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Studying extinct volcanoes where erosion has exposed dykes and sills provides direct access to the fossil remnants of magma movement, however, linking crystallized magma to emplacement dynamics is challenging. This study investigates how magma flow varies across the thickness of a thin (6 m thick) mafic sill. We use a high-resolution sampling regime to measure micro-scale variations in magnetic anisotropy, which is associated with the orientation of the magnetic particles present within the crystalline rock. Fieldwork was conducted on exposed sills of the British and Irish Palaeogene Igneous Province, Isle of Skye, Scotland. Here Jurassic sedimentary rocks have been intruded by a series of sills, of picrite to crinanite composition, from the Little Minch Sill Complex (c.60 Ma). Anisotropy of magnetic susceptibility (AMS) and anisotropy of anhysteretic remanent magnetization (AARM) signals have been used to separate a crinanite sill into distinct magnetic groupings. We identified two AMS groups (the upper and lower sill margins, and the central region) and four AARM groups (the lower margin, the middle region, a region just below the upper margin, and the upper margin). Both AMS and AARM signals originate from titanomagnetite of multi-domain or vortex-state to single-domain sized grains, respectively. The AMS and AARM fabrics are aligned with each other in the margin regions preserving a history of magma flow toward the North during initial emplacement. However, in the sill interior the magnetic fabrics are oblique to each other, thus reflecting multiple origins. We suggest the AMS fabrics have recorded magma flow during sill growth, and AARM fabrics have recorded melt percolation flow as the interstitial melt migrated upward through a solidifying crystal mush. We demonstrate that when AMS and AARM are used in combination they enable a detailed understanding of magma flow and solidification dynamics to be obtained, from initial emplacement to solidification. Overall, our detailed sampling and analysis indicates that magnetic fabrics can be highly variable over small distances, supporting the suggestion of horizontal flow restriction and propagation path migration within growing sills, and that previous reports of magma flow and solidification dynamics based on under-sampled bodies may require reconsideration.
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INTRODUCTION

Determining the physical, chemical and thermal processes that occur during the propagation, transport and emplacement of magma within magmatic intrusions is necessary for understanding how volcanic systems develop (e.g., Magee et al., 2018b). Magma is transported through the crust in a series of sheet intrusions called dykes, inclined sheets, and sills (e.g., Mathieu et al., 2008). These sheet intrusions are an important structure for the transport and storage of magma in the crust, helping to build large magma reservoirs at depth, and are a key contributor to crustal growth (see review by Putirka, 2017; and references therein). The importance of dykes as feeders of magma to the surface is well known (e.g., Geshi et al., 2010; Gudmundsson et al., 2014), with sills also providing pathways for magma to travel many kilometers from their source regions (e.g., Airoldi et al., 2016). Understanding magma intrusion dynamics that occurred in the past is therefore important for mitigating volcanic hazards in the future through monitoring of active volcanoes (e.g., Sparks and Cashman, 2017). Sills are also of economic importance as they can be associated with maturing petroleum source rocks or creating traps (e.g., Monreal et al., 2009; Schofield et al., 2018). Some kimberlitic sills are also hosts to diamonds (e.g., Sparks, 2013).

Traditionally the factors that influence the propagation of sheet intrusions through the crust, and their tendency to arrest or erupt, primarily consider deformation of the host rock, with intrusion propagation linked to: mode of fracture propagation (i.e., tensile, shear or mixed mode; Rubin, 1995), strength and rheology of the host rock (e.g., Geshi et al., 2012; Galland et al., 2014), mechanical layering of crustal strata (e.g., Kavanagh et al., 2006), interface strength between rock layers (e.g., Baer, 1991; Kavanagh and Pavier, 2014), and tectonic stresses (e.g., Paquet et al., 2007; Menand et al., 2010; Stephens et al., 2017). However, the physical properties of the magma can also affect the ability of a magma to intrude rather than erupt. These include magma overpressure (e.g., Lister and Kerr, 1991), flux (e.g., Fujita et al., 2004), rheology (including melt composition and the relative proportions of melt, bubbles and crystals, e.g., Castro et al., 2016), heat transfer (e.g., Annen and Sparks, 2002), and the coupling of magma and host-rock through magma buoyancy (e.g., Lister, 1991). How magmas flow, and how flow is preserved in the rock record during the emplacement and evolution of sheet intrusions, is not often considered when investigating their formation. This contrasts with the study of larger igneous bodies, such as plutons, where the focus has been on magmatic processes and less with the interaction with the host-rock (e.g., Bons et al., 2015; Holness et al., 2017; Kavanagh et al., 2018b).

There are two dominant models that explain the solidification of sheet intrusions, which has primary influence on how evidence of flow is preserved. The first model is typically applied to thin sills (<10 m) comprising a single pulse of magma which intrudes a colder host-rock and solidifies as a single unit via conductive cooling from the contact regions (e.g., Huppert and Sparks, 1989; Wartho et al., 2001; Petcovic and Dufek, 2005). This is often inferred from the presence of chilled margins at the contacts, and from symmetrical patterns of magma composition and mineral proportions across the interior of the solidified magma (e.g., Holness and Humphreys, 2003; Féménias et al., 2004). The second model is typically applied to thick intrusions (>10 m) where large volumes of magma are emplaced by multiple pulses which intrude in rapid succession into the same intrusion and homogenize (e.g., Annen, 2011; Menand, 2011; Holness et al., 2017). There is good evidence that these relatively large volumes of magma can cool by convection (e.g., Holness et al., 2017). Evidence of convection includes asymmetrical changes in chemistry, mineralogy, crystal preferred orientation and grain size distribution across the breadth of an intrusion (e.g., Holness and Humphreys, 2003; Holness et al., 2017; Nicoli et al., 2018).

Rock structures such as macroscopic ropey surface textures (Liss et al., 2002; Schofield, 2009; Hoyer and Watkeys, 2017), strained and elongated vesicles (e.g., Coward, 1980; Varga et al., 1998; Hoyer and Watkeys, 2017), surface grooves and striations (e.g., Smith, 1987; Varga et al., 1998) and steps, bridges and broken bridges (e.g., Thomson, 2007; Schofield, 2009; Magee et al., 2018a) have been used to interpret local magma flow direction in ancient eroded magmatic intrusions. Microscale fabrics that potentially record magma flow include crystal preferred orientations (e.g., Geoffroy et al., 2002; Holness and Humphreys, 2003) and rock magnetic fabrics (e.g., Knight and Walker, 1988; Staudigel et al., 1992; Chadima et al., 2009; Magee et al., 2012). These microscopic fabrics are useful as they can record processes such as simple shear (e.g., Correa-Gomes et al., 2001), which can occur within both stationary and moving material (e.g., Holness et al., 2017; Kendrick et al., 2017). When macroscale and microscale observations are used in combination (e.g., Mattsson et al., 2018), more complex emplacement histories can be unraveled. Studying two or (pseudo) three dimensional sections through crystallized bodies exposed by erosion (e.g., Summer Coon volcano, Colorado; Poland et al., 2004), can help to reconcile intrusion geometries and flow patterns inferred from geophysical surveys (e.g., Thomson and Hutton, 2004; Thomson, 2007; Chadwick et al., 2011; Magee et al., 2018b) and scaled analog models (e.g., Kavanagh et al., 2006, 2015; Závada et al., 2009; Abdelmalak et al., 2012; Arbaret et al., 2013). An example of variable flow has recently been characterized in the analog models of Kavanagh et al. (2018a) who identified flow circulation and channel development in a growing model dyke using particle image velocimetry.

Rock magnetic techniques, such as Anisotropy of Magnetic Susceptibility (AMS) or Anisotropy of Anhysteretic Remanent Magnetization (AARM), are commonly used to determine magma flow trajectories, with many studies applying one or both techniques to rock samples collected from dykes (e.g., Knight and Walker, 1988; Staudigel et al., 1992; Poland et al., 2004; Chadima et al., 2009; Silva et al., 2010) and sills (e.g., Liss et al., 2002; Polteau et al., 2008; Hrouda et al., 2015; Hoyer and Watkeys, 2017) of a wide range of magma composition and from various tectonic settings. However, these studies predominantly focus on measuring the initial magma flow direction by sampling near the intrusion contacts, resulting in a simplification and a potentially limited understanding of the overall emplacement history and how this changes through time. Problems can also arise deciphering the origin of the fabrics if other processes, such as shear along the fracture during emplacement (e.g., Correa-Gomes et al., 2001) or post-emplacement alteration (e.g., Trindade et al., 2001; Archanjo and Launeau, 2004), have occurred.

This paper investigates how magnetic fabrics vary across the thickness of a relatively thin sill (6 m thick) from the Isle of Skye, Scotland. Rock magnetic analyses of closely spaced rock samples of crystalline magma collected along the length and thickness of the sill provides a detailed account of how magnetic fabrics can vary spatially. We also present what we believe is one of the first applications of the AARM technique to understand sill emplacement histories. The AARM signals are compared with AMS fabrics and interpreted based on some basic petrographic analysis and simple thermal modeling to better our understanding of how syn- and post-emplacement processes are recorded in magmatic intrusions, from sill propagation to solidification. We also make recommendations on how these techniques should be used to study magma flow in fossilized magma intrusions in the future.

GEOLOGICAL SETTING

To investigate how magnetic fabrics vary across the thickness of a sill we required a field location which provided a well exposed sill, with basal and upper contacts exposed, and a site that was easily accessible. As our study aimed to collect rock samples at very high density, we also required an intrusion that was relatively thin (<10 m thick). To aid our interpretation of our magnetic results we also required a site that had detailed petrographic work already available in the literature. Sills from the Trotternish Peninsula in the Isle of Skye fulfilled all these criteria, and was therefore the ideal site where to conduct our study.

The Trotternish Peninsula is located in the north of the Isle of Skye, Northwest Scotland (Figure 1A). It is a 33 km long peninsula comprising a succession of Middle Jurassic sandstones and mudstones (∼168 Ma) (Hudson and Trewin, 2002) capped by basaltic lava flows of the Skye Lava Group (∼60 Ma) (Harris and Hudson, 1980; Gibb and Gibson, 1989; Emeleus and Bell, 2005). The sedimentary rocks were intruded by a series of sills which comprise the Little Minch Sill Complex (LMSC), and are part of the British and Irish Palaeogene Igneous Province. The LMSC is considered to post-date the Skye Lava Group (Schofield, 2009; Hughes et al., 2015). The sills vary in composition from picrite (>40% olivine) to picrodolerite (15–40% olivine) to crinanite (analcime bearing olivine dolerite with <15% olivine) (Gibb and Henderson, 1984; Gibson and Jones, 1991; British Geological Survey, 2007). At a later stage, the region was crosscut by a series of NW-SE trending mafic dykes from the Skye Dyke Swarm (Hughes et al., 2015), a part of the North Britain Palaeogene Dyke Suite (Emeleus and Bell, 2005).
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FIGURE 1. (A) Simplified geological map of the Isle of Skye (modified after EDINA Geology Digimap Service, 2008) showing location of Inver Tote (Red Star). (B) Geological map of disused quarry near Inver Tote, Isle of Skye, Scotland. Palaeogene age crinanite (CS) and picrite sills (PS) (green and white respectively) of the Little Minch Sill Complex, British and Irish Palaeogene Igneous Province, have intruded Jurassic sedimentary rocks (JS, orange). Cross cutting the area are two basaltic dykes (red). Locations of magnetic sampling sites are marked G1-4 in the SW end of the quarry.



Structural mapping and rock sampling were conducted in an easily accessible quarry near Inver Tote (NG 51863 60609) (Figure 1) where a crinanite sill and a picrite sill (Figures 2A,B) have intruded sandstones and mudstones of the Elgol Sandstone Formation (Harris and Hudson, 1980). A combination of partially evolved olivine-bearing alkali-basalt parental magma and assimilated Lewisian Gneiss basement rocks have produced the crinanite composition (Gibson, 1990). At the site, and in the surrounding area, there are a series of NNW-SSE trending faults that cross-cut the sills (British Geological Survey, 2007). Within the quarry, two dykes from the Skye Dyke Swarm crop out parallel to the NNW-SSE striking faults.
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FIGURE 2. Field photographs of crinanite and picrite sills that crop out in a quarry at Inver Tote. (A) Overview panoramic photograph showing magnetic sampling sites (G1-4), and the blue and red boxes are the locations of photos (B,D). (Bi) Photograph showing a crinanite sill, a picrite sill and a basaltic dyke. The red box is the location of photograph (C), and (Bii) is an interpretive drawing of (Bi) which shows the location of the units present. (C) Photograph of the lower portion of the crinanite sill showing the gabbro lenses. (D) Photograph of drill holes across the lowest 3 m of sampling heights in the crinanite sill (location G1).



The crinanite sill overlies the picrite sill and underlies Jurassic sedimentary rocks (Figure 2A). Its upper contact was not directly observed as the Jurassic host rocks have since been eroded, however, following Gibson and Jones (1991) we infer that the resistant and exposed upper flat-lying surface of the quarry is the top of the sill. In the quarry, the crinanite sill has a thickness varying between 5 and 6 m, with the upper surface being undulatory, as suggested by Schofield (2009). He also suggested that the sill propagated as a series of fingers from a NNW to SSE direction, and that these fingers then merged during sill inflation. The lower contact of the crinanite sill has an overall strike of approximately 000/05° W, however, it is undulose and trends 143/13° SW in the southern part of the quarry and 039/10° NW in the northern part. The underlying picrite sill is >15 and up to 42 m thick (Gibson and Jones, 1991). There is a chilled margin at the base of the crinanite sill, however, columnar jointing is continuous across the margin (Figure 2B).

Within the crinanite, there are a series of horizontally elongate and laterally extensive gabbro lenses up to 10 cm in thickness (Figures 2B,C). These are similar in composition to pegmatitic gabbro lenses mentioned by other authors who have published on the area (e.g., Gibson and Jones, 1991; Nicoli et al., 2018). There are also occasional amygdale rich bands throughout the thickness of the sill (Figure 2Bii). Vesicles are up to several centimeters in size; the smaller ones are spherical, but larger ones are flatter and elongate, with their short axes perpendicular to the sill plane. The largest vesicle observed was 20 cm long and 8 cm wide, and had a long axis oriented approximately ENE. Analcime is present as vesicle infill. Previous work in the area does not mention a crystal cargo within the crinanite at Inver Tote (e.g., Gibson and Jones, 1991), however, it is present in other sills in the region such as the Shiant Isles picrodoleritie/crinanite unit (Holness et al., 2017) and the Dun Raisburgh crinanite (Nicoli et al., 2018) which have an approximant 3% crystal cargo consisting of olivine and plagioclase.

ROCK MAGNETISM AND ITS APPLICATION TO VOLCANIC ROCKS

Rock magnetism and magnetic anisotropy are commonly used in sedimentology, paleontology, tectonics and volcanology to understand formational processes, determine rock ages, and paleocurrent or flow trajectories (e.g., Blundell, 1957; Tauxe, 2010). Rock magnetism is often used to determine models of emplacement of dykes and sills, magma flow trajectories, and to infer intrusion source locations (e.g., Olazabal et al., 1999; Poland et al., 2004; O’Driscoll et al., 2006; Magee et al., 2018b). In this study, we use AARM and anisotropy of anhysteretic magnetization (AARM) to understand variations in magma flow trajectories, and to decipher magma flow and solidification processes across the breadth of the crinanite sill.

Anisotropy of magnetic susceptibility (AMS) is the study of how susceptible a sample is to gaining an induced magnetic field (Knight and Walker, 1988; Raposo and Ernesto, 1995). The induced field is affected by the strength, size, domain state and orientation of all magnetic minerals (dia-, para- and ferro-magnetic) present in the sample (Khan, 1962), however, some phases dominate the magnetic signal when present, for example magnetite (e.g., Hargraves et al., 1991). AARM differs from AMS in that it is used to study the fabric originating from magnetic remanence carrying grains, which tend to be single-domain (SD) or vortex-state (VS) in nature (McCabe et al., 1985; Jackson, 1991). The fabric that the ferromagnetic minerals exhibit is linked to their ability to obtain an anhysteretic remanence (laboratory magnetization). The ferromagnetic minerals that give rise to the AARM signal often occur as silicate mineral-hosted magnetites (Cheadle and Gee, 2017).

Magnetic susceptibility (K) is defined as;
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where Mi is the degree of induced magnetization and H is the strength of the magnetic field. The magnetic susceptibility of a sample is characterized by a second order ellipsoid tensor (Khan, 1962), which has three principle eigenvectors: K1, K2 and K3, where K1 is the longest axis, K2 is the intermediate axis and K3 is the shortest axis (Knight and Walker, 1988). The ratio between the magnitudes of the different tensor axes gives rise to a range of ellipsoid properties: lineation (L), foliation (F), degree of anisotropy (Pj) and shape parameter (T). There are four different shapes exhibited by an AMS ellipsoid: spheroidal (K1 = K2 = K3), oblate (K1 > K2 = K3), prolate (K1 = K2 > K3) and tri-axial (K1 > K2 > K3) (Tauxe, 2010). Ellipsoid tensor shapes can be used to interpret magmatic fabrics (e.g., Knight and Walker, 1988). Prolate shaped ellipsoids are commonly known as magnetic lineation (Table 1), being similar to the long axis of elongate crystals in magmatic rocks (Geoffroy et al., 2002). In comparison, oblate shaped ellipsoids give rise to magnetic foliation (Table 1), similar to the planar arrangement of tabular phenocrysts. AARM also utilizes a second order ellipsoid tensor, with the same ellipsoid descriptions, and is defined as K(rem) which is calculated by averaging different directions of imparted anhysteretic remanent magnetizations (Table 1).

TABLE 1. Anisotropy parameters used by Anisoft software and can be found in Jelinek (1981).

[image: image]

Combining the measured magnitude and orientation of ellipsoid tensors with field and petrological observations is used to infer magma flow that built now static, solidified magma bodies (e.g., Varga et al., 1998; Liss et al., 2002; Chadima et al., 2009). AMS has commonly been used to understand intrusive processes with many studies implementing the technique to interpret the observed fabrics (e.g., Knight and Walker, 1988; Staudigel et al., 1992; Roni et al., 2014). AARM has been used in many studies to infer the emplacement processes of dykes (e.g., Chadima et al., 2009; Silva et al., 2010; Soriano et al., 2016) and the Stillwater Igneous Complex, MT, United States (Selkin et al., 2014), with only one study applying the technique to study sill emplacement (Hrouda et al., 2015).

When the AMS K1 axis is aligned with the long axis of the magnetic crystals (and phenocrysts when present) or with AARM K1 axis, and these are parallel to intrusion margins, this is known as a normal fabric (Rochette et al., 1992; Ferre, 2002; Chadima et al., 2009). In this case the K3 axis is also parallel to the short axis of a crystal or the AARM K3 axis, i.e., magnetic lineation and magnetic foliation are both parallel, and can be used to infer the magma flow direction. At the margin regions of mafic intrusions AMS fabrics can be inclined, which suggests that the magnetic minerals have been inclined reoriented by simple shear conditions imparted by the flowing magma experiencing variations in strain rate imparted at a no-slip boundary with the host-rock (e.g., Knight and Walker, 1988; Rochette et al., 1992). In these situations, the imbricated magnetic lineation and foliation can be used to interpret the sense of magma flow during initial emplacement (Geoffroy et al., 2002; Chadima et al., 2009). Inverse fabrics occur when the AMS K1 and K3 axes are inverted with respect to crystal long axes or AARM K1 and K3 axes and the intrusion margins. In these situations, the origin of inverse fabrics is often related to SD crystals dominating the magnetic fabric (Potter and Stephenson, 1988; Rochette et al., 1992; Ferre, 2002). Anomalous fabrics are characterized by AMS and AARM ellipsoids with axes in orientations that fit neither a normal or inverse fabric (Soriano et al., 2016), the origins of which have been widely debated. Examples include: combinations of SD and multi-domain (MD) particles that produce the fabrics (Potter and Stephenson, 1988; Rochette et al., 1991), and processes such as syn- or post-emplacement shear along the crack (Dragoni et al., 1997; Clemente et al., 2007), alteration (Rochette et al., 1991), or cooling contraction (Hrouda et al., 2015).

METHODOLOGY

Sampling

The crinanite sill was chosen as the ideal candidate to sample for our magnetic analysis. The quarry outcrop provides excellent exposure and access to the entire sill thickness, spanning the top and bottom contacts (6 m in total) and extending over ∼45 m of sill length due to sampling logistics and field safety. Sampling was also conducted along the inferred axis of a finger-like morphology described by Schofield (2009).

Seventy-eight 2 cm diameter cores, up to 10 cm long, were collected at 50 cm intervals spanning the 6 m thickness of the crinanite sill and spread laterally across 4 sample sites (G1-4 in Figures 1, 2A). The samples were collected using a chainsaw motor-driven Stihl BT45 core drill. Six cores were collected at each 50 cm height interval (Figure 2D and Table 2). There was overlap in the sampled heights at the sites to enable correlation between them to be assessed during subsequent data processing and analysis. Cores were drilled horizontally, approximately in-plane with the sill, and were oriented in situ using both sun and magnetic compasses. In the laboratory, the rock cores were sliced into 2.2 cm long specimens, with each core producing one to three specimens, yielding a total of 147 specimens which were used for magnetic anisotropy analyses. Additional hand-sized oriented and unoriented rock samples were taken for basic petrographic analysis (Table 2).

TABLE 2. Table showing the location and heights of thin sections for petrology and the number of cores collected for magnetic anisotropy studies.
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Characterization of Magnetic Carriers

A key step in any rock magnetism study is accurate identification of the magnetic carriers that produce the AMS or AARM fabrics. Identification of the magnetic carriers in the Invertote crinanite sill was undertaken using core offcuts at each sampling height and taking three approaches: (1) multi-technique analysis using a variable field translation balance (VFTB), (2) high temperature susceptibility, and (3) three-component thermal demagnetization, known as the Lowrie method (Lowrie, 1990).

VFTB measures the isothermal remanent magnetization (IRM) acquisition and backfield demagnetization curves, hysteresis loops, and thermomagnetic curves of a sample to characterize the properties of its magnetic carriers and thus help identify the mineral populations giving rise to the observed fabrics. Masses of 150 mg of fine powdered rock from core offcuts were measured for their IRM by applying a magnetic field, removing the field and then measuring to see how well the sample has taken the applied field, stepwise to +800 mT. Backfield measurements were then made in a similar way but with an oppositely directed field of up to -800 mT. Hysteresis was then measured during the application of a field in one direction, then when it was inverted and then in the original direction. Finally, each sample underwent cyclic heating and cooling in a constant high field of 240 mT from 50°C to 700°C in 100°C intervals (starting at 200°C). This determined the Curie temperatures of each of the magnetic carriers, which are specific to mineral composition. Data was subsequently analyzed using the RockMagAnalyzer 1.0 software (Leonhardt, 2006).

High temperature susceptibility measurements were performed on fresh crushed samples from the core offcuts using the MFK-1A Kappabridge from AGICO (Advanced Geoscience Instruments Company). The temperature was incrementally increased from 30 to 700°C and then decreased back to 40°C with the magnetic susceptibility measured incrementally. The data was then analyzed using the Cureval8 software from AGICO (Chadima and Hrouda, 2012).

Three-component thermal demagnetization experiments using a modified version of the Lowrie (1990) method were conducted to identify unblocking temperatures of magnetic carriers giving rise to the signal observed in the AARM analyses. Unblocking temperatures are the temperature at which the coercive force of a grain is overcome by thermal fluctuations resulting in its demagnetization. In these experiments, the different strength fields were applied to a core specimen, after AMS and AARM analyses were performed on the specimen, in decreasing magnitudes and orientations. The field strengths used were: x-axis of 1.5 T, y-axis of 0.4 T, and z-axis of 0.02 T, which are the limits of the pulse magnetizers used. Each specimen was then heated and cooled in steps of between 20 and 50°C, to a maximum of 620 °C, which correspond with temperatures where we believe the magnetic remanence is changing the fastest, i.e., just below the Curie temperatures of minerals that are believed to give rise to the magnetic signals.

Magnetic Anisotropy

Anisotropy of magnetic susceptibility analyses were undertaken using a MFK1-A Kappabridge from AGICO, where each specimen was rotated along three axes whilst a magnetic field was induced and the subsequent susceptibility measured using AGICO’s Safyr7 software (Chadima et al., 2018b). The AMS tensor three-axes orientations were analyzed in AGICO’s Anisoft4.2 software (Chadima and Jelinek, 2009) for processing anisotropy data, utilizing Jelinek statistics (Jelinek, 1977). Susceptibilities are accurate to within 1% error.

Measurement of AARM was undertaken using a JR-6A dual speed spinner magnetometer, LDA5 alternating field (AF) demagnetizer and PAM1 anhysteretic and pulse magnetizer from AGICO. Each specimen underwent a multi-stage manual measurement of the natural remanent magnetization, demagnetization and subsequent remagnetization procedure. Initial measurement of the natural remanent magnetization (NRM) was made using the JR-6A spinner magnetometer and Rema6 instrument control software (Chadima et al., 2018a), before demagnetization in a 100 mT alternating current (AC) field using the LDA5 AF demagnetizer. An anhysteretic remanent magnetization was then applied to each sample in incrementally increasing direct current (DC) fields up to 500 mT, with subsequent measurements using the JR-6A and Rema6 software to determine the saturation magnetization for each specimen. As the peak capable field, but one still below the saturation values of the field, 500 mT was used as the DC field strength for AARM acquisition. A six-position bias field application and measurement sequence was used for each specimen, with the data subsequently analyzed using the Anisoft42 software (Chadima and Jelinek, 2009) to determine AARM tensor orientations.

Petrographic Characterization

Basic characterization of the petrological textures of the crinanite was undertaken by analyzing thin sections from 12 samples (Table 2) using Meiji MT9000 and NIKON Eclipse LV100Pol polarizing microscopes. Seven of these samples, collected at 1 m intervals across the sill thickness, were oriented during collection and their thin sections were made in a N-S orientation that was perpendicular to the sill plane. Three additional un-oriented samples were collected from the central region, upper and lower contacts of the sill, and two samples were analyzed from the gabbro lenses. Micro-scale imaging was completed by scanning electron microscopy using a Meiji TM3000 with a 15 eV beam current, and images processed using the Bruker Quantax 70 software. Quantitative Element Mapping using Scanning Electron Microscopy (QEMSCAN) was conducted on a FEI WellSite QEMSCAN for analysis of geochemistry from energy dispersive X-ray spectrometry. The Wellsite QEMSCAN SEM used a W-filament, operating at 15 kV. Two different measurement resolutions of 2 and 20 μm were used for QEMSCAN elemental mapping of the entire thin sections (up to 2 mm from each side).

RESULTS

Rock Magnetism

Thermomagnetic Experiments

Thermomagnetic curves of in-field magnetization (Figures 3Ai–iv) show two significant changes in magnetization during cyclic heating of the crinanite sill samples. The first change occurred between 400 and 500°C, causing the cooling curve from 500°C to not overlay the heating curve, perhaps due to alteration associated with incomplete oxyexsolution and resulting in the production of a higher Ti-titanomagnetite during heating. A subsequent small drop in magnetization occurred at approximately 580°C, indicating the presence of a small portion of almost pure magnetite.
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FIGURE 3. Graphs showing data from (A) cyclic thermomagnetization, (B) high temperature susceptibility and (C) three component thermal demagnetization experiments for identification of magnetic carriers at select heights through the crinanite sill (see Table 2): (i) 6 m (the upper contact, sample 6.0b-G4), (ii) 4.5 m (sample 4.5a-G3), (iii) 3.5 m (sample 3.5a-G3), and (iv) 0 m (the lower contact, sample 0.0a-G1). In (A,B) the red curves are heating measurements and blue curves are cooling measurements. Background colors in (B,C) represent the two AMS and four AARM groups.



High Temperature Susceptibility Experiments

High temperature susceptibility measurements on one sample from each height through the crinanite sill show similar patterns in both heating and cooling curves (Figures 3Bi–iv). During heating, the large drop in magnetization at around 480°C signifies the Curie temperature has been met and corresponds with the presence of low Ti-titanomagnetite (∼Ti10, i.e., titanomagnetite with approximately 10% Ti-content) for all samples. In all cases, the cooling curves do not follow the same trend as the heating curves, indicating that heating-induced alteration occurred. We interpret these results to mean a small amount of magnetite and a large amount of a Ti-rich titanomagnetite (possibly around Ti50) was produced during heating, however, some of the original low Ti-titanomagnetite remained (Figures 3Bi–iv).

Lowrie Experiments

Results from the modified Lowrie test show that the strongest components are in the 0.4 T range with gradually decreasing unblocking temperatures to a maximum of 580°C (Figures 3Ci–iv), which is indicative of a range of Ti-titanomagnetite compositions. There is also a decrease in the relative proportion of the 0.02 T signal compared to the 0.4 T signal with increasing height through the sill (Figures 3Ci–iv). This indicates a fining of the grain size due to a decrease in the amount of a softer, more multi-domain phase being detected by the 0.02 T strength signal. The unblocking temperature also increases from 560 to 570°C at the margins of the sill to 580–600°C toward the center of the sill (Figure 4A), which possibly relates to the longer cooling time away from the margins allowing oxyexsolution to progress further. The fining of the grain size with increased height through the sill can also be seen in a Day plot (Day et al., 1977) where all samples fall within the VS region, but the samples at 0–50 cm heights plot closer to the MD region (Figure 4B) and the rest of the samples cluster toward lower Bcr/Bc values and slightly higher Mrs/Ms values (where Bcr is coercivity of remanence, Bc is bulk coercivity, Mrs is the remanent magnetic saturation and Ms is magnetic saturation). Overall, the thermomagnetic results and Lowie experiments produce a consistent signal of a mixture of MD to SD titanomagnetite that is the dominant source of the rock magnetic signals.
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FIGURE 4. Graphs showing results from experiments to identify the magnetic carriers and their domain states at each 0.5 m height across the crinanite sill thickness. (A) Unblocking temperatures against height, obtained from three component demagnetization experiments (modified Lowrie method), where the vertical dashed line separates the AMS groupings, and (B) Day plot showing single-domain (SD), vortex-state (VS) and multi-domain (MD) states, where Bcr/Bc is coercivity of remanence relative to bulk coercivity and Mrs/Ms is the remanent magnetic saturation relative to magnetic saturation. In both plots, circles indicate AMS group A and squares indicate AMS group B, and the colors indicate the 4 AARM groupings.



Anisotropy of Magnetic Susceptibility

To visualize the AMS fabrics across the thickness of the crinanite sill a series of equal area diagrams are plotted, first presenting all of the measurements together to identify overall AMS patterns (Figure 5A). The combined measurements of all 147 specimens from the sill show an oblate AMS fabric, with the mean K1 axis showing a shallow inclination to the north east (Figure 5A). The overall mean K3 axis is almost vertical. Combining all data together allows for a general fabric to be observed, however, there is a lot of scatter evident across the individual specimens, as observed in the wide 95% confidence angles for each axes of ellipsoid, e.g., mean K1 orientation of 44.7°± 46.5° declination with an inclination of 6.9°± 21.5° (see Table 3).
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FIGURE 5. Equal area plots of data from all specimens for both (A) AMS data (N = 147) and (B) AARM data (N = 137) with (Bi) representing data for all axes and (Bii) showing a contour plot of K1 axes. K1 axes are blue squares, K2 axes are green triangles and K3 axes are purple circles. Solid lines are the 95% confidence ellipses calculated by Anisoft 4.2. Solid black line represents the sill plane and the dashed black line represents the magnetic foliation plane.



TABLE 3. Table showing the mean ellipsoid directions with 95% confidence angles for AMS and AARM ellipsoids.
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Equal area diagrams displaying the data separated into their respective heights shows distinct variations in AMS fabrics across the crinanite sill thickness (Figure 6A). The mean orientation of the tensors varies with height, with the K1 axis in a broadly N-S orientation at the bottom contact, rotating to a NE-SW orientation between 0.5 and 5.0 m in height, and rotating back to a N-S orientation at 5.5–6.0 m heights (Figure 6A). The mean K3 short axis is close to perpendicular to the sill plane, except between 3.0 and 4.5 m where they are inclined to either the south-east or south-west. At the 4.0–4.5 m heights, there is a large amount of scatter in the data, resulting in ellipsoids with wide ranging 95% confidence angles, e.g., at 4.0 m the K1 axis has a declination of 40.5° ± 40.9° and an inclination of 27.2° ± 34.3° (see Table 3). A small increase in Km from 9.43 × 10-3 to 1.5 × 10-2 is observed from 0 to 1.0 m, after which Km becomes more constant with a peak in mean susceptibility of 1.77 × 10-2 occurring at 3.5 m height (Figure 7Ai). Both magnetic lineation and magnetic foliation are characterized by mean variations in axis length of <1 and <1.25% respectively (Figures 7Aii,iii). The AMS foliations are consistently near-parallel to the sill plane. However, at the lower margin the AMS foliation dips slightly toward the north (similarly to the K1 axis). We interpret this dip to be the result of an imbrication process that has developed during magma flow. This imbrication toward the south therefore reflect the flow direction being to the south at the time of solidification. Its location at the sill margin suggests this was the initial propagation direction of the growing sill. The other location where the AMS foliations are not aligned with the sill plane are between 3.0 and 4.5 heights, where the ellipsoids have rotated around either the K1 (3–3.5 m) or K2 (4–4.5 m) axes, by approximately 50° and 60° respectively. Low degrees of anisotropy (mean Pj values less than 2%) indicate that the ellipsoid shapes are close to spherical (Figure 7Aiv) suggesting a near uniform orientation of the larger MD magnetic minerals. The shape of the ellipsoid tensors (shown mostly by variations in the mean shape, see Figure 7Av) varies across the sill thickness in an irregular and oscillatory manner.
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FIGURE 6. Equal area plots showing (A) AMS measurements and the location of two AMS groups and (B) AARM measurements and the location of four AARM groups at different heights across the crinanite sill thickness. The number of specimens (N) used for each technique at each height is shown in the upper right of each plot. For all plots the K1 axes are blue squares, K2 axes are green triangles and K3 axes are purple circles, and the colored solid lines are their respective 95% confidence ellipses. The solid black line represents the sill plane and the dashed black line represents the magnetic foliation plane.
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FIGURE 7. Graphs showing (A) AMS and (B) AARM measurements at specific heights across the crinanite sill thickness: (i) mean susceptibility Km, (ii) lineation, (iii) foliation, (iv) degree of anisotropy Pj, and (v) shape parameter T. In all plots the symbol position (square, circle, or diamond) shows the mean measurement, the horizontal error bars show the 95% confidence intervals, and the crosses show the minimum and maximum values.



Collectively the results suggest the AMS fabrics can be separated into two groups based only on the orientation of the ellipsoids. The other parameters (L, F, Pj, T) show oscillatory trends throughout the sill thickness and as such cross the identified group boundaries. Group A fabrics (orange vertical bars in Figure 6A) are characterized by the mean K1 axes that are trending in a N-S orientation with the mean K3 axes perpendicular to the sill plane. It occurs at the lower sill margin (0 m) where it contacts the underlying picrite sill and the upper sill margin (5.5–6 m) where the sill is in contact with the overlying country rock. The thickness of the Group A fabrics is asymmetric, being <0.5 m thick at the lower contact (only evident in the 0 m height sample) and <1.5 m thick at the upper contact (evident in the 5.5 and 6 m height samples). Group B fabrics (green vertical bar in Figure 6A) are characterized by the mean K1 axis trending in a NE-SW orientation, with the mean K3 axis still vertical but with variations of inclinations toward the SE and SW (e.g., at 3.5 and 4.0 m respectively). It occurs across the whole of the sill interior (0.5 – 5 m).

Anisotropy of Anhysteretic Remanent Magnetization (AARM)

Similarly to the AMS data, to visualize the AARM fabrics across the thickness of the sill we have plotted a series of equal area diagrams, first grouping all the measurements to show overall patterns, and then plotting separate diagrams at individual heights through the sill to compare the AARM magnetic fabrics across the sill thickness. The overall orientation of all the AARM specimens show a mean K1 axis dipping toward the south (blue squares, Figure 5Bi). However, within these data there are two distinct populations of ellipsoid long axes: the first and larger cluster is dipping toward S-SSW, and the second smaller population has a shallower dip toward the ESE (see contour plot of K1 axes, Figure 5Bii). The large amount of scatter associated with the K2 and K3 ellipsoids has given rise to wide ranging 95% confidence angles for which most of the populations for these do not reside, e.g., K2 mean direction of 255.5° ± 62.3° declination and 4.2° ± 51.8° inclination (Table 3).

Similar to the AMS fabric analysis, when the AARM data are separated into their respective heights a wider range of fabric groups and trends are observed. Overall, we have identified four AARM fabric groups. AARM Group 1 is located at the lower margin (0 m), with a mean K1 axis that shallowly dips 10.6° toward the north (Figure 6B and Table 3). The confidence angles are almost horizontal with K1 and K2 overlapping. The mean K3 axis is almost vertical, 75.6° inclination with an overall oblate fabric. Group 2 is the thickest group, occurring between heights of 0.5–4.0 m and is characterized by the mean K1 axes becoming more inclined toward the N-NE (dipping toward the S-SW) and better-constrained confidence angles (see Table 3). In contrast to AARM fabric Group 1, the ellipsoid shapes have become tri-axial to prolate with means of 0.1 to -0.5 (Figure 7Bv). AARM fabric Group 3 is found at the 4.5–5.0 m heights, where the mean ellipsoid long axes begin to rotate around the vertical toward the south-east (Figure 6B). Finally, AARM fabric Group 4 is associated with the upper margin region (5.5–6.0 m), where the mean ellipsoid K1 axes shallowly dips to the ESE (Figure 8B), the mean K3 fabric is horizontal and oriented in a NNE-SSW direction.
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FIGURE 8. (A) QEMSCAN image of thin section LMS-6 collected from the bottom of the crinanite. Black scale bar in the bottom left corner of is 2 mm in length. (B) The modal abundances of mineral phases in samples collected from close to the Top (LMS-8), Middle (LMS-7), and Bottom (LMS-6) of the sill, estimated by QEMSCAN (see Table 2). Note that in (B) green represents the sum of olivine and chlorite, as chlorite is interpreted to be altered olivine, and pink represents the sum of pyroxene and amphibole, as amphibole is interpreted to be altered pyroxene.



Across the thickness of the sill some gradual changes in the properties of the AARM fabrics were observed. The mean remanence gradually increases from 2.3 × 104 to 5.1 × 104 with increased height from 0 to 3.5 m where it remains constant to the upper margin (Figure 7Bi). The degree of lineation also increases through the sill (Figure 7Bii). The foliation at the lower margin is considerably larger than the rest of the sill, up to 1.28 compared with <1.1 (Figure 7Biii). The orientation of the AARM foliations varies considerably across the breadth of the sill. At the lower margin it dips shallowly toward the north and elsewhere it is more steeply dipping (>40°) and in a range of directions. It should be noted that the AARM fabrics are dominated by prolate ellipsoids (overall mean T of -0.26), which suggest that the magnetic lineation is more important than magnetic foliation. Like the foliation, the degree of anisotropy shows an overall increasing trend with increasing distance from the lower contact. An exception to this occurs at the lower contact where Pj is significantly larger (Figure 7Biv). The ellipsoid shapes (T parameter) also become more prolate with increased height through the sill, with means of -0.51 and -0.56 at 5.5 m and 6 m, respectively (Figure 7Bv) which is similar to lineation (Figure 7Bii).

Composition and Petrographic Fabrics

The overall mineralogy of the crinanite sill consists of plagioclase (50%), olivine (3%), chlorite (12–13%), augite (15–19%), other pyroxenes (∼1%), amphiboles (6–8%) and oxide minerals (∼2%). The variations observed occur at different heights across the sill (Figure 8B). Post-solidification alteration caused chlorite to form from olivine and amphiboles to form from pyroxene. The original mineralogy and their proportions were therefore: olivine (15% bottom, 15% middle and 16% top), pyroxene (26% bottom, 28% middle, and 24% top) plagioclase (50 ± 1%) and oxide minerals (∼2%) (Figure 8B). These proportions of olivine indicate that the sill lithology straddles the boundary between crinanite and picrodolerite compositions based on the classification of Gibb and Henderson (1984). However, in this paper we will refer to it as crinanite for ease of comparison with other studies in the area (e.g., Gibson and Jones, 1991; Nicoli et al., 2018).

Mineral textures across the crinanite sill reveal structures that enable the crystallization sequence to be determined. The plagioclase is euhedral to subhedral and appears as two populations: the first group is present as stellate clusters (individual crystals to up 4 mm, e.g., Figure 9A) and the second group comprises small individual crystals (average 0.5 mm diameter). Olivine also occurs as two populations, both of which have been partially altered to chlorite; the first as rare euhedral phenocrysts (up to 2.5 mm, Figure 9B) and the second as subhedral to anhedral crystals (average of 1 mm diameter). The oxide phases (titanomagnetites and ilmenites) have grown both as isolated microcrystals and 0.1–1.3 mm crystal clusters, with the latter comprising ilmenite cores surrounded by titanomagnetite with exsolution laminae of ilmenite (Figure 9C). Up to 5 mm sized anhedral pyroxene (augite) oikocrysts ophitically enclose all other mineral phases.
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FIGURE 9. Photomicrographs from optical microscopy viewed with crossed polarized light (A,B,D) and a backscattered electron SEM image (C). (A) A stellate plagioclase (Plg) crystal from near the top of the sill (sample LMS-19-6 m), with ophitic augite (Aug) and unclassified oxides (Ox). (B) An olivine phenocryst (Ol) partly altered to chlorite (Chl) from the lower margin of the sill (sample LMS-6). (C) An ilmenite grain (Ilm) surrounded by titanomagnetite (TiMag) with exsolution lamellae, sampled from near the base of the sill (sample LMS-6). In the lower right corner, a small VS-SD sized crystal of interstitial TiMag can be seen which has crystallized from the interstitial melt. (D) Boundary of the crinanite with a gabbro lens indicated by yellow dashed line, with the left part of the image showing the gabbro lens (top) and the crinanite in the right part of the image (bottom). The sample is located near to the base of the crinanite sill (sample LMS-5b).



The gabbro lenses within the crinanite sill consisted of similar constituents to the surrounding crinanite, except for a distinct lack of olivine, and have an irregular interface with the crinanite. The plagioclases and pyroxenes here were up to 8 mm in size (Figure 9D). Titanomagnetites and ilmenites were also present and were up to 3 mm in size.

DISCUSSION

We now discuss our results to explore the origin and evolution of magnetic fabrics in sills. Bringing together our detailed magnetic analysis, we then use basic petrology and apply thermal modeling and constraints from the literature to synthesize an emplacement and solidification model for the crinanite sill we studied. We propose that this model can be applied to mafic sills more generally.

Unraveling the Magnetic Anisotropy

Previous studies of magma flow in intrusions have found key indicators of recorded flow to manifest as AMS and AARM signals, with small confidence angles, and the alignment of phenocrysts, which can be associated with shear that aligns magnetic minerals and tabular crystals parallel to, or slightly imbricated to, the direction of flow (e.g., Knight and Walker, 1988; Chadima et al., 2009). In the Inver Tote sill, we identified two groups of AMS fabrics and four AARM groups (Figure 10A): AMS Group A at the sill’s upper and lower contacts with the host rock, AMS Group B in the central region of the sill, and AARM Group 1 at the lower margin of the sill to Group 4 at the top margin. From these fabrics we can unravel the history of magma emplacement prior to and during solidification in different regions of the sill.
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FIGURE 10. Emplacement model for solidification of the sill inferred from magnetic and petrological fabrics. (A) Solidified crinanite sill showing AMS (Group A and B) and AARM groupings (Group 1 to 4). Dashed lines signify the approximate heights of the groupings. Columnar jointing (vertical solid lines) is continuous across the lower margin into the underlying picrite. (B) Micro-scale diagram showing both the larger MD sized particles growing on the edges of primocrysts that produce the AMS fabrics and pore-melt flow of interstitial fluid around plagioclase and olivine primocrysts to produce AARM fabrics. (C) Stellate plagioclase crystals and euhedral olivine phenocrysts present within the initially intruding magma. (D) Schematic diagram showing magma being emplaced between Jurassic sedimentary country rocks above and picrite sill below. Propagating solidification front from upper and lower margins is asymmetric due to varying host rock temperatures.



The AMS fabrics predominantly originate from larger MD titanomagnetite crystals, with the orientation of these crystals providing the orientation of the magnetic susceptibility ellipsoids. These crystals are inferred to have grown along the edges of pre-existing phases (Figure 10B), some of which may have been oriented by flow of the magma under simple shear conditions (e.g., Correa-Gomes et al., 2001). In the margin regions, the location of AMS Group A fabrics (Figure 6A), the AMS foliations have their K1 axes orientated in a NNW to SSE orientation. We interpret the dip in foliation to be an imbrication which has formed due to magma flow. We therefore infer that the orientation of initial magma flow was to the south (Figure 11A). This is consistent with the orientation of the long axis of finger-like structures described by Schofield (2009). With increased distance from the margin regions, ellipsoid orientations and magnetic foliations rotate around the vertical to a SW-NE orientation, which we infer to indicate reorientation of the magma flow direction during emplacement (Figure 11B), as the solidification fronts restricted the flow. The reason for this change in flow direction is unclear, but it may reflect the orientation of a more regional flow in a SW to NE direction (e.g., Liss et al., 2002). Its occurrence is broadly supported by the direction of stretched vesicles in the sill.
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FIGURE 11. Schematic diagram of initial sill emplacement as magma fingers which propagated to the SSE (A), which subsequently coalesced with diverted flow direction towards the NE (B).



The AARM fabrics we measured originate from the orientation of SD to VS titanomagnetite crystals located along the edges of pre-existing mineral phases and as inclusions within the augite oikocrysts. We suggest the AARM magnetic lineation, created by the prolate nature of the ellipsoids, originates from in situ melt-percolation flow and solidification of the interstitial melt through the interconnected pore spaces of a crystal mush after the sill had stopped growing (Figure 10B). At the lower margin the AARM signals are oriented in a N-S direction, representing AARM Group 1. However, in the upper margin region, the signals are reoriented in an E-W orientation (AARM Group 4) with the AARM fabrics in the interior of the sill separated into two groupings (2 and 3).

The only height where AMS and AARM signals agree is at the lower margin (0 m height) where both fabrics show a NNW to SSE orientation of the mean K1 axes, which dips toward the NNE, a vertical orientation of the mean K3 axes, and an oblate shape (Figure 8). These similarities in orientation of their ellipsoids is characteristic of a normal fabric and occur in the lower Group A and the Group 1 regions. The normal fabric observed supports the suggestion of flow toward the south, and we infer that the AMS and AARM fabrics in this region both originate from simple shear conditions during progressive solidification of a flowing magma causing alignment of the magnetic minerals. Both the AMS and AARM foliation planes and the magnetic lineation directions are imbricated toward the SSE with respect to the sill plane, indicating a sense of flow toward the south.

At the contrasting upper margin, the upper part of AMS group A K1 signals are in a N-S orientation, however, the AARM group 4 K1 signals are oriented in an ESE-WNW direction and this offset is indicative of anomalous fabrics. The AMS signals represent the initial flow direction and orientation of MD crystals toward the south, however, the contrasting AARM signals, where the K1 axes are inclined to the WNW with respect to the sill plane and make up a larger proportion of the magnetic fabric (Figure 3C), suggest reorientation of flow during crystallization of the interstitial melt as it flowed through pores in the crystal network, and so these fabrics likely formed once the sill had ceased propagating. Our interpretation of magma flow from NNW to SSE direction based on magnetic fabrics is supported by field observations by Schofield (2009) of similarly oriented finger-like sill morphologies in the area.

Throughout the interior of the sill (0.5–5.0 m) the magnetic signals varied quite substantially and have been separated into one group for the AMS but two for AARM. The AMS K1 axes are shallowly dipping and orientated in NE-SW direction, however, the AARM K1 axes are inclined toward the N-NE (Group 2) or are rotating toward the east (Group 3). The shape fabrics also vary between the techniques with AMS being more oblate but AARM appearing more tri-axial to prolate. These fabrics are anomalous and can also be interpreted as two different flow regimes associated with (i) initial emplacement of the sill (orientation of the AMS signals) and (ii) later crystallization of the interstitial melt (orientation of the AARM signals), similar to those of inverse fabrics observed in the upper margin region. This indicates that the flow reoriented to a NE-SW direction, with imbrication in the AARM signal compared with the sill margins suggestive of flow of the interstitial melt to the N-NE whilst rising through the crystal mush. Some shear in the magma may still have been prevalent in order to cause the observed imbrication. The scatter associated with the AARM Group 3 signals possibly shows the height at which the flow of the interstitial melt changed direction and rotated around toward the West (4.5–5.0 m).

Our samples were collected from 4 sites across the length of the sill (∼45 m) in a horizontal transect aligned approximately NE-SW and thus approximately parallel to our inferred initial sill propagation direction. This provide us an opportunity to assess continuity in fabrics along the sill length. Our results show good correlation between sites. For example, the magnetic fabrics from samples collected at 5.0 m height (sites 3 and 4, ∼25 m separation) clustered together (Figure 6). In addition, the overall two populations in AARM ellipsoids (Figure 5Bii) contain samples from all sites. Overall this suggests we have not identified variations in flow fabric along the sill propagation direction.

Crystallization History

The petrological results from light microscopy, SEM and QEMSCAN analyses suggest that crystallization initiated with olivine and plagioclase. The presence of stellate plagioclase crystals (Figure 9A) and the larger euhedral olivine phenocrysts (Figure 9B) suggest these had space to grow unhindered, and so were likely surrounded by melt during crystallization (Gibb and Henderson, 1996). The location of these phases in the upper and lower margins suggests that they were present as phenocrysts in the initially intruding magma (Figure 10C). This is similar to the Shiant Isles picrodolerite and crinanite sills (Gibb and Henderson, 1996; Holness et al., 2017) and the Dun Raisburgh crinanite sill of the Isle of Skye (Nicoli et al., 2018).

The mineral textures suggest that small individual plagioclase crystals likely formed later and in situ once the sill propagation had ended (Gibb and Henderson, 1996; Holness, 2014). This large proportion of plagioclase present (50%) would have acted to create a rigid crystal network (Figure 10B) and prevent the flow of magma, as according to the Einstein-Roscoe equation a system becomes locked when up to 40% tabular crystals are present (Lejeune and Richet, 1995). The majority of the olivines then formed in situ from the solidifying interstitial melt. Nucleation of titanomagnetites and ilmenites within interstitial spaces demonstrates these also formed late, using olivine and plagioclase as nucleation sites. The remaining interstitial melt crystallized to form large augite crystals and complete the ophitic texture (Figures 9A,B). The lower proportion of augite observed in the upper margin may be the result of in situ differentiation and pore fluid flow of the crystallizing interstitial melt away from the margin (Gibb and Henderson, 2006). These mineral proportion and relationships suggest an initial emplacement temperature of the intruding crinanite magma of approximately 1180–1200°C (Nicoli et al., 2018).

The textural relationship between the magnetic carriers (titanomagnetites) and the other mineral phases present can help to infer the origin of the magnetic fabric and the time of its development. We suggest that the MD titanomagnetites (up to 1.3 mm), that likely provide the source of the AMS signal, used plagioclase and olivine as nucleation sites and grew from them into space which allowed them to grow larger becoming MD sized crystals (Figures 9C, 10B). In contrast, SD and VS titanomagnetites (<50 μm), that give rise to the AARM fabrics, have a more complex origin. Our observations that they appear within the interstitial spaces between plagioclases and olivines suggest that these smaller titanomagnetites are associated with crystallization of the interstitial melt during melt-percolation flow through the permeable crystal network and were restricted by the available space (Figure 10B) (Oppenheimer et al., 2015). The relative decrease in proportion of the softer 0.02 T strength MD phase compared with the stronger 0.4 T SD/PSD phase is suggestive of a fining of the grain size with increased height through the sill, which in turn suggests faster crystallization closer to the upper margin compared with the lower margin.

Thermal Evolution

The crinanite sill has intruded between an overlying sedimentary rock and an underlying pre-existing picrite sill (Figure 10D). The thermal evolution of the crinanite sill is strongly associated with the temperatures of these contrasting host rock layers when the crinanite sill was initially emplaced and then solidified, and the pattern of columnar jointing can help to constrain the temperature of the country rock during intrusion. We observe that columnar jointing in the crinanite rock is closely spaced near the upper margin and widens toward the base. The columns are also continuous across the lower margin into the picrite below (see Figures 2B, 10A and Gibson and Jones, 1991). Thermo-mechanical jointing experiments, where cylinders of hot rock are cooled from their solidus temperatures to tensile failure, have shown that columnar jointing in mafic magmas forms during cooling through the temperature range of 893–836°C (Lamur et al., 2018). If we apply this to our study, it suggests that the columnar joints we observe to span the crinanite-picrite sill boundary, results in the interpretation that the two sills cooled as a single unit. Furthermore, the temperature of the picrite sill must have been above 836°C. However, as the lower margin of the crinanite was chilled against the picrite this shows that there was still a large enough temperature gradient to quench the intruding magma.

The mechanism of heat loss from the intruding basalt to its surrounding host rocks plays an important role in controlling the preservation of flow fabrics during sill growth and solidification. By assuming that the sill cooled purely by conduction, we calculate that the timescale for solidification would have been 231 ± 40 days, using the equation:
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where L is the half-thickness of the sill (3 m) and k is thermal diffusivity (4.5 × 10-7 m2/s, Hartlieb et al., 2016). Whereas, the 1D thermal model of Holness et al. (2012):
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where w is the sill thickness (m) and x is the position within the sill, calculates a solidification time by conduction of 185 ± 32 days. Therefore, both conduction models broadly agree on the timescale of solidification. In both cases the error in solidification time is calculated assuming 0.5 m of variation in the sill thickness, but uncertainty in the thermal diffusivity of basaltic magma could potentially be a larger contributing factor.

To identify the possibility of cooling by convection, a key dimensionless parameter to consider is the Rayleigh number:
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where g is acceleration due to gravity (9.81 m/s2), α is coercivity of thermal expansion (°C-1), ΔT is the temperature difference between magma and host-rock (°C), L is the characteristic length (m), μ is magma viscosity (Pa s) and k is thermal diffusivity (m2/s). For the crinanite sill we used; α of 4 × 10-5 °C-1 (Murase and McBirney, 1973), L of 3 m (half the sill thickness as cooling occurs from both margins), μ of 30 Pa s (Lesher and Spera, 2015) and k of 4.5 × 10-7 m2s (Hartlieb et al., 2016). For ΔT we use different values for the upper and lower margins: the temperature of the Jurassic sedimentary rock is assumed to have been 25°C (assuming a standard continental geotherm, e.g., Furlong and Chapman, 2013), whereas 890°C was used as the temperature of the underlying picrite sill, based on the upper temperature limit (Lamur et al., 2018). The temperature of the intruding basaltic magma is assumed to have been 1200°C. Therefore, ΔT of the upper and lower contacts was 1175°C and 310°C, respectively. Calculated Rayleigh numbers are therefore Ra = 2.35 × 105 for the lower margin and 9.22 × 105 for the upper margin. This suggests cooling by convection occurred during solidification of the sill, as these values are both larger than the critical value of 2772 (Fowler, 2004). Following this result, the time for the onset of convection is thus approximately 5 days, using the equation:
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where l is the thickness of the thermal boundary layer, calculated to be 0.43 m at the upper margin (based on the critical Ra of 2772). This indicates that initially the sill would have cooled by conduction at the margins, but then convection would have had time to develop, and therefore both conduction and convection were key processes occurring during magma solidification.

These thermal models suggest that the margin regions where the magma was quenched against the host rock (i.e., the thermal boundary layer) are the only regions where the sill cooled by conduction, and that the central region of the sill experienced convective flow even after the sill had stopped its lateral growth. The conductively cooled regions are those which then produced the Group A AMS fabrics and the Group 1 and 4 AARM fabrics. At the lower margin, the rate of heat loss from the magma into the underlying picrite would have been lower than the upper margin into the country rock, due to smaller temperature differences with the host rocks. This would therefore produce an asymmetric cooling profile in the solidifying sill (Figure 10D). The warm floor of the sill would have acted to slow the inward propagation of the crystallization front upward from the lower margin of the sill (Figure 10C), with the faster cooling front from the upper margin preserving a thicker region where cooling occurred by conduction (Figures 6, 10D). The presence of gabbro lenses in the lower portion of the sill, along with coarsening in the grain size of the magnetic carriers with increased distance from the upper margin (Figure 4C), supports this interpretation of an asymmetrical cooling history.

Huppert and Sparks (1989) developed three classifications for the types of chilled margins preserved in intrusions and how they form. They define the first type of contact to be dominated by conductive heat flux and the preservation of the chilled margin. The second margin type is defined as one where conductive heat flux is temporarily overtaken by outward heat flux causing melting of the margin region but returning to conductive heat flux before the chilled contact is melted. This can occur as either convection at the upper margin or through flowing magma at the lower margin. The third type of margin is where the initial chilled contact becomes completely melted. Based on these definitions, we classify the upper margin of the crinanite sill to be a type one contact, where no melt back has occurred due to the thick region of the preserved magnetic fabrics. However, the lower contact represents a type two contact where some melting has occurred due to erosion by flowing magma during emplacement, however, not enough to melt the quenched contact region. Quenching of the magma against the host during initial emplacement and cooling by conduction would have allowed the preservation of the direction of flow during initial emplacement. In this sill the initial flow has been inferred to be from NNW to SSE (Figure 11A).

The variations in the temperatures of the host rock have resulted in the calculation of different thicknesses of the thermal boundary layer, with the upper layer being 0.43 m thick compared with the lower layer being thicker at 0.68 m. This has implications for the preservation of the magnetic fabrics and possibly also petrological (i.e., gravity settling) fabrics and suggests that there should be a thicker region of preservation of initial flow at the lower margin, however, this is not the case and as such may be an indicator that erosion of the thermal boundary layer by flowing magma may have occurred during emplacement. Thermal erosion of boundary layers has been observed at other locations in the British and Irish Palaeogene Igneous Province, i.e., in the Loch Scridain sill complex, Isle of Mull (Holness and Humphreys, 2003).

Within the sill interior, away from the margin regions and outside the calculated thermal boundary layers, are the areas of the sill that cooled by convection. The low degrees of anisotropy characterized by the AMS ellipsoids combined with large confidence angles (e.g., at the 4.5 m height, Figure 6 and Table 3) are indicative of magnetic carriers that display a near-uniform orientation. When this is combined with the knowledge that convection occurred, it suggests that the pre-existing phases present prior to crystallization of the magnetic carriers may have been given a uniform orientation by melt flowing around them whilst growing within the magma, and hence the magnetic fabric is reflecting the uniform orientation of these phases and as such, could be used as an indicator of convection in other studies.

Studies on other intrusions (e.g., the Shiant Isles, Holness et al., 2017) have identified the so-called ‘sandwich horizon’ (the final part of the sill to crystallize and the level that the upper and lower boundary solidification fronts meet) to be quite high within the intrusion (c.100–105 m within c.135 m thick sill). In contrast, in the Inver Tote sill, we infer this to be lower down within the intrusion based on the thermal modeling above, suspected asymmetry of the thermal profile (Figure 10D), and potential thermal erosion of the lower margin solidification front.

Implications and Limitations of This Study

Our study is focused on mafic sills, yet the flow and solidification processes we infer are also applicable to other magma types and other intrusion geometries, such as dykes or laccoliths. The intrusive nature of sills means that the physical, chemical and thermal processes occurring within the magma cannot be directly observed during emplacement. However, volcano observatories are reliant on interpreting the geophysical signals during emplacement, e.g., surface deformation and seismicity, that are associated with sill growth to forecast if, where and when an eruption may occur. We show that the rock record of sills contains key insights to help us interpret the nature of magma flow in active systems, and the dynamics of magma flow, from initial propagation to solidification, are important for controlling whether or not magma will erupt. We demonstrate how detailed studies of volcanic plumbing systems need to be an essential part of volcanic studies, and by modeling magma intrusion processes based on field, petrographic and magnetic observations collectively, we can inform the development of new and more robust understanding of magma flow dynamics.

Our study of flow and solidification preserved within the magnetic fabrics of a mafic sill is exceptionally detailed and demonstrates how a high sample density across the thickness of intrusions can provide insight to inform our understanding of magma intrusion. Our combination of petrographic analysis and two types of magnetic fabric analysis is not common; however, we demonstrate how this combined and multidisciplinary approach enables the flow of magma during intrusion and the flow of interstitial melt during post-emplacement solidification can be unraveled. The use of AARM in the interpretation of magma emplacement processes is novel and has the potential to elucidate a different part of the magma intrusion and solidification process compared to other magnetic methods. AARM enables the interpretation of the signals associated with fine scale flow fabrics that may not be observed through other means. The only limitation to implementing AARM more widely to study magma intrusions is that it is a relatively time-consuming technique compared to AMS and requires equipment less commonly available.

Field studies of intrusions are limited due to the exposures being restricted to two-dimensional sections through the igneous body. Our high-resolution sampling strategy was possible due to both upper and lower margins of the sill being exposed in a quarry so that it could be sampled relatively easily. It has allowed us to measure variations in magnetic fabrics and understand the emplacement and solidification of a relatively thin sill. This is a framework upon which to conduct studies on thicker sills and laccoliths, to investigate how magnetic and petrological fabrics vary across the breadth of intrusions which may have undergone a more complex emplacement history and may have been supplied by multiple pulses of magma. Additionally, we sampled along the axis of one suspected sill finger, however, sampling perpendicular to the flow axis could potentially intersect multiple sill fingers. This would require a different field site as such sampling sections are not available at Inver Tote, but would provide the opportunity to potentially capture the sill’s three-dimensional internal structure and further improve our model of sill flow and solidification processes.

CONCLUSION

Our analysis of how magnetic fabrics vary across the thickness of a sill from the Little Minch Sill Complex, Isle of Skye has given new insight into how magma flow and solidification evolves through time. Our study is one of the first to apply AARM to understand the emplacement of a relatively thin sill where the history of emplacement has the potential to be rather simple, as such emplacement models can be tested by studying small scale variations in the preserved fabrics across the sill thickness. However, the observations of both AMS and AARM signals in this study contrast dramatically and provide a new understanding of how flow through intrusions evolves through time. Variations in AMS and AARM signals across the breadth of the sill are indicative of complex emplacement processes and cooling history; AMS fabrics relate to the initial magma flow, and the AARM fabric relates to pore-melt flow of the interstitial liquid through the crystal mush. The underlying picrite sill may have slowed solidification at the lower margin of the crinanite sill, assisting in the development of asymmetry in the rate of solidification from the margins observed in both the AMS and AARM signals. From this we interpret the initial flow direction in the sill at this location on the Isle of Skye, was from the NNW to SSE as fingers. During emplacement the main flow direction migrated to be from the SW to NE reflecting the regional flow regime. Calculations of thermal boundary layers and Rayleigh numbers suggest that both conduction and convection occurred during solidification. The complexities in magnetic fabrics recorded in this mafic sill demonstrate how magma flow can evolve through time across a thin relatively simple intrusion. Consequently, care needs to be taken when inferring magma flow from AMS as it may not be reliable indicator of complex emplacement histories, as such reassessment of complex fabrics may be necessary to determine more accurate histories of magma flow.
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