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Abstract
During a volcanic unrest period with dike injection, one of the main scientific tasks is to assess the geometry and the propagation path of the dike and, in particular, the likelihood of the dike reaching the surface to erupt. Currently, the dike path and geometry (including depth and opening/aperture) are both partly determined from geodetic surface data using mostly dislocation models that assume the volcanic zone/volcano to be an elastic half space of uniform mechanical properties.  By contrast, field observations of volcanic zones/volcanoes (active and extinct) show that they are composed of numerous layers whose mechanical properties (primarily Young’s modulus) vary widely and whose contacts commonly arrest dikes. Here we provide field observations and numerical models on the effects of a typical variation in Young’s modulus in an active volcanic zone on the internal and surface stresses and displacements induced by a dike whose tip is arrested at 0.5 km depth below the surface of the volcanic zone. Above the layer or unit hosting the dike are four layers of equal thickness. We vary the Young’s modulus or stiffness of the fourth layer (the one adjacent to the layer or unit hosting the dike) from 10 GPa to 0.01 GPa, while all the other layers/units maintain their Young’s moduli in the model runs. The results show that as the fourth layer becomes more compliant or soft (0.1-0.01 GPa) dike-induced stresses and displacements (lateral and vertical) above the layer, including those at the surface, become suppressed but the stresses and displacements of the layer/unit hosting the dike increase and their peaks do not coincide in location or magnitude with those of the other layers.  Thus, the dike-induced internal deformation of the volcanic zone increases as the fourth layer becomes softer. Also, the tensile-and-shear stress peaks at the surface occur at locations widely different from those of maximum surface uplift. More specifically, for a comparatively stiff fourth layer (1-10 GPa), the surface tensile and shear stresses peak at lateral distances of 0.5-0.7 km from the projection of the dike to the surface. (Essentially no tensile/shear stresses reach the surface when the fourth layer is as soft as 0.1-0.01 GPa, so that there are no stress peaks). By contrast the maximum surface displacements (uplift) peak at lateral distances of 2.8-3.3 km from the dike projection to the surface. If tension fractures or faults – in particular the boundary faults of a graben – are induced by the dike, they should form at the tensile/shear stress peaks and not, as is commonly suggested, at the location of the surface displacement peaks. Our results thus suggest that any dike-induced graben is likely to be of a width about twice the depth to the tip/top of the arrested dike. The results demonstrate that elastic half-space models overestimate the dike-induced surface stresses, and thus the depth to the tip/top of the 

[image: ]Fig. 1. Internal structure of a central volcano (composite volcano, stratovolcano, basaltic edifice) and the associated part of the volcanic zone/system to which it belongs. A shallow magma chamber supplies magma to the inclined (cone) sheets and most of the local radial dikes associated with the volcano itself. The magma chamber, in turn, is supplied with magma by a much larger deep-seated magma reservoir, which also supplies magma to many of the regional dikes.  Thus eruptions within the composite/central volcano are mainly supplied with magma from thin inclined sheets and radial dikes injected from the shallow chamber, whereas the eruptions outside the central volcano are primarily supplied with magma through much thicker regional dikes. Most dikes and inclined sheets do not reach the surface to erupt but stop on their propagation paths, become arrested (Figs. 2-5), at contacts between mechanically dissimilar layers, some deflecting into sills at the contacts. Arrested dikes may induce deformation, particularly fractures, at the surface.

associated dike. In particular, the models presented here indicate that, for typical dikes little or no dike-induced surface deformation would be expected until the dike tip propagates to depths below the surface of less than a kilometre.
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1. Introduction

Almost all eruptions, whether in volcanic zones/fields or central volcanoes (composite volcanoes/stratovolcanoes, collapse calderas, basaltic edifices), are supplied with magma through dikes or inclined sheets (cone sheets). The dikes/sheets, in turn, derive their magmas from a particular source, normally a shallow magma chamber or a deep-seated reservoir (Fig. 1). Thus most eruptions occur when a magma-filled fracture is able to propagate from its source chamber/reservoir to the surface. In central volcanoes the source is usually a shallow magma chamber with a roof at a depth of less than 5-6 km below the surrounding surface. The shallow chamber, in turn, is supplied by magma from a deeper reservoir or reservoirs (Fig. 1; Gudmundsson, 2017). In volcanic zones and volcanic fields outside central volcanoes, however, dikes commonly propagate directly from deep-seated reservoirs (Fig. 1). 
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Fig. 2. Dike arrested at 5 metres below the surface of the active Holocene volcanic zone of the Reykjanes Peninsula in Southwest Iceland. (a) View northwest, the dike became arrested at the contact between a soft tuff and the stiff basaltic lava flow. (b) Close-up of the contact and the dike tip as well as the entire thickness of the 800-year-old basaltic lava flow, showing that the dike became arrested, most likely around 800 years ago (soon after the eruption of the lava flow), just below the surface of the volcanic zone. No normal faults or grabens occur ahead of the arrested tip. In the lowermost exposed part the dike is about 35 cm thick but it gradually thins to a few centimetres at its arrested tip (cf. Gudmundsson, 2017).

In volcanic rift zones the minimum compressive (maximum tensile) principal stress σ3 is normally horizontal and parallel with the local spreading vector or rifting vector. Since magma-filled fractures generally form perpendicular to the σ3, and thus follow the direction of the maximum principal compressive stress σ1, most magma paths in rift zones tend to be vertical dikes (e.g., Pinel and Jaupart, 2004, 2005; Acocella and Neri, 2009; Kervyn et al., 2009). Inside central volcanoes, particularly close to magma chambers, however, the trajectories of σ1 are commonly inclined because of local stress concentration around the shallow chamber – resulting in modification of the regional stress field – so that inclined (cone) sheets are common in the volcanoes (Fig. 1; Gautneb and Gudmundsson, 1992; Siler and Karson, 2009; Tibaldi et al., 2008, 2011, 2013). In this paper we focus on induced stresses and displacements by vertical dikes; inclined sheets will be treated in a separate publication. 
Many recent studies show that most dikes do not reach the surface to erupt but rather become arrested or stall at various depths in the crust (Figs. 2-5; Gudmundsson et al., 1999; Gudmundsson and Brenner, 2001; Gudmundsson, 2002, 2003; Moran et al., 2011; Rivalta et al., 2015; Townsend et al., 2017). The conditions for dike arrest have been studied in the field (Figs. 2-5; Gudmundsson and Brenner, 2001; Gudmundsson, 2002, 2003; Gudmundsson and Philipp, 2006) and through analytical models (Gudmundsson, 2011a, b). In recent years, there have also been many analogue (Kvanagh et al., 2006) and numerical (Gudmundsson and Philipp, 2006; Barnett and Gudmundsson, 2014; Rivalta et al., 2015; Townsend et al., 2017) studies of the conditions for dike arrest. 
Understanding the conditions for dike arrest is of very great importance for assessing volcanic hazards during unrest periods; in particular, for forecasting likely dike paths following magma-chamber rupture and, thereby, the likelihood of a dike-fed eruption. 
[image: ]Fig. 3.  Vertically arrested basaltic dike (highlighted) in the caldera wall of Santorini (Greece). The dike tip is rounded, partly because it is arrested in (hosted by) a comparatively compliant (soft) pyroclastic unit. More specifically, the tip arrest occurs at the contact between mechanically dissimilar layers, partly because their different grain size, within the pyroclastic unit. The maximum dike thickness is about 2 m.
Despite extensive instrumentation for volcano monitoring, we still cannot make reliable forecasts of dike-propagation paths. This is because there is a lack of well-founded theoretical tools for forecasting likely path of an injected dike during unrest period in a volcano. More specifically, we cannot provide reliable forecasts whether a dike injected during an unrest period is likely to reach the surface and erupt or, alternatively, become arrested at some depth in the volcano. Direct field studies of arrested, solidified or ‘frozen’ dikes (Figs. 2-4) as well as geodetic and seismic studies of dike arrest during unrest periods provide the data with which any reliable theories of dike propagation and dike-fed eruptions must fit. 
	One aim of this paper is to demonstrate how the internal stresses and displacements/deformation in a volcano/volcanic zone induced by a dike change as a function of changes in the mechanical properties (primarily Young’s modulus) of the layers located between the tip of the dike and the surface. We present brief field data on arrested dike tips (Figs. 2-4), but the focus is on the results of numerical models on dike-induced stresses and displacements inside and at the surface of volcanoes/rift zones composed of layers with widely varying mechanical properties. We use the new results to propose likely – and in our view reliable – scenarios for expected internal and surface stresses and displacements/deformation during dike emplacement in central volcanoes and volcanic rift zones. 
A second aim is to explain and discuss the implications these new results have for the interpretation of volcano deformation and, in general, for understanding volcanic unrest periods with dike injections. We explain how the results suggest that any dike-induced graben is likely to be of a width about twice the depth to the tip/top of the arrested dike or less. We discuss how this result differs from the common assumption that the width of a dike-induced graben is equal to the much greater distance between the associated surface-displacement peaks (Pollard et al., 1983; Rubin and Pollard, 1988). We also explain how the present results indicate that standard elastic half-space models tend to overestimate the dike-induced surface stresses, and thus the depth to the tip and the dimensions (and therefore the volume), particularly the thickness, of the associated dike. As regards hazards, we emphasise that the present models, in combination with other recent models (Al Shehri and Gudmundsson, 2018) indicate that little or no dike-induced surface deformation would normally be expected unless the dike tip propagates to depths below the surface of much less than a kilometre. This 
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Fig. 4.  Vertically arrested somewhat curved thin basaltic dike in the caldera wall of Santorini (Greece). At the bottom of the outcrop, at sea level, the dike thickness is is about 0.4 m but gradually decreases  upwards. The dike dissects lava flows and pyroclastic layers and ends vertically at the contact between a stiff lava flow and a comparatively soft scoria layer.

implies that when significant dike-induced deformation is seen at the surface, the dike is would be expected to be very close to the surface, indicating a rather high likelihood of its reaching the surface to erupt. 

2.Volcanotectonic data 

2.1 Arrested dikes – geophysical data

Many episodes of volcanic unrest with dike injection and arrest have been reported in recent decades. While some of the unrest episodes have eventually resulted in dike-fed eruptions, others have not. A well-documented episode of the former type was the unrest in the volcano Eyjafjallajökull in South Iceland. From 1993 to 2010 there were 4-5 dike injections from reservoir at great depth (perhaps as deep as 25 km; Tarasewicz et al., 2012). All these dikes became arrested at various crustal depths, some being deflected into sills. Then in March 2010 a new dike injection finally reached the surface and erupted (Sigmundsson et al., 2010). Many dikes and sills are exposed in the volcano, suggesting that episodes of this kind are common (Gudmundsson, 2017).  
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Fig. 5. Vertically arrested basaltic dike in Tenerife (Canary Islands). The dike is hosted by comparatively compliant or soft pyroclastic rock and becomes arrested where its tips comes into contact with much stiffer (higher Young’s modulus) inclined basaltic sheet. The maximum thickness of the dike is about 0.8 m.

Some episodes of dike injection and propagation to shallow depths, however, eventually did not result in eruptions. These include the dike propagation at the depth of several kilometres in the volcanic complex of Teide-Pico Viejo in Tenerife, Canary Islands, in 2004 (Carracedo and Troll, 2006; Garcia et al., 2006; Gottsmann et al., 2006). No surface deformation was detected and the interpretation is debated. 
A better documented recent dike injection and arrest occurred in Harrat Lunayyir in western Saudi Arabia in 2009 (Baer and Hamiel, 2010; Pallister et al., 2010; Xu et al., 2016). The surface deformation associated with the episode was primarily in a zone 3-7 km wide composed of normal faults and tension fractures. Since there are no significant normal faults at the east margin of the zone – only tension fractures – the deformation does not constitute a real graben. Part of the surface fracturing, however, is likely to be induced by the dike. In order to do so, the shallowest tip of the dike may have had to be within 500 m of the surface (Al Shehri and Gudmundsson, 2018).
One of the difficulties in obtaining reliable information on injected dikes and assessing the hazards associated with episodes such as in Teide-Pico Viejo in 2004 and in Harrat Lunayyir in 2009 is that most current surface-deformation interpretations rely on standard dislocation models. These models normally assume the volcano/volcanic zone and the hosting crustal segment to be an elastic half space of uniform mechanical properties. As we show below, such models tend to overpredict the likely surface stresses and deformation, for a given dike-tip depth, associated with dikes typically injected into central volcanoes/volcanic zones. In particular, the models in the present paper indicate that, for 
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Fig. 6. Setup of the numerical models. (a) Schematic illustration of the modelled dike. The dike is vertical with a tip or top arrested at 0.5 km below the free surface of the volcanic zone/volcano within which the dike is emplaced. In all the models and figures the x-axis is the horizontal axis and the y-axis the vertical axis. The model itself is 20 km × 20 km in size. Each of the four layers above the dike tip (layers 1-4) is 100 m thick, whereas layer 5, the unit hosting the dike, extends to the lower tip of the dike (arbitrarily the dike dip dimension or height is set at 10 km). The indicated dike thickness is not to scale (it is far too thick in comparison with the thickness of the crustal layers). The actual dike thickness depends on the overpressure used, the dike dimensions, and the Young’s modulus of the host rock (there is greater dike thickness for given overpressure and dimensions in more compliant layers or units). In the model the entire dike is located in the comparatively stiff unit/layer 5 (with a Young’s modulus of 40 GPa). Simple fracture-mechanics models (Gudmundsson, 2011b; Becerril et al., 2013) indicate model-dike thickness of about 2.3 m for an overpressure of 5 MPa and a thickness of 6.9 m for an overpressure of 15 MP. This range is similar to common thicknesses of dikes as observed in the field (Rickwood, 1990; Delaney and Pollard, 1981; Gudmundsson, 2002; Geshi et al., 2010; Becerril et al., 2013). In most models, the Young’s moduli are as follows: layer 1 modulus of 3 GPa, layer 2 modulus of 20 GPa, layer 3 modulus of 30 GPa, and layer or unit 5 modulus of 40 GPa. The modulus of layer 4 is varied between models, from 0.01 GPa (very soft) to 10 GPa (moderately stiff). All the layers, 1-5, have a Poisson’s ratio of 0.25. We also tested some models with a very stiff surface layer 1, namely with a modulus of 20 GPa. In most models the magmatic overpressure of the dike (the only loading) is 5 MPa, but we also tested all the models with an overpressure of 15 MPa, and show two of them here. (b) Setup of the Comsol model with the 10 km tall dike in the central upper part (black vertical line) of the model (whose dimensions are 20 km × 20 km, as indicated above). The minimum element quality is 0.4534 m, the number of boundary triangular elements is 1100, and the total number of elements in the model is 12,981. 

typical dikes, little or no surface deformation would be expected unless the dike tip propagated to depths below the surface of much less than a kilometre.
One way to put constraints on the likely stresses and associated deformation, including fracture formation at the surface, induced by a dike is explore the geometry of and the deformation around the tips of arrested dikes. We shall therefore now describe briefly some typical arrested dike tips as seen in the field. 

2.2 Arrested dikes – geological data
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[image: ]Fig. 7. Numerical model results with the following Young’s moduli: 3 GPa (layer 1), 20 GPa (layer 2), 30 GPa (layer 3), 10 GPa (layer 4), and 40 GPa (layer 5). Overpressure of dike: 5 MPa. (a) Contours of the maximum tensile principal stress σ3 in mega-pascals (red highest stress, blue lowest), with white arrows (ticks) indicating the direction or trajectories of the maximum principal compressive stress σ1. (b) Contours of the von Mises shear stress in mega-pascals. (c) Plots of the variation in the magnitude of the maximum tensile principal stress σ3 (in mega-pascals) at the contacts between the layers. Layer 5 denotes the contact between layer 5 and 4. Layer 4 denotes the contact between layer 4 and 3. Layer 3 denotes the contact between layer 3 and 2. Layer 2 denotes the contact between layer 3 and 2. Layer 1 denotes the contact between layer 1 and the atmosphere, that is, is the free surface of the volcanic zone/volcano. 

Arrested dikes are commonly observed during detailed field studies in well-exposed parts of active and inactive (eroded) volcanoes and volcanic zones. Studies in the past decades include those of Gudmundsson et al. (1999), Gudmundsson and Brenner (2001), Gudmundsson (2002, 2003, 2011a,b), Geshi et al. (2010, 2012), Moran et al. (2011), and Browning et al. (2015). By contrast, feeder-dikes are much more rarely observed, although careful observations often allow such dikes to be identified in the field (Gudmundsson et al., 2008; Geshi et al., 2010, 2012; Galindo and Gudmundsson, 2012; Becerril et al., 2013; Geshi and Neri, 2014). Here the focus is on non-feeders since the surface stresses and deformation induced by dikes that fail to reach the surface are the main topic of the paper. Given the number of arrested dikes described in the papers cited above, we here present only a rather brief description of those indicated above (Figs. 2-5). 
First, however, we provide a short overview of the main mechanical conditions for dike arrest, mostly at contacts between mechanically dissimilar layers as in Figs. 2-5. There are three main mechanical conditions that encourage dike arrest, namely: Cook-Gordon delamination, stress barrier, and elastic mismatch. These are discussed in detail elsewhere 
[image: ][image: ]

Fig. 8. Lateral and vertical displacement of the contacts between layers (denoted as layers 1-5) in the model in Fig. 7. (a) Here the lateral displacements at all the contacts, including the surface (layer 1), are similar and reach a maximum of 44 cm at a horizontal distance of about 3 km from the dike (the dike projection to the surface  is located at 0 km). Displacements to the right of the dike are regarded arbitrarily as positive whereas those to the left of the dike as negative. (b) All the vertical displacements at the contacts are here also similar. The maximum uplift or vertical displacement of the contacts is about 34 cm and occurs at a horizontal distance of about 3 km on either side of the dike. Right above the tip of the dike there is a general subsidence of 12 cm for all the contacts except for the contact between layers 5 and 5 (denoted as layer 5), where the subsidence reaches 16 cm.

(Gudmundsson, 2011a,b; Al Shehri and Gudmundsson, 2018), but a brief summary may be helpful here. 
In the Cook-Gordon delamination mechanism the contact that arrests the dike opens up, that is, becomes delaminated. For this to happen the tensile strength of the contact (and, by implication, the shear strength also, because these strengths are related) must be low. For a propagating dike, the highest tensile stress is perpendicular to the dike and generates the dike-fracture. But there is also a high dike-parallel tensile stress which, for a low-tensile-strength, may open up the contact when the dike tip approaches the contact. When the dike tip eventually reaches the open contact, the tip may become deflected along the contact to form sill or, alternatively, become arrested.
Stress barrier is a layer or unit where the local stress field is unfavourable for a particular type of fracture propagation, here vertical dike propagation. Normally, a dike propagates along a path whose direction is parallel with σ1 and σ2 and perpendicular to the minimum compressive (maximum tensile) principal stress, σ3. A stress barrier to dike propagation is thus a layer/unit where σ1 and σ2 are horizontal and σ3 thus vertical. On meeting such a layer, the dike must either deflect into a sill or become arrested. In volcanic rift zones, stress barriers commonly form either when the overpressure of an earlier dike injections have resulted in a 90° flip of the principal stresses.  Slip on the boundary faults of a graben may also generate stress barriers to dyke propagation (Gudmundsson, 2011a; Al Shehri and Gudmundsson, 2018).
In an elastic-mismatch mechanism deflection and arrest of a dike are primarily controlled by the contrast – the mismatch – in elastic properties (primarily Young’s modulus) of the layers or units on either side of a contact, in relation to the elastic properties of the 
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Fig. 9. The same model as in Fig. 7 except that layer 4 has here a Young’s modulus of 1 GPa. (a) Contours of the maximum tensile principal stress σ3 (red highest stress, blue lowest), with white arrows (ticks) indicating the direction or trajectories of the maximum principal compressive stress σ1. (b) Contours of the von Mises shear stress. (c) Plots of the variation in the magnitude of the maximum tensile principal stress σ3 at the contacts between the layers. Layer 5 denotes the contact between layer 5 and 4. Layer 4 denotes the contact between layer 4 and 3. Layer 3 denotes the contact between layer 3 and 2. Layer 2 denotes the contact between layer 3 and 2. Layer 1 denotes the contact between layer 1 and the atmosphere, that is, is the surface of the volcanic zone/volcano. 

contact itself (He and Hutchinson, 1989; Hutchinson, 1996; cf. Gudmundsson 2011a,b; Al Shehri and Gudmundsson, 2018). More specifically, when a dike (or any extension fracture) meets a contact between layers, its arrest or deflection is encouraged when the Young’s modulus of the layer hosting the fracture (E2) and below the contact is lower than that of the layer above the contact (E1). The probability of dike arrest at a contact varies positively with increasing elastic mismatch or difference between E1 and E2, that is, with increasing Dundurs parameter (Gudmundsson, 2011a,b). In particular, arrest of a dike or its deflection into a sill is more likely when the layer above the contact (E1 has a higher Young’s modulus than the layer below the contact (E2).  
	Let us now consider some typical arrested dikes as seen in the field (Figs. 2-5). The first one is remarkable in the sense that the dike became arrested at only 5 m below the surface of the rift zone of the Reykjanes Peninsula in Southwest Iceland (Fig. 2). The arrested dike, well-exposed in a sea cliff, and a nearby (25 m to the west) feeder-dike, both basaltic and about 800 year-old, are described in great detail by Gudmundsson (2017), so that only a brief description of the arrested dike is given here. The top or tip of the non-feeder becomes 
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Fig. 10.  Lateral and vertical displacement of the contacts between layers (denoted as layers 1-5) in the model in Fig. 9. (a) The lateral displacements at all the contacts, including the surface (layer 1), are similar except for layer 5 (contact 5/4) and reach a maximum of 40 cm at a horizontal distance of about 4 km from the dike (the dike is located at 0 km). By contrast, the lateral displacement of layer 5 (contact 5/4) reaches a maximum of about 47 cm at a distance of about 2.7 km from the dike. Displacements to the right of the dike are regarded arbitrarily as positive whereas those to the left of the dike as negative. (b) All the vertical displacements at the contacts are here also similar, except for layer 5 (contact 5/4). The maximum uplift or vertical displacement of the contacts is about 34 cm and occurs at a horizontal distance of about 3 km on either side of the dike. Right above the tip of the dike there is a general subsidence of 7 cm for all the contacts except for  contact 5/4 (layer 5) where the subsidence reaches 14 cm.

arrested on meeting a contact between a stiff basaltic lava flow above and a compliant tuff layer below. The arrest therefore occurs where there is an abrupt increase in Young’s modulus or stiffness from the layer below to the layer above the contact – a condition that, through the elastic-mismatch mechanism described above, encourages dike arrest. However, this dike is arrested at a very shallow depth, so that it is likely that the Cook-Gordon delamination discussed above may also have contributed to the arrest. 
The overall strike of the dike is N25°E, but the individual segments vary in strike; for example, the top, arrested segment strikes N46°E.  The dike is of basalt and with numerous phenocrysts of plagioclase as well as vesicles. The lowermost visible exposure of the dike is about 0.35 m thick, and from there it gradually thins to a few centimetres where it ends vertically at the contact with the lava flow. The lava flow was formed in the Reykjanes Fires, during the period from 1210 to 1240 CE. It follows that the lava flow had considerable time to solidify and become stiff before the non-feeder met it, even if the non-feeder most likely was injected sometime during the same period. 
	One of the main themes in this paper is the relation between surface deformation and dike-induced stresses and fractures. None of the arrested dikes discussed in this paper (Figs. 2-4) has induced any observed grabens or normal faults ahead of the dike tip. This is particularly remarkable for the present dike, since it is arrested only 5 m below the surface of the rift zone, yet is unable to generate surface tension fractures or normal faults. The same applies to the nearby feeder-dike – no surface faults or tension fractures (apart from the 


[image: ][image: ][image: ]Fig. 11. The same model as in Fig. 7 except that layer 4 has here a Young’s modulus of 0.1 GPa. (a) Contours of the maximum tensile principal stress σ3 (red highest stress, blue lowest), with white arrows (ticks) indicating the direction or trajectories of the maximum principal compressive stress σ1. (b) Contours of the von Mises shear stress. (c) Plots of the variation in the magnitude of the maximum tensile principal stress σ3 at the contacts between the layers. Layer 5 denotes the contact between layer 5 and 4. Layer 4 denotes the contact between layer 4 and 3. Layer 3 denotes the contact between layer 3 and 2. Layer 2 denotes the contact between layer 3 and 2. Layer 1 denotes the contact between layer 1 and the atmosphere, that is, is the surface of the volcanic zone/volcano. 

extension fracture which the dike itself occupies) were associated with its emplacement (Gudmundsson, 2017). While this may sound surprising, it is in fact a common observation. Most volcanic fissures worldwide are not associated with grabens that are likely to have been induced by the feeder-dikes of the fissures.  
	The two next arrested dikes are particularly well exposed in the caldera walls of Santorini, Greece (Figs. 3, 4). The first dike (highlighted) is vertical, with a maximum thickness of about 2 m, and arrested within a layered pyroclastic rock (Fig. 3). The tip is rounded and arrested at the contact between mechanically dissimilar layers – the dissimilarly being partly due to their different grain size - in the pyroclastic host rock unit. The tip is rounded because the layers that constitute the pyroclastic unit were comparatively soft or compliant at the time of dike emplacement. Thus, at the tip the host rock deforms in a quasi-ductile manner rather than in an entirely brittle manner. Very soft (compliant) pyroclastics and sediments normally have close to zero tensile strength, so that it is essentially impossible to propagate an extension fracture through such materials. They can, however, fail in shear, 
generating shear fractures or faults, while most dikes are extension fractures. All these factors contribute to dike arrest, many of which have rounded tips in compliant pyroclastic and sedimentary layers within stratovolcanoes and volcanic zones (Fig. 3) thereby making the volcanoes fracture resilient to dike propagation (Gudmundsson, 2009, 2011a,b). Here either a stress barrier or an elastic mismatch, or both, are the most likely reasons for dike arrest.
		The next dike, also basaltic and in Santorini, is arrested at a contact between compliant pyroclastic/scoria layer (below the contact) and stiff lava flow (Fig. 4). This is a very common type of arrest (Figs. 2, 4, 5; Gudmundsson, 2002, 2003), and can, again,  be attributed  either to elastic mismatch or a stress barrier, except at very shallow depths (Fig. 2) where the Cook-Gordon delamination or debonding may dominate as an arrest mechanism (Gudmundsson, 2011a, b; Marti et al., 2016, 2017; Al Shehri and Gudmundsson, 2018). Here the bottom of the dike, at sea level, has a thickness of about 0.4 m thick but the dike becomes gradually thinner upwards (Fig. 4). 
		The final example presented here of an arrested basaltic dike is from Tenerife, one of the Canary Islands (Fig. 5). This vertically arrested dike is hosted by comparatively compliant pyroclastic rock and becomes arrested at its contact with much stiffer inclined basaltic sheet. The maximum thickness of the dike is about 0.8 m. The dike tip is blunt, as is common for dike tips arrested at contacts where the layer above the contact is stiff, such as a stiff lava flow or, as here, a sheet intrusion (Fig. 5). A very likely mechanism of dike arrest here is elastic mismatch. 
		These and other field examples show that dike arrest is particularly common at contacts between mechanically dissimilar layers. Perhaps the most favoured contacts for vertical dike arrest are those where the stiff layer (e.g., a lava flow or a sheet intrusion) is above the contact and the soft or compliant layer (e.g., pyroclastic, soil, or sedimentary) below the contact. This is in accordance with the three main mechanisms of dike arrest, namely the Cook-Gordon delamination/debonding, the stress barrier, and the elastic mismatch (Gudmundsson, 2011a, b; Marti et al., 2016, 2017). 
		None of the arrested dikes described here (Figs. 2-5) induced fractures ahead of the dike tip. By implication, presumably none of these dikes generated fractures at the surface. This follows because the dike-induced stresses are normally largest at the dike tip. So if the dike is unable to induce fractures at or close to its tip, then the dike is unlikely to induce fractures at the surface far above the tip (cf. Gudmundsson, 2003; Geshi et al., 2010; Philipp et al., 2013). This applies particularly when there are soft (compliant) layers between the dike tip and the surface (Section 3; Al Shehri and Gudmundsson, 2018). Clearly, therefore, dike-induced fractures at the surface require special conditions which were presumably not satisfied by any of the dikes seen here. One of the aims of the present paper is to explore these conditions. 
	   All these arrested dikes are rather thin, ranging in thickness from about 0.3 m to 2 m (Figs. 2-5). While many dikes are of thicknesses similar to these (e.g. Rickwood, 1990; Gudmundsson, 2002; Galindo and Gudmundsson, 2012; Becerril et al., 2013; Rivalta et al., 2015), it should be noted that non-feeder dikes tend to become thinner on approaching their tips/tops (Gudmundsson et al., 1999). This thinning is most noticeable in the uppermost few tens of metres below the arrested tip (Geshi et al., 2010, 2012). In fact, such a thinning is seen in the exposed parts of the dikes in Figs. 2-4. It follows that all the arrested dikes in Figs. 2-5 could be thicker at depths below the present exposures. 
		The dikes seen in Figs. 2-5, and in the field in general, are segments. The entire three-dimensional structures of dikes are, for obvious reasons, never seen exposed in the field. Many dikes, however, have been traced for tens of kilometres in essentially lateral sections, some for hundreds of kilometres, and others in vertical sections for tens to hundreds of metres (e.g., Delaney and Pollard, 1981; Rickwood, 1990; Ernst et al., 2001; Geshi et al., 2010, 2012; Kavanagh and Sparks, 2011), so that the general field geometries of dikes are well known. It is, for example, well established that dikes are normally segmented and propagate as segmented fractures – a conclusion also supported by observations of the development of dike-fed volcanic fissures (e.g. Gudmundsson,  2017) and seismic and geodetic studies of dike propagation (Gudmundsson et al., 2014; Sigmundsson et al., 2015). 
		In view of the segmentation, a question is sometimes raised to the effect that while individual dike segments may be seen arrested (Figs. 2-5), it does not follow that the entire dike became arrested. More specifically, the observations of arrested dike segments, such as those in Figs. 2-5, does not preclude the possibility that other segments of the dike reached the surface to erupt - were feeders. That interpretation is correct in the sense that all the observations of arrested dikes as seen in the field refer to dike segments. But the same applies to all measurements of dikes in the field – and to those of other types of fractures (and most structures) as measured in specific outcrops. Namely, the measurements – say of an attitude (strike and dip) or opening/thickness - always refer to a given segment or part of the structure. The results of such measurements are statistical in nature, and the same applies to observed vertical ends of dikes. More specifically, most vertical ends of dike segments, as observed in numerous outcrops worldwide, are arrested rather than connected to eruptive materials (such as crater cones, lava flows, and pyroclastic flows). It then follows that most dike segments and - since individual dikes are simply collections of dike segments - most vertical ends or tips of entire dikes also become arrested.  

3 Numerical modelling - framework
In the following numerical models, the finite-element-method (FEM) software Comsol Multiphysics (www.comsol.com) is used to analyse the local stresses and displacements induced by dikes in a mechanically layered crustal segment hosting a volcano/volcanic zone. Like other FEM software, Comsol divides or discretises the problem to be solved into an equivalent system of small units or ‘elements’ and solves simultaneous algebraic equations. The resulting numerical approximations for each element are then combined into solutions for the entire body. The solutions are approximate solutions for the differential equations that describe the problem. At the corners of the elements (and sometimes also along their outer lines), are the nodes that connect the elements. In calculations, loads (stresses, displacements, or, as here, magmatic overpressures) are applied to these nodes and the resulting displacements at each node calculated. From these displacements, the nodal stresses and the element stresses, strains, and displacements are derived using linear equations (cf. Deb, 2006; Liu and Quek, 2014).

[image: ][image: ]
Fig. 12. Lateral and vertical displacement of the contacts between layers (denoted as layers 1-5) in the model in Fig. 11. Here the lateral and vertical displacements of the layers/contacts are increasingly different close to the dike. (a) The maximum lateral displacements are still similar for layers/contacts 1-4, about 20 cm at a distance of about 4.3 km from the dike. The maximum lateral displacement of layer 5 (contact 5/4), however, reaches a maximum of about 52 cm at about 3 km from the dike.  Displacements to the right of the dike are regarded arbitrarily as positive whereas those to the left of the dike as negative. (b) The maximum upward displacements of all the layers roughly coincide and reach about 34 cm at a distance of about 2.8 km from the dike. Here, however, layers/contacts 1-4 do not show any absolute subsidence above the dike tip, while layer 5 (contact 4/5) shows an absolute maximum vertical subsidence of about 18 cm.

The results are specific solutions to a particular set of conditions and, as indicated, provide solutions only for the specified points in the body. In the models presented here the layered crustal segment hosting the dike is divided or discretised using triangular elements (Fig. 6b).  All the models are fastened in the corners, so as to avoid rigid-body rotation and translation. The dimensions of the computational domain are 20 km × 20 km. This is large enough so that the main displacements and stresses induced by the dike are unaffected by the boundary conditions of the models being fastened in the corners. More specifically, the main dike-induced stresses and displacement are within a few kilometres of the dike tip, and are negligible at distances of 10 km to either side of the tip (where the model is fastened).  
The crustal segment hosting the dike, including all the layers of which it is composed, is assumed to behave as elastic. This assumption rests experimental physics results which show that solid rocks at crustal conditions and low strain normally behave as elastic (Gudmundsson, 2011b). But also on in-situ or field measurements of crustal deformation around fault zones prior to earthquake ruptures and at volcanoes during inflation and deflation periods, all of which suggest elastic behaviour to a first approximation (Scholz, 1990; Dzurisin, 2006; Segall, 2010). No failure criteria is used for the dikes, because in all the models the dikes are already emplaced with a tip at 500 m depth below the surface and propagate no further – that is, the tip becomes arrested at this depth. When estimating whether the dike-induced stresses and displacements would be large enough to cause tension fractures and/or faults, the normal criteria for the formation of these fractures (based on tensile strength and shear strength) are used as a basis (Gudmundsson, 2011b).
		In all the models the only loading is internal magmatic overpressure (driving or net magmatic pressure) defined as (Gudmundsson, 2011b):  


                                                                                                     (1)

Here po is the overpressure, r  the average host-rock density, m  the average magma density, g the acceleration due to gravity, h the dip dimension of the dike, and σd  the differential stress (the difference between the maximum and the minimum principal stress) -  at the time of emplacement - in the host rock where the dike is studied. The dip dimension of a dike (and any rock fracture) is its dimension in the direction of dip, that is, the height (in seismology the width) of the dike. Similarly, strike dimension is the dike dimension in the direction of strike, that is, its outcrop length (Gudmundsson, 2011b). 
The second term on the right-hand side of Eq. (1) is the buoyancy term. For almost all volcanoes and volcanic zones, the average density of the uppermost 1-3 km of the crust is 2500-2600 kg m-3. By contrast, basaltic magma at depth may have density between 2650 and 2800 kg m-3 (e.g., Gudmundsson, 2011b). Consequently, in the uppermost part of the crust, buoyancy for basaltic magmas is commonly potentially negative. During ascent of magma, there is normally gas expansion which reduces the magma density. Gas expansion and density reduction is common in acid magmas to depths of many kilometres (Gonnermann and Manga, 2013). By contrast, much of the gas exsolution in basaltic magmas takes place at very shallow depths. Studies in Hawaii, for example, suggest that gas exsolution in basaltic magmas occurs primarily in the uppermost few hundred metres of the feeder-dike/conduit (Greenland et al., 1985, 1988). Field studies of basaltic dikes, sills, and inclined sheets in deeply eroded lava piles and central volcanoes show only small and rather infrequent gas-formed vesicles at depths exceeding several hundred below the original surface of the volcanic zone/central volcano, while large and small vesicles are common very close to the surface (Fig. 2), particularly in feeder-dikes (Galindo and Gudmundsson, 2012; Gudmundsson, 2017). 
Density decrease of basaltic magma due to gas exsolution is thus unlikely to affect the potential negative buoyancy term in Eq. (1), except close to the surface. For basaltic dikes injected from shallow magma chambers the only driving pressure in Eq. (1) is therefore commonly the excess pressure pe in the chamber at the time of its rupture. That pressure is roughly equal to the tensile strength of the walls or, normally, the roof of the magma chamber. The tensile strength of most rocks is between 0.5 and 9 MPa, the common values being 2-5 MPa. We use 5 MPa magmatic overpressure in most of the models. However, some basaltic dikes are injected directly from deep-seated reservoirs at 15-25 km depth, or deeper (Fig. 1), in which case the overall crustal density is higher than that of typical basaltic magma and the buoyancy term is positive. To take this into account, we also ran models where the dike overpressure is 15 MPa. Generally, the results are similar for the 5 MPa and the 15 MPa dike overpressure, except that the magnitudes of the dike-induced stresses and displacements are, of course, larger for the models with 15 MPa overpressure. This is as expected, since we use linear elastic material for the crustal layers, so that the stresses and deformation/displacements are proportional to the overpressure, for a given dike geometry 
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Fig. 13. The same model as in Fig. 7 except that layer 4 has here a Young’s modulus of 0.01 GPa. (a) Contours of the maximum tensile principal stress σ3 (red highest stress, blue lowest), with white arrows (ticks) indicating the direction or trajectories of the maximum principal compressive stress σ1. (b) Contours of the von Mises shear stress. (c) Plots of the variation in the magnitude of the maximum tensile principal stress σ3 at the contacts between the layers. Layer 5 denotes the contact between layer 5 and 4. Layer 4 denotes the contact between layer 4 and 3. Layer 3 denotes the contact between layer 3 and 2. Layer 2 denotes the contact between layer 3 and 2. Layer 1 denotes the contact between layer 1 and the atmosphere, that is, is the surface of the volcanic zone/volcano. 

and rock properties. Nevertheless, we show a few of the 15 MPa-overpressure models just to emphasise how the geometry and magnitudes of the stresses and displacement change proportionally with the overpressure.
In all the models the dike is vertical and with an upper tip at 500 m below the free surface of the volcano/volcanic zone (Fig. 6). The dike dip dimension is taken as 10 km, but is to a degree arbitrary. The indicated dike thickness in Fig. 6 is not to scale (it is far too thick in comparison with the thickness of the crustal layers). The actual dike thickness depends on the overpressure used, the dike dimensions, and the Young’s modulus of the host rock (there is greater dike thickness for given overpressure and dimensions in more compliant layers or units). The entire dike is located in the comparatively stiff unit/layer 5 (with a Young’s modulus of 40 GPa), in which case fracture-mechanics models (Gudmundsson, 2011b; Becerril et al., 2013) indicate model-dike thickness of about 2.3 m for an overpressure of 5 MPa (similar to that of the dike in Fig. 3) and 6.9 m for an overpressure of 15 MPa. These values cover a range similar to common thicknesses of dikes worldwide (Rickwood, 1990; Delaney and Pollard, 1981; Gudmundsson, 2002; Geshi et al., 2010; Becerril et al., 2013). For the present purpose the surface is taken as flat, so that it is more appropriate for a volcanic zone or a caldera will little topography than for a volcanic edifice that stands high above its surroundings.  In all the models, there is one unit or layer hosting the dike, and then 4 layers of different mechanical properties above the dike tip. Each of these 4 layers has a thickness of 100 m, but their mechanical properties vary between model runs. 
	The main point of the layering used in the models is to study the effects of variation in Young’s modulus or stiffness on the dike-induced stresses and displacements. For this purpose we vary the stiffnesses of the layers but not the thicknesses between model runs. By contrast, the thickness of the layers, here taken as 100 m, is somewhat arbitrary. Sedimentary layers with thicknesses of tens of metres or more are common in volcanic zones – such as late glacial sediments which underlie many Holocene lava flows in the volcanic zones of Iceland. Similarly, hyaloclastite (basaltic breccia) layers and units formed during the last glacial period reach thicknesses of hundreds of metres and are commonly compliant (Gudmundsson, 2017). Comparatively thick compliant sedimentary and hyaloclastite layers, as well as pyroclastic layers (Figs. 2 and 3), are common in volcanic zones and central volcanoes, thereby reflecting the thicknesses used in the models. More generally, however, the 100-m-thick layers may be regarded as ‘seismic layers’, that is, groups of layers with similar seismic/mechanical properties, in which case the thicknesses of the layers in the models would be interpreted as mechanical/seismic rather than lithological. 
	In most of the numerical models the overpressure of the dike is 5 MPa and layering is as follows (Fig. 6). The surface layer has a Young’s of 3 GPa, the second layer from the top a Young’s modulus of 20 GPa, the third layer from the top a Young’s modulus of 30 GPa, the fourth layer from the top a variable Young’s modulus, and the fifth layer from the top, that is, the unit hosting the dike, a Young’s modulus of 40 GPa. These are all reasonable values for typical volcanic zones (e.g., Gudmundsson, 2011b). In particular, many Holocene lava flows have static Young’s moduli of the order of several mega-pascals and young pyroclastic layer may be still lower. Older lava flows, such as layers 2 and 3 here, may have static Young’s moduli of 20-30 MPa, while some would be lower. The stiffness of 40 GPa is similar to the estimated average static Young’s modulus of the uppermost 10 km of the volcanic rift zones in Iceland (Gudmundsson, 2003, 2011b). 
	We also tested some models with stiffer surface layers, namely 10 GPa and 20 GPa, some of the results being indicated below. The main change between model runs, however,  is the stiffness of the fourth layer from the top. We vary the stiffness of layer 4 between model runs so as to explore the effects on dike-induced stresses and displacements. The Young’s moduli used for layer 4 vary from 10 GPa, which is reasonably stiff, to 0.01 GPa, which is very compliant. However, it is likely that most or all active volcanic zones and central volcanoes contain layers as soft as 0.1-0.01 GPa. This follows because such zones normally contain many layers of unconsolidated pyroclastics, including tuff layers, and many contain unconsolidated soils and sediments. In addition, clays are common in some of the volcanoes, particularly in association with geothermal fields. As examples, the normal range 
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Fig. 14. Lateral and vertical displacement of the contacts between layers (denoted as layers 1-5) in the model in Fig. 13. (a) The lateral displacements of layers/contacts 1-4 are somewhat dissimilar close to the dike, but reach a maximum of about 4 cm at a distance of about 5 km from the dike. The maximum lateral displacement of layer 5 (contact 5/4), however, reaches a maximum of about 54 cm at a distance of about 2.8 km from the dike. (b) The vertical upward displacement of layers/contacts 1-4 roughly coincide and reach about 35 cm at a distance of about 3.3 km from the dike, showing a clear trough or two-peak displacement above the dike tip, but with the minimum displacement still at about 13 cm above the un-deformed surface (so no absolute subsidence). By contrast, layer 5 (contact 5/4) shows a maximum upward displacement of about 35 cm at a distance of about 2.6 km from the dike and an absolute subsidence right about the dike tip of about 17 cm. 

of Young’s moduli (measured in the laboratory) of unconsolidated sand is 0.01-0.1 GPa, that of clay is 0.003-0.5 GPa, and that of tuff 0.05-5 GPa (Gudmundsson, 2011b). The models discussed are presented in the order of gradually decreasing stiffness of layer 4.

4 Numerical modelling - results

4.1 Layer 4 with a stiffness of 10 GPa

In the first model layer 4 has a stiffness of 10 GPa, or similar to the in-situ stiffness of a lava flow, a welded pyroclastic layer, or a sedimentary rock. The results as regards stress (Fig. 7) show that layer 4, being of lower stiffness than the adjacent layers (40 GPa below and 30 GPa above), tends to suppress the tensile the minimum principal compressive or maximum tensile stress, σ3 (Fig. 7a) as well as the von Mises shear stress (Fig. 7b). Yet considerable stresses pass through layer 4 up into layers 3 and 2. This is confirmed in the stress-magnitude curves plotted at the contacts between the layers (Fig. 7c). All the stress curves show the typical double-peak variation in σ3, but the distance between the peaks is much smaller in layers 4 and 5 than in the other 3 layers. This is partly because these layers are closer to the surface, and partly because of the variation in the mechanical properties of the layers. 
The white (Fig. 7a) and black (Fig. 7b) ticks show the direction of the trajectories of the maximum principal compressive stress, σ1. Below about 2 km, that is, far from the free surface of the Earth, the ticks are horizontal and perpendicular to the dike. They continue to be perpendicular to the dike down to its bottom (not shown here). This is as expected since the magmatic overpressure in the dike (here 5 MPa) induces horizontal compressive stress in the surrounding host rock. Close to the surface, however, there is rotation of σ1 close to the dike, but further away from the dike the ticks are still horizontal and perpendicular to the dike. This rotation is presumably related to the free-surface effects, that is, the fact that the uppermost part of the dike is close to the free surface of the Earth. 
	The associated displacements are given for lateral and vertical directions (Fig. 8). For the present model, the lateral displacements at the surface (layer or contact 1) and all the contacts (layers 2-5) are similar and reach a maximum of about 44 cm (Fig. 8a) at a lateral distance of around 3 km from the dike (the dike is located at 0 km). The vertical displacements induced by the dike are also generally similar (Fig. 8b). The model predicts absolute subsidence or downward vertical displacement of the layers just above the dike tip, of a maximum of about 16 cm for layer 5 (the lowermost contact), but about 12 cm for the other layers. Similarly, there is a double-peak rise or upward vertical displacement on either side of the dike, reaching a maximum uplift of about 34 cm. The maximum upward vertical displacement occurs in two peaks at about 3 km to either side of the dike projection to the surface. 
	Comparison of Figs. 7c and 8b shows that while the peak of the surface tensile stress (layer or contact 1) is at about 0.5 km measured horizontally from the projection of the dike to the surface (Fig. 8b), the peak of the upward vertical displacement is at 3 km from the projection of the dike to the surface. Although not shown here, our results show that the surface peak of the von Mises shear stress also coincides roughly with the peak of the tensile stress at the surface. The lateral distance from the projection of the dike tip to the surface to the peak on either side is roughly equal to the depth to the tip or top of the dike. This suggests that the maximum width of a dike-induced graben is roughly double the vertical distance to its bottom or the top (upper tip) of the dike. For this relation to hold in general, the boundary faults of the graben must have shallow dips between 40° and 50°. Such shallow dips on graben faults do occur, particularly in sedimentary basins, but are not common on grabens in volcanoes and volcanic zones, where normal-fault dips are mostly 60-80°, and some vertical close to the surface (e.g., Gudmundsson, 2005, 2017). In the latter case, the width of the induced graben would be less than twice the vertical distance to the top of the dike.  Another exception to this relationship between the depth to the dike top and the lateral distance between the induced stress peaks at the surface is when there is an open contact between layers, usually at shallow depths, in which case the stress peaks occur above the lateral ends of the open contact (Gudmundsson, 2003). Thus, in the absence of open contacts that deflect the stress peaks laterally or vertical or steeply dipping normal faults, the above relationship holds (sometimes referred to as the ‘graben rule’), as is confirmed by many numerical models (e.g., Al Sheri and Gudmundsson, 2018).  
In the present model, and in the subsequent models, because the dike tip is arrested at 0.5 km depth, the lateral distance to the stress peaks on either side of the dike is about 0.5 km. Thus, the lateral distance between the peaks is about 1 km. As discussed further below, if any tension fractures and/or normal faults would be induced by an arrested dike, they would tend to form at the location of the tensile and shear stress peaks at the surface and not at the location of the maximum vertical upward displacement of the surface. 

4.2 Layer 4 with a stiffness of 1 GPa
 
Certain aspects of the stress field remain very similar when the stiffness of layer 4 is reduced from 10 to 1 GPa (Figs 7 and 9). For example, the direction of the trajectories of the maximum principal compressive stress, σ1, are very similar, as they are in all the models. There are, however, clear differences. The first is that layer 4 with a stiffness of 1 GPa has much lower tensile and shear stresses than when its stiffness is 10 GPa. The zones of high stresses, tensile and shear, are also much more extensive in layer 3 when layer 4 has a stiffness of 10 GPa than when its stiffness is 1 GPa. This means that higher stresses ‘pass through’ the 10 GPa layer than through the 1 GPa layer to the shallower layers (Figs. 7a,b and 9a,b). By contrast, the area (volume in 3D) of high stress (red) in layer or unit 5 just under layer 4 is larger in Fig. 9a,b than in Fig. 7a,b, indicating that as less high stress passes through layer 4, more stress above the dike tip becomes concentrated at its contact with the stiff layer or unit 5.
As in the previous model (Fig. 8), the lateral and vertical displacements at the surface (layer or contact 1) and at the other layers/contacts are generally similar, except for layer 5, that is, the layer or unit hosting the dike (Fig. 10). The lateral displacements for most of the layers (layers 1-4) reach a maximum of about 40 cm at about 4 km from the dike (Fig. 10a). By contrast, the lateral displacement of layer 5 reaches a maximum of about 47 cm at a distance of about 2.7 km from the dike. We are here beginning to see the effect of softening of layer 4 in that the displacements below and above that layer are gradually more out of phase. 
This difference between the displacement of layer 5 and the other layers is also seen in the vertical displacement (Fig. 10b). While the maximum upward displacements of all the layers roughly coincide and reach about 34 cm at a distance of about 3 km from the dike, the maximum downward displacements show differences between layer 5 and the other layers. In particular, while layers or contacts 1-4 show a maximum subsidence of about 7 cm below the surface in the centre above the dike tip, layer or unit 5 shows a displacement of as much as 14 cm at the same location. 

 
4.3 Layer 4 with a stiffness of 0.1 GPa

At this low stiffness of layer 4, little stress passes through the layer. As a consequence the stresses above layer 4, such as in layer 3, are very low (Fig. 11). At the same time the tensile and shear stress concentration in layer 5 increase (Fig. 11a,b). These results are confirmed by the stress-magnitude curves (Fig. 11c). These show that while the tensile stress in layer 5 peaks at about 19 MPa, hardly any stresses (fraction of a mega-pascal) reach the surface (layer or contact 1) and only about 1 MPa reach the contact between the surface layer and layer below (contact or layer 2). 
Here the lateral and vertical displacements of the layers/contacts are increasingly different close to the dike – that is, close to zero (Fig. 12). The maximum lateral displacement however, is still similar for layers/contacts 1-4, as regards the magnitude, about 20 cm, and 
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Fig. 15. The same basic model as in Fig. 7. The differences are (1) layer 4 has Young’s modulus of 0.1 GPa, the surface layer 1 has a Young’s modulus of 20 GPa, and the magmatic overpressure in the dike is 15 MPa. (a) Plots of the variation in the magnitude of the maximum tensile principal stress σ3 at the contacts between the layers. (b) Plots of the variation in the magnitude of the von Mises shear stress (τ) at the contacts between the layers.  Layer 5 denotes the contact between layer 5 and 4. Layer 4 denotes the contact between layer 4 and 3. Layer 3 denotes the contact between layer 3 and 2. Layer 2 denotes the contact between layer 3 and 2. Layer 1 denotes the contact between layer 1 and the atmosphere, that is, is the surface of the volcanic zone/volcano.

location - at about 4.3 km from the dike (Fig. 12a). By contrast, the maximum lateral displacement of layer 5, that is, the layer or unit hosting the dike, reaches a maximum of about 52 cm at 3 km from the dike. 
While the maximum upward displacements of all the layers roughly coincide and reach about 34 cm at a distance of about 2.8 km from the dike, the maximum downward displacements show an increasing difference between layer 5 and the other layers. Here layers 1-4 do not show any absolute subsidence above the dike tip, in contract to that in previous models. There is still a clear trough or two-peak displacement, but the surface (layer 1, and contacts 2-4) is still at about 2 cm above the un-deformed surface. Layer 5, however, shows an absolute vertical subsidence of as much as 18 cm right above the dike tip (Fig. 12b). 

4.3 Layer 4 with a stiffness of 0.01 GPa

Such a low-stiffness layer 4 effectively blocks or suppresses all the stress above layer 5.  little stress passes through the layer. As a consequence, there are hardly any tensile or shear stresses in layers 1-4 while stresses in layer 5 above and around the dike tip up to the contact with layer 4 increase (Fig. 13a,b). These results are seen more clearly by the stress-magnitude curves (Fig. 13c). These show that while the tensile stress in layer 5 peaks at about close to 20 MPa, the surface stresses in layers/contacts 1 and 2 above the dike are essentially zero, and a fraction of a mega-pascal for layers/contacts 3 and 4. 
Here the maximum lateral displacements of layers/contacts 1-4 are somewhat dissimilar close to the dike, but reach a maximum of only about 4 cm at a distance of about 5 km from the dike (Fig. 14a). The maximum lateral displacement of layer 5, that is, the layer or unit hosting the dike, however, reaches a maximum of about 54 cm at a distance of about 2.8 km from the dike. 
With the exception of layer/contact 5, the maximum upward displacements of all the layers/contacts roughly coincide and reach about 35 cm at a distance of about 3.3 km from the dike (Fig. 14b). Layers/contacts 1-4 show a clear trough or two-peak displacement above the dike tip, but the surface (layer/contact 1) and layers/contacts 2-4 is still at about 13 cm above the un-deformed surface. By contrast, layer/contact 5 shows a maximum upward displacement of about 35 cm, but the location is different from that of the other layers/contacts, namely at a distance of about 2.6 km from the dike.
This model and the previous one (with layer 4 of stiffness 0.1 GPa) show that further softening of layer 4 makes the variation in internal stresses and displacements induced by the dike more complex than in the models where layer 4 had a stiffness more similar to that of the adjacent layers. In particular, the results show that the differences in magnitudes and locations of the horizontal and vertical displacements increase as layer 4 becomes softer.

5 Discussion

Because of their role in assessing volcanic hazards and estimating geometries of dikes (including their volumes) injected from magma chambers/reservoirs during unrest periods, surface deformation studies in volcanoes/volcanic zones are of increasing importance in volcanology. In particular, geodetic studies together with seismic studies are of fundamental importance for assessing dike volumes, and thus the volume of magma supposed to flow out of the chamber/reservoir during the associated unrest period. In addition, deformation studies help determine the dike path and assess the likelihood of dike-fed eruptions.
	There have been many numerical models on local stresses and surface deformation during inflation of magma chambers hosted by layered rocks. These include, for example, Gudmundsson (2002), Gudmundsson and Philipp (2006), Manconi et al. (2007), and Masterlark (2007). These provide information on local stresses and deformation inside volcanoes that can be of great use in making crude forecasts as to the likely paths of injected dikes, but do not address the stresses and displacements/deformation induced by the dikes themselves (or mode I cracks, extension fractures, in general), which is the main theme of the present paper. 
Following earlier general analytical studies of the deformation and stresses at the surface of an elastic half-space above an elliptical crack (Isida, 1955; Tsuchida and Nakahara, 1970) there have been many numerical fracture studies focusing on dikes in an elastic half-space. These include studies by Pollard et al. (1983), Davis (1983), Rubin and Pollard (1988), and Cayol and Cornet (1998).  A very different approach is to model dikes as elastic dislocations. 	The models are applied to invert surface geodetic data to infer the opening or thickness, strike, dip, and depth of dikes, inclined sheets, and sills. The application of the dislocation theory volcano deformation is reviewed in detail by Okada (1985, 1992) and also by Dzurisin (2006) and Segall (2010). 
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Fig. 16. The same model as in Fig. 15, except that layer 4 has here a Young’s modulus of 0.01 GPa. (a) Plots of the variation in the magnitude of the maximum tensile principal stress σ3 at the contacts between the layers. (b) Plots of the variation in the magnitude of the von Mises shear stress (τ) at the contacts between the layers.  Layer 5 denotes the contact between layer 5 and 4. Layer 4 denotes the contact between layer 4 and 3. Layer 3 denotes the contact between layer 3 and 2. Layer 2 denotes the contact between layer 3 and 2. Layer 1 denotes the contact between layer 1 and the atmosphere, that is, is the surface of the volcanic zone/volcano.

All these numerical and dislocation models assume the volcanic zone/volcano hosting the dike to act as a homogeneous, isotropic, elastic half-space. This means that the models do not consider the effects of mechanical layering or contacts between layers on the dike-induced stresses and deformation. Surface deformation in layered elastic host rocks, however, has been considered by Bonafede and Rivalta (1999a,b). Dislocation and numerical models of dike-induced deformation are reviewed by Rivalta et al. (2015) and by Townsend et al. (2017).
	With a few exceptions, all these models focus on the surface displacement induced by the dike. Only a few studies have combined field observations of arrested dikes/hydrofractures in layered rocks with numerical models of the local stresses induced by the dike in the adjacent layers as well as at the surface. These studies include Gudmundsson and Brenner (2001), Gudmundsson (2003), Gudmundsson and Loetveit (2005), and Philipp et al. (2013). In contrast to the present study, none of these studies focuses on the changes in the dike-induced stresses and displacements/deformation inside the volcano/volcanic zone as a function of the variation in the elastic properties of the mechanical layering.  
Since almost all the early models assume the rocks hosting the dike to be homogeneous and isotropic, and thus do not consider any layering, the most appropriate comparison as regards the present models is with the first models, namely where layer 4 has a stiffness of 10 GPa and thus rather similar to the stiffnesses of the adjacent layers. The present results are in good general agreement with the surface displacements obtained in the earlier elastic half-space models, such as summarised by Dzurisin (2006) and Segall (2010). In particular, for this model (layer 4 with stiffness of 10 GPa) the surface displacements and stresses show similarities to those obtained by Pollard et al. (1983) and Rubin and Pollard (1988).
	The surface upward and downward displacements are of importance for understanding better the location, geometry, and propagation paths of associated dikes. For understanding and forecasting dike-induced surface fracturing, however, the surface stresses are of main concern. This follows because tension fractures and faults form at the surface – or elsewhere – only if the local stresses reach certain magnitudes.  These magnitudes are well known. For tension fractures, the local absolute tensile stress must normally reach at least 2-5 MPa, which is the most common tensile strength of rocks (Gudmundsson, 2011b). Similarly, for faults – here in particular dip-slip faults – the shear strength is normally about double the tensile strength, so commonly 4-8 MPa, which is, indeed, similar to common stress drops in earthquakes (Kanamori and Anderson, 1975; Scholz, 1990). 
	The present models (Figs. 7-14) show clearly that the location of the maximum surface uplift or vertical displacement does not coincide with the location of the maximum surface stress concentration. The maximum shear and tensile stress at the surface (as well as in the subsurface) roughly coincide and occur at locations widely different from those of maximum surface uplift. In particular, the lateral distance between the two peaks of the surface tensile (and shear) stresses is much less than that between the two peaks of the surface uplift. Thus, while the surface stresses peak at lateral distances of 0.5-0.7 km from the projection of the dike to the surface, the surface uplifts peak at 2.8-3.3 km from the project of the dike. The models clearly show that the maximum surface uplifts, the uplift peaks, do not show high tensile or shear stresses. This is understandable because the strain associated with uplift of a fraction of a metre over distances of kilometres to tens of kilometres is of the order of 10-4 to 10-5 and thus too small to result in high stress for the given Young’s modulus of the surface layer of 3 GPa.
	The maximum tensile and shear stress occurs at a lateral distance from the projection of the dike which is similar to the depth to the tip of the dike. The present results thus support other recent results on dike-induced stresses (Al Shehri and Gudmundsson, 2018) that any tension fractures or normal faults induced by arrested dikes would tend to form within a zone of a width similar to that of the depth to the tip of the dike. In particular, any dike-induced graben would be likely to be of a width similar to, or perhaps somewhat less than, the depth to the tip of the arrested dike. Our results thus do not lend any support to the common practice of interpreting the boundary faults of grabens as coinciding with the maximum uplift, the upward displacement peaks, at the surface above an arrested dike.
		The only exceptions to the above relationship between the depth of the arrested dike tip (the dike top) and the location of the stress peaks at the surface occur when (1) the graben faults are steeply (sometimes vertically) dipping or (2) the contact arresting the dike also opens up through Cook-Gordon delamination or debonding (Gudmundsson, 2011a,b). Contact delamination may happen at very shallow crustal depths, and has been modelled for arrested dikes (Gudmundsson, 2003, 2011b). The main result of the modelling is that for delamination the stresses at the surface normally peak above the lateral ends of the opened-up contact. It follows that the double-stress peak does not have any correlation with the depth to arrested tip of the dike (Gudmundsson, 2003). In the models in the present paper, however, the contacts are mechanically too strong to open up. 
	In all the models presented here the magmatic overpressure or driving pressure po is 5 MPa and the surface layer has a Young’s modulus or stiffness of 3 GPa. We ran all the models also for the much higher magmatic overpressure of 15 MPa. The results are geometrically similar, while the absolute stresses induced by the dike are, as expected, higher. To test the maximum possible effects, we used the overpressure of 15 MPa combined with a surface layer with the very high stiffness of 20 GPa. This high stiffness in unrealistic but the models are intended to explore the greatest effects very stiff surface layers could have on the results (cf. Geyer and Gottsmann, 2010). We ran the models for the two cases of greatest importance, namely layer 4 with a stiffness of 0.1 GPa and stiffness of 0.01 GPa. The main aim was to see how great much the surface stresses would increase for high overpressure and very high surface stiffness in a volcanic zone/volcano with one or more soft layers (layer 4).
	For layer 4 with stiffness of 0.1 the results show that the surface tensile and shear stresses reach about 5 MPa (Fig. 15). Thus tension-fracture and normal-fault formation (including graben formation) would be possible under these conditions. For this very great surface stiffness, the lateral distance between the stress peaks is about 2.2 km, rather than about 1.4 km so that the graben, if formed, would be somewhat wider than in the models with 3 GPa surface-layer stiffness. The results mean that for a dike with an arrested tip at 0.5 km below a very stiff surface of 20 GPa and with the high overpressure of 15 MPa, normal faulting and tension fracturing is just possible.
	For layer 4 with stiffness of 0.01 GPa, an overpressure of 15 MPa, and a surface stiffness of 20 GPa, the results show that the surface tensile and shear stresses reach only a fraction of a mega-pascal (Fig. 16). Thus, even an unusually high surface-layer stiffness and overpressure for an arrested dike with a tip at the shallow depth of 0.5 km, the stresses at the surface are still far too small to generate either tension fractures or normal faults. The results thus underline the great effects of soft layers in reducing dike-inducing stresses and in suppressing surface stresses and fracture formation even for very high driving pressures and unusually stiff surface layers. 
	As regards the likelihood of dike-fed eruption, the models indicate that for 5 MPa overpressure little or no dike-induced surface deformation would be expected unless the dike tip propagates to depths below the surface of less than a kilometre, and commonly to depths of only several hundred metres. The model results thus suggest that when significant dike-induced deformation is seen at the surface, the dike is normally very close to the surface – within several hundred metres of the surface - indicating a rather high likelihood of the dike reaching the surface to erupt.
Elastic half-space models commonly overestimate the potential dike-induced surface stresses and, consequently, the depth of the tip of the associated dike below the surface. It also follows that half-space models commonly underestimate the dimensions – particularly the thickness – and therefore the volumes of the dike inducing a particular surface deformation during a volcanotectonic episode (e.g., Al Shehri and Gudmundsson, 2018). When the dike volumes are underestimated, then the flow of magma out of the source chamber during the episode is also underestimated. For an eruption, the combined intrusive and extrusive (erupted) volume of magma injected from the chamber is then also underestimated. Since this combined volume is one of the factors used to estimate the volume of the source magma chamber that volume, and hence the likely dimensions of the chamber, will also be in error. 
	In summary, the results of all the models (Figs. 7-16) demonstrate the importance of the effects of mechanical layering in volcanic zones and volcanoes on dike-induced displacements and stresses. In particular, the results show that compliant layers make dike-induced surface fracturing unlikely until the dike is at a very shallow depth, or with a very high overpressure, or both. This is in agreement with the field observations of arrested dike tips, showing that many dikes arrested at shallow depths did not generate tension fractures or normal faults above their tips (Figs. 2-5). More specifically, the results suggest that the common use of homogeneous, elastic half-space dislocation models to infer dike geometries and dimensions thorough the inversion of surface-deformation data is likely to lead to highly unreliable results. Furthermore, the present models indicate that the common practice of associating the calculated the maximum theoretical surface displacements with graben formation is not justified.  


6 Conclusions

The main conclusions of this paper may be summarised as follows:
· Field observations show that although some dikes just thin out, or taper away in vertical sections, most dikes become arrested at contacts between mechanically dissimilar rock layers. The main mechanical property that varies across the contact is the stiffness or Young’s modulus. The ideal condition for a dike (or any other mode I, extension, fracture) to become arrested at such a contact is when the layer above the contact is much stiffer than the layer below the contact (the one hosting the dike). However, for many arrested dikes the layer above may be more compliant than the one hosting the dike. This is because there are three processes that may contribute to dike arrest at any particular contact: Cook-Gordon delamination, stress barrier, and elastic mismatch. 
· Field observations also show that many arrested dike tips do not generate any significant large-scale fracturing ahead of the dike tip. Even dikes that become arrested only several metres below the free surface of a rift zone may, for specific mechanical layering, be unable to generate fractures at the surface. There are, however, many well-documented cases of tension-fracture and normal-fault generation associated with dike emplacement during unrest periods. 
· The new numerical results presented here use 5 layers with different mechanical properties, that is, different Young’s moduli. In most models, the surface layer, layer 1, has a stiffness of 3 GPa, layer 2 a stiffness of 20 GPa, layer 3 a stiffnes of 30 GPa, and layer or unit 5 a stiffness of 40 GPa. Layer or unit 5 is the one hosting the dike whose tip is arrested at 0.5 km below the surface. Between model runs, the stiffness of layer 4 is varied, from 10 GPa, and thus rather stiff, to 1 GPa, 0.1 GPa, and 0.01 GPa. The last stiffness, 0.01 GPa, is very compliant but layers of similar stiffness are likely to occur in most active volcanoes and volcanic zones. 
· As for dike-induced stresses, the numerical results show very great effect of layering, in particular of the gradually more compliant layer 4. When its stiffness becomes as low as 0.1-0.01 GPa, layer 4 transports hardly any stresses to the shallower layers. The result is very low stress at shallower depth, including the surface. Generally, the location of the maximum tensile and shear stresses roughly coincide so that, when significant stresses are transported to the surface, the most likely initiation of tension fracture and shear fractures should occur in roughly the same areas at the surface. 
· When the stiffness of layer 4 is gradually decreased from 10 GPa to 0.01 GPa, the internal deformation of the volcano/volcanic zone increases. This is reflected in the displacement fields. Thus, the horizontal displacement of all layers/contacts is generally similar while the stiffness of layer 4 is 10 GPa, but as the layer becomes softer, the difference in displacements between the layers/contacts increases and reaches a maximum when the stiffness of layer 4 is 0.01 GPa. At that stiffness the horizontal displacement of layer/contact 5 is totally different, in terms of magnitude and location of the peaks, from that of the other layers/contacts. And similarly for the vertical displacement.
· The maximum tensile and shear stresses, that is, the stress peaks vary throughout the interior of the volcano/volcanic zone. They are highest in layer/contact 5, hosting the dike, and decrease towards the surface. As the stiffness of layer 4 decreases, so do the tensile and shear stresses inside and above that layer, including the surface. At the surface the tensile and shear stresses peak mostly at a lateral distances of 0.5-0.7 km from the projection of the dike to the surface. This implies that any dike-induced graben would be likely to be of a width about twice the depth to the tip of the arrested dike. Thus, in most of the present models, a graben, if formed at all, would tend to be between 1 km and 1.4 km wide at the surface.
· The maximum surface uplift or vertical displacement peaks at lateral distances of 2.8-3.3 km from the projection of the dike to the surface and have low stresses. We conclude that tension fractures and faults – in particular the boundary faults of grabens – are most likely to form, if at all, in the location of the tensile/shear stress peaks and not, as is commonly suggested, at the location of the surface uplift peaks. Our results thus do not lend any support to the common practice of interpreting the boundary faults of grabens as coinciding with the maximum uplift, the upward displacement peaks, at the surface above an arrested dike.
· The results suggest that failure to take typical and reasonable mechanical layering in volcanoes and volcanic zones into account, such as in using homogeneous, elastic half-space dislocation models, when inferring dike geometries and dimensions through the inversion of surface-deformation data is likely to lead to highly unreliable results. In particular, such models tend to overestimate the dike-induced surface stresses, and thus the depth to the tip of the associated dike. It also follows that half-space models commonly underestimate the dimensions – particularly the thickness – and therefore the volumes of the dike inducing the surface deformation. When the dike volumes are underestimated, then the flow of magma out of the source chamber during the volcanotectonic episode is also underestimated. 
· [bookmark: _GoBack]As regards the likelihood of dike-fed eruption, the present models indicate that, normally, little or no dike-induced surface deformation would be expected unless the dike tip propagates to depths below the surface of less than a kilometre. This implies that when significant dike-induced deformation is seen at the surface, the dike is normally very close to the surface – within several hundred metres of the surface - indicating a rather high likelihood of the dike reaching the surface to erupt. 
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