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 Magma systems within the shallow crust drive volcanic processes at the surface. 

Studying active magma systems directly poses significant difficulty but details of ancient magma 

systems can provide insight to modern systems. The ancient intrusions now exposed in the Henry 

Mountains of southern Utah provide an excellent opportunity to study the emplacement of 

igneous intrusions within the shallow crust. The five main intrusive centers of the Henry 

Mountains are Oligocene in age and preserve different stages in the development of an igneous 

system within the shallow crust. Recent studies worldwide have demonstrated that most 

substantial (> 0.5 km3) igneous intrusions in the shallow crust are incrementally assembled from 

multiple magma pulses. In the Henry Mountains, smaller component intrusions (< 0.5 km3) 

clearly demonstrate incremental assembly but an evaluation of incremental assembly for an 

entire intrusive center has yet to be performed.  

The Mount Ellen intrusive complex is the largest intrusive center (~ 100 km3, 15 ï 20 km 

diameter) in the Henry Mountains. This thesis research provides constraints on the construction 

history and emplacement of Mount Ellen using a combination of multiple techniques, including 

fieldwork, whole-rock major and trace element geochemistry, anisotropy of magnetic 

susceptibility, and crystal size distribution analysis. Field work and anisotropy of magnetic 



 

susceptibility data suggest that Mount Ellen is a laccolith that in cross section is built a network 

of stacked igneous sheets. In map-view, the laccolith has an elliptical shape built from numerous 

igneous lobes radiating away from the central portion of the intrusion. Field observations suggest 

most lobes are texturally homogenous and likely emplaced from a single magma batch. 

Samples collected throughout Mount Ellen were divided into five groups based on a 

qualitative evaluation of texture. Possible distinctions between these textural groups were then 

tested using several different techniques. Geochemistry, anisotropy of magnetic susceptibility, 

and phenocryst crystal size distribution data are individually not sufficient to distinguish all five 

textural groups. However, limited datasets for two textures can be consistently distinguished 

using these techniques.  

These new results can be integrated with existing constraints to create a comprehensive 

model for the construction history of Mount Ellen. The intrusive center was constructed in 

approximately 1 million years at a time-averaged magma injection rate of 0.0004 km3 y-1. The 

laccolith geometry was built from a radiating network of stacked igneous sheets. The sheets are 

lobate in map-view (longer than they are wide) and were fed radially outward from a central 

feeder zone. These component intrusions were emplaced by a minimum of 5 texturally distinct 

magma pulses, with periods of little or no magmatism between sequential pulses. 
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GLOSSARY 

Note: Terms listed in this glossary are defined based on their use within the context of this 

thesis. 

Emplacement  ........... Refers to the displacement of host rock to accommodate space for 

injection of magma pulse(s). 

Laccolith ...................A igneous intrusion geometry with a flat base, steep sides, and an arched 

to flat roof that is constructed from either a single magma pulse, multiple 

magma pulses, and/or stacked sills. Generally, a laccolith is 30 m or 

greater in thickness. 

Pluton  .......................A body of igneous rock. 

Pulse ..........................A single injection of magma emplaced in the upper crust. 

Sill ..............................A sheet-like igneous intrusions that can be constructed from a single 

magma pulse or multiple magma pulses. A sill is typically no greater than 

10 m thick. 

Sheet ..........................An igneous intrusion with a tabular shape 

 



 
 

1. Introduction  

Our understanding of how magma systems develop in the shallow crust has changed 

considerably in recent years. Traditionally, many upper crustal plutons were interpreted as a 

single, contiguous magma body that cooled and crystallized (Fig. 1). However, detailed research 

on well-exposed igneous intrusions has changed how we view many of these systems. Instead of 

a single magma body, many intrusions form through sequential injections of separate magma 

pulses (Coleman et al, 2004, Glazner et al, 2004). Studies on various size upper crustal igneous 

intrusions, ranging from sills to batholiths, have shown incremental assembly of intrusive 

systems across all these spatial scales (de Saint Blanquet et al., 2001, 2011; Coleman et al, 2004; 

Glazner et al, 2004; Horsman et al, 2005, 2010; Morgan et al, 2008).  

A 

B 

Figure 1. A ñBig Tankò diagram showing how upper crustal intrusions appeared to be one giant magma 

body in contrast to incrementally assembled over time B. Diagrammatic sketch of current understanding 

of pluton emplacement based on smaller batches of magma ascending from mid crust through dikes. 

Darker reds represent ascending magma and cooler reds represent cooling of magma (Glazner, 2004). 
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Geochronological data and thermal models clearly demonstrate that crustal magma 

bodies solidify rapidly below the solidus in thousands of years and larger magma bodies in 

hundreds of thousands of years for small volume intrusions (Glazner et al. 2004). This suggests 

that for larger plutons to form on a timescale in the order of millions of years, they would have to 

be gradually assembled and not emplaced as a single large magma body as assumed by the 

traditional model.   

Saint Blanquat et al. (2011) evaluated various sized upper crustal igneous intrusions and 

suggest there is a positive correlation between intrusion volume and the duration of construction. 

The overall volume of an intrusion is a product of magmatic pulses contributing to its 

construction over a particular timescale (Fig 2). Most importantly, Saint Blanquat et al. (2011) 

concluded that the vast majority of intrusions form during active tectonic conditions. The longer 

a magma body is affected by tectonics (while still in a partially liquid state), the more its 

fabric/texture are influenced by tectonic deformation. Internal contacts may then become cryptic 

and not easily defined. Smaller intrusions that cool more rapidly and record little about tectonic 

conditions, preserve a better record of intrusion emplacement processes.  
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Figure 2. Illustration of upper crustal igneous intrusion construction with time (Saint Blanquat et al. 

2011). 
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This improved understanding of how upper crustal igneous intrusions are constructed 

aids in interpretation of modern volcanic processes, which are driven by magma propagating 

through the upper crust. Unfortunately, magma beneath active volcanic systems can only be 

studied through indirect methods such as remote sensing.  However, the study of ancient 

intrusions now exposed at the surface provides a way to understand these magma systems in 

detail. Studying ancient igneous intrusions can be difficult due to deformation, lack of exposure, 

and preservation. The Oligocene intrusions in the Henry Mountains of Utah are well-exposed 

and lack synmagmatic tectonic deformation, making this an ideal location to study ancient upper 

crustal intrusions.          

 The Henry Mountains of southern Utah consist of five intrusive centers that are 

Oligocene in age (Nelson et al, 1992, Murray et al., 2016). Previous work suggests small 

component intrusions, like sills, in the Henry Mountains are incrementally assembled (de Saint 

Blanquet et al., 2006; Morgan et al., 2008; Broda, 2014; Ward, 2014; Maurer, 2015; Thorton, 

2015; Horsman et al. 2018), but the large intrusive centers themselves have not been studied in 

enough detail to determine their growth histories. In large intrusions, a distinction between 

separate magma pulses may be difficult to recognize unless substantial compositional differences 

make this distinction apparent (Wiebe & Collins, 1998; Michel et al 2008). Previous work 

performed by Nelson & Davidson (1993) suggest the igneous rock in the Henry Mountains is 

compositionally homogenous, although limited isotope data hint that separate intrusive centers 

may have distinct magma systems. However, the data produced by Nelson & Davidson (1993) 

are limited to a few samples and did not capture the composition of the igneous rock thoroughly 

throughout the Henry Mountains.          

 Where detailed work has been done, clear evidence does exist in the Henry Mountains for 
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incremental assembly of small-volume (less than 5 km3) igneous intrusions (de Saint Blanquet et 

al., 2006; Morgan et al., 2008; Broda, 2014; Ward, 2014; Maurer, 2015; Thorton, 2015; Horsman 

et al. 2018). For example, detailed work on the Copper Ridge laccolith demonstrates 

compositional differences and distinct magma sheets (Maurer, 2015). More generally, most very 

small-volume component intrusions (< l km3) within an igneous center in the Henry Mountains 

tend to have a consistent texture (Horsman et al., 2005; de Saint Blanquat et al., 2006; Morgan et 

al., 2008), but texture varies both between separate component intrusions and within larger 

igneous bodies. Detailed work on the Mount Pennell intrusive center (Ward, 2014) demonstrates 

very clear textural and compositional differences.  The spatial distribution of several separate 

igneous rock units can be mapped out. It is evident that some compositional and textural 

differences do exist, at least locally, but a detailed comparison between all five intrusive centers 

in the Henry Mountains has yet to be performed.       

 For this study, new data for a single intrusive center, Mount Ellen, were collected and 

synthesized with previously collected data. With this compilation and through field observations, 

analysis of geochemical major and trace elements, anisotropy of magnetic susceptibility (AMS), 

and crystal size distribution data (CSD), I test the hypothesis that Mount Ellen was constructed 

from numerous component magma pulses. 

 

 

  



 
 

2. Magmatism in the Shallow Crust: Igneous Intrusions  

Understanding how magma systems operate in the shallow crust (< 5 km) is essential for 

understanding the construction of igneous intrusions. The mechanism through which magma is 

supplied and how it is emplaced into the shallow crust promotes the formation of igneous 

intrusions of various sizes, ranging from sills to batholiths. To begin to understand the formation 

of igneous intrusions, the following need to be addressed: (1) magma supply through vertical 

dike propagation; (2) sill formation through lateral emplacement of magma; and (3) lateral 

termination and vertical thickening.  

2.1 Magma Supply Through Vertical Dike Propagation      

 Dikes are the fundamental conduits for pressurized magma to propagate through the 

upper crust and form igneous bodies (Gudmundsson, 1986, 1990, 1999; Parson et al., 1992; 

Petford et al., 1993; Annen and Sparks, 2002; Annen et al., 2006; Kavanagh et al., 2006; Annen 

et al., 2008; Menand, 2008; Daniels, et al., 2012; Gonnermann and Taisne, 2015). Generally, 

dikes are 1 ï 10 m in thickness and extend from 1 ï 15 km from their source (Baer and Reches, 

1991). To accommodate the ascending magma, dikes propagate in existing fractures or may 

create their own fractures through existing host rock. Determining which scenario was favored in 

a particular case can be difficult (Rubin, 1995; Gonnermann and Taisne, 2015).   

  For magma to ascend through pre-existing fractures or newly created fractures, 

the magma driving pressure needs to exceed the confining pressure of surrounding host rock to 

keep the dike from closing (Gonnermann and Taisne, 2015). The magma driving pressure can be 

defined by  

(1) Pd = Ph +Po ï Pvis - Sh, 
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where Ph is the hydrostatic pressure, Po is the overpressure of the magma chamber, Pvis is the 

pressure loss due to viscous flow, Sh is the stress perpendicular to the ascending dike walls 

(Reches and Fink, 1988; Baer and Reches, 1991; Hogan and Gilbert, 1995; Hogan et al., 1998). 

Of these variables, the hydrostatic pressure predominantly influences the magma driving 

pressure. Hydrostatic pressure is the difference between the pressure at the top of the magma 

source (i.e. magma chamber) and the pressure at the tip of the ascending magma. If there is a 

greater contribution of hydrostatic pressure than there is contribution from horizontal stress, the 

magma driving pressure will increase (Rocchi et al. 2010).  

 Other variables that affect the driving pressure of magma are, but not limited to, dike 

width, dike vertical length, magma viscosity and temperature, and density differences. Because 

dikes essentially have a planar sheet geometry, the width is crucial to allow a sufficient amount 

of magma to flow rapidly. It is necessary for the magma to ascend rapidly through these narrow 

channels because as magma ascends, the temperature decreases due to the temperature difference 

between the magma and surrounding host rock. Without a sufficient width, a flux of magma will 

solidify rather than ascend. The temperature differences also affect the viscosity of the magma, 

which increases exponentially with cooling. A low viscosity magma is ideal for magma 

propagation through vertical dike ascent (Petford et al., 1993). The density difference between 

the ascending magma and the host rock also relate to magma ascent rate and the magma driving 

pressure. The greater the density contrast between the ascending magma and the host rock, the 

more pressure exerted on the driving pressure of the ascending magma that allows rapid ascent 

through the crust before magma solidification (Petford et al., 1993).  

 While dikes may eventually reach the surface, many are arrested at depth. According to 

Gudmundsson (1990, 2011), when a dike meets a stress barrier, such as layers with greater 
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horizontal compressive stress than vertical compressive stress, three likely scenarios can occur: 

(1) the dike will become arrested at the barrier, (2) the dike will penetrate the contact, or (3) the 

dike will be deflected at the contact (Fig. 3). Field observations demonstrate all three scenarios to 

be well known, however the third scenario (Fig. 3C & 3D) is representative of the initial stages 

of sill formation.  

 

  

Figure 3. Scenarios for when a dike meets a discontinuity. (A) dikes become arrested, (B) dike penetrates the 

layer above the contact or dike is deflected to form a double (C) or single (D) sill (Gudmundsson, 2011; 

Hutchinson, 1996). 
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2.2 Sill Formation Through Lateral Emplacement of Magma      

 Once a dike is arrested, vertical ascent ceases, and the lateral movement of magma 

commences. According to Menand (2011), the lateral flow of magma is affected by multiple 

factors such as: buoyancy controls, rheology, stress controls, and rigidity anisotropy. It was 

initially thought (e.g. Gilbert (1877), Corry (1988)) that neutral buoyancy was the main factor 

that led to emplacement of magma at a specific depth in the crust. This follows from the 

assumption that the density of the ascending magma has reached the same density of the 

surrounding host rock. Later work showed that the idea of neutral buoyancy contradicts field 

observations (Johnson and Pollard, 1973), and that granitic magmas do not achieve neutral 

buoyancy in the shallow crust (Vigneresse and Clemens, 2000).    

 Rheology contrast controls and stress controls are two other mechanisms that Menand 

(2011) suggested as factors for lateral movement of magma. Rheology contrast controls refer to 

the mechanical differences between relatively brittle and ductile layers to allow dike arrest and 

promote lateral propagation. Stress controls refer to the tectonic environment where dikes may 

become arrested due to the transition from a favored extensional environment to a less favorable 

compressional environment.          

 Lastly, Menand (2011) refers to a final mechanism of rigidity anisotropy control. This 

refers to the difference in competence of two host rock layers and would allow magma to intrude 

between them. Experimental investigations have demonstrated that a dike will typically favor 

deflection into a sill if the overlying host rock layer is more competent that the underlying layer 

(Kavanagh, 2006; Gudmundsson, 2011). Menand (2011) suggests that this is likely the most 

dominant control of the four mechanisms. 
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2.3 Lateral Termination and Vertical Thickening   

As discussed, sills form from arrested dikes that propagate laterally between the rigidity 

anisotropy contrasts of two host rock layers (Menand, 2011). Early models suggested the vertical 

inflation of sills to form laccoliths begins when a sill reaches a critical lateral extent, allowing 

inflation into a laccolith (Johnson and Pollard, 1973; Pollard and Johnson, 1973). With 

increasing evidence that larger igneous intrusions are formed through an amalgamation of 

multiple magma pulses, our understanding on how laccoliths grow are evolving.   

Once a sill has solidified it can provide a favorable rigidity anisotropy for the 

emplacement of other sills (Menand, 2008). Based on field observations (see the Case Studies 

section), many laccoliths appear to grow vertically by the stacking of additional sills while the 

lateral extent of the laccolith is comparable to the initial sill. The overall thickness of the 

laccolith is the cumulative thickness of all sills within the laccolithic body. The stacking of these 

additional sills can occur in multiple fashions including over-accretion, under-accretion, or mid-

accretion (Horsman et al., 2005, 2006; Morgan et al., 2005; Menand, 2008).  

 

 

 

 



 
 

3. Magmatism in the Shallow Crust: Laccolith Formation   

This section provides information about laccoliths, including some background information, 

laccolith geometry, and timescale construction.    

 Additionally, several case studies address the growth of laccoliths and other sheet-like 

igneous intrusions in the upper crust using geological, geochronological, and geophysical data, 

and analogue models. These case studies focus on different laccolithic intrusions that provide 

details on the time scale for laccolith formation, how laccoliths can form from amalgamated 

lobes and sheets, and the complexity of their construction over time. 

3.1 Evolving Model for Laccolith Assembly 

The initial interpretations of a laccolith provided by Gilbert (1877), Hunt et al. (1953), 

Corry (1988), and Jackson and Pollard (1988, 1990) are essential building blocks for defining the 

term laccolith. In much recent years, these building blocks have been essential, but collective 

evidence has changed our views on how these laccoliths are emplaced. Although Gilbertôs 

(1877) interpretations were upheld by recent data, his concept of a laccolith is regarded as single 

contiguous liquid body. We now know that many igneous intrusions of various spatial scales, 

including laccoliths, can form through sequential injections of separate magma pulses. This does 

not preclude an intrusion forming from a single magma pulse, however, in larger volume 

intrusions, supporting evidence shows that laccoliths form through stacked sheets or an 

amalgamation of multiple pulses (Cruden et al., 2001; Coleman et al., 2004; Glazner et al., 2004; 

de Saint Blanquet et al., 2006, 2011; Michel et al., 2008; Morgan et al., 2008; Broda, 2014; 

Ward, 2014; Maurer, 2015; Thorton, 2015; Horsman et al. 2005, 2010, 2018) Through this 

succession of pulsed assembly, a laccolith can be defined as an igneous intrusion with a flat base, 

a convex-up roof that is formed from one or more amalgamated pulses of magma, and generally 
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emplaced at a crustal depth of 3 km or less (Gilbert, 1877; Johnson and Pollard, 1973; Corry, 

1988).  

3.2 What is a Magma Pulse? 

A magma pulse can be defined as a single injection of magma that contributes to the 

overall construction of an igneous intrusion. However, as discussed in the introduction, pulsed 

construction is scale and time dependent. For the purpose of this research, we are concerned with 

the individual stacked sheets that compose a laccolithic intrusion. These stacked sheets can be 

composed of multiple component pulses themselves (Fig. 4), however, at the scale of a 

laccolithic intrusion, these individual pulses may be difficult to distinguish. So, for this research I 

use the term ñmagma pulseò at a coarser scale, to distinguish on a first order, the number of 

pulses that contribute to the construction of a laccolithic intrusion.  

 

 

 

 

Figure 4. Diagram showing pulsed assembly through multiple magma pulses. Pulses can be singular or sequential. 

If pulses are sequential, there is no general pattern for how they are injected. Pulses can be stacked or 

amalgamated. Revised from Horsman et al. (2006). 
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3.3 Laccolith Geometry Upon Emplacement  

As discussed above, there is no single means of emplacement for a laccolith. However, 

laccoliths are described by their overall geometry after emplacement. A laccolith generally has a 

flat base, steep sides, and an arched to flat roof (Gilbert, 1877; Johnson & Pollard, 1973; Corry, 

1988). They tend to have a flat base due to lateral propagation concordantly between two 

sedimentary strata. As for their steep sides and roof shape, Gilbert (1877) and Koch et al. (1981) 

both predicted that the length of an intrusion should scale with the thickness of the overburden. 

 To attempt to quantify the overall geometry of a laccolith, McCaffrey & Petford (1997) 

suggest a scale invariant relationship between the length (L) and the thickness (T) of tabular 

laccoliths by using an empirical power-law relationship: 

(2)  T = bLa. 

 Ὕ represents the thickness of the intrusion, b is a constant (y-intercept), L is the length of 

the intrusion, and a is the power-law exponent (slope) (McCafrey & Petford, 1997). Using the 

aspect ratio of L/T of known intrusions, Cruden et al. (2017) plotted on a log (L) versus log (T) 

scale dimensional data for various size/shaped plutons ranging from dikes to laccoliths (Fig. 5). 

The solid and dashed lines on the graph represent a range of power scaling curves that 

demonstrate the bifurcation between laccoliths and other smaller bodied intrusions. The exponent 

a distinguishes between the following three different growth behaviors in relation to the aspect 

ratio L/T of a tabular laccolith.  (1) If a=1, the aspect ratio is equal, then the length and thickness 

are equal, (2) a < 1, the aspect ratio increases, then lateral spreading is dominant, or (3) a > 1, 

the aspect ratio decreases, then uplifting (vertical inflation) is dominant (McCafrey & Petford, 

1997; Cruden & Bunger, 2010; Cruden et al., 2017). Laccoliths generally fall along a fit line of 
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approximately a = 1.5, while other smaller bodied intrusions fall along a fit line of approximately 

a = 0.5 and are more sill-like in geometry.  

Small intrusions and mafic sills tend to follow the same growth path (Fig. 4). 

Dimensional data from various sources (Cruden & Bunger, 2010; Cruden et al. 2017) 

demonstrate that large mafic sills and other smaller bodied plutons favor lateral spreading with a 

< 1.  However, it is apparent that the dimensional data for laccoliths (generally intermediate to 

felsic composition) show a separation around L of 100 ï 1000 m, and favor uplifting (vertical 

inflation) over horizontal spreading because the slope (a) is greater than 1 (Cruden & Bunger, 

2010; Cruden et al. 2017). This suggests that laccoliths begin to follow a different growth path 

that contributes to a distinct geometry.         

 Additionally, with the availability of three-dimensional data, Cruden et al. (2017) also 

proposed a power-law relationship between the thickness (T) of an intrusion in meters and the 

total rock volume of the intrusion (V) with the following equation: 

(3) T =dVc, 

where d is a constant, V is the total rock volume in cubic meterss, and c is the power-law 

constant. Cruden et al. (2017) graphed this power-law relationship using the same intrusions 

from the previous graph to demonstrate an approximation of volume to thickness ratios for 

various bodied plutons (Fig. 6). The resulting values produced should be viewed as an 

approximation based on the assumption that horizontal tabular intrusions are disk shaped 

(Cruden et al. 2017). This allows for a reasonable first-order calculation for various bodied 

intrusions. Laccoliths show a separation between volume values of 1 x 107 to 1 x 108 m3 (0.01 ï 

0.1 km3) and between slopes of approximately c = 0.3 to 0.4 (Cruden & Bunger, 2010; Cruden et 

al. 2017).   
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Both plots reveal important differences between different intrusion geometries. 

Laccoliths appear to share a similar range of thickness values with sills, but laccoliths generally 

are one order of magnitude smaller than sills in length and one to two orders of magnitude 

smaller in total rock volume than sills.  

  

Figure 5. Log thickness (T) versus Log length (L) of dimensional data for dikes, sills, and 

laccoliths from various sources.  Solid and dashed lines are bounding curves for different 

intrusion types (Cruden et al., 2017). 
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Figure 6. Log thickness (T) versus Log volume (V) of dimensional data for dikes, sills, and 

laccoliths from various sources. (Cruden et al., 2017). 
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3.4 Timescale Construction of Igneous Intrusions 

 Saint Blanquat et al. (2011) demonstrated that the duration of pluton construction 

correlates, on a first order, to the volume of a pluton. The larger the pluton, the longer the 

duration of construction. Using a compilation of various size plutons, they calculated estimated 

magma flux rates (Fig. 7). Data were sorted based on tectonic setting (active and inactive 

plutons). This model provided some of the following interpretations: (1) a positive correlation 

between duration and volume for pluton construction; (2) no correlation between the tectonic 

setting and the duration and rate of pluton construction; (3) the annual magma flux for pluton 

construction covered three orders of magnitude from 10ī1 to 10ī4 km3 yrī1 and; (4) a significant 

correlation exists between data for modern systems and ancient systems.  
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Figure 7.  Compilation of duration and rates of pluton construction for various pluton sizes for both active and 

ancient systems (Saint Blanquat et al. 2011). 



 
 

4. Case Studies   

4.1 Torres del Paine Laccolith  

The Torres del Paine laccolith of Chile (Fig. 7) is a part of a lineament of intrusive bodies 

east of the Patagonian Batholith. This Neogene laccolith has a total igneous rock volume 88 km3 

and intrudes concordant sedimentary host rock above and below. The laccolith is oriented from 

west to east that extends approximately 2 ï 4 km (Putlitz et al., 2001). The Torres del Paine 

laccolith is an exceptional case because of its spectacular exposure and clear construction from 

multiple magma bodies. Each sheet that constructs the Torres del Paine laccolith is clearly 

recognizable in the field and are compositionally distinct.  

Recent work by Michel et al. (2008), and additional work performed by Leuthold et al. 

(2012), used zircon U-Pb dating, geochemistry, and field observations to study the laccolith. 

They found that this laccolith was built from four basal mafic sills that are overlain by an 

additional three granitic units. The granitic units were emplaced at approximately 2 ï 3 km depth 

and each unit was successively added by under-accretion over a time scale of 121 ka with a total 

igneous rock volume of 80 km3 (Fig. 8). The mafic units were emplaced below granite unit III by 

over-accretion over a timescale of 41 ka with a total igneous rock volume of 7 km3 (Fig. 9). 

Overall, the Torres del Paine intrusive complex was built on a timescale of approximately 162 ± 

11 ka, from 12.593 ± 0.009 Ma to 12.431 ± 0.006 Ma (Leuthold et al. 2012). Leuthold et al., 

(2012) also determined that the average growth rate for the Torres del Paine laccolith was 0.0005 

km3 y-1 with an overall igneous rock volume of ~88 km3 (including in total, the granitic units, 

mafic complex, and feeder zone). 
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Figure 8. The Torres del Paine intrusive complex. West to East cross-section demonstrating the three different granitic 

sheets that make up the laccolithic body. Ages have been determined for each granite unit and are noted with blue 

arrows (Leuthold et al., 2012). 
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Figure 9. Schematic diagram showing emplacement of the seven units of the 

Torres del Paine intrusive complex including geochronological data and 

mode of emplacement. (Leuthold et al., 2012). 
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4.2 Elba Island Laccoliths 

 The Elba island laccoliths are located at the northern end of the Tyrrhenian Sea in 

Tuscany, Italy. These laccoliths were emplaced at depths between 2 ï 3 km (Rocchi et al., 2010) 

and consist of Micoene granite porphyry sheets that formed Christmas-tree laccoliths over a time 

span of approximately 1 million years (Rocchi et al., 2010). A Christmas-tree laccolith is a term 

to describe a suite of intrusions that are emplaced between various sedimentary horizons at 

different depths. The intrusions are generally larger with depth and progress upward to smaller 

intrusions, so the overall geometry appears like that of a Christmas tree in cross-section. The two 

main laccoliths are the Portoferraio laccolith (four sheets) and the San Martino laccolith (three 

sheets) (Rocchi et al., 2002). The intrusive sheets of these laccoliths range from 50 to 700 m 

thick, with diameters between 1.6 and 10 km, and an approximate total igneous rock volume of 

37 km3 (Fig. 10). 

To investigate the construction history of the laccolith, Rocchi et al. (2002, 2010) 

calculated the dimensional parameters for the main Portoferraio and the San Martino intrusions 

and component sheets using an empirical power-law (Ὕ ὦὒ, as discussed in the introduction 

section of this paper). The sheets of individual laccoliths are thought to be only a portion of a 

complete laccolith, thus calculating separately, the length and thickness ratios for individual 

sheets and the cumulative thickness of sheets is crucial (Westerman et al. 2004). Using the scale-

invariant distribution of McCaffrey & Petford (1997), the parameter data was plotted on a log T 

vs. log L scale (Fig. 11) for the Portoferraio and the San Martino Laccolith (Westerman et al. 

2004). The resulting data can be interpreted as evidence for the vertical inflation stage of 

laccolith growth through sheet/ stacking (Rocchi et al., 2002). The cumulative thickness of the 

Portoferraio and San Martino laccoliths fit the power-law line for pluton dimensions of 
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McCaffrey and Petford (1997). This suggests the distinct Christmas-tree appearance of these two 

laccoliths can be attributed to failure of magma to coalesce into a single laccolithic body or 

pluton (Rocchi et al., 2002; Westerman et al., 2004; Rocchi et al., 2010). This then suggests that 

laccoliths and plutons can form through an amalgamation of sheet-like bodies (Westerman et al. 

2004). 

 

  

Figure 10. Schematic cross-sectional diagram of the San Martin laccolith and the Portoferraio laccolith demonstrating 

the Christmas-tree geometry. Depth of emplacement and diameter of each laccolith can be noted (modified from 

Rocchi et al., 2010) 
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Figure 11. Scale-invariant distribution of laccolith and pluton shape of McCaffrey & Petford (1997) with 

dimensional data for the San Martino laccolith and Portoferraio laccolith. The Capo Bianco laccolith and 

Monte Capanne pluton are shown for reference (Westerman et al. 2004).  
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4.3 Erland Volcano Plumbing System 

 The Erland shield volcano is located in the northeastern Faroe-Shetland Basin (Fig. 12A) 

and is currently overlain by approximately 1100 m of sedimentary strata. The Erland volcano 

was active, along with many other volcanoes, between 62 and 55 Ma along the pre-rift 

northeastern Atlantic margin (Ritchie et al., 2011). Recent work by Walker et al. (2020), used 3-

D seismic data and gravity modeling to study intrusions of the underlying plumbing system of 

the Erland volcano along with the volcano edifice. Their study allowed for examination of an 

entire multicomponent plumbing system for an ancient volcanic system.  

Seismic data revealed a plumbing system that comprises a large laccolithic body with 

hundreds of radiating sills (Fig. 12B). The sills are saucer shaped and are distributed around and 

away from the main laccolithic body. The main body of the laccolithic intrusion is approximately 

15 km in diameter with a total igneous rock volume of approximately 200 km3. The main 

intrusive body is interpreted as a large laccolithic complex with a network of amalgamated 

intrusions with hundreds of radially distributed sills. These findings are similar to geometries 

describes in previous work from the Henry Mountains (Jackson and Pollard, 1988) and support a 

similar Christmas-tree geometry like that of the Elba Island laccolith (Fig. 13). 
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Figure 12A. A. Location map of study area located in the Faroe-Shetland Basin. B. Free-air gravity anomoly 

over Erland volcano (Walker et.al, 2020) 

Figure 12B.  Seismic cross section of the Erland volcano demonstrating volcano edifice and underlying 

laccolithic complex with associated sills (Walker et al., 2020). 


