through physical segregation (e.g., Sawyer, 1999), causing size and compositional disparity between the sets.
Melt Accumulation to and Melt Loss From “Kink-Sized” Melt Conduits
Another possible explanation of the kinks in leucosome distribution is that they reflect the processes of melt accumulation and loss in the migmatites. Yakymchuck and others (2013) suggested that melt accumulation and extraction is a cyclical process, where melt accumulates on the site of partial melting, escapes in a melt loss event once the melt extraction threshold is achieved, and starts accumulating again after the event. The size range of the threshold depends on the amount of melt and the strength of the melting crust (Yakymchuk et al., 2013).
Solidified migmatites show an active system frozen in time, which means that some migmatites may crystallize at a different stage of anatexis than others (Urtson and Soesoo, 2009). This can lead to differences in how the migmatites look in field and considerably affect leucosome size measurements. Because of the abundance of melt-forming mineral triple junctions in many metapelitic rocks, a metapelite in an early stage of anatexis can contain relatively many small melt pockets (Sawyer, 2008). If the rock were to crystallize at this early stage of partial melting, the resulting leucosome width distribution would correspond with a truncated power-law distribution that has high exponent [image: image] and only spans a short size range (Figure 6A).
[image: Figure 6]FIGURE 6 | Schematic illustrations of leucosome distribution on hypothetical outcrops (top) and in corresponding cumulative log-log distribution diagrams (bottom). For simplicity, all leucosomes of mm-scale are drawn as small, all of cm-scale as mid-sized, and all of dm-scale as large. To make the distribution diagrams comparable, the number of leucosomes in each example is 20. The spacing between leucosomes in the hypothetical outcrop pictures is not to scale with the leucosome widths. (A) In a system with little melt, most of the melt is situated in small, separated melt conduits and no large leucosomes have formed. Solidification of such system leads to a power-law distribution with high exponent [image: image]. (B) Production of more melt instead of solidification in example (A) would lead to the formation of larger melt-bearing veins through merging. Leucosomes solidified at this stage would show a smaller value of the exponent [image: image] than in (A). (C) If the large leucosome in (B) had escaped the system before solidification but the other melt-bearing veins remained in the host, the resulting leucosome width distribution would be truncated but have similar exponent as (B). This differs from (A) in containing more mid-sized leucosomes. (D) Over-abundance of mid-sized leucosomes in comparison to both small and large leucosomes manifests as a positive kink in the width distribution diagram. (E) Similarly, a negative kink emerges in the distribution diagram when a migmatite is depleted of mid-sized leucosomes.
Conversely, if the rock were to continue partially melting, the melt-bearing veins, and pockets would enlarge and merge (Bons et al., 2004). As depicted in Figure 6B, solidification at this stage would result in a leucosome size distribution with a lower exponent [image: image] and a wider size range than earlier, as there would be more mid-sized and large leucosomes than previously. This could appear either as a truncated or an untruncated power-law distribution, depending on if the maximum sizes of leucosomes in the system were of the observed (outcrop) scale or of a larger, unobservable scale. In continued partial melting, some of the largest melt-bearing veins or batches would grow large enough to escape the host rock (Bons et al., 2004). If the melt escape occurred for each melt-bearing vein in a certain maximum width range, e.g., decimeter scale, the resulting leucosome width distribution for a migmatite solidified after the removal of the melt would follow a truncated power-law. In this case, as Figure 6C illustrates, leucosomes smaller than the maximum size range would follow a power-law as expected, and the absence of large melt-bearing veins would be indicated by the truncation at the maximum size range widths.
If, on the other hand, there was a specific size range that melt accumulations generally grew up to before many of them escape at a single melt loss event, a migmatite solidified right before the melt loss event could occur would display a positive kink in leucosome size distribution. Figure 6D shows that the leucosomes around the kink-size would seem overrepresented in comparison to both smaller and larger leucosomes. In contrast to a truncated power-law trend, a power-law like distribution can be identified from leucosomes on either side of the kink, indicating that the two size ranges (melt accumulations smaller than the kink vs. those larger than the kink) developed without continuous interaction. According to this model, double power-law distributions with negative kinks could display the state of the system after kink-sized accumulations were emptied, as illustrated in Figure 6E.
It is unclear what could cause melt entrapment in particularly sized conduits. As earlier leucosome size distribution research in other areas has shown single power-law distributions rather than double power-law distributions, the double power-law distributions observed here may stem from some intrinsic properties of the Olkiluoto migmatite that are not present in all migmatites. Further research is certainly needed to ascertain how common double power-law distributions are in different migmatite areas and how the presence of kinks correlates with the physical properties of paleosomes and assumed protoliths. For example, the roles of paleosome grain size and structural anisotropy of the host rock in imposing physical constraints to melt mobility should be studied, as well as the effect of reversals relative strength of melts, leucosomes, and hosts during the whole anatectic process. Coupled with deformation, water diffusing away from melt can increase the efficiency of both crystallization and residual melt expulsion (White and Powell, 2010), and further research could establish if this process can lead to leucosome crystallization preferring certain sizes. As shear zones commonly occur in anatectic terranes, and they have also been shown to follow power-law distributions (de Riese et al., 2019), the interplay between the self-organization of strain and that of anatectic melt is another line of research to explore. Furthermore, identification of possible kinks and multiple power-law domains in other size ranges of the anatectic processes, for example in pluton scale as in the work by Soesoo and Bons (2015), would be necessary to understand which other processes can, at least temporarily, halt the self-organization of the anatectic system.
CONCLUSION
Because migmatites always represent a range of snapshots of the anatectic processes from the time of solidification, anatexis may be arrested at a stage where it does not appear to follow a single power-law distribution despite being a self-organized process. This can be due to temporal differences so that one self-organized anatectic system, with leucosome sizes following a single power-law distribution, solidified before another self-organized anatectic system was active in the same host rock and caused a sort of overprint of its leucosomes on top of the earlier system. Alternatively, double power-law distribution of leucosomes can depend on some disturbance in the self-organization of the anatectic system, causing melts to stall in certain-sized conduits before they can be emptied at once.
DATA AVAILABILITY STATEMENT
The leucosome width data measured and analyzed in this study can be found in Mendeley doi:10.17632/czchjrwrn2.1.
AUTHOR CONTRIBUTIONS
Conceptualization by ASa and ASo; methodology by ASa, ASo and CA; formal analysis by ASa and CA; investigation and visualization by ASa; writing of the original draft by ASa, CA and KN; review and editing by all authors; supervision by ASo, KN and OE; funding acquisition by ASa and OE. All authors contributed to the article and approved the submitted version.
FUNDING
Grants from Nordenskiöld-samfundet i Finland, Svenska kulturfonden, and the Graduate school at Åbo Akademi University made this work possible.
ACKNOWLEDGMENTS
We thank Posiva Oy for access to the Olkiluoto site and their drill core archive. Constructive criticism by Annakaisa Korja, Pietari Skyttä and Sören Fröjdö was instrumental to the writing of this paper. We are also grateful for the constructive reviews by Paul Bons and Alfonso Sola.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/feart.2020.591871/full#supplementary-material
REFERENCES
 Aaltonen, I., Engstorm, J., Front, K., Seppo, G., Kosunen, P., Kärki, A., et al. (2016). Report No.: 2016-16. Geology of Olkiluoto. Posiva report. Available at: http://posiva.fi/en/databank/posiva_reports/geology_of_olkiluoto.1871.xhtml (Accessed August, 2016).
 Aaltonen, I., Lahti, M., Engström, J., Mattila, J., Paananen, M., Paulamäki, S., et al. (2010). Report No.: 2010-70. Geological model of the Olkiluoto site - version 2.0. Posiva working report. Available at: http://posiva.fi/en/databank/workreports/geological_model_of_the_olkiluoto_site_-_version_2.1874.xhtml (Accessed October, 2010).
 Bak, P., Tang, C., and Wiesenfeld, K. (1988). Self-organized criticality. Phys. Rev. 38 (1), 364–374. doi:10.1103/physreva.38.364
 Bonamici, C. E., and Duebendorfer, E. M. (2010). Scale-invariance and self-organized criticality in migmatites of the southern Hualapai mountains, Arizona. J. Struct. Geol. 32 (8), 1114–1124. doi:10.1016/j.jsg.2010.06.019
 Bons, P. D., Arnold, J., Elburg, M. A., Kalda, J., Soesoo, A., and van Milligen, B. P. (2004). Melt extraction and accumulation from partially molten rocks. Lithos 78 (1–2), 25–42. doi:10.1016/j.lithos.2004.04.041
 Bons, P. D., Becker, J. K., Elburg, M. A., and Urtson, K. (2009). Granite formation: stepwise accumulation of melt or connected networks?. Earth Environ. Sci. Trans. R. Soc. Edinb. 100 (1–2), 105–115. doi:10.1017/s175569100901603x
 Bons, P. D., Druguet, E., Castaño, L., and Elburg, M. A. (2008). Finding what is now not there anymore: recognizing missing fluid and magma volumes. Geology 36, 851–854. doi:10.1130/G24984A.1
 Bons, P. D., and van Milligen, B. P. (2001). New experiment to model self-organized critical transport and accumulation of melt and hydrocarbons from their source rocks. Geology 29 (10), 919–922. doi:10.1130/0091-7613(2001)029<0919:netmso>2.0.co;2
 Brown, M. (2007). Crustal melting and melt extraction, ascent and emplacement in orogens: mechanisms and consequences. J. Geol. Soc. 164 (4), 709–730. doi:10.1144/0016-76492006-171
 Brown, M. (2008). “Granites, migmatites and residual granulites: relationships and processes.” in Working with migmatites ed . Editors E. W. Sawyer, and M. Brown (Short Course Series , (Quebec City, Canada: : Mineralogical Association of Canada)), Vol. 38, 97–144.
 Brown, M., and Solar, G. S. (1998). Shear-zone systems and melts: feedback relations and self-organization in orogenic belts. J. Struct. Geol. 20 (2–3), 211–227. doi:10.1016/s0191-8141(97)00068-0
 Corral, Á., and González, Á. (2019). Power law size distributions in geoscience revisited. Earth Space Sci. 6 (5), 673–697. doi:10.1029/2018EA000479
 de Riese, T., Evans, L., Gomez-Rivas, E., Griera, A., Lebensohn, R. A., Llorens, M.-G., et al. (2019). Shear localisation in anisotropic, non-linear viscous materials that develop a CPO: a numerical study. J. Struct. Geol. 124, 81–90. doi:10.1016/j.jsg.2019.03.006
 Deluca, A., and Corral, Á. (2013). Fitting and goodness-of-fit test of non-truncated and truncated power-law distributions. Acta Geophys. 61 (6), 1351–1394. doi:10.2478/s11600-013-0154-9
 Diener, J. F. A., and Fagereng, Å. (2014). The influence of melting and melt drainage on crustal rheology during orogenesis. J. Geophys. Res. Solid Earth 119, 6193–6210. doi:10.1002/2014jb011088
 D’Lemos, R. S., Brown, M., and Strachan, R. A. (1992). Granite magma generation, ascent and emplacement within a transpressional orogen. J. Geol. Soc. 149 (4), 487–490. doi:10.1144/gsjgs.149.4.0487
 Hall, D., and Kisters, A. (2012). The stabilization of self-organised leucogranite networks-implications for melt segregation and far-field melt transfer in the continental crust. Earth Planet. Sci. Lett. 355–356, 1–12. doi:10.1016/j.epsl.2012.08.033
 Hartley, L., Appleyard, P., Baxter, S., Hoek, J., Joyce, S., Mosley, K., et al. (2017). Report No.: 2017-32. Discrete fracture network modelling (version 3) in support of Olkiluoto site description 2018. Posiva working report. Available at: http://posiva.fi/en/databank/workreports/discrete_fracture_network_modelling_(version_3)_in_support_of_olkiluoto_site_description_2018.1874.xhtml (Accessed, 2017).
 Jamieson, R. A., Unsworth, M. J., Harris, N. B. W., Rosenberg, C. L., and Schulmann, K. (2011). Crustal melting and the flow of mountains. Elements 7 (4), 253–260. doi:10.2113/gselements.7.4.253
 Johannes, W., Ehlers, C., Kriegsman, L. M., and Mengel, K. (2003). The link between migmatites and S-type granites in the turku area, southern Finland. Lithos 68 (3–4), 69–90. doi:10.1016/s0024-4937(03)00032-x
 Kärki, A. (2015). Report No.: 2015-3. Migmatites and migmatite-like rocks of Olkiluoto. Posiva working report. Available at: http://posiva.fi/en/databank/workreports/migmatites_and_migmatite-like_rocks_of_olkiluoto.1874.xhtml (Accessed February, 2015).
 Koistinen, T., Stephens, M. B., Bogatchev, V., Nordgulen, Ø., Wennerström, M., and Korhonen, J. (2001). Geological map of the Fennoscandian Shield, scale 1:2 000 000. Trondheim: Geological Survey of Norway, Uppsala: Geological Survey of Sweden, Moscow: Ministry of Natural Resources of Russia, Espoo: Geological Survey of Finland.
 Korja, A., Lahtinen, R., and Nironen, M. (2006). The svecofennian orogen: a collage of microcontinents and island arcs. Geol. Soc. Lond. Mem. 32 (1), 561–578. doi:10.1144/gsl.mem.2006.032.01.34
 Korhonen, F. J., Saito, S., Brown, M., and Siddoway, C. S. (2010). Modeling multiple melt loss events in the evolution of an active continental margin. Lithos 116 (3–4), 230–248. doi:10.1016/j.lithos.2009.09.004
 Lahtinen, R., Korja, A., and Nironen, M. (2005). “Paleoproterozoic tectonic evolution,” in Precambrian geology of Finland- key to the evolution of the Fennoscandian Shield ed . Editors M. Lehtinen, P. A. Nurmi, and O. T. Rämo (Amsterdam: Elsevier B.V), 481–532.
 Marchildon, N., and Brown, M. (2003). Spatial distribution of melt-bearing structures in anatectic rocks from southern brittany, France: implications for melt transfer at grain- to orogen-scale. Tectonophysics 364 (3–4), 215–235. doi:10.1016/s0040-1951(03)00061-1
 Marsh, B. D. (2015). “Magma chambers,” in The encyclopedia of volcanoes . 2nd Edn. (Amsterdam: : Elsevier Inc), 185–201.
 Mänttäri, I., Pere, T., Engström, J., and Lahaye, Y. (2010). U-Pb ages for PGR dykes, KFP, and adjacent older leucosomic PGRs from ONKALO underground research facility, Olkiluoto, Eurajoki, SW Finland. Posiva Working Report ( (Eurajoki: : Posiva Oy)), Vol. 31.
 Nironen, M., Luukas, J., Kousa, J., Vuollo, J., Holtta, P., and Heilimo, E. (2017). Bedrock of Finland at the scale 1:1 000 000 – major stratigraphic units, metamorphism and tectonic evolution. Geological Survey of Finland, Special Paper. Editor M. Nironen (Espoo: Geological Survey of Finland)), Vol. 60.
 Paulamäki, S., and Koistinen, T. J. (1991). Interpretation of the geological structures of the Olkiluoto Area, Eurajoki, Western Finland. Site Investigations, Work Report ( (Espoo: : Industrial Power Company Ltd)), Vol. 91–62.
 Pinto, C. M. A., Lopes, A. M., and Tenreiro Machado, J. A. (2014). Double power laws, fractals and self-similarity. Appl. Math. Model. 38 (15–16), 4019–4026. doi:10.1016/j.apm.2014.01.012
 Rosenberg, C. L. (2001). Deformation of partially molten granite: a review and comparison of experimental and natural case studies. Int. J. Earth Sci. 90 (1), 60–76. doi:10.1007/s005310000164
 Rosenberg, C. L., and Handy, M. R. (2005). Experimental deformation of partially melted granite revisited: implications for the continental crust. J. Metamorph. Geol. 23 (1), 19–28. doi:10.1111/j.1525-1314.2005.00555.x
 Saukko, A. (2016). Leucosome distribution method and Geochemical melt modelling on migmatites in Southwestern Finland . (Turku, Finland: : Åbo Akademi University).
 Sawyer, E. W. (1987). The role of partial melting and fractional crystallization in determining discordant migmatite leucosome compositions. J. Petrol. 28 (3), 445–473. doi:10.1093/petrology/28.3.445
 Sawyer, E. W. (1999). Criteria for the recognition of partial melting. Phys. Chem. Earth Solid Earth Geodes. 24 (3), 269–279. doi:10.1016/s1464-1895(99)00029-0
 Sawyer, E. W. (2001). Melt segregation in the continental crust: distribution and movement of melt in anatectic rocks. J. Metamorph. Geol. 19 (3), 291–309. doi:10.1046/j.0263-4929.2000.00312.x
 Sawyer, E. W. (2008). “Working with migmatites: nomenclature for the constituent parts.” in Working with migmatites ed . Editors E. W. Sawyer, and M. Brown (Quebec City, Canada: Mineralogical Association of Canada), Vol. 38, 1–28.
 Sawyer, E. W., Cesare, B., and Brown, M. (2011). When the continental crust melts. Elements 7 (4), 229–234. doi:10.2113/gselements.7.4.229
 Segura, C., Lazzati, D., and Sankarasubramanian, A. (2013). The use of broken power-laws to describe the distributions of daily flow above the mean annual flow across the conterminous U.S. J. Hydrol. 505, 35–46. doi:10.1016/j.jhydrol.2013.09.016
 Segura, C., and Pitlick, J. (2010). Scaling frequency of channel-forming flows in snowmelt-dominated streams. Water Resour. Res. 46 (6), 1–14. doi:10.1029/2009wr008336
 Soesoo, A., and Bons, P. D. (2015). From migmatites to plutons: power law relationships in the evolution of magmatic bodies. Pure Appl. Geophys. 172 (7), 1787–1801. doi:10.1007/s00024-014-0995-4
 Soesoo, A., Kalda, J., Bons, P. D., Urtson, K., and Kalm, V. (2004). Fractality in geology: a possible use of fractals in the studies of partial melting processes. Proc. Est. Acad. Sci. Geol. 53 (1), 13–27.
 Sola, A. M., Hasalová, P., Weinberg, R. F., Suzaño, N. O., Becchio, R. A., Hongn, F. D., et al. (2017). Low-Pmelting of metapelitic rocks and the role of H2O: insights from phase equilibria modelling. J. Metamorph. Geol. 35 (9), 1131–1159. doi:10.1111/jmg.12279
 Tanner, D. C. (1999). The scale-invariant nature of migmatite from the oberpfalz, NE bavaria and its significance for melt transport. Tectonophysics 302 (3–4), 297–305. doi:10.1016/s0040-1951(98)00286-8
 Tuisku, P., and Kärki, A. (2010). Report No.: 2010-54. Metamorphic petrology of Olkiluoto. Posiva working report. Available at: http://posiva.fi/en/databank/metamorphic_petrology_of_olkiluoto.1867.xhtml (Accessed June, 2010).
 Urtson, K., and Soesoo, A. (2009). Stepwise magma migration and accumulation processes and their effect on extracted melt chemistry. Est. J. Earth Sci. 58 (4), 246–258. doi:10.3176/earth.2009.4.03
 Urtson, K., and Soesoo, A. (2007). An analogue model of melt segregation and accumulation processes in the earth’s crust. Est. J. Earth Sci. 56 (1), 3–10.
 Väisänen, M., Mänttäri, I., and Hölttä, P. (2002). Svecofennian magmatic and metamorphic evolution in southwestern Finland as revealed by U-Pb zircon SIMS geochronology. Precambrian Res. 116 (1–2), 111–127. doi:10.1016/s0301-9268(02)00019-0
 Vanderhaeghe, O. (2009). Migmatites, granites and orogeny: flow modes of partially-molten rocks and magmas associated with melt/solid segregation in orogenic belts. Tectonophysics 477 (3–4), 119–134. doi:10.1016/j.tecto.2009.06.021
 Vigneresse, J. L. (1995). Crustal regime of deformation and ascent of granitic magma. Tectonophysics 249 (3–4), 187–202. doi:10.1016/0040-1951(95)00005-8
 Vigneresse, J. L., Barbey, P., and Cuney, M. (1996). Rheological transitions during partial melting and crystallization with application to felsic magma segregation and transfer. J. Petrol. 37 (6), 1579–1600. doi:10.1093/petrology/37.6.1579
 Weinberg, R. F. (1999). Mesoscale pervasive felsic magma migration: alternatives to dyking. Lithos 46 (3), 393–410. doi:10.1016/s0024-4937(98)00075-9
 Weinberg, R. F., and Hasalová, P. (2015). Reply to comment by J.D. Clemens and G. Stevens on 'Water-fluxed melting of the continental crust: a review. Lithos 234–235, 102–103. doi:10.1016/j.lithos.2015.08.002
 White, E. P., Enquist, B. J., and Green, J. L. (2008). On estimating the exponent of power-law frequency distributions. Ecology 89 (4), 905–912. doi:10.1890/07-1288.1
 White, R. W., and Powell, R. (2010). Retrograde melt-residue interaction and the formation of near-anhydrous leucosomes in migmatites. J. Metamorph. Geol. 28 (6), 579–597. doi:10.1111/j.1525-1314.2010.00881.x
 White, R. W., Powell, R., and Halpin, J. A. (2004). Spatially-focussed melt formation in aluminous metapelites from broken Hill, Australia. J. Metamorph. Geol. 22 (9), 825–845. doi:10.1111/j.1525-1314.2004.00553.x
 Wolfram, L. C., Weinberg, R. F., Nebel, O., Hamza, K., Hasalová, P., Míková, J., et al. (2019). A 60-myr record of continental back-arc differentiation through cyclic melting. Nat. Geosci. 12 (3), 215–219. doi:10.1038/s41561-019-0298-6
 Yakymchuk, C., Brown, M., Ivanic, T. J., and Korhonen, F. J. (2013). Leucosome distribution in migmatitic paragneisses and orthogneisses: a record of self-organized melt migration and entrapment in a heterogeneous partially-molten crust. Tectonophysics 603, 136–154. doi:10.1016/j.tecto.2013.05.022
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2020 Saukko, Ahläng, Nikkilä, Soesoo and Eklund. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/inline_7.gif





OPS/images/inline_64.gif





OPS/images/inline_9.gif





OPS/images/inline_8.gif





OPS/images/inline_32.gif





OPS/images/inline_31.gif





OPS/images/inline_34.gif





OPS/images/inline_33.gif





OPS/images/inline_29.gif





OPS/images/math_qu1.gif





OPS/images/inline_28.gif





OPS/images/math_1.gif





OPS/images/inline_30.gif





OPS/images/math_qu3.gif





OPS/images/inline_3.gif





OPS/images/math_qu2.gif
Ing =N"Y Inx,







OPS/images/inline_26.gif






OPS/images/inline_25.gif






OPS/images/inline_27.gif





OPS/images/logo.jpg
’ frontiers
in Earth Science





OPS/images/inline_55.gif





OPS/images/inline_57.gif





OPS/images/inline_56.gif





OPS/images/inline_22.gif





OPS/images/inline_62.gif





OPS/images/inline_21.gif





OPS/images/inline_61.gif





OPS/images/inline_24.gif





OPS/images/inline_23.gif





OPS/images/inline_63.gif





OPS/images/inline_19.gif





OPS/images/inline_59.gif





OPS/images/inline_58.gif





OPS/images/inline_20.gif





OPS/images/inline_60.gif





OPS/images/inline_2.gif





OPS/images/inline_6.gif





OPS/images/inline_16.gif





OPS/images/inline_15.gif





OPS/images/inline_18.gif





OPS/images/inline_17.gif





OPS/images/inline_47.gif





OPS/images/inline_46.gif





OPS/images/inline_12.gif





OPS/images/inline_52.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Double Power-Law in Leucosome Width Distribution: Implications for Recognizing Melt Movement in Migmatites		Introduction

		Power-law Behavior and Self-Organization in Migmatites

		Geology of the Study Area

		Materials and Methods		Measurements

		Fitting of Power-law Distribution on Measured Data

		Distribution Modeling





		Results		Measurements

		Modeling





		Discussion		Multiple Melt Generations

		Melt Accumulation to and Melt Loss From “Kink-Sized” Melt Conduits





		Conclusion

		Data Availability Statement

		Author Contributions

		Funding

		Acknowledgments

		Supplementary Material

		References









OPS/images/inline_11.gif





OPS/images/inline_51.gif





OPS/images/inline_14.gif





OPS/images/inline_54.gif





OPS/images/inline_13.gif





OPS/images/inline_53.gif





OPS/images/inline_49.gif





OPS/images/inline_48.gif





OPS/images/inline_10.gif





OPS/images/inline_50.gif





OPS/images/inline_1.gif





OPS/images/inline_5.gif





OPS/images/inline_45.gif





OPS/images/crossmark.jpg
©

2

i

|





OPS/images/feart-08-591871-g002.gif
R oveos ¥ TSRS
[ 5 o
o






OPS/images/feart-08-591871-g003.gif
ecsome [l revfevcosome
g [,





OPS/images/feart-08-591871-003.gif





OPS/images/inline_37.gif





OPS/images/feart-08-591871-g001.gif





OPS/images/feart-08-591871-g006.gif





OPS/images/feart-08-591871-g004.gif
>

i
!
:

633, secton length 10.1m
7

Lot it

m=076

— i

=162, section fength 9.4 m.

m=030

=122
dx20mm

Lcsome wih )

PRe——

me103

et B,





OPS/images/feart-08-591871-g005.gif





OPS/images/inline_42.gif





OPS/images/cover.jpg
’ frontiers
in Earth Science

Double Power-Law in Leucosome
Width Distribution: Implications for
Recognizing Melt Movement in
Migmatites





OPS/images/inline_41.gif





OPS/images/inline_44.gif





OPS/images/inline_43.gif





OPS/images/feart-08-591871-001.gif





OPS/images/inline_39.gif





OPS/images/feart-08-591871-002.gif
Ing =N"Y Inx,





OPS/images/inline_38.gif





OPS/images/inline_40.gif





OPS/images/inline_4.gif





OPS/images/inline_36.gif





OPS/images/inline_35.gif





