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ABSTRACT 

Within the edifice and upper several kilometers of the basement, the shallow plumbing 

systems of stratovolcanoes supplies magma to vents both at their summits and on their flanks. 

Flank eruptions pose a significant hazard due to uncertainties linked with new vent locations and 

their potentially close proximity to, or even within, inhabited areas. Emplacement models for 

eruption feeder dikes rely on indirect observations at several highly active and well-studied 

mafic volcanoes. It remains unclear how well these models explain long-term volcanic behaviors 

or the transport of more evolved magmas. This dissertation investigates the Oligocene age 

Summer Coon volcano (Colorado, USA) through field-based methods to infer the parameters the 

govern magma transport and eruption at stratovolcanoes. 

The mean fabric angle of aligned plagioclase crystals was measured in oriented samples 

from the margins of 77 dikes. Of the 41 dikes with statistically significant flow fabrics, 85% had 

fabric angles that were inclined—plunging both inward and outward relative to the center of the 

volcano. Most of the dikes with outward–plunging fabrics likely descended toward the flanks 

from a source within the edifice and near its axis, dikes with inward–plunging fabrics ascended 

through the edifice and toward the flanks from a deeper source. A possible control for the 

inclination of ascending dikes was the ratio between magma overpressure and the normal stress 

in the host rock. While higher ratios led to high-angle propagation, lower ratios resulted in 

inclined emplacement. 

An investigation of the central intrusive complex at Summer Coon using geologic 

mapping and a ground-based magnetic survey indicates it is composed of a centralized group of 

diorite to granodiorite stocks surrounded by ~53 basaltic-andesite (mafic) and ~36 andesite to 

rhyolite (evolved) radial dikes. The stocks and a stress barrier near the level of exposure 
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presented a significant obstacle to dikes propagating through the central intrusive complex. 

Approximately 30% of evolved (mainly andesite) dikes ascended only through the breccia host 

rock and along the stock margins. Upon entering the edifice base, a stress barrier forced the same 

dikes to propagate sub-horizontally, significantly increasing their outcrop lengths (<6 km). In 

contrast, 70% of evolved dikes (only rhyodacite and rhyolite) propagated through the stocks 

along primarily sub-vertical paths, resulting in relatively short outcrop lengths (<450 m). Dikes 

with higher overpressures (lower density magmas) propagated through both the stocks and the 

stress barrier along sub-vertical paths, potentially feeding summit eruptions. Lower 

overpressures (higher density magmas) prevented some dikes from propagating through the 

stocks and resulted in sub-horizontal propagation once dikes encountered the stress barrier near 

the level of exposure. At active centers, similar dikes would feed eruptions near the edifice base 

or at lower elevations on the flanks. 

Finally, detailed geologic mapping and outcrop descriptions of flank vents at Summer 

Coon reveals complex dike propagation and feeding processes for eruptions of variable magma 

compositions. The basaltic-andesite vent and feeding system is typical of similar composition 

eruptions at active volcanoes. A sub-horizontally propagating dike likely fed the rhyolite vent 

and when nearing the surface, the dike rotated its strike sub-parallel to a paleoridge. The rhyolite 

magma brecciated as it flowed through the >100 m wide conduit leading to increased 

permeability and degassing that, when combined with gas loss through the dike margin, 

potentially resulted in limited explosive activity. An inferred sub-vertically propagating andesite 

dike fed an eruption immediately adjacent to the rhyolite vent. The feeder dike is among the 

shortest andesite dikes mapped at Summer Coon and represents a possible source for the 

extensive late-phase eruptive units on the south flank of the edifice. Furthermore, the sub-vertical 
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propagation and eruption of an andesite dike directly adjacent to the rhyolite vent highlights 

feeding system complexities for flank eruptions, and the need for future work at both eroded and 

active systems to better characterize this process. 

This dissertation presents a novel method for determining magma flow within dikes and 

develops new conceptual models for the intravolcanic transport and eruption of diverse magma 

compositions. Among the significant contributions of this work, are the interpretations that 

suggests that the magma overpressure to normal stress ratio plays a critical role in determining 

dike propagation directions and may ultimately govern eruption locations (e.g., summit vs. 

flank). Historical records indicate that flank eruptions are a common phenomenon at 

stratovolcanoes, resulting in both significant property losses and even fatalities where vents open 

in close proximity to inhabited areas. The duration of flank eruptions can range from days to 

months, placing great strains on emergency managers, scientists, and other personnel and 

resources committed to the crisis. Though the 2018 flank eruption of Kilauea Volcano, Hawaii 

(shield volcano) has discharged relatively minor volumes of eruptive material (as of May 12, 

2018), the >36 destroyed homes, evacuated residents, and infrastructure disruption exemplifies 

the hazard of lateral magma transport from beneath the summit and to the lower flanks (a 

distance of ~45 km in this Hawaiian example). During periods of unrest, when seismic and 

deformation monitoring suggest active magma propagation beneath a volcano, it is important 

that scientists clearly communicate the uncertainty of potential eruption locations to emergency 

managers and the public. Likewise, emergency personnel, public officials, and stakeholders must 

also remain educated on the particular hazards and potential long-term consequences of flank 

eruptions in relevant areas, and formulate policies and procedures well before a crisis begins. 
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CHAPTER 1: INTRODUCTION 

The volcanic plumbing system is a series of interconnected chambers and sills that 

accumulate and transfer magma from the Earth’s mantle and crust towards the surface. The 

shallow portions of this system include both the upper several kilometers of the basement and the 

edifice. The shallow plumbing system transports magma through tabular dikes to either the 

summit and flank vents, or emplacement within the edifice without erupting. At active volcanic 

systems, mafic magma is often transported within dikes to the flank vent either laterally from a 

centrally located conduit, or after bypassing the central feeding system while propagating 

upward from a source several km beneath the volcano (e.g., Romano, 1982; McClelland et al., 

1989; Acocella and Neri, 2003; Acocella and Neri, 2009; Neri et al., 2011). In contrast, to feed 

summit eruptions, dikes must often transport magma through a complex zone of brecciated 

material and solidified intrusive bodies located near the center of the edifice (e.g., Hildreth, 

2007; Goto et al., 2008; Fierstein et al., 2011). The host rock parameters, including mechanical 

properties and stress, and the magma conditions such as, composition and overpressure, govern 

dike propagation directions (e.g., Pinel and Jaupart, 2004; Geshi, 2008; Kervyn et al., 2009; 

Gudmundsson, 2012). However, the sparse number of direct measurements and low spatial 

resolutions of indirect observations (e.g., seismic and deformation) at active systems, results in 

significant knowledge gaps regarding the relative influence of the above parameters, and their 

effect on dike propagation. To address these gaps we used field-based methods to investigate 

Summer Coon volcano in Colorado where erosion has removed much of the original edifice, 

revealing the central intrusive complex and surrounding radial dike sequence (Fig. 1.1). The 

three main chapters of this dissertation seek to answer several broad questions. 
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Chapter 2: What influences do local stress fields and magma overpressures have on the 

propagation direction, geometry, and spatial distribution of basaltic-andesite radial 

dikes? 

Chapter 3: What host rock conditions within the central intrusive complex promote 

magma transport to the summit or flanks? 

Chapter 4: What factors influenced feeder dike propagation, vent geometries, and 

eruption sequences for flank eruptions of varying composition? 

The answers to these questions will address the initial emplacement of varying magma 

compositions into the edifice, transport to the summit or flanks, and finally vent establishment 

and eruption. This work provides new field-based constraints for mafic to evolved dike 

propagation directions, dike geometries and spatial distributions, and eruptive scenarios at 

stratovolcanoes. The results serve as important benchmarks that should be considered when 

assessing monitoring data (e.g., seismic and ground deformation), volcanic hazards (e.g., new 

flank vent locations and extrusion of anomalous compositions), and analogue and numerical 

modeling (e.g., importance of variable host rock properties, magma overpressure/normal stress 

ratios, and stress barriers). 

1.1 Geologic history 

Summer Coon volcano is located in southern Colorado on the eastern periphery of the 

San Juan Mountains (Fig. 1.1). The volcano was part of the earliest phase of volcanism within 

the San Juan volcanic field, a region of mainly silicic calderas and stratovolcanoes covering 

~25,000 km
2 

in southwestern Colorado and northern New Mexico (Lipman et al., 1970). K-Ar 

and 
40

Ar/
39

Ar dates indicate Summer Coon was active in the Oligocene, during a ~100,000-

200,000 year window between 33.0 and 33.5 Ma (Lipman et al., 1970; Perry et al., 1999). 

Erosion has removed much of the edifice, exposing the central intrusive complex and a 

peripheral radial dike sequence near its base (Lipman, 1968; Mertzman, 1971; Moats, 1990; 

Harp and Valentine, 2018). Basaltic-andesite breccia comprised much of the original edifice and 

2 



 

 

 

 

 

b 
0 
0 .,, 

106° 4'0.0" 

Tsb 

lCJ._. 

15 
Strike and dip 
of beds 

106° 2'0.0" 106° 0'0.0" 

Qac 

Figure 1.1. Simplified geologic map of Summer Coon volcano (modified from Lipman, 1976). 

The mafic rocks are mainly basaltic-andesitic in composition and represent the dikes investigated 

in this study and their host rock. 
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also serves as the host rock for a majority of dikes. The orientations of breccia deposits are 

variable but generally dip outward from the central intrusive complex, with dips greater on the 

east flank than on the west. This asymmetric distribution of dip in combination with the eastward 

dip of younger, originally horizontal ignimbrite deposits, indicates that the volcano was tilted 

~7⁰ southeast, well after activity at Summer Coon ceased (Lipman, 1968; Mertzman, 1972; 

Moats, 1990). By projecting the upper surface of older rhyodacite basement units, Moats (1990) 

determined that the original base of Summer Coon lies ~300 m below the average elevation of 

the current central intrusive complex exposures. Using an edifice slope of ~17⁰, estimated 

between the contact of basaltic-andesite breccia and younger silicic lavas, Moats (1990) 

determined the minimum summit elevation of Summer Coon was ~2,200 m above the basement. 

Previous workers divided the eruptive history of Summer Coon into three phases based 

on composition and stratigraphy (Lipman, 1968; Mertzman, 1972): 1) early basaltic-andesite, 

consisting of widespread breccia and rare lava flows, 2) minor rhyodacite and rhyolite lava 

flows, and 3) late phase dacite and andesite consisting of lava flows and pyroclastic deposits 

along the southern flanks. Valentine et al. (2000) suggested a slightly different eruptive 

sequence, with an initial phase dominated by basaltic-andesite and minor amounts of intercalated 

rhyolite and dacite, followed by a second less voluminous phase of dacite. In either scenario 

there is a transition from an early dominantly mafic phase to later phases of more evolved 

composition. 

The central intrusive complex (CIC) of Summer Coon is roughly 4 km (N-S) by 3.5 km 

(E-W) and is nearly centered on the focal point for the radial dike sequence (Lipman, 1976; Harp 

and Valentine, 2018; Figs. 1.1). Previous workers have mapped a majority of the CIC as an 

undifferentiated fine-grained mafic unit that hosts a centralized group of stocks and radial dikes 
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(Lipman, 1968, 1976; Mertzman, 1972; Fig. 1.1). Poor exposure of the fine-grained mafic unit 

has resulted in multiple interpretations regarding its origin, including a single large diorite stock 

(Loken, 1983) or multiple smaller stocks separated by extrusive breccias and inter-caldera lava 

flows (Lipman, 1976; Mertzman, 1972).The stocks are exposed along a northwest-trending 

topographic ridge ~2 km long and ~1 km wide. Lipman (1976) mapped a diorite stock along the 

southern end of the ridge (Fig. 1.1) while Mertzman (1972) located a second diorite stock at the 

north end, though he did not differentiate it from the fine-grained mafic unit. Both the diorite and 

fine-grained mafic units correlate to the early basaltic-andesite phase of Summer Coon 

(Mertzman, 1972). 

Following the emplacement of the fine-grained mafic unit and diorite stocks were two 

isolated stocks of granodiorite (also called quartz monzonite porphyry; Lipman, 1968) and a 

highly brecciated unit (tuff breccia, Fig. 1.1) of enigmatic composition (Mertzman, 1972). Mafic 

dikes mapped within the northernmost granodiorite stock and a complicated contact between the 

granodiorite and fine-grained mafic rocks (Fig. 1.1) may indicate nearly concurrent emplacement 

between the early mafic and the evolved eruptive phases (Lipman, 1968, 1976). Interestingly, 

Loken (1983) did not include a northern granodiorite stock in his geologic map, but instead maps 

several rhyodacite and rhyolite dikes cutting through a diorite stock. Lipman (1968, 1976) 

mapped the younger and hydrothermally altered tuff breccia between the two granodiorite stocks 

(Fig. 1.1). Alteration prevents a definitive identification of the composition for the tuff breccia, 

however; both Lipman (1968) and Mertzman (1972) infer it is likely rhyolite due to the high 

frequency of quartz and close proximity to several rhyolite dikes. The presence of relic pumice 

clasts and fragmented nature of the tuff breccia stock led Loken (1983) to infer it is a conduit 

filling vent breccia. 
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The exposure at Summer Coon reveals an impressive radial dike sequence consisting of 

mafic to silicic dikes (Fig. 1.1). The most prominent features are ~20 andesite to rhyolite dikes 

which have thicknesses of 1-50 m, outcrop lengths <6.5 km, and local relief <20 m (Lipman, 

1968; Mertzman, 1972; Moats, 1990; Perry et al., 2001). Curiously, previous mapping indicates 

evolved dikes rarely impinge into the central intrusive complex, often not extending through the 

alluvium-filled valley to the stocks (e.g., Lipman, 1968, 1976; Mertzman, 1972; Loken, 1983; 

Moats, 1990). One exception is the long rhyolite dike that crops out within 25 m of the tuff 

breccia stock (Fig. 1.1). Loken (1983) indicated an additional ~20 rhyodacite and rhyolite dikes 

may crop out in the central intrusive complex. However, that study focused primarily on 

hydrothermal alteration and most of the mapped dike outcrops are discontinuous over distances 

>200 m. Therefore, it remains unclear how many dikes intersect the stocks or extend into the 

central intrusive complex from the outer flanks. 

Other radial dikes range in composition from basalt to andesite (Mertzman, 1972), have 

short outcrop lengths (averaging ~260 m), thicknesses of 1-3 m, and often no relief above the 

surroundings. Though the outcrop geometry (length and thickness) of basaltic-andesite dikes is 

much smaller than their evolved counterparts, they are far more numerous (Fig. 1.1). While 

Mertzman (1972) indicated that well over 700 dikes exist at Summer Coon, Lipman (1976) 

mapped ~300 of these basaltic-andesite dikes. 

Though the exposure preserves extensive dikes and eruptive products, previous 

investigators have directly correlated extrusive deposits with a specific feeder dike at only one 

location. The vent is located on the southwest flank of the volcano where an intrusive rhyolite 

plug of well-developed flow lineations grades into an extrusive rhyolite breccia and then a 

rhyolite lava flow (Lipman, 1968; Mertzman, 1972; Fig. 1.1). Mertzman (1972) noted that the 
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sub-circular patterns of dips within the thickest late phase andesite and dacite lavas on the 

southern flank might represent near-vent facies but there are no obvious source vents. 

Furthermore, the relatively few mapped dikes of similar relative age and composition nor the one 

small intrusion within the central intrusive complex could be the source for the flows (Mertzman, 

1972).  
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CHAPTER 2: EMPLACEMENT CONTROLS FOR THE 

BASALTIC-ANDESITE RADIAL DIKES OF SUMMER COON 

VOLCANO AND IMPLICATIONS FOR FLANK ERUPTIONS AT 

STRATOVOLCANOES 

Material presented in this chapter is copied from a peer-reviewed article published by 

the Bulletin of Volcanology (doi:10.1007/s00445-018-1194-4) with only slight modifications to 

in-text and figure formatting. The author of this dissertation completed the fieldwork, laboratory 

analysis, and statistical analysis. Coauthor Valentine assisted in the interpretations and 

manuscript framework.  

2.1 Introduction 

Mafic flank eruptions at stratovolcanoes pose a significant hazard due to uncertainties 

linked with new vent locations and their potentially close proximity to, or even within, inhabited 

areas (Baxter et al., 2003). At active volcanic systems, mafic magma is often transported within 

dikes to the flank vent either laterally from a centrally located conduit, or after bypassing the 

central feeding system while propagating upward from a source several km beneath the volcano 

(e.g., Romano, 1982; McClelland et al., 1989; Acocella and Neri, 2003; Acocella and Neri, 2009; 

Neri et al., 2011). These inferred propagation paths are often based on indirect observations, such 

as surface deformation or seismicity (e.g., Bonaccorso and Davis, 2004; Aloisi et al., 2006; 

Peltier et al., 2009), that may lack the spatial resolution to resolve a more refined direction. 

Instead, dike propagation may be much more complex, with dikes also propagating along 

inclined paths as suggested by direct outcrop measurements within eroded volcanoes (e.g., 

Knight and Walker, 1988; Porreca et al., 2006; Geshi, 2008). Additional investigations into the 

directions and controls of mafic dike propagation are thus needed to further constrain dike 
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propagation mechanisms and geometries, which are ultimately responsible for governing the 

locations for flank eruptions.   

Dike orientation is mainly controlled by the directions of the principal stresses, with dikes 

propagating perpendicular to the least compressive stress (𝜎3) and parallel to the maximum 

compressive stress (𝜎1; e.g., Nakamura, 1977; Rubin and Pollard, 1988). For sufficiently large 

and cone-shaped volcanoes located in regions with low tectonic stress influence, the principal 

stress directions promote dikes that are oriented radially around the center of the volcano 

(Dieterich, 1988; Acocella and Neri, 2009). Studies of active dike emplacement events at 

volcanic systems commonly separate dikes into two groups (e.g., Behncke and Neri, 2003; 

Acocella et al., 2006a; Aloisi et al., 2006). Laterally emplaced dikes (L-type) are common at 

openly degassing volcanoes and often propagate away from magma-filled conduits (Acocella 

and Neri, 2009). For example, over the last 100 years flank eruptions at Mount Etna were mainly 

fed by radial dikes that transferred magma from the summit craters to vents lower on the slopes 

(Murray and Pullen, 1984; Acocella and Neri, 2003; Lanzafame et al., 2003). The mechanisms 

for L-type dike nucleation and propagation are poorly understood, but may be related to the 

densification of magma through degassing leading to the rupture of the conduit wall (Porreca et 

al., 2006; Geshi, 2008; Acocella and Neri, 2009; Hintz and Valentine, 2012; Harp and Valentine, 

2015). While structural and geophysical studies indicate that some L-type dikes propagate along 

dominantly sub-horizontal paths toward the volcano’s flanks (Murray and Pullen, 1984; 

Bonaccorso, 2001; Behncke and Neri, 2003; Lanzafame et al., 2003; Aloisi et al., 2006), other 

studies indicate that L-type dikes may propagate at moderate downsloping angles (Acocella et 

al., 2006b). Given a propagation distance of several kilometers, even slight variations in the 
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along-strike propagation angle could lead to potential vent location uncertainties of hundreds of 

meters. 

The second type of radial dike propagates vertically or sub-vertically from a source 

beneath the volcano (V-type; Acocella and Neri, 2009). Also known as eccentric or peripheral 

dikes, they have been observed at Miyakejima (McClelland, 1989), Mount Etna (Behncke and 

Neri, 2003; Acocella and Neri, 2003), and Vesuvius (Acocella et al., 2006c). Eruptions fed by V-

type dikes are often associated with either a lack of summit activity (i.e., closed conduit; 

McClelland, 1989; Acocella et al., 2006c) and/or magma that is petrologically distinct from the 

central feeding system (Acocella and Neri, 2003). During Etna’s 2001 eruption, for example, 

dikes derived from the central conduit fed highly porphyritic (30-40% phenocrysts) lava flows 

with abundant plagioclase, whereas the lavas fed from the eccentric dike contained few 

phenocrysts (5-10%) and rare plagioclase (Research Staff of INGV, Sezione di Catania, 2001; 

Clocchiatti et al., 2004). Therefore, magmatic sources for V-type dikes are often considered to be 

crustal reservoirs or deeper locations within or beneath the crust (e.g., Métrich et al., 2004; Neri 

et al., 2011). 

Analog and numerical modeling suggest that surface topography may contribute to the 

along-strike deflection of radial dikes through spatial variations in the gradients of 𝜎1 and 𝜎3 

(Pinel and Jaupart, 2004; Kervyn et al., 2009; Roman and Jaupart, 2014). For given edifice 

dimensions there is an upper limit to the density of magma that can propagate through the central 

portions of the volcano (Pinel and Jaupart, 2000, 2004). This threshold density affects the 

overpressure available to drive the dike, where overpressure is the combined excess magma 

pressure and magma buoyancy minus the normal stress (Gudmundsson, 2002, 2012). Ascending 

dikes that have densities greater than the threshold spread laterally toward the flanks where 
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normal stresses are lower and where they can resume vertical propagation (Roman and Jaupart, 

2014). Using sand-box models, Kervyn et al. (2009) found that beneath a steep-sided cone 

ascending dikes with limited overpressures were deflected from a primarily vertical to lateral 

propagation, away from the central portions of the volcano (axial area). They inferred that the 

overpressure/normal stress ratio dictates the degree of deflection, where higher ratios lead to sub-

vertical propagation and lower ratios result in either the dike stalling or an inclined deflection 

away from the center of the volcano. 

Unfortunately, evidence for inclined emplacement of radial dikes at active 

stratovolcanoes is rare. This is possibly due to the high spatiotemporal sampling of deformation 

and seismicity required for dike propagation studies (Segall et al., 2013). Often, all but a few of 

the most well-monitored volcanoes lack the ground-based instrumentation required to thoroughly 

measure deformation (Biggs et al., 2014) or locate seismic events (Lundgren et al., 2015). 

Additionally, though InSAR offers significant spatial coverage, it is limited by its sparse 

temporal sampling of days-weeks (Fernández et al., 2017), and may not capture important stages 

of the intrusion (Segall et al., 2001). As a result, the inclined propagation of dikes has been 

inferred at only a handful of volcanoes, i.e., at Plosky Tolbachik, Russia, using deformation 

(Lundgren et al., 2015), seismic amplitude ratio analysis (Caudron et al., 2015), and pre-eruptive 

seismicity (Fedotov et al., 2010), and at Piton de la Fournaise, Réunion Island using deformation, 

pre-eruptive seismicity (Peltier et al., 2008, 2009; Fukushima et al., 2010; Samsonov et al., 

2017), and geochemical data (Peltier et al., 2008, 2009). 

Exhumed intrusions provide the best opportunity to directly investigate inclined mafic 

dike emplacement. Knight and Walker (1988) inferred inclined emplacement directions for dikes 

along the main rift axis of the Koolau shield volcano, Oahu. Using anisotropy of magnetic 
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susceptibility (AMS), the authors found 20 of the 25 dikes where the emplacement direction 

could be determined, propagated upward along inclined angles between 0-80⁰ from horizontal. 

Smith (1987) determined flow lineations within the radial dikes that surround the plutonic bodies 

at Spanish Peaks. He inferred that a majority of the dikes were emplaced along oblique paths 

(upwards and outwards) and that the connection with the magma source was below the level of 

exposure. Additional, examples of inclined dike emplacement at eroded systems include the 

Cuillin Hills magmatic center on the Isle of Skye, Scotland (Herrero-Bervera et al., 2001), the 

Alftafjordur magmatic system, Iceland (Kissel et al., 2010; Urbani et al., 2015), and dike swarms 

from SE Bahia State, Brazil (Raposo and D'Agrella-Filho, 2000). 

Several studies have investigated dike emplacement directions of mafic radial dikes 

within eroded stratovolcanoes. Porreca et al. (2006) used AMS and kinematic indicators to 

determine the propagation direction of 19 radial, tangential, and obliquely orientated dikes 

exposed along the inner scarp of Mt. Somma, Vesuvius (Italy). They found that the propagation 

direction for ~68% of dikes was sub-vertical and upward, with ~32% of dikes propagating 

downward along inclined or sub-horizontal paths. They inferred that while descending dikes 

nucleated along the walls of magma-filled conduits, ascending dikes propagated sub-vertically 

from a source beneath the volcano. Geshi (2008) also used AMS to infer the propagation 

direction of 34 basaltic-andesitic radial dikes exposed within the eroded remnants of Komochi 

Volcano, Japan. Nineteen of those dikes propagating downslope and sub-horizontally toward the 

flanks, with the remaining 15 dikes propagated upward at either high angles from horizontal or 

toward the flanks along inclined paths. Both studies sampled only a single quadrant of each 

volcano and, in addition to the propagation directions, presented limited data for dike 

orientations and geometries. It is therefore unclear how sampled dike propagation directions or 
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geometries would compare to other locations around the volcano or if additional factors, such as 

an anisotropic tectonic stress field, contributed to dike orientations. Furthermore, Geshi (2008) 

did not go into detail regarding the spatial distributions of emplacement directions beyond that L-

type dikes were distributed throughout the swarm while V-type dikes were only found in the 

peripheral portions. Nor did he offer any explanation for the controls responsible for the inclined 

emplacement of ascending dikes. 

Here we investigate mafic dike propagation at the exceptionally well-exposed Summer 

Coon volcano in Colorado (USA) where hundreds of basaltic-andesitic dikes crop out in a radial 

pattern surrounding a central intrusive complex (Fig. 2.1). We present orientation and geometric 

data for 77 sampled dikes, as well as propagation angle and emplacement direction 

interpretations for 41 of the dikes with clear magma flow indicators. We interpret the results in 

terms of dike sources (i.e., conduit within the edifice or a source beneath the edifice) and discuss 

the mechanical controls of propagation. Finally, we compare our results with data from other 

volcanic systems and briefly discuss implications for monitoring and vent locations at active 

stratovolcanoes.  

2.2 Methods 

2.2.1 Spatial distribution and geometry of basaltic-andesitic dikes 

We carried out field measurements to document the geometry and spatial distribution of 

77 basaltic-andesitic dikes at Summer Coon volcano (Fig. 2.2). Dike measurements included the 

strike and dip plus azimuth from the volcano center, where the azimuth is defined as the angular 

distance from north for an ideal line connecting the center of the volcano to the sample location. 

The volcano center or axis is considered to be the midpoint within a ~500 meter-diameter zone 

where lines extrapolated from the strike of dikes converge (e.g., Shelley, 1987; Ancochea et al., 

13 



 

 

 

 

 

b 
0 
0 .,, 

q 
0 

~ 

B Alluvium and colluvium 

~ L.....:.'..._,. lgnimbrites 

• • • Intermediate rocks 
~•- •~r.'-s1•--'-• L.L_ T_s_Jli Tsl, breccias and lavas 

m:JI j'T I Rhyolitic rocks 
~ri Tsr, breccias and lavas 

r----.---- Tsn, dikes and intrusions 

I Tsb I ~ . I Mafic rocks ./ Tsb, Tsb, breccias and lavas 
Tsbi,dikes 

15 
Strike and dip 
of beds 

106° 2'0.0" 

Tsb 

Qac 

Figure 2.1. Simplified geologic map of Summer Coon volcano (modified from Lipman, 1976). 

The mafic rocks are mainly basaltic-andesitic in composition and represent the dikes investigated 

in this study and their host rock. Back box indicates extent of Fig. 2.2. 
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Figure 2.2. Locations and spatial relationships of radial dikes of this study. Black lines and 

circles indicate the outcrop length of each dike and the sample locations respectively. Quadrant 

boundaries are indicated by thin lines that pass through Intersection point within the central 

intrusive complex (grey semicircle). Intersection point also serves as the inferred center of the 

volcano (determination of intersection described in text). 

2008). This central point (N37.7851⁰, W106.3680⁰) is located within 100 m of several intrusive 

stocks and bodies of lapilli tuff, likely emplaced within the central conduit of Summer Coon 

(Lipman, 1968; Mertzman, 1972; Loken, 1983). The central point also serves as the reference 

point for radial-distance measurements to the sample position of each dike, which is located near 

its midpoint relative to the outcrop length. 
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To investigate any spatial variability in dike geometry we measured the thickness and, 

where possible, the length of the dike in the field. During sampling we observed a majority of 

dikes over distances of several hundred meters and determined that thicknesses remained fairly 

constant until within ~20 m from the distal ends, where their thicknesses progressively thinned to 

5-20 cm before terminating. Therefore, we report dike thickness measured near the midpoint, 

close to the sample locations. In all instances sampled dikes are hosted by basaltic-andesitic 

breccia which, on the scale of ~100 m, contains only rare lithologic variability (e.g., lava flows) 

that could affect dike thickness. We measured the length of 58 short (<300 m long) dikes in the 

field using GPS, and measured the 19 longest dikes using Google Earth. We report field 

measurements of dike length as the distance between the two ends of the dike outcrop. Due to the 

minimal slope (<3⁰) of the current topography, the measurement is along a roughly horizontal 

section through the dike. The dike lengths are considered minimum estimations as vegetation or 

younger sediments can introduce uncertainties by covering dike terminations. 

Additionally, to compare the geometry and spatial distribution of our studied dikes to 

those previously investigated, we analyzed the existing geologic map of Summer Coon volcano 

(Fig. 2.1; Lipman, 1976) which includes ~300 radial dikes directly mapped in the field by 

Lipman (1968). A field check using a geo-referenced version of the map verified the accuracy 

for the locations and outcrop lengths of mapped dikes. Using ArcGIS, we measured both the 

outcrop length and distance between the center of the volcano and the midpoint of basaltic-

andesitic dikes not studied in detail here.  

2.2.2 Oriented sample collection and petrofabric analysis 

Mineral fabrics are often used when estimating dike propagation and orientation, and 

result from simple shear stresses along the dike walls rotating high-aspect ratio crystals, such as 
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plagioclase, to low angles relative to the magma flow direction (Shelley, 1985, 1988; Wada, 

1992; Callot et al., 2001; Geoffroy et al., 2002; Tibaldi, 2003; Poland et al., 2004; Geshi, 2008; 

Harp and Valentine, 2015; Moreira et al., 2015). We estimated magma flow within dikes at 

Summer Coon by collecting and analyzing oriented samples from each dike we measured (Fig. 

2.3). Sample collection included inscribing the orientation information and then cutting one 

3×5×2 cm billet of rock from the margin of each dike using a battery powered angle grinder 

(Figs. 2.3 and 2.4a). We collected the oriented samples from the outermost chilled margin of 

each dike because flow indicators there represent the initial emplacement of magma, and are 

assumed to be sub-parallel to the dike propagation direction (Knight and Walker, 1988; Baer, 

1995; Varga et al., 1998). Each dike most likely formed during a single intrusion-cooling event 

as evidenced by a sole pair of glassy chilled margins 1-6 cm wide (Fig. 2.3b).  

Sample processing involved cutting each billet into a thin section oriented parallel to the 

dike plane and as close as possible to the margin. Each thin section was photographed at six 

different locations at 40× magnification and under cross-polarized light (Fig. 2.4b). ImageJ 

(Schneider et al., 2012) was used to filter each photograph, isolate the plagioclase crystals, and 

measure the angle between the major axis of each crystal and horizontal. The resulting data for 

the six photographs were combined and further filtered to include only crystals with major axis 

lengths >0.065 mm and aspect ratios >2.5. The resulting angles were corrected to compensate for 

post-emplacement tectonic tilting (Moats, 1990). Due to the radial pattern, all crystal angles were 

normalized such that the 0⁰ reference is horizontal and toward the center of the volcano while 

180⁰ is toward the volcano flanks. The resulting angles were plotted in the upper hemisphere of 

rose diagrams along with their 180⁰ compliment in the lower hemisphere (Fig. 2.4c). 
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Figure 2.3. Examples of dike outcrops at 

Summer Coon. (A) A typical basaltic-andesitic 

dike exposure showing little/no relief above the 

host rock and partial cover by colluvium. Solid 

white line indicates approximate location of 

outer dike margin and arrow shows the sample 

location in Fig. 2.3b. Length of the yellow angle 

grinder is 40 cm (B) Location (white arrow) and 

billet geometry (thin-white line) of an oriented 

sample. Sample is within the chilled margin that 

extends ~5 cm inward (dashed line) from the 

outer dike margin (white line). (C) Cutting an 

oriented sample from a rare high-relief dike. 

Figure 2.4. Diagram explaining sample 

collection and analysis. (A) A rock billet is 

oriented, cut from the dike margin, and thin 

sectioned. (B) Using the six photographs 

taken of the slide, we measured the angle 

between each plagioclase’s long aspect and 

horizontal. The data were filtered, normalized, 

and plotted on rose diagrams along with the 

fabric angle (θ), length of resultant vector (R), 

and number of crystals measured (n). (C) The 

rose diagrams are oriented as if looking at the 

wall of the dike with the center of the volcano 

on the left and the dashed line being 

horizontal. After normalizing, θ is an angle 

measurement from horizontal with the 0⁰ 
reference being towards the center of the 

volcano; 90⁰ is vertically up. For example, the 

mineral fabrics in dike 34 plunge away from 

the center of the volcano and suggest magma 

flow either upward and toward the volcano 

center or downward and away. 
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Because the plagioclase crystal angles have only an orientation without direction, the 

distribution is bimodal. Consequently, calculating the arithmetic mean fabric angle for each dike 

would lead to erroneous results (Capaccioni et al., 1997). Therefore, we use circular statistics to 

calculate both the mean fabric angle (herein referred to as fabric angle; 𝜃) and the length of the 

resultant vector (R-value) for each sample (Appendix A; Krumbein, 1939; Davis, 1986; Karátson 

et al., 2002). The R-value, which is between zero and one, is a measure of angular dispersion 

where zero is a perfect, uniform distribution and one is complete concentration in one direction. 

We also used the R-value to calculate the 95% confidence interval for the mean of each sample 

(Davis, 1986). The calculated fabric angle along with the R-value and number of crystals 

measured are indicated on the rose diagram for each sampled dike (Fig. 2.4c and Appendix B). 

2.2.3 Sources of uncertainty 

Like other field-based dike propagation investigations (e.g., Shelley, 1985; Soriano et al., 

2008; Moreira et al., 2015), our method relies on several assumptions related to the arrangement 

of mineral fabrics along the dike margin and their implications for dike emplacement directions. 

First, we assume fabrics characterized by the arrangement of high-aspect plagioclase crystals are 

related to magma flow. During dike emplacement, simple shear stress near the dike wall causes 

anisometric mineral grains suspended within the magma to undergo rotation to achieve near-

parallel orientations to flow (e.g., Benn and Allard, 1989; Arbaret et al., 1996; Callot et al., 

2001). However, as mineral concentrations increase, the interaction and imbrication of high-

aspect crystals may result in the mineral fabric being oblique to the flow direction (Geoffroy et 

al., 2002). This process is most evident when analyzing crystals along planes orthogonal to the 

dike margin; thus investigating mineral fabrics on planes parallel to the dike margin, as in this 

study, reduces the influence of imbrication on mineral fabric orientations (Benn and Allard, 
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1989). A second assumption is that the fabric angles within a sample collected from the chilled 

margin records the dike emplacement angle (e.g., Knight and Walker, 1988; Wada, 1992; Varga 

et al., 1998). Dike propagation is mainly controlled by fracturing of the host rock at the dike tip 

while fabrics within the dike are controlled by magma flow, such that the longer-term magma 

flow may not be the same as the actual propagation direction of the dike (Baer and Reches, 

1987). However, there are many documented investigations of magma flow and dike propagation 

where independent indicators, preserved in the chilled margin, suggest they are often in 

agreement–with only minor discrepancies in direction (Gartner, 1986; Shelley, 1988; Rochette et 

al., 1991; Staudigel et al., 1992; Wada, 1992; Baer, 1995; Callot et al., 2001; Geoffroy et al., 

2002; Poland et al., 2004; Porreca et al., 2006; Geshi, 2008; Moreira et al., 2015). To avoid 

sampling points on the dike where localized heterogeneous flow may have occurred, our sample 

locations were intentionally located at a section of the dike with constant thickness and near the 

midpoint with respect to its outcrop length. That is, as far as possible from distal ends of the dike 

segments. 

For each study dike we collected a single sample from one dike margin. To test the 

validity that a single sample could be representative of other locations along a dike, we sampled 

three dikes, on the same margin, at two different locations along the outcrop. The results indicate 

that, with careful selection of sampling locations using our criteria, fabric angles are consistent 

between samples collected <200 m apart along the same margin (Fig. 2.5). Studies using 

anisotropy of magnetic susceptibility (AMS) to infer mafic dike emplacement often collect 

samples along the dike for only a few meters of its length (e.g., Porreca et al., 2006; Geshi, 2008; 

Soriano et al., 2008; Moreira et al., 2015). Relative to dikes that are on the order of 1,000 m long, 

such sampling basically represents a single point along the dike length. Furthermore, AMS 
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Figure 2.5. The spatial locations and fabric analysis of two samples taken from the same margin 

of three dikes. The orientation of rose diagrams is the same as in Fig. 2.4. The heavy black line 

in each center panel represents the dike outcrop. The direction toward the central intrusive 

complex (CIC) is indicated by the dashed arrow. (A) The two samples from dike 61 were taken 

128 m apart. Fabric angles were within 6⁰. (B) The two samples from Dike 26 had fabric angles 

within 2⁰ and were taken 136 m apart. (C) The fabric angles in Dike 32 varied 8⁰ over 208 m. 

For all rose diagrams, the outer circle equals 15% of crystals measured. 
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depends on either samples from both margins or additional fabric indicators to determine magma 

flow directions (Callot et al., 2001), although our investigation focused on flow lineations only. 

Still, it is important to keep in mind magma flow within dikes likely varies somewhat throughout 

its length due to irregularities in the wall, deviations in magma pressure, proximity to the 

termination of segments, and/or widening zones (Baer and Reches, 1987; Poland et al., 2004). 

The main measurement errors in this procedure are related to the preservation of the sample 

orientation through manual cutting and the thin section process. However, due to careful 

documentation we estimate these errors as being <10⁰. 

2.3 Results 

2.3.1 Spatial distribution and geometry 

The strike, azimuth, strike-azimuth difference, and distance from the volcano center for 

each dike, along with the sample/observation locations, are summarized in Appendix C. The 

strike of most sampled dikes (80%) is oriented within 20⁰ of radial to the inferred volcano center 

while 20% of strikes deviate by 21-30⁰ (Fig. 2.2). The outcrop patterns of dikes are straight with 

little curvature and they are rarely broken into segments. Dike margins dip steeply (>80⁰) 

indicating that they are oriented sub-vertically in the host rock. The distances between the 

volcano center and the midpoint of the sampled dikes range from 1,928 m to 5,401 m, with a 

mean distance of ~3,300 m (Fig. 2.6a). Relative to their distance, the frequency of dike outcrops 

is highest within a ~1 km wide zone centered at ~2,800 m (Figs. 2.2 and 2.6a). The thicknesses 

of the 77 studied dikes ranges from 0.18 m to 6 m (mean = 1.4 m) with many dikes (70%) being 

<2 m thick (Fig. 2.6b; Appendix C). Outcrop lengths for a majority of dikes (76%) range from 

~70 m to 300 m with only 24% of dikes having lengths >300 m (Fig. 2.6c). The average dike 
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Figure 2.6. Results of distance 

measurements and geometry for all 

sampled dikes. (A) Distance frequency 

distribution. (B) Thickness distribution. 

(C) Minimum dike length distribution. 

length is ~260 m (Note that because the outcrops are sub-horizontal, the dike outcrop lengths 

approximate their strike lengths, and we simply use the terms dike or outcrop length). 

To investigate any spatial variability in dike geometry we compared the distances of the 

77 sampled dikes to their thicknesses and lengths (Fig. 2.7). We separated the data by quadrant 

(defined in Fig. 2.2) to determine if trends were consistent around the volcano as the quality of 
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Figure 2.7. Plots dike geometry and distance. (A) Dike thickness (quadrants defined in Fig. 2.2). 

(B) Minimum dike lengths. 

exposures are better in the northern sections. Within each quadrant and overall, a majority of 

dike thickness appear to change little with increased distance. Dike length also varies little 

though the longest dikes (>500 m) crop out within the northeast quadrant and in the dike 

concentration zone (Fig. 2.7b). 

Minimum dike lengths and distances (from dike midpoints) to the volcanic center were 

calculated for 242 of the dikes mapped by Lipman (1976; Fig. 2.1) and combined with the 77 

dikes from this study (Figs. 2.2 and 2.7) to produce a single data set of 319 dikes. The distances 

between the dikes and the volcano center ranges from ~600 m to 7,000 m, covering a larger 

radial distance than the sampled dikes. Nevertheless, within each quadrant the highest dike 

frequencies remain between ~2,000-3,000 m from the volcano center (Fig. 2.8a). The combined 

dataset indicates that dike density also has a mode at <1,000 m from the axis, and thus within the 

central intrusive complex. In this location, we have located ~25 basaltic-andesitic dikes, though 

the count may be biased (under-estimated) due to alluvium cover and emplacement of central 

intrusions in the later construction phases of the volcano. Dike lengths within the four quadrants 

are between ~100-2,000 m with a mean of ~300 m, slightly longer than the ~260 m for the 
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Figure 2.8. Distance plots 

combining our data with 

the existing USGS 
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Summer Coon (Lipman, 

1976). (A) Dike distance 

distribution (quadrants 

defined in Fig. 2.2). (B) 

Minimum dike lengths. 

sampled dikes. Radial dikes greater than ~500 m long are only found between ~2,500 m and 

~5,000 m from the volcano center (Fig. 2.8b). We found no basaltic-andesitic dikes extending 

from the central intrusive complex to the outer flanks, indicating that the conduit was not a 

primary feeder for horizontally propagating basaltic-andesitic dikes at this level within the 

edifice. 

2.3.2 Petrography and petrofabrics 

Seventy-one of the 77 dike margin samples survived processing and thin sectioning. 

Petrographic observations allowed us to correlate studied dikes with three compositionally 
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Table 2.1 Inferred rock type and petrography of sampled dikes 

Volume fraction (%) 
No. of 

Composition
a 

dikes Ground-
mass 

Olivine 
Clino-
pyroxene 

Ortho-
pyroxene 

Plagioclase Opaques 
Notes 

Olivine 
Olivine-augite 
basalt 

36 (51 
%) 

20-60 2-10 5-15 0 30-50 2-10 
often 
altered to 
iddingsite 

Olivine-bearing 
two- pyroxene 
andesite 

18 
(24%) 

50-80 1-5 5-10 5-10 5-25 <1 

Olivine 
often 
altered to 
iddingsite 

Pyroxene 
andesite 

17 
(24%) 

10-50 0 5-10 0-5 10-30 0-5 

a
Compositions are based on whole rock analysis by Mertzman (1972). 

separate populations originally identified by Mertzman (1972): olivine-augite basalt, olivine-

bearing two-pyroxene andesite, and pyroxene andesite (Table 2.1; see details in Appendix C). In 

general, samples are porphyritic with plagioclase (<5 mm) being the dominate phenocrysts-

forming mineral, though depending on the composition, olivine (<1.5 mm), clinopyroxene (<3.5 

mm), and orthopyroxene (<2 mm) may also be present. Texturally, samples range from 

intergranular to intersertal with glass often occupying spaces between phenocrysts, though a 

microcrystalline groundmass of feldspar microlites, pyroxene, and opaques may also exist. 

Samples ranged in texture from pilotaxitic to trachytic.         

Details of fabric angle calculations for the 71 dikes (see Appendix C) show that the 

angular dispersion (R-value) of plagioclase crystal orientations ranged from 0.02 to 0.49 and a 

randomness test indicates, for a minimum of 100 crystals, R-values of >0.20 can be considered 

statistically significant at the 0.05 level (𝛼; Appendix A). A total of 41 dikes have calculated R-

values >0.20, where the calculated fabric angle is considered representative of the sample. 

However, the plagioclase fabrics for the remaining 30 dikes were too dispersed to be considered 

significant. Confidence intervals for the calculated mean ranged from ±6⁰ to ±39⁰ with an 
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average of ±16⁰ (Fig. 2.9a). The fabric angles for dikes with R-values >0.20 range from 9⁰ to 

179⁰ and can be separated into three groups using the fabric angle and plunge direction (Fig. 

2.9). 

Fifteen dikes (37%) have fabrics angles that plunge away from the center of the volcano 

(outward plunging) between 0-60⁰, where 0⁰ is the horizontal reference directed toward the 

volcano center (Fig. 2.9b). The second group includes five dikes (12%) with high-angle plunges 

relative to horizontal (either 0⁰ or 180⁰) oriented both inward and outward (61-120⁰). Twenty-

one dikes (51%) are inward plunging between 121-180⁰, where 180⁰ is the horizontal reference 

Figure 2.9. Results of the fabric analysis. (A) Plot of the fabric angles for the 41 statistically 

significant dikes. Error bars are 95% confidence interval. The black lines at 60⁰ and 120⁰ 
indicate the boundary between inward, high-angle, and outward-plunging dikes. (B) Rose 

diagram of the 41 fabric angles where black lines within rose indicate boundaries between 

plunge directions. Additionally, a conceptual diagram indicates the relationship between fabric 

angles (θ), plunge directions, and dikes (darker grey) within the volcanic edifice. The dashed line 
represents the horizontal reference from which θ is measured. 
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directed away from the volcano center (Fig. 2.9b). The placement of group boundaries at 60⁰ and 

120⁰ is somewhat arbitrary and is used only to simplify the presentation of the results. 

Comparing the spatial distribution of dikes to their fabric angles yields important 

insights. There appears to be little correlation between the composition and fabric angle with the 

dike azimuth, indicating emplacement processes were similar around the volcano (Fig. 2.10a). 

With greater distance the fabric angles of inward-plunging dikes slightly steepen while the fabric 

angles for high-angle and outward-plunging dikes show no correlation (Fig. 2.10b). The spatial 

relationship between the dikes, their fabric angles, and a basic reconstruction of Summer Coon is 

Figure 2.10. Fabric angle results 

relative to dike orientation and 

distance measurements. (A) Plot of 

fabric angle and azimuth (separated 

by composition) for dikes R>0.20. 

The black lines at 60⁰ and 120⁰ 
indicate the boundaries between 

plunge directions. (B) Plot of fabric 

angle and distance from the volcano 

center for dikes R>0.20. 
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illustrated in Fig. 2.11. The dike concentration zone, where we took the majority of our samples, 

is readily apparent at an average radial distance of ~3,000 m from the inferred volcano center 

(Fig. 2.11). While the level of exposure (dashed line) and contact between the edifice and 

basement are represented as horizontal in Fig. 2.11, the volcano was tilted 7⁰ to the southeast 

after the cessation of activity. Though the influence of tilting is reduced by ~2-3⁰ due to the 

southeastern slope of the current topography, outcrops within quadrants A and B are relatively 

higher (relative to the basement contact) in the original edifice than quadrants A’ and B’ (Figs. 

2.2 and 2.11). Between the higher and lower quadrants, and along the trend of maximum tilt, the 

most distal dikes relative to the center of the volcano have a maximum elevation differential of 

~700 m. However, as many of the dikes are more proximally located and away from the tilting 

trend, the elevation differential is likely negligible at the scale of Fig. 2.11 and all dikes are 

plotted at the same elevation above the basement. 

Estimated fabric angles appear to have some correlation with dike geometries. The mean 

thickness for outward-plunging dikes is ~1.2 m, slightly thinner than the ~1.7 m or ~2.8 m 

average for dikes with inward and high-angle plunges, respectively (Fig. 2.12a). The average 

outcrop length for the five dikes with high-angle plunges (60-120⁰) is relatively short at ~160 m 

and exclusively olivine-augite basalt in composition (Fig. 2.12b). In contrast, the average outcrop 

lengths for the inward and outward-plunging dikes are longer at ~240 m and ~315 m, 

respectively. It is also apparent, for both inward and outward-plunging dikes, that lower fabric 

angles from horizontal (near 0⁰ and 180⁰) are dominated by andesitic composition while dikes 

trend toward basalt as fabric angles increase toward vertical (90⁰; Fig. 2.12b). 
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Figure 2.11. The spatial distribution of sampled dikes and fabric angles. (A) Cross section 

through a reconstruction of the edifice (Moats, 1990) where all dikes within quadrants A and A’ 
are included (see Fig. 2.2 for quadrant locations). No vertical exaggeration. The fabric angles 

(black lines) are projected onto a single vertical plane. The juncture between the fabric angle 

lines and level of exposure (heavy dashed line) corresponds to the sample distance from the 

center of the volcano (“intersection” identified in Fig. 2.2). The fabric angles are projected 

upward and downward (light dashed lines) to indicate potential propagation paths. Small white 

ellipses along the level of exposure indicate the location of sampled dikes with poorly defined 

flow fabrics (R<0.20). (B) Projected fabric angles and dike locations for quadrants B and B’. 

2.4 Discussion 

2.4.1 Ascending dikes: interpretation of high (61-120⁰) and inward-plunging (121-180⁰) 

fabric angles 

We infer that the calculated fabric angles preserved within the dike margin records the 

angle of emplacement for the respective dike; however, the fabric angles are lineations without 

direction and additional input is required to infer the emplacement direction. The dominantly 

inclined fabric angles measured at Summer Coon (Fig. 2.13a) are similar to the findings of 
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Figure 2.12. Fabric angle results 

relative to geometry 

measurements. (A) Plot of fabric 

angles and dike thickness 

(separated by composition) for 

dikes R>0.20. The black lines at 

60⁰ and 120⁰ indicate the 

boundaries between plunge 

directions. (B) Plot of fabric angles 

against minimum dike length for 

dikes R>0.20. 

Porreca et al. (2006) and Geshi (2008) who used anisotropy of magnetic susceptibility (AMS) to 

measure both the emplacement angle and direction of radial dikes at two eroded 

stratovolcanoes (Fig. 2.13b, c). Although these studies sampled from relatively higher in the 

volcano (Fig. 2.13), the roughly conical shape estimated for the original edifices and radial 

orientation of most dikes suggest the intravolcanic stress fields were comparable. Therefore, we 

used the findings from the AMS studies to infer the emplacement direction of sampled dikes. 

Porreca et al. (2006) and Geshi (2008) found that dikes with both high and inward-plunging 

emplacement angles propagated almost exclusively in the upward direction. Geshi (2008) found 
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22 ascending dikes. Among these, eight dikes propagated sub-vertically upward and ten dikes 

propagated upward and toward the volcano flanks along inward-plunging paths (Fig. 2.13b). At 

Mount Somma (Vesuvius), Porreca et al., (2006) determined that four of the five ascending dikes 

were emplaced at high angles with no indications of inward-plunging propagation angles (Fig. 

2.13c). Though these two AMS-based studies indicate that a majority of ascending dikes 

propagated with high-angle or inward plunges, several ascending dikes did show outward-

plunging emplacement angles. While Geshi (2008) determined that the emplacement angles of 

four of these dikes were 20-60⁰, with half being 50-60⁰, Porreca et al. (2006) found that only one 

ascending dike was emplaced along an outward-plunging angle. 

In addition to using the AMS investigations as guidance, we assume the dikes propagated 

away from their sources. Therefore, considering a magmatic source located near the axis of the 

volcano, downward propagation of dikes with high or inward-plunging fabric angles seems 

unlikely. Though drain-back events (i.e., Richter et al., 1970; Geshi and Neri, 2014) could result 

in downward flow, they should have minimal impact on plagioclase fabrics within an original 

and intact chilled margin. As a result, we infer that all dikes measured at Summer Coon that 

exhibit high and inward-plunging fabric angles, and possibly some of the higher-angled outward-

plunging dikes, ascended through the level of exposure (Fig. 2.14a, b).  

Ascending dikes with fabric angles approaching 90⁰ tend to have more mafic 

petrographic compositions (Fig. 2.12b). The trend culminates in five olivine-augite basalt dikes 

which have high-angle plunges (60-120⁰) and average outcrop lengths shorter than the bulk of 

the population (Fig. 2.12b). Geshi (2008) found similar results, in that “vertically intruded dikes 

(V-type)” are enriched in mafic phenocrysts (olivine and clinopyroxene) and generally have 
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Figure 2.13. Comparison between 

previous studies of dike propagation and 

the fabric angles of this work. (A) The 41 

fabric angles of Summer Coon plotted on 

a rose diagram along with their 180⁰ 
compliment (data are lineations only) 

where left (0⁰) is toward the volcano 

center. Outer circle equals six dikes. The 

grey triangle represents the relationship 

between the exposure profile (heavy 

dotted line) and a cross section through 

half of the reconstructed edifice (Moats, 

1990). Plunge direction boundaries 

indicated by heavy black line. (B) 

Results from Geshi (2008) which used 

AMS to determine both the emplacement 

angle and direction of 34 dikes. Outer 

circle equals four dikes. Though plotted 

on rose diagrams with the same 

orientation as Fig. 2.13a, some AMS 

emplacement angles are >180⁰ due to the 

inclusion of direction information 

(plotted without 180⁰ compliment). 

These emplacement angles are 

comparable to the outward-plunging (0-

60⁰) fabric angles of this study. Thin 

dashed lines indicate locations for plunge 

direction boundaries used for Summer 

Coon dikes. The edifice reconstruction is 

identical to Fig. 2.13a. (C) AMS results 

from Porreca et al. 2006 for the 

emplacement angle and directions of the 

9 radial dikes investigated. Outer circle 

equals two dikes. 

lower SiO2 content than “laterally intruded dikes (L-type)”. He suggested that the mafic 

phenocryst enrichment is a result of V-type dikes tapping the lower portions of the plumbing 

system where mafic crystals accumulate. V-type dike emplacement at Mount Etna suggests a 

similar type of deeper magma source. There, eruptions fed by V-type (eccentric) dikes in 1974, 

2001, and 2002-2003 were chemically more primitive than lavas erupted from the summit craters 
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or fed through L-type dikes over the past decades (Clocchiatti et al., 2004; Métrich et al., 2004; 

Bonforte et al., 2009; Corsaro et al., 2009). 

We infer that dikes with high or inward-plunging fabric angles ascended from below the 

edifice from a source within or beneath the crust, similar to the above-mentioned inferences for 

V-type dikes at other volcanoes (Fig. 2.14a, b). However, ~300 m above the base of the edifice at 

the level of exposure, few ascending dikes propagated along sub-vertical paths and, instead, 

inclined to near horizontal emplacement dominated (Fig. 2.9b). It is unknown if dike propagation 

was inclined immediately upon injection from the source or, assuming initial sub-vertical 

propagation, if deflection occurred with decreasing depth. An edifice load plays a pivotal role in 

controlling the propagation paths of dikes by modifying the stress field within the basement 

(Watanabe et al., 1999, 2002; Pinel and Jaupart, 2000, 2004; Hurwitz et al., 2009; Maccaferri et 

al., 2011; Corbi et al., 2015). For comparison, Poland et al. (2004) investigated two of the larger 

(outcrop length and thickness) silicic dikes. They inferred that magma flow in segments proximal 

to Summer Coon’s center was steeply inclined upward, while intermediate and distal segments 

indicate lateral and downward magma flow, respectively. The transition from upward to outward 

dike propagation is mainly attributed to a stress barrier induced by the volcanic load. An edifice 

of similar geometry to Summer Coon would influence the normal stress component along the 

volcano’s axis to depths of <7 km (Roman and Jaupart, 2014). However, at depths shallower 

than ~3.5 km (the radius of the volcano) the normal stress dramatically increases before reaching 

its maximum at the base of the edifice. A depth of ~3.5 km is consistent with the intersection 
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Figure 2.14. Conceptual model for radial dike emplacement at Summer Coon. The edifice 

geometry is based on minimum dimensions by Moats (1990) and there is no vertical 

exaggeration. The dikes depicted here are to illustrate emplacement directions and not age 

relationships, as dike emplacement likely occurred throughout the growth of the volcano. (A) 

Dikes with high fabric angles may represent sub-vertically ascending dikes with high relative 

overpressures. (B) Inward-plunging fabric angles may represent dikes that propagated upward 

and away from the volcano axis as a result of lower relative overpressures. (C) Dikes with fabric 

angles that are outward plunging, but relatively high in relation to horizontal, may represent 

upward propagation toward the volcano axis. (D) Outward-plunging dikes with relatively low 

angles may have propagated downslope and away from a magma-filled conduit. The illustrated 

nucleation point along the conduit relative to the summit or the propagation depth relative to the 

slope surface is arbitrary as the edifice geometry at the time of emplacement is unknown. 
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between a projection of high and inward-plunging fabric angles with the volcano axis between 

2,000 and 4,000 m deep (Fig. 2.11a, b).  

The physical processes responsible for radial dike deflection are likely complex. 

However, one simplified explanation for dike deflection may relate to lateral gradients in the 

normal stresses along the length of the dike. We define the hypothetical length of dikes in the 

sub-surface as the length of the intersecting line between the dike and a horizontal plane (i.e., the 

strike length). This is comparable to the length reference for dikes directly measured at Summer 

Coon. The proximal end of a radial dike at depth, relative to the volcano central axis, is subjected 

to higher normal stresses than the distal end due to the slope of the flanks. Assuming the 

buoyancy forces and excess magma pressure are roughly equal along the dike front, this results 

in higher magma overpressures and theoretically faster propagation rates along the distal sections 

of the dike. As a result, ascending dikes may preferentially propagate toward areas of lower 

elevation (Gaffney and Damjanac, 2006). Additionally, analog and numerical models suggest the 

overpressure/normal stress ratio can affect the direction of dike propagation (Pinel and Jaupart, 

2004; Kervyn et al., 2009). High overpressure/normal stress ratios may result in fracture rates 

along the dike front that may be large enough to overcome lateral gradients in the normal stress, 

resulting in sub-vertical propagation (Fig. 2.14a). In contrast, when the overpressure/normal 

stress ratio is lower, fracture propagation within dikes would only occur at the most distal 

sections, resulting in inclined (Fig. 2.14b) or sub-horizontal propagation (Kervyn et al., 2009). 

While the exact overpressure/normal stress ratios required for dike deflection are unknown, 

estimations for overpressures within exposed dikes often range from three to several tens of MPa 

(Delaney and Gartner, 1997; Buck et al., 2006; Valentine and Krogh, 2006; Poland et al., 2008; 

Valentine et al., 2017). 
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Dike deflection would also be sensitive to intrusion geometry and depth beneath the 

surface, where longer dikes at shallow depths beneath a steep sloping cone would experience 

higher lateral stress gradients. The basaltic-andesitic dikes at Summer Coon are relatively short 

(~300 m) with little thickness variation along their outcrop length and, at the level of exposure, 

may have experienced little lateral variation in the normal stress. However, analog modeling 

indicates the length of dikes ascending beneath topography will often decrease as they near the 

surface (Kervyn et al., 2009). Therefore, it is possible below the level of exposure, dikes lengths 

increase to a point where lateral stress gradients would affect dike propagation paths (Fig 2.14b). 

2.4.2 Descending dikes: interpretation of outward-plunging (0-60⁰) fabric angles 

A total of 15 studied dikes have outward-plunging fabric angles between 10⁰ and 59⁰ 

(Figs. 2.9a and 2.13a). Geshi (2008) determined, for similar outward plunges of between 0⁰ and 

34⁰, that 12 of their 13 dikes propagated downward toward the flanks, and only one propagated 

upward. For the three dikes analyzed that have plunges between 35⁰ and 59⁰, all dikes 

propagated upward toward the summit (Fig. 2.13b). Likewise, Porreca et al. (2006) found for the 

three dikes examined at Mt. Somma, Vesuvius with outward plunges 30-49⁰, all were emplaced 

downward, but one dike with a plunge >50⁰ was emplaced upwards (Fig. 2.13c). The findings of 

Geshi (2008) and Porreca et al. (2006) indicate that both upward and downward emplacement 

directions are possible for the 20 outward-plunging (0-60⁰) dikes they analyzed. However, 15 of 

the 17 dikes with emplacement angles <50⁰ propagated downward while all three dikes with 

plunge angles of 51-60⁰ were emplaced upward. Therefore, while we cannot assign propagation 

directions to outward-plunging dikes at Summer Coon with absolute confidence, higher fabric 

angles are more likely to reflect upward propagation (Fig. 2.14c), and lower fabric angles may 

represent downward emplacement (Fig. 2.14d). 
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The radial pattern and outward-plunge of dikes with low fabric angles likely records 

processes similar to lateral (L-type) dike propagation observed during active emplacement 

events, such as at Mount Etna (Neri et al., 2011) and Stromboli (Acocella et al., 2006a), but with 

downsloping angles consistent with fissure vent positions at Vesuvius (Sorrentino, 1734; 

Scandone et al., 1993; Acocella et al., 2006b) or direct measurements of dikes at eroded 

volcanoes (Porreca et al., 2006; Geshi, 2008; Fig. 2.14d). On average, outward-plunging dikes 

are thinner than those with high-angle or inward plunges (Fig. 2.12a). Geshi (2008) found a 

similar correlation, attributing the thinner “L-type” dikes to lower overpressures. At the level of 

exposure there is no direct connection between outward-plunging dikes and the central intrusive 

complex. Based on an inferred propagation direction of downward and away from the volcano 

center, it is possible that the connection with the source(s) was higher in the edifice and later 

removed by erosion. Such magma sources may include stalled dikes originally ascending near 

the axis of the volcano (i.e., Peltier et al., 2005) or magma-filled conduits (i.e., Acocella and 

Neri, 2003). 

2.4.3 Dikes without clear plagioclase fabrics 

Our statistical analysis found the angular dispersion of plagioclase fabrics (R-value) for 

30 (42%) of the sampled dikes was less than the 0.20 required for statistical significance. 

Nevertheless, dikes with R-values between 0.16 and 0.20 still show weak plagioclase crystal 

alignments. The fabric angles for three of these dikes are outward plunging, two are high angle, 

and three are inward plunging (Appendix B and C). The exact mechanism(s) responsible for the 

weak crystal alignments in sampled dikes is unclear. There appears to be no correlation between 

the R-value and the number of crystals analyzed, dike geometry, composition, or spatial position 

(Appendix C). Knight and Walker (1988) theorized random orientations of susceptibility axes 
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during AMS studies may indicate the magma flow at the sample location was turbulent or reflect 

post-emplacement growth of randomly-oriented magnetic grains. Similar processes may also be 

responsible for the lack of clear plagioclase fabrics. Additionally, low magma velocities or 

inconsistencies in flow direction along the dike margin may have led to insufficient magnitudes 

or timescales of shear required to rotate crystals sub-parallel to flow.   

2.4.4 Mafic dike distribution at Summer Coon 

The frequency distribution of basaltic-andesitic radial dikes varies with respect to their 

distance from the volcano center. The highest dike frequencies are located within 1,000 m of the 

axis and between 2,000 m and 3,000 m radial distance from the center (Fig. 2.8a). The proximal 

dike concentration may reflect a portion of the central feeding system responsible for repeatedly 

feeding summit eruptions during the basaltic-andesitic phase of Summer Coon. Unfortunately, 

hydrothermal alteration and limited sample locations prevented the collection of suitable oriented 

samples for petrofabric analysis. 

The concentration zone centered at ~2,500 m from the center of the edifice may be the 

result of several processes, either individually or in combination, related to dike overpressures 

and the normal stresses in the host rock. In either case we assume that the melt source or 

reservoir is located beneath the edifice and that dikes ascended along the central axis. To 

estimate and compare the relative overpressures for individual dikes, we use the dike 

thickness/length ratio which, under the assumption that the host rock behaves as an elastic 

medium, are proportional to overpressure (e.g., Delaney and Pollard, 1981; Pollard et al.,1982; 

Pollard and Segall, 1987). For a majority of basaltic-andesitic dikes at Summer Coon, there is 

little change in dike length with distance from the center (Fig. 2.8b) and only a slight variation in 

thickness for dikes with inward-plunging fabric angles (Fig. 2.12a). There should be a distal 
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decrease in normal stress. Therefore, to maintain dike geometry with increasing distance from 

the axis, there must have been lower relative overpressures within dikes emplaced at 

progressively distal locations. We should note that our interpretations do not necessarily conflict 

with those of Poland et al. (2008) where the authors infer the distal increase in thicknesses of 

silicic dikes at Summer Coon, are related to greater overpressures. Their measurements were on 

much longer dikes emplaced during single events, while the individual dikes from this study, are 

relatively short with no lateral variation in thickness and were emplaced independent of each 

other under potentially different initial magma pressure conditions. 

Based on the relative estimations for dike overpressures, one possible explanation for the 

dike concentration zone is that only dikes with uncharacteristically high overpressures were able 

to ascend within ~1,000 m of the central axis. Dikes with lower overpressures stalled at deeper 

levels. At radial distances >~1,500 m, dikes with overpressures more typical of the system were 

able to repeatedly rise past the level of exposure due to the lower normal stresses. Beyond a 

distance of ~2,500 m from the center, dikes with even lower overpressures could propagate 

through the level of exposure, however, dike frequency decreases with increased distance from 

the central axis and melt source. 

Though many dikes likely stalled below the modern level of exposure, the concentration 

zone may also represent the flank-ward deflection of dikes due to higher normal stresses near the 

volcano axis. Roman and Jaupart (2014) first suggested a shallow compressive stress field near 

the axis of Summer Coon, combined with the high density of the basaltic-andesitic dikes, might 

be responsible for the low proximal frequency of dikes at the level of exposure. They proposed 

that the dikes could not rise past this boundary and instead propagated horizontally away from 

the axis. Once at sufficient distances from the axis, where the normal stresses were smaller, the 
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dikes could resume vertical propagation through the level of exposure. Incorporating our fabric 

angles and distance data, we propose a similar scenario where the concentration zone is related to 

the deflection of ascending dikes along preferential inclined paths controlled by the 

overpressure/normal stress ratio. Only dikes with sufficiently high overpressure could ascend 

sub-vertically within ~1,000 m of the volcano axis. Lower ratio dikes either stalled in the sub-

surface or were deflected toward the flanks where normal stresses were lower. Given a relatively 

stable normal stress field, such as when the volcano neared its maximum height (Roman and 

Jaupart, 2014), rising dikes with comparable overpressures were deflected along similar paths, 

often intersecting the level of exposure ~2,500 m from the axis. Below the level of exposure, 

dikes with low overpressures may have been deflected to the distal flanks. There, the lower 

normal stresses promoted a transition from inclined propagation to the higher angles (relative to 

horizontal) observed in inward-plunging dikes (Fig. 2.10b). Similar dike concentration zones 

appear to exist around the centers of other eroded volcanoes including West Elk Peak, Colorado 

(Gaskill et al., 1981), Sunlight Volcano, Wyoming (Nelson et al., 1980), White Mountain, 

Wyoming (Parsons, 1939), Tieton Volcano, Washington (Swanson, 1966), Mount Taylor, New 

Mexico (Lipman et al., 1979), and Akaroa Volcano, New Zealand (Hampton, 2010). However, 

most exposures do not include a full circumference around the volcanic axis and each likely 

reflects a different level within the edifice. Therefore, it is difficult to compare the concentration 

zone geometries or distances from the volcano center to Summer Coon. 

2.5 Summary and conclusions 

We gathered oriented samples and measured the spatial distribution and geometry of 77 

radial dikes exposed at Summer Coon volcano (Fig. 2.2). Interpretations based on 41 statistically 

significant mineral fabrics (Appendix C) suggest that the emplacement angle of 85% of analyzed 

41 



 

 

 

 

  

 

 

 

  

 

  

    

 

 

 

 

  

dikes were inclined, plunging both inward and outward relative to the center of the volcano. In 

contrast, emplacement of 15% dikes was high-angle (>60⁰ from horizontal; Fig. 2.9). 

Dominantly inclined emplacement angles of studied radial dikes are consistent with AMS studies 

at other eroded stratovolcanoes (Fig. 2.13; Porreca et al., 2006; Geshi, 2008). By comparing our 

fabric angles to the AMS investigations we infer that high-angle and inward-plunging dikes 

ascended through the volcano from a source likely below the level of exposure (Fig. 2.14a, b). 

Instead, most outward-plunging dikes descended toward the flanks from a source within the 

volcano and near its axis (Fig. 2.14d). As suggested by analog modeling, one possible control for 

the inclination of ascending dikes may have been the magma overpressure/normal stress ratio 

(Kervyn et al., 2009), where lower ratios resulted in inclined emplacement. Additionally, the 

concentration of dikes around the axis of Summer Coon at ~2,500 m radial distance from the 

center of the volcano (Fig. 2.8a) could represent ascending dikes, emplaced at similar 

propagation angles, intersecting the current level of exposure at common distances from the 

volcano axis (Fig 2.11). 

On the lower slopes of stratovolcanoes, historical records indicate flank vents have 

opened within close proximity to inhabited areas, i.e. Nyiragongo, DRC (Tedesco et al. 2007), 

Vesuvius, Italy (Acocella et al 2006b), and Etna, Sicily (Favalli et al. 2009; Neri et al., 2011). 

Our findings support other field-based investigations that indicate radial dikes may propagate 

along inclined paths as opposed to strictly sub-vertically or sub-horizontally. Such complex 

propagation directions of active dikes are likely difficult to infer based on indirect monitoring 

techniques. Nevertheless, inclined propagation of dikes should not be discounted as minor 

variations in emplacement angle could translate to dramatic shifts in the anticipated vent location 

on the flanks. 
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CHAPTER 3: MAGMA TRANSPORT AND EMPLACEMENT 

WITHIN THE CENTRAL INTRUSIVE COMPLEX OF SUMMER 

COON STRATOVOLCANO 

The author of this dissertation is responsible for the fieldwork and interpretations 

presented in this chapter. 

3.1 Introduction 

Within the edifice and upper several kilometers of the basement, the shallow plumbing 

systems of stratovolcanoes supplies magma to vents both at their summits and on their flanks. To 

feed summit eruptions, dikes must often transport magma through a complex zone of brecciated 

material and solidified intrusive bodies located near the center of the edifice. In contrast, flank 

eruptions are the result of dikes intersecting the surface at distal locations, away from the center 

of the volcano. The complexities of the shallow plumbing system and scarce opportunities for 

direct observations results in a poor understanding of the parameters that govern vent locations 

(i.e., summit vs. flank). This uncertainty poses a significant challenge to eruption forecasting and 

hazard assessment due to the particular consequences associated with summit eruptions versus 

the opening of new flank vents, potentially in close proximity to or within inhabited areas, e.g., 

Usu volcano (Yokoyama and Seino, 2000) and Mount Etna (Branca and Abate, 2017). 

Nomenclature in the literature for the central zone of concentrated intrusions is 

ambiguous. This has given rise to several terms such as; intrusive complex (e.g., Fierstein et al., 

2011), the central intrusive complex (Lipman, 1968; Mertzman, 1972), central feeding system or 

zone (e.g., Bureau et al., 1998; Pasquarè and Tibaldi, 2007; Acocella et al., 2008), central 

conduit system (e.g., Gamble et al., 1999; Hildreth, 2007; Neri et al., 2011), or conduit (e.g., 

Nakamura, 1977; Ramos et al., 1999; Goto et al., 2008; Gudmundsson, 2009; Umakoshi et al., 
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2011). When referring to the central zone of intrusions, the term “conduit” leads to confusion as 

the same term is often used to describe individual magma-filled columns at openly degassing 

volcanoes (e.g., Porreca et al., 2006; Acocella and Neri, 2008; Bonforte et al., 2009) or sub-

surface pathways that actively transport magma (e.g., Geshi et al., 2012; Tibaldi, 2015). Herein 

the term central intrusive complex (CIC) refers to a central zone of concentrated intrusions, and 

the term “conduit” refers to individual eruption-feeding intrusions. 

Indirect observations of intrusion emplacement (e.g., geophysical data) and historical 

eruptions indicate that magma propagation in shallow plumbing systems is highly variable, in 

terms of both eruption potential and vent location. For example, monitoring instruments have 

detected ascending fluids beneath a volcano, only to have the intrusion arrested (Maccaferri et 

al., 2011) before eruption e.g., Mount Baker, USA 1975 (Crider et al., 2011) and Iliamna 

Volcano, USA 1996 (Roman and Power, 2011). In the sub-surface, arrested intrusions may 

solidify in-situ or inflate into stocks and laccoliths (Hyndman and Alt, 1987; Nishimura and 

Ueki, 2011). In other cases, dikes continued to ascend along the volcanic axis and into the upper 

edifice where they fed summit eruptions (e.g., Augustine, USA; Cervelli et al., 2006) or stalled 

and inflated into cryptodomes (e.g., Mount Saint Helens, USA 1980; Donnadieu and Merle, 

1998). These stalled dikes may also propagate sub-horizontally (Umakoshi et al., 2011) to erupt 

on the upper flanks of the volcano (e.g., Piton de La Fournaise, Reunion Island; Peltier et al., 

2005). Sub-horizontal propagation may also occur near the base of an edifice where dikes 

transport magma from the edifice axis toward the lower flanks of the volcano (e.g., Summer 

Coon volcano, USA; Poland et al., 2004, 2008; Bárðarbunga, Iceland; Sigmundsson et al., 2014). 

Lateral dike propagation is also common at volcanoes where the magma source is located within 

the edifice as a reservoir (e.g., Kilauea, USA; Rubin and Pollard, 1987; Lister and Kerr, 1991; 
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Dawson et al., 2004) or as a magma-filled conduit that connects a basement reservoir to an 

openly degassing vent near the summit (e.g., Mount Vesuvius, Italy 1631-1944; Acocella et al., 

2006; Porreca et al., 2006). Ascending mafic dikes may also completely bypass any centralized 

plumbing system (e.g., Mount Etna 2001; Métrich et al., 2004; Neri et al., 2011) and feed 

eruptions low on the stratovolcano flanks (e.g., Mount Adams, USA; Hildreth and Lanphere, 

1994). Flank eruptions are not limited to mafic compositions, but can erupt more evolved 

andesite-rhyolite magmas (e.g., Black Butte, Mount Shasta, USA and Devils Chain, South Sister, 

USA; Hildreth, 2007). Historically, eruptions of some evolved flank vents were explosive such 

as the VEI 4 eruption of Sakurajima in 1914 (Global Volcanism Program, 2013; Yokoyama, 

2013). 

These cases highlight the complexities of the shallow plumbing system and the 

importance of understanding the conditions governing feeder dike propagation. Of particular 

importance is investigating the effects of the local stress field(s) and lithologic discontinuities on 

dike orientations, propagation directions, and arrest within the CIC. Dike orientation is 

controlled by the directions of the principal stresses, with dikes propagating perpendicular to the 

least compressive stress (𝜎3) and parallel to the maximum compressive stress (𝜎1; e.g., 

Nakamura, 1977; Rubin and Pollard, 1987). Normal stress gradients or unfavorable principal 

stress orientations may result in the arrest of ascending dikes near the base of an edifice and 

potentially a transition to sub-horizontal propagation (Pinel and Jaupart, 2000, 2004; Poland et 

al., 2008; Hurwitz et al., 2009; Galgana et al., 2013). However, it remains unclear to what extent 

the overpressure (combined excess magma pressure and magma buoyancy minus the normal 

stress; Gudmundsson, 2002, 2012) within a dike, or host rock heterogeneities within the CIC, 

contributes to these mechanisms. Field observations along with analog and numerical studies, 
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indicate that contrasting mechanical properties of the host rock may result in dike arrest or 

deflection of the propagation direction (e.g., Gudmundsson, 1995, 2002; Hogan et al., 1998; 

Marinoni and Gudmundsson, 2000; Gudmundsson and Philipp, 2006; Geshi et al., 2012). 

However, these investigations do not address intrusions within the stratovolcano CIC and the 

resulting vertical and horizontal variabilities in host rock mechanical properties. 

Though limited, there are several field studies that include investigations of a CIC. For 

example, the drilling operation at Mount Unzen, Japan indicates that the CIC is a ~350 m wide 

zone of polymict breccia hosting single and compound sub-vertical dikes (Nakada et al., 2005; 

Goto et al., 2008; Sakuma et al., 2008). Unfortunately, the borehole provided a limited (one-

dimensional) window that lacked many constraints for the CIC geometry and spatial distribution 

and orientation of intrusions. Studies of eroded volcanoes often include mapping or descriptions 

of the CIC as a part of larger projects (e.g., Parsons, 1939; Perry et al., 1990; Guzmán et al., 

2017) and there are no specific field investigations that focus on CIC magma transport at 

stratovolcanoes. 

To address this, a comprehensive and detailed study was completed of a central intrusive 

complex near the base of the eroded Summer Coon stratovolcano in Colorado (USA; Fig. 3.1). 

This study investigated the geometry and distribution of CIC intrusions and their host rock using 

detailed geologic mapping and a ground-based magnetic survey. Included are the interpretations 

for the impacts of stress barriers and host rock variability on dike propagation directions and the 

implications for summit or flank eruptions. The results of this study provide important field 

measurements that are generally applicable to both active and eroded volcanoes worldwide. In 

particular, the dike geometry and inferred propagation directions may be useful for forecasting 

the behavior of propagating dikes, and the impact of variable host rock mechanical properties 
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Figure 3.1. Simplified geologic map of Summer Coon volcano (modified from Lipman, 1976). 

The black box indicates the spatial extent of Figures 3.2 and 3.3. 
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should be taken into account when using analogue or numerical modeling to simulate dike 

propagation at volcanoes. 

3.2 Methods 

3.2.1 Geologic mapping 

The detailed (1:3000) geologic mapping portion of this study covered a 3.5 km (E-W) by 

3.75 km (N-S; Fig. 3.1) area. To remain consistent with previous investigations, the outer CIC 

boundary (Fig. 3.2a) is based on the fine-grained mafic unit mapped by Lipman (1976; Fig. 3.1). 

The central intrusive complex (CIC) is split into geomorphological areas to aid in identifying 

observation locations (Fig. 3.2b). The central ridge is the topographic ridge of intrusive stocks 

located near the center of the CIC (Lipman, 1968, 1976). Sparse outcrops and 

alluvium/colluvium within the elliptical valley (Fig. 3.2b) surround the central ridge except 

Figure 3.2. Google Earth image of the central intrusive complex (CIC). (A) We defined the spatial 

extent of the CIC using the previously mapped outcrops of the fine-grained mafic unit (Lipman, 

1976; Fig. 3.1). Surrounding the CIC are the outcrops of mafic breccia that constructed much of the 

original edifice (Lipman, 1968; Mertzman, 1972). (B) The geomorphologic locations we refer to in 

this study. 
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within the NW quadrant where exposure is better. Along the outer boarder of the elliptical valley 

are the annular outcrops, which are a series of low hills and arcuate ridges mapped as fine-

grained mafic rocks near the distal boundary of the CIC (Lipman, 1968, 1976; Mertzman, 1972). 

3.2.2 Magnetic data collection and processing 

The elliptical valley alluvium (Fig. 3.2b) covers several potential stock and dike contacts 

(Fig. 3.3) and is the subject of two ground-based magnetic surveys (Fig. 3.4). Each survey profile 

required a team of two: a navigator using a handheld GPS and the follower with a Geometrics G-

856AX proton magnetometer (typical resolution: 1.0 nT) and data logger. The sensor was 

located on an aluminum pole, 2 m above the ground to reduce interference from shallow 

magnetic sources. Thirty-seven profile lines spaced ~100 m apart were completed, with a station 

spacing of 10 m along lines (Fig. 3.4). Two measurements were averaged at each station, 

collecting a total of 2481 magnetic station measurements. 

Data reduction involved first removing spikes by deleting points that resulted in 

horizontal gradients greater than 80 nT/m (George et al., 2015; Marshall et al., 2015). The 

diurnal variation of the Earth’s magnetic field was removed by gathering regular (every three 

hours) measurements at a common base station. The anomalous field is calculated by subtracting 

the average International Geomagnetic Reference Field (IGRF). Finally, the total field anomaly 

map (Fig. 3.4) was produced using the kriging interpolation method (Paoletti et al., 2016), with a 

grid node spacing of 10 m and 24 input points for local approximation. 

There are several sources of uncertainty related to the collection and processing of the 

magnetic data. The data reproducibility was calculated for the northern survey area by comparing 

the magnetic readings at line crossings between N-S and E-W profiles. Each pair of readings is 
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Figure 3.3. Geologic map of the central intrusive complex. Extent shown in Fig. 3.1. 
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less than 5 m apart and separated by greater than 30 minutes (George et al., 2015; Marshall et al., 

2015). The mean difference in magnetic readings at line crossings is ~5 nT, with a standard 

deviation of 148 nT. The survey error of 148 nT is likely related to the high magnetic gradient 

associated with the northern diorite stock and the presence of shallow magnetized diorite and 

mafic extrusive rock fragments in the alluvium. Though, the lack of tie lines prevents calculating 

the error in the southern survey, using the standard deviation of the northern survey, the 

estimation of the error is <10% of the range for the anomalous magnetic field. Additionally, any 

qualitative analysis of the total field anomaly map must account for the accentuated changes 

along profiles caused by small station spacing (~10 m) relative to that of the profile lines (~100 

m; Bevan, 2006). Finally, the magnetic data is not pole-reduce and any source of remnant 

magnetization may be <100 m north of their respective anomalies. Nevertheless, it is often 

straightforward to correlate magnetic anomalies with lithologies using scattered outcrops.  

3.3 Geologic mapping results 

3.3.1 The host rocks of the central intrusive complex 

Geologic mapping indicates that a majority of the central intrusive complex (CIC) is 

composed of mafic extrusive rocks, compositionally similar to the mafic monolithic breccia 

found along the flanks of Summer Coon (Lipman, 1968). The mafic extrusive rocks are low-

angle breccias and sparse lavas that dip away from the intrusive stocks (Fig. 3.3). Individual 

breccia clasts dominated by plagioclase (Table 1) are basaltic-andesite in composition 

(Mertzman, 1972), and range from ~1-50 cm in size, though the mean clast size is ~3-10 cm. 

Clasts are dense with <3% vesicles and are suspended in a matrix of dominantly course ash to 

fine lapilli. The rare lava outcrops appear to grade both upward and downward into breccia; 

however, poor exposures often make determining the exact nature of their contacts with the 
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breccia difficult. In the NW quadrant (Fig. 3.2b), minimum lava flow thicknesses are often 1-2 m 

and jointing generally dips west-northwest ~20⁰, though some outcrops dip <40⁰ (Fig. 3.3). 

Along the central ridge, the northernmost diorite stock cuts through the mafic extrusive rocks. 

Colluvium covers the contact in all locations, but a break in slope often represents its location 

due to the more erosion resistant diorite. This slope-break relationship is common along the 
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contacts between the stocks and mafic extrusive rocks, though less certainty exists along the 

southern central ridge due to the sparse number of outcrops. 

With the exception of the NW quadrant, the elliptical valley surrounds the intrusive 

stocks of the central ridge, separating it from the annular outcrops (Figs. 3.2b and 3.5). The 

elliptical valley ranges in width from 250-1,000 m and drains south through two ephemeral 

streams. Thin veneers of alluvium and colluvium result in poor outcrop exposure (Fig. 3.5) and 

to identify the underlying lithology required occasional float mapping. Often this revealed dense 

mafic clasts and infrequent vesicular lapilli similar to the breccia and lava flows of the mafic 

extrusive rocks. Therefore, while the outcrops are mapped as mafic extrusive rocks (Fig. 3.3), 

due to the level of uncertainty, coherent lava flows or intrusive stocks may still exist beneath the 

elliptical valley as suggested by previous workers (Lipman, 1968, 1976; Mertzman, 1972; 

Loken, 1983). 

Occasional rhyodacite and rhyolite radial dikes cut through the mafic extrusive rocks. 

Many of these dikes are traced through the colluvium up to 100 m beyond their exposed outcrops 

using float mapping. The distribution of dike float in the colluvium often does not greatly exceed 

the true outcrop thickness of the dike. Therefore, the colluvium in many locations is probably 

<1-2 m thick. 

The annular outcrops that form the outer edge of the elliptical valley (Fig. 3.5) are 

outwardly dipping mafic extrusive rocks, indistinguishable from the outcrops in the NW 

quadrant (Fig. 3.3). Most annular outcrops are massive to crudely bedded breccia and occasional 

lava flows with jointing that dips uniformly away from the central ridge 15-32⁰. In the 

northeastern CIC, the bedding orientation of mafic extrusive rocks results in a series of arcuate 
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Table 3.1. Phenocryst volume fractions for the geologic units in this study and the equivalent 

geologic units from previous investigations. 

Equivalent units from previous studies 

Geologic Unit (This Study) Lipman 

1968, 1976 
Mertzman 1972 Loken 1983 

Mineralogy (phenocrysts) 

Alluvium and colluvium (Qal) Alluvium, Colluvium Alluvium 
Alluvium and 

colluvium 
-

Terrace gravels (QPg) Older fan deposits Gravel - -

Andesite2 dikes (Plai) 
Intermediate-

composition dikes 

Upper andesite 

member dikes 
-

Pl 15-25%; Amp 5-15%; Bio 1-

5%; Cpx 0-5%; Opx 0-5% 

Vent Breccia3 stock 

(Rhyolite?; Pvb) 
Tuff Breccia 

Upper middle silicic 

unit 
Vent Breccia Q 5-10%; Pl 5-10%; Bio 1-5%3 

Rhyolite2 dikes (Pri) Rhyolite dikes 
Upper rhyolite 

member dikes 
Rhyolite dikes Pl 1-5%; Bio 1-3% 

Granodiorite2 stock (Pgd) 
Quartz monzonite 

porphyry 

Lower middle 

silicic unit 

Granodiorite 

porphyry 

Pl 18-34%; Amp 3-5%; Bio 2-

4%3 

Rhyodacite2 dikes (Prdi) 
Intermediate-

composition dikes 

Lower rhyodacite 

member dikes 
Rhyodacite dikes 

Pl 5-10%; Amp 5-10%; Opx 1-

5%; Bio 0-2% 

Lapilli tuff (Pmlt) - - -
Pl 20-50%; Cpx 2-5%; Opx 2-

5%; Olv 2-8% 

Porphyritic Pl 10-50%; Cpx 5-10%; Opx 1-
1Diorite

stock 

(Pd) 

Holocrystalline 
Diorite Early intrusive unit 

Inhomogeneous 

diorite 

10%; Amp 0-5%; Bio 0-2% 

Pl 60-70%; Cpx 10-30%; Kspar 

(Pdh) 2-10%; Amp 2-5%; Opx 0-2% 

Mafic dikes (Pmi) Andesite dikes Early mafic dikes -
Pl 5-50%; Cpx 5-15%; Opx 0-

10%; Olv 0-10% 

Mafic extrusive rocks (Pmb) 
Fine-grained mafic 

rocks 
Early intrusive unit -

Pl 30-50%; Cpx 2-8%; Opx 2-
8%; Olv 2-5% 

1 2Lipman 1968; Mertzman 1972; 3Loken 1983 

ridges oriented sub-parallel to strike (Figs. 3.2b and 3.3). At other locations within the CIC, the 

outward-dipping mafic extrusive rocks within the annular outcrops only form subtle isolated 

hills. 

All outcrops within the CIC show signs of hydrothermal alteration, with the most intense 

alteration localized around the vent breccia and granodiorite stock along the central ridge (Fig. 

3.3). Hydrothermal alteration is considered as the general terms of mineralogical, textural and 

chemical changes to the rocks in response to variable thermal and chemical conditions (Wohletz 

and Heiken, 1992). Loken (1983) investigated the alteration in detail, determining that the 

intensity of hydrothermal alteration radially grades from moderate (argillic), within the vent 

breccia and granodiorite stock, to weaker levels (propylitic) within the surrounding mafic 

extrusive rocks and diorite. The levels of propylitic alteration do not sharply vary within the 

mafic extrusive rocks except where cut by younger evolved dikes. Based on the green colored 
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Southern Diorite Stock (Td) 

The Central Ridge 

Granodiorite (Tgd) 
Vent 

Northern Diorite Stock (Td) 

Figure 3.5. The northeastern quadrant of the central intrusive complex. View is looking 

southwest. White lines represent lithologic contacts, and in some cases, boundaries between the 

geomorphologic features (e.g., elliptical valley and annular outcrops). Scale bar refers to 

approximate distances along the central ridge. 

outcrops and the presence of calcite, the propylitic alteration appears to extend only as far as the 

annular outcrops in the northeast CIC (Fig. 3.2).  

3.3.2 The stocks of the central ridge 

The mapping units for the intrusive stocks into mapping units are based on Mertzman 

(1972) and Loken (1983), including diorite and granodiorite. Here, the term “stock” refers to a 

non-tabular igneous intrusive unit with steep margins. While referred to as a stock in some 

previous investigations (Mertzman, 1972; Lipman, 1976), the vent breccia unit is likely a product 

of fragmentation (Loken, 1983) and not primarily an intrusive lithology. There are two 

significant diorite stocks along the northern and southern limits of the central ridge (Fig. 3.5). 

The northern diorite stock is ~1 km (E-W) by ~0.5 km (N-S) with an exposed area of >0.57 km
2 

(Fig. 3.3). The break in slope represents the northern and western contacts with the mafic 

extrusive rocks and the elliptical valley covers the eastern contacts. A small drainage marks the 

diorite stock/vent breccia contact, where the two units crop out within 30 m of each other (Figs. 

3.3 and 3.5). While chemically there is little variation throughout the northern diorite (Mertzman, 

1972), two end members are separated based on mineral texture (Table 1). The most common 

texture is porphyritic (Fig. 3.3) with the dominate phenocrysts being light-colored plagioclase 
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~1-5 mm in length and variably altered dark pyroxene. The second textural member is 

holocrystalline and crops out in two isolated and elliptical areas, ~200 m long and ~100 m wide 

(Fig. 3.3). The contacts between the holocrystalline and porphyritic diorite are always covered 

but possible to constrain to <10 m and they do not appear to be gradational. A vertical set of 

joints that are oriented radially around a focus within the vent breccia, cuts both diorite textures 

(Fig. 3.3). Mafic and evolved dikes cut the porphyritic sections of the diorite stock, with several 

evolved dikes extending through its NW quadrant (Fig. 3.3). In contrast to Lipman (1976; Fig. 

3.1) and Mertzman (1972), there were no identifiable granodiorite outcrops not related to dikes 

along the northern section of the central ridge. 

A larger diorite stock composes the southern limit of the central ridge (Fig. 3.5). 

Geologic mapping indicates that the diorite is ~1.1 km (E-W) by ~0.8 km (N-S) and covers a 

minimum area of ~0.80 km
2 

(Fig. 3.3). The northern contact with the granodiorite is sharp and 

visible in a saddle along the central ridge (Fig. 3.5). While the contact between the diorite and 

mafic extrusive rocks is mainly covered, the general orientation relative to topography suggests it 

is high angle. Based on qualitative observations, textural heterogeneities are present within the 

southern diorite stock. However, poor exposure due to vegetation and colluvium prevented a 

detailed spatial investigation. Nevertheless, general observations indicate that phenocryst sizes 

are noticeably finer along, and adjacent to, the main northwest-trending topographic ridge (Figs. 

3.3 and 3.5). While the phenocrysts along secondary spur-ridges are often medium to coarse-

grained, no true holocrystalline textures were located.   

Separating the north and south diorite stocks are the younger and likely more evolved 

vent breccia and granodiorite stock (Figs. 3.3 and 3.5). Previous workers have studied these 

stocks in detail (Table 1) indicating that hydrothermal alteration makes positive identification of 
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their composition difficult (Mertzman, 1972; Loken, 1983). These units were investigated not 

further than constraining their contacts with the surrounding lithologies. 

In addition to the previously mapped vent breccia unit, there are several outcrops of 

hydrothermally altered lapilli tuff within the NW quadrant (Fig. 3.3). The outcrops are ~200 m 

long, ~50 m wide, and contain both dense and vesicular mafic lapilli (Table 1). The level of 

alteration is moderate, similar to the vent breccia, but significantly lower than the alteration of 

the immediately surrounding units. The outcrops are in sub-vertical contact with both the mafic 

extrusive rocks and the northern diorite stock (Fig. 3.3). Several mafic dikes cut the outcrops, 

indicating the lapilli tuff is likely related to the early mafic phase of Summer Coon (e.g., 

Mertzman, 1972). Their origin is difficult to infer, but it is possible that deeper evolved dikes 

resulted in vertical zones of hydrothermally altered mafic extrusive rocks. Additionally, the 

outcrops may also represent lapilli tuff emplaced within an excavated conduit following a mafic 

eruption. Loken (1983) inferred a similar mechanism for the origin of the vent breccia (Fig. 3.3). 

3.3.3 The radial dikes of the central intrusive complex 

Surrounding the central ridge are the most proximal outcrops of the Summer Coon radial 

dike sequence (Fig. 3.1). Approximately 52 basaltic-andesite (mafic) dikes were mapped 

throughout the CIC (Fig. 3.3). While the highest concentration (~33) is within the annular 

outcrops, only ~9 dikes were located within the elliptical valley (Fig. 3.6a). The remaining ~10 

dikes are concentrated within the northern diorite and mafic extrusive rocks of the NW quadrant. 

The mean length for the mafic dikes is ~250 m, where length is the distance between the two 

ends of the dike outcrop (strike length), as measured in the field. The dike lengths are minimum 

estimations due to vegetation or younger sediments often covering dike terminations. The short 

outcrop lengths result in no mafic dikes extending from beyond the annular outcrops to the 
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Dike Compositions: basaltic-
andesite (- ) 

Number of dikes: 53 
Dike thickness: -1 m 
Dike length: -50-500 m, mean 

-250 m 
Relief above host rock: 0-0.1 m 
Units crosscut: Mafic extrusive 

rocks, lapilli luff, d iorite 

Dike Compositions: Rhyodacite 
(- ) and rhyolite ( ...... ,) 

Number of dikes: 20 
Dike thickness: -1-2 m, one 

rhyodacite dike is -60 m 
Dike length: -70-630 m, mean 

-255 m 
Relief above host rock: 0-0.5 m 
Units crosscut: Mafic extrusive 

rocks, diorite, granodiorite, 
vent breccia 

Dike Compositions: Rhyodacite 
(- ) and rhyolite ( ...... ,) 

Number of dikes: 5 
Dike thickness: -2-7 m 
Dike length: -1 ,200 m-3,000 m 

mean -1 ,900 m 
Relief above host rock: 1-3 m 
Units crosscut: Mafic extrusive 

rocks, diorite 

Dike Compositions: Rhyodacite 
(- ), rhyolite ( ...... ,), 
andesite (- - ) 

Number of dikes: 11 
Dike thickness: -10-40 m 
Dike length: 1, 100-6,000 m, 

mean - 3,000 m 
Relief above host rock: 2-20 m 
Units crosscut: Mafic extrusive 

rocks 

Figure 3.6. Radial dikes within the central intrusive complex. Extent of CIC indicated by lighter 

shading. Dike outcrops symbolized by various line-types and compositions are based on 

Mertzman (1972). Stock lithologies separated by thin dashed line. Labels for geomorphologic 

features: MB─ mafic extrusive rocks outside CIC; EV─ elliptical valley; NWQ─ NW quadrant; 

AO─ annular outcrops. Star is the inferred focal point for the evolved radial dikes. (A) Mafic 

dike outcrops in relation to geomorphologic features and list of pertinent measurements. 

Locations and measurements for evolved dikes of (B) group 1, (C) group 2, (D) group 3. 

central ridge. Therefore, it is improbable that the diorite stocks fed basaltic-andesite magma from 

the central intrusive complex (CIC) to the distal flanks at the current level of exposure. Though 

they do not cut through either the vent breccia or the granodiorite, the focal area for a majority of 

CIC mafic dikes is near the vent breccia (Fig. 3.6a).  

In addition to the mafic dikes, evolved radial dikes are also present within the CIC. The 

identification of dike compositions (andesite, rhyodacite and rhyolite) was based on texture and 

phenocrysts, following the geochemical and field study by Mertzman (1972). The evolved dikes 

were separated into three groups based on their spatial distribution within the CIC, units they 

crosscut, and outcrop length (Figs. 3.6b-3.6d). The focal area for the evolved radial dikes is 

considered a ~250 meter-diameter zone where lines extrapolated from the strike of dikes 
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converge (e.g., Shelley, 1987; Ancochea et al., 2008; Harp and Valentine, 2018). The midpoint 

within the focal area (N37.7839⁰, W106.3724⁰) is located within the vent breccia (Fig. 3.6) and 

serves as the reference point for radial-distance measurements to the proximal outcrop of each 

evolved dike (Fig. 3.7). 

With the exception of three dikes, a majority of group 1 dikes are located either along the 

central ridge or within the isolated outcrops in the elliptical valley (Fig. 3.6b). The dikes cut 

through both mafic extrusive rocks and the diorite and have relatively short outcrop lengths 

(<650 m; Fig. 3.7). Group 1 dikes have low vertical relief and are often only identifiable by their 

lighter colors contrasting against the darker outcrops of their mafic hosts. Only one potential 

group 1 dike appears to cut the vent breccia and granodiorite stock (Figs. 3.3 and 3.6b). The 

potential dike outcrops were previously mapped as an extension of the granodiorite stock 

(Lipman, 1968, 1976; Mertzman, 1972; Loken, 1983). However, the outcrops are only slightly 

altered, despite their small size and the surrounding moderately altered vent breccia and 

granodiorite stock. Therefore, the outcrops are probably younger, and based on their elongated 

geometry and sub-vertical contact with surrounding units, they are a likely a single rhyodacite 

dike, >400 m long and ~60 m thick. 

The second group of evolved dikes includes two rhyodacite and three rhyolite dikes that 

have outcrop lengths >1,200 m (Fig. 3.7), and cut through both mafic extrusive rocks and the 

northern diorite stock (Fig. 3.6b). Three dikes (one rhyolite and two rhyodacite) extend 

northwest from the vent breccia to a gravel terrace, where their trace is covered (Fig. 3.3). Along 

strike, the dikes do not reappear on the opposite side of the terrace, indicating their strike lengths 

range from ~1.2 to 2.5 km. The vent breccia likely cuts the three dikes based on their termination 

near the contact between the vent breccia and northern diorite stock (Fig. 3.3). In contrast to the 
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group 1 dikes, the thicknesses of group 2 dikes is ~2-7 m, and their greater resistance to erosion 

results in topographic relief ~1-3 m above their host rock. The two SW-NE trending rhyolite 

dikes in group 2 have proximal segments (relative to their focus) within 150 m of the vent 

breccia (Fig. 3.6c). The rhyolite dike on the northeast side of the central ridge extends ~2.5 km to 

outside the CIC, and the rhyolite dike on the southwest side extends for ~4.3 km (Fig. 3.7) to 

where it likely fed a flank eruption (Lipman, 1968; Mertzman, 1972; Fig. 3.1).  

Figure 3.7. Plot of evolved dike outcrop lengths versus radial distance from the focal area. Dikes 

are separated by groups. Group 3 equivalent dikes are outside the areas of figures 3.3 and 3.6. 

We measured the radial distances to the proximal outcrop of the dike. 

Group 3 includes eleven individual dikes that extend from the outer flanks to the annular 

outcrops (Fig. 3.6d). In contrast to the first two groups, group 3 includes andesite composition 

dikes (Lipman, 1968; Mertzman, 1972; Fig. 3.3). Group 3 dikes are relatively long, with 

minimum outcrop lengths ranging from 1,100-6,000 m (Fig. 3.7; Moats, 1990). No andesite 
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composition dikes or extensions of group 3 dikes were located within the sparse outcrops in the 

elliptical valley or cutting through the central stocks. However, in some cases the elliptical valley 

is >1 km wide (Fig. 3.3) and it is unclear to what point the proximal segments of group 3 dikes 

extend beneath the sediments. 

3.4 Magnetic survey results and interpretations 

The ground magnetic survey data allows closer constraints on the geometry of the stocks 

and on the proximal terminations of group 3 dikes, where they are covered by alluvium. The total 

field anomaly maps for the northern and southern survey areas reveal magnetic anomalies 

associated with both outcropping and buried geologic units. A qualitative analysis of the northern 

survey reveals a dominantly weak negative magnetic anomaly that hosts a strong negative and 

several smaller positive anomalies. Based on scattered outcrops in the northwest section of the 

survey, the strong negative anomalies likely correspond to remnant magnetism within the 

northern diorite stock (anomaly A, Fig. 3.4). The smaller positive anomalies in the northwest 

portion of the survey are likely buried extensions of rhyolite dikes that outcrop nearby.  

Within the northeastern section of the northern survey, magnetics transition (anomaly B, 

Fig. 3.4) from the broad negative to a positive anomaly along a ~NW-SE trend. The magnetic 

transition is within 200 m and sub-parallel to the boundary between the elliptical valley and 

annular outcrops. Due to the annular outcrops representing the distal extent of propylitic 

alteration, the positive (northeast) side of anomaly B likely corresponds to less altered mafic 

extrusive rocks. The negative (SW) side of anomaly B may reflect hydrothermal alteration 

related to the propylitic zone. Hydrothermal alteration typically destroys magnetic signatures 

within volcanic rocks through the removal of iron or conversion of titanomagnetite to hematite, 

which has a low magnetic susceptibility (Finn and Morgan, 2002). It is also possible the negative 
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side of anomaly B reflects buried portions of the northern diorite stock. The most probable 

explanation is that both a buried portion of the northern diorite stock and the host rock alteration 

associated with its emplacement are responsible for the negative anomaly. The annular outcrops 

and positive side of anomaly B simply reflect outcrops beyond the extent of the alteration halo. 

The third magnetic anomaly identified, is located in the southwestern corner of the northern 

survey (anomaly C, Fig. 3.4). The linear positive anomaly trends northeast, is ~400 m long, and 

correlates well with two isolated outcrops of weakly altered rhyodacite. 

Perhaps the most obvious magnetic feature within the study area is the reversely 

magnetized (north = positive, south = negative) dipole anomaly (anomaly D, Fig. 3.4). The 

highest peak-to-peak amplitude, located near the center of the anomaly, is 4,750 nT with a 

wavelength of ~300 m. The highest amplitudes correspond to outcrops along the eastern margin 

of a previously mapped diorite stock (Mertzman, 1972; Lipman, 1976). However, the results 

from this work indicate that the eastern stock margin is an additional ~350 m east (Fig. 3.3), and 

closely corresponds to the high magnetic gradient along the eastern edge of the anomaly (D-1, 

Fig. 3.4). In contrast, the southern edge of anomaly D is characterized by a ~300 m wide (N-S), 

low-gradient bench (D-2, Fig. 3.4). At the northern end of anomaly D-2 are several small 

positive anomalies that correspond to the break in the topographic slope and the contact between 

the diorite and mafic extrusive rocks (Fig. 3.3). 

The high magnetic gradient along the eastern boundary of anomaly D (D-1, Fig. 3.4), in 

combination with the inferred high-angle contact between the southern diorite stock and mafic 

extrusive rocks, suggests the stock margins are relatively steep. The low magnetic gradient south 

of the southern diorite (D-2, Fig. 3.4) may reflect the stock margin extends southward at a 

shallower angle beneath the mafic extrusive rocks. However, some component of anomaly D-2 
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likely reflects hydrothermal alteration of the mafic extrusive rocks. Therefore, the sources of 

anomaly D-2 could be similar to the negative side of anomaly B (Fig. 3.4), buried portions of a 

diorite stock and altered host rock associated with its emplacement. 

Due to the depth limitations in the magnetic data, ruling out a sill like structure for the 

diorite is not possible. However, the exposed ~125 m of vertical relief for the southern diorite 

stock and lack other sill-like bodies within the CIC argue against this geometry. Additionally, 

field evidence (e.g., Sillitoe, 1973; Audétat and Pettke, 2006; Geshi, 2008) and geophysical 

measurements (e.g., De Natale et al., 2004; Nishimura and Ueki, 2011; Syracuse et al., 2011) 

indicate that steep sided magma bodies with cylindrical-like geometries are common features 

within and beneath stratovolcanoes, particularly near the center of the edifice. 

At least three linear anomalies impinge on the southern margin of the dipole anomaly 

(anomaly E, Fig. 3.4). Included in four survey lines, each anomaly consists of dipoles with peak-

to-peak amplitudes ranging from ~150-1,100 nT. The trend of the anomalies is northwest, their 

spacing is roughly 200 m apart, and they extend ~300 m inward from the survey boundary. 

Directly south of anomaly E are the northernmost outcrops for a series of radially oriented, 

northwest-trending rhyodacite dikes. Mapped in detail by Moats (1990), the outcrops of at least 

four individual dikes extend to the edge of the elliptical valley and survey boundary, where they 

directly correlate to anomaly E. Over the four survey lines, each linear anomaly broadens and 

their amplitudes decrease toward the northwest. This may indicate that hydrothermal alteration 

reduced the susceptibility contrast between the buried dikes and mafic extrusive rocks. It is also 

possible the large magnitudes of the negative anomaly associated with the southern stock 

obscure the signature of anomaly E. Finally, the shape of the anomalies may reflect a rapid 

steepening for the most proximal buried segments of the rhyodacite dikes (Breiner, 1999; 
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Milsom, 2003; Bevan, 2006). Preference is given to the latter interpretation, as geologic mapping 

indicates the dikes do not continue to the central ridge. 

To the northeast of anomaly E is a second series of linearly oriented dipoles (F 

anomalies, Fig. 3.4). The peak-to-peak amplitudes of the four major anomalies range from ~160-

1,000 nT and their spacing is variable, ranging from 90-200 m. The anomalies trend northwest 

and extend between 250-750 m into the elliptical valley. Geologic mapping indicates that several 

of the F anomalies correlate to the locations and strikes of mafic dikes (F-1 and F-2). One linear 

anomaly (F-3) is located along strike and directly adjacent to an andesitic dike just outside the 

survey (Fig. 3.3). The northwestern limit for the F anomalies is near the boundaries of the D 

anomaly and diorite stock. Therefore, the buried proximal segments of both mafic and evolved 

dikes may terminate along the margins of the southern diorite stock, similar to the rhyodacite 

dikes (anomaly E; Fig. 3.4). 

3.5 Discussion 

3.5.1 The lithology and general structure of the central intrusive complex 

There are major discrepancies among previous investigations regarding the lithology and 

origin of geologic units within the central intrusive complex (CIC) of Summer Coon. Geologic 

mapping indicates that mafic extrusive rocks and sparse lava flows comprise a majority of the 

CIC (Fig. 3.3), consistent with Lipman (1968, 1976) and Mertzman (1972). Along the annular 

outcrops surrounding the elliptical valley there is no evidence for stock-like intrusions, such as 

hydrothermal alteration unrelated to dikes or variable jointing patterns in coherent rock outcrops. 

This suggests that the diorite stocks are confined to the central ridge, in contrast to the 

interpretations of previous studies (e.g., Lipman, 1968, 1976; Mertzman, 1972; Loken, 1983). 

The diorite stocks along the northern and southeastern limits of the central ridge include variable 
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crystal grain sizes and textures (porphyritic-holocrystalline). Originally undifferentiated by 

previous studies, the isolated nature of these outcrops along with the frequent mafic dikes present 

in the annular outcrops, likely led previous workers to infer a greater number of isolated stocks.   

This study did not locate a granodiorite (quartz monzonite, Lipman, 1976) stock along 

the northern central ridge, but instead a series of group 2 rhyodacite and rhyolite dikes (Fig. 3.3) 

that extend northwest from the vent breccia (Fig. 3.6c). Due to their higher resistance to erosion 

relative to the diorite, the evolved dikes form topographic ridges with light-colored colluvium 

slopes (Fig. 3.6c) and appear deceptively extensive, resembling a larger stock. Mafic dikes do 

not cut granodiorite and the relative age of the remaining granodiorite stock (Fig. 3.3) is younger 

than the mafic phase of the volcano, as opposed to being coeval (Lipman, 1968, 1976; 

Mertzman, 1972). Furthermore, the radial pattern of the northwest-trending evolved dikes (Figs. 

3.3 and 3.6c), in combination with their contrasting color relative to the darker diorite stock, 

would provide an explanation for the complicated inter-fingering contact Lipman (1968, 1976) 

mapped between the north granodiorite stock and fine-grained mafic rocks (Fig. 3.1). 

Textural variations may record a complex intrusive history for the northern diorite stock. 

While most of the diorite is porphyritic, several outcrops of holocrystalline rock indicate a 

relatively slow cooling history (Mertzman, 1972). The outcrops are isolated, elliptical in plan-

view, and due to the lack of brecciation that should accompany intrusion of such a viscous melt 

(Cashman et al., 2008), likely cooled in-situ. The holocrystalline outcrops are ~400 m apart and 

in relatively sharp contact with the porphyritic diorite. Therefore, the outcrops are likely not the 

slow cooling core of a single intrusive body, but instead indicate that at least two intrusive 

events, separated by enough time to allow the earlier body to solidify. The slow solidification of 

long-lived magma column could potentially result in isolated outcrops of holocrystalline diorite. 
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Analogous to the open conduits at Stromboli (Acocella et al., 2006; Corazzato et al., 2008; 

Gurioli et al., 2014; Métrich et al., 2010) and Etna (Bechncke and Neri, 2003; Branca and Carlo, 

2005; Burton et al., 2005; Neri et al., 2011), a decrease in convection and mass flux through the 

conduit can lead to degassing, cooling, and crystal growth during solidification (Eichelberger, 

1995; Cashman et al., 2008). Geshi (2008) found similar holocrystalline textures within a stock 

~50 m in diameter and located at the eroded Komochi Volcano, Japan. The author inferred that 

the stock served as the central conduit for the volcano and, within the upper sections of the 

edifice, fed magma laterally through radial dikes. Such conduits should transition to the feeder 

dikes at depth, and the reoccupation of a location by multiple feeder dikes and/or elliptical 

magma-filled conduits could account for ~100 m × 200 m sections of holocrystalline diorite.  

3.5.2 Emplacement controls for evolved radial dikes 

The spatial distribution of the evolved radial dikes at Summer Coon may provide some 

insight into magma transport through the central intrusive complex (CIC). The proximal 

segments of group 3 dikes vary with radial distance (~1-2.5 km) from their focus (Fig. 3.7) but 

do not extend through the elliptical valley or cut through the central stocks at the level of 

exposure. (Figs. 3.4 and 3.6). Assuming the origin of group 3 dikes is below their focal area, this 

suggests that the dikes propagated along steeply inclined paths while ascending through the 

central intrusive complex, consistent with the anisotropy of magnetic susceptibility (AMS) 

results of Poland et al., (2008). In other words, though the radial dikes are oriented vertically 

within the host rock (dike walls dip ~90⁰), the along-strike propagation direction was not strictly 

sub-vertical, but upwards and toward the flanks. 

Based on laboratory and field-based studies, local stress field perturbations caused by 

topographic relief (where the regional stress field is isotropic) and contrasting mechanical 
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properties of horizontal layers are the two primary mechanisms that impact dike propagation 

(e.g., Geshi, 2012; Urbani et al., 2018). The likely position of the edifice summit above the CIC 

would translate into lateral stress gradients induced by the topographic slope (e.g., Fiske and 

Jackson, 1972; Rubin and Pollard, 1987; Pinel and Jaupart, 2004; Acocella and Neri, 2009; 

Kervyn et al., 2009; Urbani et al., 2018). As a result, group 3 dikes ascending within the CIC 

may have favored an inclined trajectory toward the flanks where the normal stresses were lower, 

resulting in an intersection with the level of exposure at distal locations relative to their focus 

(e.g., Harp and Valentine, 2018). However, analogue and numerical modeling indicates that the 

lateral stress gradient induced by topography rapidly weakens with increased depth (Acocella et 

al., 2009; Kervyn et al., 2009; Roman and Jaupart, 2014). At depths of >2 km beneath the 

summit (Moats, 1990) it is unclear how influential topographic relief was on dike trajectories as 

there are no studies that directly model these conditions. However, relative to other processes, 

such as those related to host rock rigidity, the effects of topography likely played a minor role in 

the deflection of evolved CIC dikes (e.g., Urbani et al., 2018). 

For ascending dikes, horizontal layers of contrasting mechanical properties are 

substantial barriers to dike propagation, often resulting in their arrest or a deflection in trajectory. 

This process is most prominent when dikes, ascending within a relatively compliant layer, 

intersect an overlying stiffer layer (Gudmundsson, 2006; Maccaferri et al., 2011, Geshi et al., 

2012). It is also possible that compliant layers overlying stiffer layers can inhibit ascending dikes 

through dispersion of the tensile stresses associated with the dike tip (Gudmundsson, 2002). 

However, field evidence indicates that this is dominantly a near-surface process, most effective 

when the compliant layer is poorly consolidated (Geshi et al., 2012; Tibaldi, 2015), and recent 

analog modeling suggests that an overlying compliant layer can actually favor vertical dike 
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propagation (Urbani et al., 2018). Due to the roughly horizontal exposure of the CIC and the 

depth limitations of the magnetic survey, it is impossible to identify any mechanical layering that 

may exist below the current surface (e.g., large lava flow units or sills). A drilling operation ~5 

km southwest of the CIC suggests the upper 1,200 m of the basement is mafic extrusive breccia 

that overlies Tertiary and Cretaceous sedimentary rocks (Gries, 1985). However, homogenous 

mafic extrusive breccia composes most of the CIC and proximal flanks of Summer Coon (Harp 

and Valentine, 2018), suggesting that at least near the level of exposure, mechanical layering of 

extrusive rocks within the CIC is minimal. 

In addition to the mafic extrusive rocks, the diorite stocks occupy a considerable portion 

of the CIC and may have presented a significant obstacle to ascending dikes. Similar to the 

horizontal layering (e.g., Geshi et al., 2012), the contrast in relative stiffness would tend to 

impede dike propagation from the mafic extrusive rocks (stiffness of 1-10 Gpa; Gudmundsson, 

2006) through the margins of the diorite stocks (stiffness of <~150 Gpa; Gudmundsson, 2006). 

The proximal outcrops (relative to their focus in the vent breccia) of group 3 dikes are either 

within the annular outcrops (Fig. 3.6d) or beneath the alluvium and in close proximity to the 

inferred stock margins (anomaly groups E and F, Fig. 3.4). Therefore, it is possible that the 

group 3 dikes ascended along steeply inclined paths (Poland et al., 2004) along the stock 

margins, remaining exclusively within the mafic extrusive rocks (Fig. 3.8). Indirect observations 

using seismicity and ground deformation suggests a similar scenario occurred at Iwate volcano, 

Japan. There, a dike shifted from sub-vertical to inclined and finally sub-horizontal propagation 

in close proximity to a cylindrical-shaped area of high P-wave velocities inferred to be a 

solidified magma body (Tanaka et al., 2002; Nishimura and Ueki, 2011). The exact geometry 

(e.g., sill, teardrop shaped, steep-walled cylinder) or maximum depth of the stocks below the 
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NW Focus of evolved dikes~ SE 
(edifice axis?) 

Relative overpressure: Group > 

Basement Basement 

Figure 3.8. Conceptual model for the emplacement of evolved radial dikes in the CIC. Cross 

section includes the reconstruction of Summer Coon volcano and the basement (Moats, 1990). 

Summit is arbitrarily located above the focal area for the evolved radial dikes. Line of section is 

roughly NW-SE through figure 3.3 and the level of exposure (LOE, thin dashed line), where we 

collected data, is ~300 m above the basement (Moats, 1990). Included are three representative 

evolved dikes from groups 1-3 and the diorite stocks, combined into one body (vent breccia and 

granodiorite stock are not included). For the diorite and dikes, mapped outcrops correspond to 

respective locations indicated along LOE. The magnetic data provides some constraints for the 

shallow margin orientations for the group 3 dike and southern diorite stock, but the deeper 

geometries are uncertain. For each dike group, arrows indicate potential propagation direction 

based on outcrop lengths (groups 1-2) and magma flow measurements (Poland et al., 2004) along 

the LOE. A potential stress barrier responsible for the inclined or sub-horizontal propagation of 

groups 2 and 3 (low relative overpressures) is located near the base of the volcano (Poland et al., 

2008). 

level of exposure is unclear. However, the magnetic data suggests that the shallow portions of 

the stock margins are relatively steep, and investigations of porphyry copper systems (e.g., 

Sillitoe, 1973; Halter et al., 2004; Audétat and Pettke, 2006) indicate that stocks can extend for 

several kilometers into the basement beneath a volcanic edifice. 

In contrast to group 3 dikes, group 1 and 2 dikes (Fig. 3.3) are mapped within both the 

elliptical valley and cutting through exposed diorite along the central ridge (Fig. 3.6b and 3.6c). 

Therefore, using the previous assumption that the origin of evolved dikes is beneath their focal 
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area, group 1 and 2 dikes propagated through the relatively stiff diorite along sub-vertical paths 

(groups 1-2, Fig. 3.8). Assuming higher fracture toughness and elastic stiffness of the diorite, 

relative to the mafic extrusive rocks, this suggests that the overpressures within groups 1 and 2 

dikes were higher relative to group 3 (e.g., Geshi et al., 2012). Mafic breccia from the early 

eruptive phase constituted a majority of the Summer Coon edifice. Therefore, throughout the 

later phase of the volcano and between the emplacements of the evolved dike outcrops, there 

were probably minimal temporal variations in the normal stress magnitudes due to changes in the 

overburden. 

If dikes are blade-like in geometry, their strike length is proportional to their propagation 

direction (i.e., vertical vs. horizontal). Seismic (e.g., Ágústsdóttir et al., 2015) and ground 

deformation (e.g., Lundgren et al., 2015), as well as field observations (Parsons, 1939; Smith, 

1987; Shelley, 1988) and analogue modeling (Fiske and Jackson, 1972), suggest that a 

dominantly blade-shaped geometry for sub-horizontally propagating dikes. Poland et al. (2008) 

preferred a blade-shaped geometry for the evolved radial dikes at Summer Coon, indicating 

principally lateral propagation along the level of exposure would result in large outcrop lengths 

(<6 km). In contrast, sub-vertical propagation of the same dike through the level of exposure 

would result in a significantly shorter outcrop length. Therefore, the shorter outcrops (mean ~255 

m, Fig. 3.6b) of group 1 dikes could be the result of dominantly sub-vertical propagation through 

the level of exposure (Fig. 3.8). This is consistent with the findings of Harp and Valentine (2018) 

who found a correlation between relatively short outcrop lengths and high-angle propagation 

(>60⁰ from horizontal) of mafic dikes. 

The longer outcrop lengths of group 2 (mean ~1,200 m; Fig. 3.6c) and group 3 dikes 

(mean ~3,000 m; Fig. 3.6d) suggests that mainly sub-horizontal propagation along the level of 
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exposure, in agreement with the magma flow measurements for several group 3 dikes (Poland et 

al., 2004). While the stocks may have prevented sub-vertical propagation of group 3 dikes within 

the CIC, they cannot account for the sub-horizontal propagation of medial and distal group 3 

dike segments. Instead, the sub-horizontal propagation of group 3 (Poland et al., 2004) and 

potentially group 2 dikes requires a spatially extensive mechanism(s). Sub-horizontal dike 

propagation is commonly attributed to a level of neutral buoyancy (LNB), where vertical dike 

propagation ceases due to similar magma and host rock densities (Lister and Kerr, 1991; Rubin, 

1995; Pinel and Jaupart, 2004). However, density contrasts are only one of several factors that 

influence magma overpressure and dike ascent (Hogan et al., 1998; Valentine and Gregg, 2008), 

and comparable densities between the Summer Coon edifice and the basement (Gries, 1985) led 

Poland et al. (2008) to suggest that neutral buoyancy did not play a major role in controlling dike 

propagation. Additionally, any stress barrier related to variations between the mechanical 

properties of rocks within the edifice and basement (e.g., Gudmundsson and Brenner, 2004, 

2005) were likely limited due to the similarities in lithology.  

Poland et al. (2008) proposed the deflection of the evolved dikes at Summer Coon might 

be due to a stress barrier related to the normal stress gradient induced by the gravitational loading 

of the edifice. At the level of exposure, the proximal normal stresses near the volcano’s axis were 

too high or in an orientation unfavorable for further ascension (e.g., Pinel and Jaupart, 2000, 

2004; Hurwitz et al., 2009; Galgana et al., 2013). As a result, some dikes ascending through the 

base of the edifice transitioned to dominantly sub-horizontal paths. A normal stress barrier near 

the level of exposure would account for the sub-horizontal propagation of both proximal and 

distal segments of group 2 and 3 dikes. 
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Analog and numerical modeling suggest that the overpressure/normal stress ratio within a 

dike can affect its propagation direction beneath a volcanic edifice (Pinel and Jaupart, 2004; 

Kervyn et al., 2009). Only dikes with sufficient overpressures can propagate through stress 

barriers and host rocks with relatively high stiffness and fracture toughness. Dikes with lower 

overpressures are arrested and/or their propagation direction is deflected. While the exact values 

are unknown, estimations for overpressures within exposed dikes often range from three to 

several tens of MPa (Delaney and Gartner, 1997; Buck et al., 2006; Valentine and Krogh, 2006; 

Poland et al., 2008; Bonaccorso et al., 2010; Valentine et al., 2017). 

The overpressure in group 1 dikes was likely sufficiently high to promote sub-vertical 

propagation through both the diorite and a potential stress barrier (Fig. 3.8). It is probable that 

some of group 1 dikes continued ascending though the edifice to feed eruptions at the summit 

e.g., Augustine, USA (Cervelli et al., 2006) or at high elevations on the flanks e.g., Mount 

Shasta, USA (Hildreth, 2007). Given the outcrop lengths of group 1 dikes (~250 m long), if their 

dimensions did not dramatically increase above or below the level of exposure, there would be 

minimal surface deformation associated with their emplacement. Though the current dike 

outcrops only records the permanent strain of the host rock and not that of a propagating dike, 

based on examining group 1 dike terminations, the two geometries were likely comparable. At 

modern volcanoes, the detection of propagating dikes with similar geometries would represent a 

significant challenge to geodetic monitoring techniques such as InSAR (e.g., Delgado et al., 

2017), particularly when combined with rapid magma ascent rates (e.g., Chaitén volcano, Chile; 

Fournier et al., 2010; Wicks et al., 2011) and the complications of surveying stratovolcanoes 

(e.g., Pinel et al., 2011). Therefore, the geometry of group 1 dikes may provide insight into why 

some volcanoes experience little or no measured pre-eruptive deformation (e.g., Calbuco, Chile 
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2015; Valderrama et al., 2015) despite increases in other precursory signals such as seismicity 

(e.g., Mount Saint Helens, USA 2004; Poland and Lu, 2008; Morgan et al., 2008). 

The overpressure within group 2 dikes (Fig. 3.6c) was sufficient to allow sub-vertical 

propagation through the diorite and <50 m from the focus. However, as the dikes neared the level 

of exposure and a potential stress barrier, their propagation shifted to an inclined or sub-

horizontal direction (Fig. 3.8). This suggests that the overpressure in group 2 dikes < group 1. 

Though the exact propagation directions are unknown, if the dikes propagated along inclined 

paths, they may have fed flank eruptions at low or medial elevations (Fig. 3.8). Another 

possibility is that group 2 dikes propagated sub-horizontally along the level of exposure for <2.5 

km. 

The overpressures within group 3 dikes were likely lower than groups 1 and 2. As a 

result, the group 3 dikes only propagated through the mafic extrusive rocks and along the 

margins of the diorite stocks. Upon nearing the level of exposure, a potential stress barrier forced 

the dikes to propagate sub-horizontally toward the flanks (Fig. 3.8). As buoyancy forces affect 

overpressure, the higher densities of the andesite dikes in group 3 may have contributed to their 

lower relative overpressure and lateral propagation. This can explain both the absence of andesite 

dikes within the elliptical valley and central ridge (Figs 3.3 and 3.6d) and their long outcrop 

lengths (Lipman, 1976; Moats, 1990). These observations are also consistent the idea that stress 

conditions beneath some stratovolcanoes promote the arrest or lateral propagation of higher 

density magmas (e.g., Pinel and Jaupart, 2000, 2004; Kervyn et al., 2009; Roman and Jaupart, 

2014). At modern systems, dike propagation directions similar to group 3 would potentially feed 

eruptions near the base and lower elevation flanks of stratovolcanoes (e.g., Sakurajima, Japan 

1914, Yokoyama, 2013; Bárðarbunga, Iceland 2014, Ágústsdóttir et al., 2015; and Devils Chain 
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rhyolite domes, South Sister, USA, Fierstein et al., 2011). Therefore, these types of dikes 

represent a significant hazard to populated areas along the flanks and at large radial distances 

from the volcanic axis (Poland et al., 2008). 

3.6 Conclusion 

The results of geologic mapping (Fig. 3.3) and the ground based magnetic survey (Fig. 

3.4) indicate that the central intrusive complex is a complicated group of composite stocks 

surrounded by a radial dike sequence, previously not mapped in detail. Textural heterogeneities 

(Fig. 3.3) within the diorite stocks imply that their emplacement was through several intrusive 

episodes as opposed to a single event. Holocrystalline outcrops potentially record remnant open 

conduits, analogues to the currently degassing conditions at Mount Etna (Acocella and Neri, 

2003; Clocchiatti et al., 2004; Neri et al., 2011) and Stromboli, Italy (Acocella et al., 2006; 

Métrich et al., 2010; Gurioli et al., 2014). The outcrop length and spatial distribution of evolved 

dikes (Figs. 3.6 and 3.7) suggests that host rock variability, as well as a potential normal stress 

barrier near the level of exposure, greatly influenced evolved dike propagation. Dikes with short 

outcrop lengths likely propagated sub-vertically, and driven by relatively high overpressures, 

could propagate through both the diorite stocks and stress barrier to potentially feed eruptions 

near the summit (group 1, Fig. 3.8). The detection of surface deformation associated with such 

small dikes at stratovolcanoes would present significant challenges to remote techniques, 

particularly for rapid propagation rates (e.g., Delgado et al., 2017). With overpressures less than 

group 1, group 3 dikes (particularly the higher density andesites, Fig. 3.3) only ascended along 

the margins of the diorite stock and transitioned to sub-horizontal propagation upon encountering 

a stress barrier (group 3, Fig. 3.8). Lateral propagation greatly increased their outcrop lengths 

(Poland et al., 2008) and potentially resulted in eruptions near the base or lower elevations on the 
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flanks. Findings indicate that variable lithologies caused by stocks in the CIC and normal stress 

barriers near the base of stratovolcanoes can arrest or deflect ascending dikes away from the 

edifice axis. These conditions should be considered when assessing seismic and deformation 

data, particularly in terms of eruption likelihood and vent location. 

3.7 Acknowledgements 

I gratefully acknowledge Nicole Leach for her assistance in the field. This project was 

supported by the University at Buffalo Center for Geohazards Studies, the Geological Society of 

America, and the Colorado Scientific Society. 

76 



 

 

 

 

  

 

  

  

 

  

 

  

  

 

 

 

  

  

    

 

 

CHAPTER 4: THE FEEDING SYSTEMS AND ERUPTIVE 

PRODUCTS OF FLANK ERUPTIONS AT SUMMER COON 

STRATOVOLCANO 

The author of this dissertation is responsible for the fieldwork and interpretations 

presented in this chapter. 

4.1 Introduction 

Monogenetic flank eruptions are common at stratovolcanoes and represent a significant 

but poorly understood hazard to the inhabitants and infrastructure located on volcanic slopes. At 

active volcanic systems, magma is often transported within dikes to flank vents either laterally 

from a centrally located conduit, or after bypassing the central feeding system while propagating 

upward from a source several km beneath the volcano (e.g., Romano, 1982; McClelland et al., 

1989; Acocella and Neri, 2003; Acocella and Neri, 2009; Neri et al., 2011; Harp and Valentine, 

2018). This general model of dike propagation is based on historical observations at a handful of 

highly active mafic volcanoes (i.e., Stromboli, Mount Vesuvius, and Mount Etna, Italy), and it is 

unclear if the same model applies to more evolved dikes where field measurements suggest that a 

more complicated emplacement history is possible (Poland et al., 2004, 2008). Understanding the 

intravolcanic transport and flank eruption of variable magma compositions is vital for improving 

eruption forecasting and hazard mitigation, particularly for mature stratovolcanoes where nearly 

contemporaneous eruptions of mafic to silicic magma at the summit and flanks are possible (e.g., 

South Sister, USA; Fierstein et al., 2011; Mount Taranaki, NZ; Turner et al., 2008; Lanín 

volcano, Chile; Lara et al., 2004; Cotopaxi volcano, Ecuador; Hall and Mothes, 2008). 

At the Oligocene age Summer Coon volcano, erosion has removed much of the original 

edifice, providing a unique opportunity to investigate the shallow plumbing system, including 
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basalt to rhyolite composition radial dikes (Fig. 4.1; Lipman, 1968). Though dike compositions 

are similar to the compositions of exposed eruptive deposits, and field investigations have 

located deposits likely proximal to their respective vents, only in one documented location can 

eruptive deposits be directly correlated to a specific intrusion (Lipman, 1968; Mertzman, 1972; 

Valentine et al., 2000).  

This chapter describes the eruptive deposits and their feeder systems for three different 

flank eruptions at Summer Coon volcano (Fig. 4.1), ranging from basaltic-andesite to rhyolite. 

Included are simple reconstructions for the feeder dike emplacement and an eruption sequence 

for each vent. Finally, there is a discussion of the results in terms of the impact of topography on 

dike propagation, the potential role of magma degassing in limiting explosive activity, and the 

possible source for the late phase eruptive units at Summer Coon. This study’s findings are 

broadly applicable to stratovolcanoes of mafic to intermediate composition and provide a useful 

benchmark to compare indirect measurements (e.g., seismic and deformation) at active volcanoes 

where the feeding systems for eruptions are not exposed.  

4.2 The eastern basaltic-andesite vent 

4.2.1 Eruptive products 

The eastern basaltic-andesite vent is located on the east flank of Summer Coon and ~1 

km east of the central intrusive complex (Fig. 4.1). A single agglomerate rampart ~230 m long 

and a U-shaped outcrop of coherent extrusive rock dominates the vent (Fig. 4.2). The coherent 

extrusive rock widens toward the east in the downsloping direction of the current and 

paleotopography (inferred lava flow). The term vent is defined for this chapter as the extrusive 

products that surround the eruption location. The agglomerate deposits that compose the rampart 

erupted on basaltic-andesite breccia that erosion later removed, leaving a wall-like feature that 
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Figure 4.1. Simplified geologic map of Summer Coon volcano (modified from Lipman, 1976). 

The black boxes indicate the spatial extent and locations of Figures 4.2 and 4.5. Black arrow 

indicates the ~3 km long rhyolite dike mentioned in the text. 
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Basaltic-andesite vent 

fbcrj Coherent extrusive rock 

~ Agglomerate 

~ Coherent intrusive rock 
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Figure 4.2. Geologic map and Google Earth image of the basaltic-andesite vent. A) Geologic 

map, extent shown in Figure 4.1. Labels indicate the vent sub-divisions mentioned in the text. B) 

Image of the basaltic-andesite vent and the sinuous feeder dike outcrop. White dashed line 

indicates approximate contacts. 

decreases in relief toward the east. Using bedding orientation and welding intensity within the 

rampart the vent was separated into three sections, the western, middle, and eastern.  

The western vent section is ~50 m long (east to west) and consists of a northern 

prominent rampart and a southern poorly exposed remnant that are separated by an intra-vent 

lava (coherent extrusive rock; Fig. 4.2). The northern rampart is <3.0 m thick (north to south) 

and has relief of <4.0 m above its contacts with the basaltic-andesite breccia and lava (Fig. 4.3a). 

In the lower ~2.0 m of the rampart, the agglomerate is densely welded where clast margins are 

faintly discernible but have coalesced to form lava-like beds (Fig. 4.3b). The beds strike ~079⁰ 

(sub-parallel to the rampart) and dip 10-20⁰ to the north. The lower rampart grades upward into 
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lapilli and small blocks that are clast-supported, weakly bedded, and slightly to moderately 

welded. Though most lapilli and blocks are vesicle-poor, sparse fluidal clasts are moderately 

vesicular. Clasts are sub-rounded to sub-angular with blocks being <20 cm in size. The southern 

rampart is densely welded agglomerate, similar to the lower portions of the northern rampart, and 

jointing dips >45⁰ to the north. Erosion likely removed much of the southern rampart as it only 

extends ~15 m east and does not crop out in the middle or eastern vent sections (Fig. 4.2). The 

lava outcrop in the western section, is ~10 m wide (north to south) and includes centimeter-scale 

jointing that is sub-vertical and strikes east, downslope and sub-parallel to the ramparts. The lava 

is porphyritic and contains euhedral to subhedral phenocrysts (<5.0 mm) of plagioclase (10-

15%), olivine (2.0-10%), clinopyroxene (2.0-5%), and opaque minerals (5.0-10%) within an 

intergranular texture. In thin section the groundmass ranges from pilotaxitic to trachytic textures 

and contains microlites of plagioclase, olivine, clinopyroxene, and opaque minerals. Olivine is 

often altered or partially altered to iddingsite. The middle vent section is ~75 m long (west to 

east) and includes the northern rampart and the coherent lava (Fig. 4.2). The northern rampart is 

4.0-10 m thick and has ~8.0 m of relief (Fig. 4.3c). The lower 66% of the rampart is densely to 

moderately welded agglomerate with sub-rounded to sub-angular vesicle-poor blocks <30 cm in 

size. Several intrabedded densely welded layers ~10-40 cm thick separate the more massive 

moderately welded agglomerate. In general the bedding strikes 062⁰ and is sub-parallel to the 

strike of the rampart. The beds on the northern side of the rampart dip ~35⁰ to the south but 

transition to dips of >70⁰ along the southern side of the rampart, proximal to the center of the 

vent (Fig. 4.3c). Similar to the western vent section, the upper portions of the middle rampart 

grade into more moderately welded and clast supported lapilli and blocks. However, in contrast 
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Northern Rampart 

Northern Rampart 
(Middle) 

Basaltic-andesite 

Figure 4.3. The northern rampart and lava flow of the basaltic-andesite vent. A) The northern 

rampart and its northern contact with the older basaltic-andesite breccia. View looking south and 

white dashed line indicates approximate contact. B) A cavity within the western limit of the 

northern rampart exposing the densely welded lower section. Lava flow (labeled) is near the 

westernmost portion of the vent and transition to conduit (Fig. 4.4). Yellow notebook on densely 

welded agglomerate bed for scale, view is looking east, and white dashed line indicates 

approximate contacts. C) The middle section of the vent and interior of the northern rampart 

showing dipping beds of agglomerate, steeper on right (south) side. Note concave notch above 

contact with lava. Yellow notebook for scale, view is looking east. D) The lower (eastern) 

portion of the basaltic-andesite vent showing the poorly exposed lava flow and northern rampart. 

Note the lower relief of the lower rampart in the eastern section of the vent. Maximum exposure 

(north to south) of the lava flow is ~40 m. View is looking west. 

to the western vent section, the crude bedding in the upper rampart dips exclusively south, 

toward the center of the vent. Along its southern margin, the lower ~2.0 m of the rampart has a 
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concave shape (depth ~50 cm) that runs the entire length of the middle vent section (Fig. 4.3c). 

The north to south width of the lava outcrop ranges from 10 m to 35 m (greater in the east) and 

outcrops vary from the centimeter-scale jointing, similar to the western vent section, to outcrops 

that are smooth with few joints. The southern lava contact with the basaltic-andesite breccia is 

poorly exposed, often only recognizable by a linear series of slightly resistant lava outcrops that 

strike 075⁰. There, the lava appears to sit upon the basaltic-andesite breccia separated by a 

contact that strikes 022⁰ and dips ~10⁰ east (Fig. 4.2). 

The eastern vent section is ~135 m long (west to east) and includes the easternmost lavas 

and several discontinuous outcrops that may represent an extension of the northern rampart (Fig. 

4.2). Here, the very conspicuous northern rampart of the middle vent section grades into a 

resistant group of outcrops <4.0 m thick (north to south) with only <1.0 m of vertical relief (Fig. 

4.3d). The outcrops are densely welded with sparse elongated relic clasts that form a fabric 

striking 076⁰ and dipping <20⁰ north. The outcrops extend east until their trace is lost beneath 

alluvium. The lava in the eastern vent section is ~40 m wide (north to south) and alluvium covers 

its southern contact with the basaltic-andesite breccia. 

4.2.3 Feeder system 

The feeder system for the eastern basaltic-andesite vent is located immediately west of 

the eruptive units (Fig. 4.2). With the exception of the outcrop immediately adjacent to the vent, 

the actual feeder dike is only discernable by a linear depression (filled with sediment) in the 

basaltic-andesite host rock (Fig. 4.4a). The dike is ~1.5 m thick and extends west from the 

western vent section for ~200 m to the top of a low ridge where the dike appears to terminate 

(Fig. 4.2). The trend of the feeder dike is not linear, but instead sinuous, and varies by <50⁰ 

without breaking into obvious and disconnected segments. 
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Figure 4.4. The feeder dike and conduit for the basaltic-andesite vent. A) The transition from the 

feeder dike to the conduit along the western limit of the vent. View looking east and white 

dashed line indicates approximate contact. B) Closer image of the conduit showing the jointing 

pattern (black lines) oriented sub-parallel to conduit wall. View is looking east. 

Immediately west of the vent, an outcrop with ~6.0 m of vertical relief preserves the 

upward flare of the feeder dike from ~1.5 m thick to ~10 m thick (Fig. 4.4). This flare in the 

feeder dike is consistent with field investigations of mafic eruptive vents, and the term conduit is 

used to describe the flaring outcrop located between the eruptive deposits and the dike (e.g., 

Keating et al., 2008; Friese et al., 2013; Geshi and Oikawa, 2014; Geshi and Neri, 2014; Harp 

and Valentine, 2015; Valentine et al., 2017). Variably jointed and vesicle-poor coherent intrusive 

rock in sharp contact with the basaltic-andesite breccia composes the conduit. Centimeter-scale 

jointing within 0.5-1 m thick bands of coherent intrusive rock along either of the conduit walls 

are oriented sub-parallel to the contact (Fig. 4.4b). This jointed zone continues to the uppermost 

conduit where it transitions into the densely welded agglomerate that forms the lower portions of 

the ramparts in the western vent section (Fig. 4.4a). The jointing near the center of the conduit is 

either sub-vertical and millimeter-centimeter scale or randomly oriented, resulting in sub-

rounded blocks of coherent intrusive rock <20 cm (Fig. 4.4b). This zone continues to the top of 

the conduit where it grades into the sub-vertical centimeter-scale jointing within the lava. 
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4.3 Rattlesnake Ridge 

Located on the southwestern flank of Summer Coon (Fig. 4.1), Rattlesnake Ridge is a 

southwest trending topographic ridge ~1,200 m long and ~800 m wide composed mainly of 

slope-forming basaltic-andesite breccia. Intrusive and extrusive outcrops are variably exposed 

along the ridge and are described individually based on their rhyolite and andesite composition 

(Lipman, 1976; Mertzman, 1972).  

4.3.1 Rhyolite lithofacies 

A separation of the rhyolite outcrops along Rattlesnake Ridge into lithofacies is based on 

field observations of jointing patterns (fine, platy), macrotexture (fabrics, massive), lithology 

(vitrophyre, breccia), and the contact angle (high, low) with the basaltic-andesite breccia (Table 

4.1). The inferred intrusive lithofacies based on the high-angle contact (>70⁰) with the basaltic-

andesite breccia include: finely jointed vitrophyre (rfv), platy jointed vitrophyre (rpv), massive 

breccia (rmb), and curviplanar breccia (rcb). A single undifferentiated breccia (rub) lithofacies 

lies directly on the basaltic-andesite breccia and is likely extrusive based on the low angle (<30⁰) 

contact. 

The outcrop locations for the finely jointed vitrophyre (rfv) are in the northeastern 

mapping area, exposed near the bottom of the slope (Figs. 4.5 and 4.6), and in the south at the 

end of an elongated rhyolite outcrop. The lithofacies is light-colored coherent vitrophyre with 

variably striking fine joints (1.0-5.0 mm) that dip between sub-vertical and  ~45⁰ away from the 

center of the outcrop (Fig. 4.7a). Jointing strikes in the northeast outcrop tend to form a curving 

fabric sub-parallel to the contacts with surrounding units (Fig. 4.5). Consistent with other 

outcrops or clasts, the vitrophyre contains 1.0-2.0% phenocrysts that includes plagioclase and 
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Table 4.1. The composition, map ID, lithofacies name, description, inferred outcrop type, 

interpretation and general petrography for investigated flank vents. 
Inferred 

Compositions are based on whole rock analysis by Mertzman (1972). 

Composition1 Map 

ID 

Lithofacies 

name 
Description outcrop 

type 

Interpretation 
General 

petrography 

NW dipping beds of 

angular to sub-rounded, 

alt Lapilli tuff poorly sorted, coherent Extrusive Cone remnant 

andesite. Deposit is <2 m 

thick. Pl 20-40%; 

Andesite acr 

avc 

Coherent rock 

Variably jointed 

coherent rock 

Dark grey to black 

porphyritic  rock in 

multiple flow units that 

range from 2-30 m thick 

Similar to the coherent 

rock lithofacies except 

with high-angle fan-

shaped joints in cross 

Extrusive 

Intrusive 

/extrusive 

Lava flows 

Fissure vent 

Amp 5-

15%; 

Bio 1-5%; 

Cpx <5%; 

Opx<5%; 

Opa <2% 

section 

Low viscosity and/or 

rfv 
Finely jointed 

vitrophyre 

mm-scale, inclined to 

sub-vertical joints 
Intrusive 

strain rate within the 

feeder dike and away 

from the conduit 

Low viscosity and/or 

rpv 
Platy jointed 

vitrophyre 

cm-scale, sub-vertical 

joints 
Intrusive 

strain rate within the vent 

and near the end of 

activity 

rub 
Undifferentiated 

breccia 

Massive breccia with 

occasional flow bands 
Extrusive Lava flow 

Rhyolite High viscosity and/or 
Pl 1-3%; 

Bio <2% 
Randomly oriented, strain rate resulted in 

rmb Massive breccia angular to sub-rounded Intrusive brittle deformation within 

clasts shear zones along the 

conduit margins 

Moderate viscosity and/or 

rcb 
Curviplanar 

breccia 

Oriented, angular or 

elongated clasts with 

ragged margins 

Intrusive 

strain rate resulted in 

brittle and ductile 

deformation within shear 

zones along the conduit 

margins 
1

minor biotite within a groundmass of devitrified glass and plagioclase microlites. Colluvium 

covers the exact contact between the finely jointed vitrophyre and the basaltic-andesite breccia. 

However, the two units often crop out within 5.0 m of each other, and consistent with the platy 

jointed vitrophyre, massive breccia, and curviplanar breccia, the contact geometry along the 

topography indicates that the orientation is high angle (>70⁰). 

The northeast outcrop of the finely jointed vitrophyre grades upslope into both the 

curviplanar breccia (rcb) and the massive breccia (rmb) along a ~3.0 m wide sub-vertical contact 
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Figure 4.5. Geologic map and Google Earth image of Rattlesnake Ridge. Geologic map 

indicating the location of investigated outcrops. Extent show in Figure 1. Oblique image showing 

approximate locations of rhyolite and andesite outcrops, black dashed line indicates approximate 

contacts. View looking south-southeast. 
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(Fig. 4.6). Throughout the mapping area, a highly irregular and gradational contact ~1.0-3.0 m 

wide separates both breccia lithofacies. In some locations, the two breccias are intrafingered or 

the curviplanar breccia crops out in isolated zones (~1.0-5.0 m in length) within the massive 

breccia. Therefore, the mapped contact is highly generalized between the two breccias and the 

map only includes the largest isolated zones of curviplanar breccia (Fig. 4.5). 

The curviplanar breccia is a clast-supported and poorly-sorted breccia with the dominate 

clasts (>98%) being vesicle-poor elongated vitrophyre with ragged and sintered margins, 0.2-6.0 

cm in length (Fig. 4.7b). Occasionally (<20%) elongated clasts included millimeter-sized darker 

colored bands oriented sub-parallel to the major aspect of the clasts. Rarely (<2.0%) suspended 

between the vitrophyre clasts are vesicular, sub-rounded, and variably altered basaltic-andesite 

clasts, <1.0 cm. In the curviplanar breccia outcrops, the sintering and planar fabric of the 

elongated vitrophyre clasts results in a sub-vertical foliation. The foliation strikes are variable but 

Figure 4.6. Mapped outcrops along the eastern slope of Rattlesnake Ridge. Approximate location 

of lithofacies boundaries indicated by black dashed line. Abbreviations are same as Figure 4.5 

and Table 4.1. Approximately 140 m of topographic relief visible and ground distance at bottom 

of image is ~230 m. View is looking west. 
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Figure 4.7. Representative outcrops of four rhyolite lithofacies. A) Inclined foliation within the 

finely jointed vitrophyre on the northeast slope of Rattlesnake Ridge. Clipboard for scale. B) 

Crude fabric of elongated vitrophyre clasts within the curviplanar breccia. C) Typical outcrop of 

massive breccia. Clast of finer-grained breccia indicated by black arrow. D) Platy jointed 

vitrophyre filling one of the partially exposed vents. To the northwest the outcrop grades into the 

inferred rhyolite lava flow (undifferentiated breccia). 

often sub-parallel to the contacts with the basaltic-andesite breccia or other rhyolite lithofacies 

(Fig. 4.5). 

The massive breccia (rmb) is clast-supported and poorly-sorted with angular to sub-

rounded, randomly oriented, light colored vitrophyre clasts (~80%) that range from 1.0 to 20 cm 

(Fig. 4.7c). The vitrophyre clasts contain <2.0% plagioclase phenocrysts and vesicles <2.0 mm 

and larger vitrophyre clast are broken along conchoidal fractures. Sub-angular to sub-rounded 
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clasts of a finer-grained (<15 mm) breccia make up 10-20% of the massive breccia (Fig. 4.7c). 

The finer-grained breccia within these clasts is massive, poorly sorted, and matrix to clast 

supported, with angular to sub-rounded clasts of light colored vitrophyre and dark coherent 

basaltic-andesite. Clast sizes within this finer-grained breccia range from 1.0-15 mm and the 

matrix is light colored. Within the massive breccia several larger clasts (<9.0 cm) are composed 

of both the massive vitrophyre and the finer-grained breccia, separated by a sharp planar contact. 

Sub-rounded clasts of basaltic-andesite <5.0 cm also exist within the massive breccia, and 

though sparse (2.0-10%), are noticeably more common than in the curviplanar breccia. The 

massive breccia is the most common rhyolite lithofacies mapped, extending from the northeast to 

the southern elongated outcrops (Fig. 4.5). Frequent isolated sections of curviplanar breccia, 

often <2.0 m in length, result in a general sub-vertical foliation of the massive breccia oriented 

sub-parallel to the contacts with the basaltic-andesite breccia (Fig. 4.5). 

Among the highest elevation rhyolite intrusive outcrops are several sections of platy 

jointed vitrophyre (rpv). A dense network of platy sub-vertical joints (0.5-2.0 cm) cuts the 

coherent vitrophyre giving the outcrop a blade-like appearance (Fig. 4.7d). The joints generally 

strike north but the strikes are variable near the contacts with the breccia lithofacies (Fig. 4.5). At 

some locations along the platy jointed vitrophyre outcrops, there is a graduation (~50 m) through 

the curviplanar and massive breccia to the basaltic-andesite breccia contact. 

The northwestern contact of the two platy jointed vitrophyre outcrops is with the 

undifferentiated breccia lithofacies (rub) that lies on the basaltic-andesite breccia (Figs. 4.5 and 

4.7d). The undifferentiated breccia outcrops along the ridgeline include similarities to both the 

curviplanar breccia and massive breccia but with more ambiguous contacts between the two 
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lithofacies. Low on the northwest slope, light and dark bands within the undifferentiated breccia 

are sub-parallel to the lower contact with the basaltic-andesite breccia. The bands dip ~25⁰ 

northwest and are likely flow banding within a rhyolite lava flow. Though younger andesite 

eruptive units cover a large portion of the rhyolite lava, exposures along its periphery indicate 

that it ranges in thickness from 3.0 to 35 m (Fig. 4.6). 

The eruption may be related to a rhyolite dike located across a small valley and ~550 m 

from the easternmost intrusive rhyolite outcrop on Rattlesnake Ridge (Fig. 4.1). The dike extends 

~3 km from the central intrusive complex where its most proximal outcrop is within 50 m of the 

focus for several other rhyolite to rhyodacite radial dikes (Chapter 3). The rhyolite dike crops out 

in approximately eight individual segments ~150-500 m long and 2.0-15 m thick (Table 4.2). 

The roughly horizontal exposure at Summer Coon results in the dike or segment lengths 

being close to the strike length. The strike of individual segments and the average trend of the 

dike vary with distance from the proximal outcrop in the central intrusive complex (Table 4.2). 

Between the proximal and distal segments, the strike rotates ~16⁰ counter-clockwise and the 

trend shifts ~32⁰ from south-southwest to west-southwest (Fig. 4.1). The largest variation 

between the strikes of adjacent segments occurs between the distal segments seven and eight 

(~20⁰). 

4.3.2 Andesite lithofacies 

On the northwest slope of Rattlesnake Ridge, extrusive andesite rocks compose an 

elongated outcrop ~700 m long and ~100 m wide that covers a large portion of the older rhyolite 

lavas (Fig. 4.5). The andesite outcrops are separated into three lithofacies: coherent rock (acr), 

variably jointed coherent rock (avc), and lapilli tuff (alt). The dark grey to black coherent rock 
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Table 4.2. Segment measurements for the ~3 km long rhyolite dike. 
Along Trend Distance Average Trend Strike-radial 

Segment Segment 
Segment # (to distal point on (midpoint to azimuth 

Length Strike 
segment) midpoint) difference 

1 190 190 - 208 000 

2 478 236 213 215 004 

3 678 173 218 221 007 

4 1424 498 223 230 012 

5 1904 367 235 232 009 

6 2251 283 236 243 017 

7 2713 304 247 244 015 

8 2989 280 245 224 007 

9? (Feeder dike) 4293 795 233 193 038 

accounts for most of the andesite eruptive products, and likely represents extensive lava flows. It 

was emplaced upon both the earlier rhyolite undifferentiated breccia and basaltic-andesite 

breccia (Fig. 4.6). The contact is sharp and highly irregular, indicating a significant erosional 

unconformity exists between the rhyolite and andesite units. The andesite lavas vary widely in 

thickness, ranging from 1.0-2.0 m at the northeastern exposure to >50 m thick along the 

southwestern slopes of the ridge (Fig. 4.5). The only phenocrysts are 1.0-6.0 mm light colored 

plagioclase (20-50%) which are suspended in a black microcrystalline or glassy matrix. 

Amphibole, clinopyroxene, and orthopyroxene are present in most samples only as microlites in 

the groundmass. Variable erosion of the andesite lavas allows identification of individual lava 

flow margins (thickness 2.0-30 m) and their relative ages based on cross cutting relationships. 

The oldest flows are in the northeast where thin <1.0 m outcrops rest directly on rhyolite (Fig. 

4.6). However, toward the southwest an increasing number of individual andesite flows result in 

the youngest units being in the southwest. Though variable, jointing in most outcrops is oriented 

sub-parallel to the lower contact with either earlier andesite lavas or the eroded rhyolite surface, 

and considered sub-parallel to flow. Exceptions are near the center of thicker valley-filling flow 

units in the southwest (Fig. 4.5), where joints are orthogonal to the upper and lower contacts, and 

along the higher elevations of the ridge, where jointing is sub-vertical. 
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Along the crest of Rattlesnake Ridge and cutting through coherent lava is a zone of 

variably jointed coherent rock ~230 m long, 3.0-10 m thick (Fig. 4.5). The zone is exposed <5.0 

m from the rhyolite contact and strikes southwest, sub-parallel to jointing. A section orthogonal 

to strike indicates that the jointing pattern is fan-shaped with joints dipping into the center of the 

zone at progressively increasing angles (Fig. 4.8a). In some locations the transition from andesite 

lava (dips <30⁰) to variably jointed coherent rock is sharp, suggesting the variably jointed 

andesite cuts through the shallower dipping lava flows (Fig. 4.8b). While a feeder dike is not 

directly exposed, the fan-shaped joints likely represent rock emplaced within the fissure vent 

directly above the feeder dike (Fig. 4.8a). 

The lapilli tuff outcrop is ~60 m wide, ~220 m long, and extends southwest from the top 

of the ridge (Fig. 4.5). In general, the unit lies stratigraphically above the earliest andesite flows, 

separated by a poorly exposed contact that dips steeply (>20⁰) to the northwest. However, in the 

Figure 4.8. The andesite lithofacies along the inferred fissure vent. A) The fan-shaped pattern 

within the variably jointed coherent rock that fills the inferred fissure vent and cuts the north-

dipping inferred lava flows. View is looking east, yellow notebook for scale, white dashed line 

indicates the contact, and white solid lines outline jointing. B) The fissure vent cutting through 

the north dipping lava flows emplaced early in the eruption. Andesite lava flows sit on the 

eroded north-dipping rhyolite lava flows (rub). View is looking northeast. 
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southwestern section, the contact angle appears near sub-vertical along the margins of the large 

lava flow units (buttressed?). On fresh surfaces, the matrix is light colored, composed of ash and 

crystal fragments, and hosts sub-angular to sub-rounded dark coherent andesite lapilli, 0.2-5.0 

cm. Occasional intrabedded breccias do contain larger sub-angular andesite blocks >50 cm. The 

andesite clasts are porphyritic with mineral assemblages analogous to the lava samples. 

Weathered outcrops of lapilli tuff are dark in color with individual well-lithified beds being 0.5-

2.0 m thick. Near the top of the ridge, the upper lapilli tuff beds dip radially away from a central 

point near the southwestern end of the variably jointed coherent rock unit. 

4.4 Lithofacies interpretations and eruptive scenarios 

4.4.1 The eastern basaltic-andesite vent 

The short (~500 m) length of the basaltic-andesite feeder dike suggests that it ascended 

through the exposure, potentially along a sub-vertical path (relative to horizontal; see Chapters 2 

and 3). The sinuous outcrop pattern of the dike in plan view (Fig. 4.2) is inconsistent with the 

other observed basaltic-andesite dikes at Summer Coon (Lipman, 1968; Harp and Valentine, 

2018). The outcrop pattern may be in response to its near-surface emplacement and could reflect 

potential depth changes in the principal stress directions (Delaney and Pollard, 1981), variations 

in the host rock rheology (Reches and Fink, 1988) or dispersion of the tensile stresses associated 

with the dike tip as it propagated through the unconsolidated breccia (Gudmundsson, 2002). 

Therefore, the current exposures of the linear basaltic-andesite dikes that dominate at Summer 

Coon were likely at relatively deeper levels within the edifice and unaffected by near-surface 

stress perturbations. Similar sinuous forms or en-échelon segments are common for shallowly 

emplaced dikes based on observations of exhumed intrusions, eruptive fissures, or “dry” 
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fractures associated with dike emplacement (e.g., Chevallier and Verwoerd, 1987; Tibaldi, 2003; 

Neri and Acocella, 2006; Geshi, 2008; Lundgren et al., 2013). 

Upon intersecting the surface, the dike fed a fissure type vent that trended roughly sub-

parallel to the downslope direction of the paleotopography. While only exposed along the 

western limit of the vent, the feeder dike geometry thickens ~6.0 m below the surface (Fig. 4.4). 

This near surface flaring of the feeder dike is consistent with other investigations of eroded mafic 

vents (Keating et al., 2008; Friese et al., 2013; Geshi and Oikawa, 2014; Harp and Valentine, 

2015) and likely reflects wall rock failure and erosion during the eruption (e.g., Wilson and 

Head, 1981; Valentine and Groves, 1996; Mitchell, 2005). Assuming the northern rampart 

preserves the early eruptive history of the vent, the densely welded agglomerate low in the 

rampart stratigraphy (Figs. 4.3b and c) suggests that high temperature lava fountaining 

dominated the initial eruption (Hawaiian style; e.g., Valentine and Gregg, 2008). However, the 

upward gradation to moderate welding and fewer fluidal clasts indicate that the fissure 

eventually transitioned to Strombolian type activity (e.g., Valentine and Gregg, 2008), as is often 

the case for the distal ends of eruptive fissures (e.g., Kilauea Iki, Hawaii 1959, Richter et al., 

1970).  

The vent likely fed lava flows down the axis of the fissure for the entirety of the eruption 

(Fig. 4.2). The ~2.0 m concave notch in the lower portions of the northern rampart may record 

either thermal erosion (e.g., Jarvis, 1995) or lack of agglomerate deposition due to lava flowing 

down the vent during the eruption (Fig. 4.3c). The eastward transition of the prominent northern 

rampart to the low and densely welded outcrops in the eastern vent section suggests that effusive 

activity dominated the eastern section of the vent or that continuous lava flows fed by sections of 

the vents higher up the slope prevented the accumulation of pyroclastic material (Fig. 4.3d). 
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The eruptive scenario for the eastern basaltic-andesite vent is analogous to several 

modern examples where fissures opened along moderately dipping slopes (e.g., Mount Etna 

2001, Bechncke and Neri, 2003; Piton de la Fournaise 2014, Gurioli et al., 2017).Though 

historical accounts indicate that these types of flank eruptions are a common phenomenon at 

some volcanoes (e.g. Mount Etna, Branca and Abate, 2007), this is the first documented example 

of a preserved flank vent from the early basaltic-andesite phase at Summer Coon. This is 

probably because of the difficulty in locating the relatively small areas (<250 m) of near-vent 

(dense welding) facies and their nearly identical composition to the monotonous basaltic-

andesite breccia. 

4.4.2 Rattlesnake Ridge 

The rhyolite and andesite outcrops along Rattlesnake Ridge record a complex sequence 

of intrusive and extrusive events. Figure 4.9 provides a simplified explanation for the inferred 

paleotopography, emplacement, and erosion of the two compositions. 

4.4.2.1 The rhyolite feeder dike 

The lower contact orientation and spatial distribution of the rhyolite lava outcrops on 

Rattlesnake Ridge may indicate the presence of multiple vents (Fig. 4.9). The vent positions 

correlate well with a potential fissure originally located immediately above the inferred feeder 

dike, now preserved as the ~50 m thick and ~800 m long intrusive outcrops of rhyolite 

vitrophyre and breccia (Fig. 4.5). The feeder dike is likely the distal segment of the ~3 km long 

rhyolite dike located east of the vent (Fig. 4.1). Evidence for this conclusion includes the similar 

petrography, the along-trend location of the feeder dike, and the strike of the feeder dike 

correlates to the counterclockwise rotation of segments seven and eight of the longer rhyolite 

dike (Table 4.2). Additionally, there are no other rhyolite dike outcrops that do not extend from 
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the central intrusive complex (Chapter 3). As discussed in Chapter 3, based on the outcrop length 

and location of the proximal segment for the rhyolite dike, it is probable that the dike propagated 

sub-horizontally from the central intrusive complex to the flank vent. 

While close to the central intrusive complex the strikes between adjacent segments of the 

rhyolite dike change <10⁰, the strikes for the distal segments (seven to nine) of the rhyolite dike 

vary <51⁰, suggesting there was a rotation of the principal stress directions (Table 4.2). The 

lower contact orientation of the rhyolite lava flow indicates that the strike of the feeder dike was 

sub-parallel to the paleoslope and likely sub-parallel to an existing ridgeline. In contrast to many 

of the mapped radial dikes at Summer Coon (Lipman, 1976; Harp and Valentine, 2018), the 

strike of the feeder segment is not radial to the center of the edifice but rotates ~38⁰ from the 

radial azimuth (Table 4.2). Therefore, it is possible that as the sub-horizontally propagating dike 

neared the surface, the principal stress directions induced by topography reoriented the strikes of 

the distal segments. Field observations, as well as analogue and numerical models, indicate that 

near-surface stress conditions generated by local topography will modify the orientations of 

mafic or intermediate composition dikes, rotating their strikes sub-parallel to ridgelines or scarps 

(Fiske and Jackson, 1972; Walker, 1987; Dieterich, 1988; Tibaldi, 2003; Acocella and Tibaldi, 

2005). This appears to be the first documented example of significant segment rotation of a 

rhyolite dike in response to topography within a volcano, though Fink (1985) did infer near-

surface rotation of rhyolite dike segments at the Inyo Domes in California. At Summer Coon, the 

near-surface rotation of the principal stress directions due to the topography could account for 

distal strike deviations for several other dikes. These include the north striking intermediate dike 

on the south flank, the north-northwest striking intermediate dike that terminates in a laccolith 
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Figure 4.9. Simplified rhyolite and andesite eruption scenarios for Rattlesnake Ridge. The 

location of cross section lines indicated in Figure 4.5a. A-B) Fissure opening and eruption of 

rhyolite lava flow. Black lines are flow foliation. C) After major erosional event, andesite fissure 

eruption feeds thin lava flows northwest. D) Further southeast, the same andesite eruption  built a 

pyroclastic cone (lapilli tuff) and filled a narrow valley with lava. E) Current exposure preserves 

both the rhyolite and andesite vent and proximal eruptive deposits. F) Erosion has removed most 

of the southwestern rhyolite vent but preserves a portion of the rhyolite lava flow as well as the 

andesite vent and proximal eruptive deposits. 

type feature on the north flank, and the northeast striking rhyolite dike on the northeast flank 

(Fig. 4.1). 

98 



 

 

  

 

 

   

   

 

  

  

 

 

 

 

 

  

 

  

 

  

 

4.4.2.2 The rhyolite conduit and eruptive products 

The flow banding within the undifferentiated rhyolite breccia and the orientation of the 

lower contact indicates that the lava flowed down a northwest facing slope of basaltic-andesite 

breccia (Fig. 4.9a-b). Lipman (1968) mapped two isolated outcrops of rhyolite lava ~1.3 km west 

and ~2.0 km southwest of Rattlesnake Ridge, indicating they may be from the Rattlesnake Ridge 

eruption (Fig. 4.1). If true, the area of the rhyolite flow would be ~2.0 km
2 

and analogous in both 

coverage area and paleotopography to the Newberry flow (rhyolite) along the southern flank of 

South Sister, Oregon (Fierstein et al., 2011). 

Though partially covered, the gradation of the lava flow breccia into the intrusive platy 

jointed vitrophyre on the northeast end of Rattlesnake Ridge preserves a portion of the eruptive 

vent (Figs. 4.6 and 4.7d). The vent is located above a thick (>100 m) section of the feeder dike 

where the foliation trend in the rhyolite breccia is sub-parallel to the contact with the basaltic-

andesite breccia and circumferential around the platy jointed vitrophyre outcrop (Figs. 4.5 and 

4.9a). This increasing thickness of the feeder dike likely represents a portion of the conduit and is 

consistent with the inferred thickening of the feeder dike beneath Obsidian Dome, California 

(Eichelberger et al., 1986). Unfortunately, based on hypothetical extensions of foliation lines 

from mapped outcrops, sections of colluvium may cover a significant portion of the conduit (Fig. 

4.5). Further investigation of these covered areas is necessary to fully characterize the conduit, 

particularly in the northern area where the colluvium appears finer grained and free of large 

blocks of rhyolite lava (Figs. 4.5 and 4.6). 

The rhyolite lithofacies exhibit internal structures (breccia) and variable jointing patterns 

(vitrophyres) that are consistent with both brittle and ductile deformation. Magma emplacement 

interpretations are in terms of magma viscosity and strain rates. Though rhyolite magma 
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emplacement is a complex process (e.g., Tuffen and Dingwell, 2003), at the outcrop scale, the 

interpretations are consistent with field investigations and micro and macro textural analysis of 

other silicic conduits (e.g., Eichelberger et al., 1988; Tuffen and Dingwell, 2003; Ratté, 2004; 

Pallister et al., 2013; Simoes et al., 2017). The spatial distribution and complicated contact 

between the two breccia lithofacies (Fig. 4.5) likely reflects different strain rates associated with 

magma transport through the conduit, and varying viscosity due to conductive cooling along the 

margin, crystallization, or degassing (Tuffen and Dingwell, 2003). High strain rates and/or melt 

viscosity resulted in zones of dominantly brittle deformation, clast rotation, and the occasional 

incorporation of wall rock within the massive breccia lithofacies (rmb; e.g., Tuffen et al., 2003; 

Pallister et al., 2013). In contrast, while brittle deformation fragmented the curviplanar breccia 

(rcb), the elongated and sintered clasts (Fig. 7b) indicate that there were also zones within the 

conduit where either the strain rate was sufficient to fragment clasts but not promote intense 

comminution or lower melt viscosities permitted the ductile deformation of clasts (Davies et al., 

2008; Simoes et al., 2017). The curviplanar breccia and massive breccia lithofacies are indicative 

of the sustained shear coupling between ascending high viscosity magma (i.e. the platy jointed 

vitrophyre) and the surrounding conduit walls observed at other silicic vents (Tuffen and 

Dingwell, 2003; Stasiuk et al., 1996; Pallister et al., 2013). The additional ~300 m long massive 

breccia section that fills the southern portion of the feeder dike roughly correlates to the adjacent 

rhyolite lava flow and may represent a second vent or an extension of the previously described 

vent (Figs. 4.5 and 4.9b). The lack of significant faulting and comminution within the two 

outcrops of finely jointed vitrophyre suggests that their emplacement was under minimal strain 

conditions (Fig. 4.7a). Therefore, the outcrops may reflect the distal locations that were beyond 

100 



 

 

  

     

 

  

    

   

  

  

  

 

 

  

 

  

    

  

   

 

  

    

the significant magma transport zone associated with the conduit or are simply intrusions 

emplaced late in the eruption when strain rates were lower. 

None of the pyroclastic deposits that often accompany silicic eruptions were located on 

Rattlesnake Ridge (e.g. Eichelberger et al., 1986; Ratté, 2004; Carrasco-Núñez and Riggs, 2008). 

However, poor exposure of the lower rhyolite contact with the basaltic-andesite breccia may 

have hidden any deposits <1.0 m in thickness and not every contact could be closely 

investigated. Additionally, due to the sloping paleotopography, most deposition of the 

pyroclastic material might have focused lower in the paleovalley, which is either poorly exposed 

or eroded away (Fig. 4.9). Also, any thin pyroclastic deposits along the ridge early in the 

eruption may have been disrupted by the basal section of the lava and is not easily discernable. 

An additional possibility is that any explosive activity associated with the eruption of the rhyolite 

lava was relatively minor, as inferred at other silicic vents (e.g., Polo et al., 2017; Simões et al., 

2017). The permeability of local brecciated zones within the conduit play a vital role in 

promoting magma degassing and reducing the probability of explosive behavior (Stasiuk et al., 

1996; Gonnerman and Manga, 2003; Schneider et al., 2012). Additionally, the inferred lateral 

propagation of the feeder dike would also lead to gas loss into the host rock due to its large 

surface area and relatively shallow depth (<2.0 km). Therefore, these factors may have 

contributed to the dominantly effusive eruption and lack of obvious pyroclastic deposits (Fig. 9). 

4.4.2.3 Andesite eruptive products 

Following the rhyolite eruption and a significant unconformity, an andesite composition 

eruption occurred immediately adjacent to the rhyolite vent(s) (Figs. 4.9c-d). Along the ridgeline, 

outcrops of lapilli tuff, variably jointed coherent rock, and coherent rock outline the geometry of 

the fissure vent (Fig. 4.5). Though the feeder dike is not directly exposed, there is no evidence 
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that it cuts through older rhyolite units at locations beyond the footprint of the fissure (Figs. 4.5-

4.6). Thin andesite lava flows emplaced on the rhyolite units suggests that the fissure opened 

along a northwest facing slope and that the eruption fed a sheet of flows along its length (Fig. 

4.9c-d). Based on the cross cutting relationships along lava margins the eruption eventually 

focused to the southwest end of the fissure. There, the eruption built a pyroclastic cone that 

extended northwest, down the paleoslope, and is currently preserved as an isolated outcrop of 

lapilli tuff (Figs. 9d and 9f). The eruption continued to feed lava downslope from the vent and to 

a narrow (~100 m wide) southwest trending valley, as evidenced by the thick sequence of lava. 

The proximal outcrops for the lavas in this thick sequence migrate away from the vent area with 

decreasing age and likely reflect progradation of the cone slope as it progressively increased in 

diameter and filled the valley (Fig. 4.5). In general, the inferred andesite eruption scenario is 

consistent with the mid-slope fissure location, lava flow emplacement, vent focusing, and cone 

building documented during the eruption of Kilauea Iki, Hawaii 1959 (Richter et al., 1970). 

Based on the inferred andesite vent geometry (Fig. 4.8a), the estimated feeder dike is 1.0-

2.0 m thick and 350 m long, significantly contrasting with the <30 m thick and several km long 

andesite dikes previously mapped at Summer Coon (intermediate rocks, Fig. 4.1). Exceptions to 

this are three ~500 m long, late phase dikes mapped on the northwest flank (Lipman, 1976). 

Though small, these dike geometries represent a potential source for the intermediate eruptive 

units emplaced late in the stratigraphic sequence on the southern flank (Fig. 4.1). The sparse 

number of large andesite dikes, and the lack of evidence within the central intrusive complex for 

significant central vent eruptions of andesite, supports this conclusion. Instead, many smaller 

andesite dikes may have fed the eruptive units through flank eruptions. Differentiating these 
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dikes from either their eruptive products or the early basaltic-andesite dikes would be difficult 

and may explain why previous investigations have identified so few.  

If short dikes did feed significant flank eruptions, then why are andesite eruptive units 

restricted to the southern flanks, and not circumferential around Summer Coon (Fig. 4.1)? 

Valentine et al. (2000) suggested that the abundance of intermediate lavas on the southern slopes 

was due to an asymmetry to the edifice, being higher in the north and lower, in the south. As a 

result, the higher terrain focused a bulk of intermediate eruptive material toward the south where 

it accumulated in deep drainages. However, an additional explanation is that the tilting of the 

volcano after the cessation of activity (Moats, 1990) resulted in the outcrops exposed in the 

northern flanks being from deeper sections within the volcano than the south, and that erosion 

has removed most of the late phase eruptive units. Even with the current high topography in the 

north, the relative depths (within the original edifice) of the northern outcrops could be as much 

as ~700 m deeper than the south (Harp and Valentine, 2018), and more than sufficient to remove 

late phase eruptive units (<175 m thick in the south; Mertzman, 1972). However, to truly test this 

hypothesis requires positive identification of the potential late phase andesite feeder dikes that 

should still outcrop around the edifice. 

4.5 Potential variability in melt sources 

The anomalous flank eruption of rhyolite magma during the early basaltic-andesite phase 

of Summer Coon represented a significant derivation of eruptive behavior. The only exceptions 

are several evolved (dacite to rhyolite) volcanic deposits intrabedded with the basaltic-andesite 

breccia and located low in the stratigraphic section (Valentine et al., 2000; Parker et al., 2005). 

The higher silica content within these units likely represents the initial storage and evolution of 

magma below the edifice (Zielinski and Lipman, 1976; Lipman et al., 1978; Colucci et al., 1991; 
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Parker et al., 2005). It is possible that once Summer Coon reached a certain elevation during the 

early cone-building phase, normal stresses beneath the volcano led to the arrest, storage, and 

fractionation of ascending basaltic-andesite magma, followed by the rare injection of evolved 

dikes (e.g., Roman and Jaupart, 2014; Chapter 2). Rose (1987) suggested a comparable magma 

evolution for Santa María volcano, though the basement and regional stress conditions are 

different. Other investigations have identified similar bimodal eruption histories at other mature 

stratovolcanoes, including several explosive eruptions (e.g., South Sister, USA; Fierstein et al., 

2011; Mount Taranaki, NZ; Turner et al., 2008; Lanín volcano, Chile; Lara et al., 2004; and 

Cotopaxi volcano; Ecuador, Hall and Mothes, 2008). 

The opening of the andesite fissure immediately adjacent to the rhyolite vent highlights 

the complexities and temporal variations of magma sources and dike propagation directions for 

flank eruptions. While the inferred melt source for the rhyolite was a reservoir located beneath 

the center of the volcano, the feeder dike for the andesite eruption does not require storage in the 

mid to upper crust (e.g., Hildreth and Lanphere, 1994). As a result, the andesite dike may have 

propagated sub-vertically from a zone of melting-assimilation-storage-homogenization (MASH; 

Hildreth and Moorbath, 1988) near the base of the lower crust as suggested by workers for 

nearby volcanoes (e.g., Lipman et al., 1978; Colucci et al., 1991). Therefore, it is possible that 

magmas with different primary sources and differentiation histories can feed adjacent flank 

eruptions through dikes that propagated both sub-horizontally and sub-vertically. 

4.6 Conclusion 

This work includes descriptions of the structure, lithofacies, and feeder systems for three 

flank eruptions of varying composition at Summer Coon volcano. The newly discovered 

basaltic-andesite fissure vent and associated eruptive products are consistent with the frequent 
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eruptive vents that open on the flanks of active stratovolcanoes. The rotation of the rhyolite 

feeder dike ~38⁰ to a strike that was sub-parallel to an inferred paleoridge, suggests that there 

was a near-surface influence of the paleotopography. Though previous studies discovered similar 

topographic interactions for mafic or intermediate dikes, this is likely the first example for 

significant topographic influence on a rhyolite radial dike. Degassing pathways through 

permeable breccia zones within the inferred conduit, as well as the shallow (<2 km) sub-

horizontal propagation path of the feeder dike, may have contributed to the lack of obvious 

pyroclastic deposits by inhibiting explosive activity. The rhyolite vent represented a significant 

derivation from the normal basaltic-andesite activity that dominated the early phase of Summer 

Coon and consideration must be given to other mature stratovolcanoes where more silicic 

magma may anomalously erupt (i.e., South Sister, Oregon, Fierstein et al., 2011). Furthermore, 

the sub-vertical propagation and eruption of an andesite dike directly adjacent to the rhyolite vent 

highlights feeding system complexities for flank eruptions, and the need for future work at both 

eroded and active systems to better characterize this process. 
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CHAPTER 5: CONCLUSIONS 

The aims of this dissertation were to use field-based methods to investigate the shallow 

plumbing system of a medium-sized basaltic-andesite stratovolcano, commonly found 

worldwide. This was achieved by addressing three main questions associated with dike 

propagation into and through the edifice and the feeding mechanisms for summit and flank 

eruptions. 

5.1 Major Findings 

Chapter 2: What influences do local stress fields and magma overpressures have on the 

propagation direction, geometry, and spatial distribution of basaltic-andesite radial 

dikes? 

Using a novel method, an investigation of the magma flow fabrics within 77 basaltic-

andesite radial dikes at Summer Coon indicates that, of the 41 dikes with statistically significant 

fabrics, 85% propagated through the level of exposure along inclined paths, as measured along-

strike and from the horizontal reference. Dikes that propagated along sub-vertical paths (from 

horizontal) have shorter outcrop lengths than dikes that propagated at shallower angles, 

indicating the dikes are likely blade-shaped. Minimal changes in dike geometry (thickness and 

length) with radial distance from the center of the volcano, in spite of the expected normal stress 

gradient (Poland et al., 2008), suggests that individual dike emplacement was under variable 

magma overpressure conditions. Therefore, the stress field within and beneath the volcanic 

edifice likely influenced the propagation direction of ascending radial dikes to a point that 

depends on the magma overpressure/normal stress ratio, as suggested by analog modeling (e.g., 

Kervyn et al., 2009). Near the center of the volcano, while lower ratios either resulted in the 

arrest or inclined propagation of basaltic-andesite dikes toward the flanks, anomalously high 

ratios may have promoted sub-vertical propagation, potentially leading to summit eruptions. 
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While numerical and analogue models often focus on variations in the dip of ascending dikes to 

study dike deflection (e.g., Watanabe et al., 2002; Maccaferri et al., 2011), this investigation 

reveals that along-strike deflection plays an important role in governing the propagation direction 

of ascending mafic dikes. Therefore, future studies should be careful when assessing intrusion 

directions using two-dimensional models as the process of dike deflection occurs in three-

dimensions. 

Chapter 3: What host rock conditions within the central intrusive complex promote 

magma transport to the summit or flanks? 

Geologic mapping and a ground-based magnetic survey indicates that the central 

intrusive complex contains a group of stocks surrounded by a series of radial dikes not 

previously investigated in detail. Textural heterogeneities within the diorite composition stocks 

may preserve long-lived magma columns that are analogous to the openly degassing conduits at 

highly active volcanoes such as Mount Etna and Stromboli, Italy. Assuming blade-like 

geometries, the evolved (rhyodacite to rhyolite) dikes with short outcrop lengths (~250 m) 

propagated sub-vertically through the level of exposure after overcoming both the mechanical 

strength of the stocks and a potential stress barrier near the base of the edifice. Similar to the 

basaltic-andesite dikes (Chapter 2), the sub-vertically propagating evolved dikes were likely 

driven by relatively high overpressures and are potential feeders for summit eruptions. In 

contrast, the evolved (mainly andesite) dikes with relatively long outcrop lengths (<6 km) likely 

propagated along dominantly sub-horizontal paths, as suggested by previous investigations of 

magma flow directions (Poland et al., 2004). Upon entering the base of the edifice, the lower 

overpressures within these dikes prevented them from penetrating through both the stocks and 

the inferred stress barrier and resulted in their sub-horizontal propagation. Several sub-
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horizontally propagating dikes likely breached the surface low on the flanks of the volcano and 

fed eruptions similar to those described in Chapter 4. 

Existing investigations of dike propagation using analogue and numerical models tend to 

focus on the heterogeneities caused by alternating layers of pyroclastic material and lavas. 

However, the relatively homogenous mafic extrusive breccia that constructed much of Summer 

Coon indicates that layering may not have played an important role at the level of exposure. 

Instead, it appears the stocks within the central intrusive complex impacted dike propagation, 

potentially arresting or deflecting ascending radial dikes. Future studies using analogue or 

numerical modeling techniques should investigate and account for this process as similar 

intrusions likely occupy the central intrusive complex of many mature stratovolcanoes. 

Chapter 4: What factors influenced dike propagation, vent geometries, and eruption 

sequences for flank eruptions of varying composition? 

Geologic mapping and outcrop descriptions of three flank vents at Summer Coon indicate 

that they preserve the feeding system and eruptive products from three dominate eruptive phases 

of the volcano. The eruption and feeding system of the early basaltic-andesite vent was typical of 

observations for similar composition eruptions, including the eruptive products and conduit 

geometry (e.g., Geshi and Neri, 2014; Geshi and Oikawa, 2014). 

A ~3 km long rhyolite dike likely propagated sub-horizontally from the central intrusive 

complex (Chapter 3) and upon nearing the surface, the feeder segment rotated sub-parallel to an 

inferred paleoridge. The eruption fed thick lava flows from at least two vents that are now only 

partially preserved. A >100 m wide section of the feeder dike defines the brecciated eruption 

conduit below one of the vents. The planar clasts within complex breccia zones define an 

incomplete circumferential foliation trend oriented sub-parallel to the partially exposed conduit 
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walls. There are no obvious pyroclastic rhyolite deposits exposed near the vent, perhaps due to 

the lack of deposition or disturbance of the deposits by later lava flows. An additional possibility 

is that the eruption was dominantly effusive, potentially due to sufficient degassing through the 

feeder dike margins and conduit breccia zones. 

The orientation and short length (~350 m long) of the inferred feeder dike for the andesite 

eruption suggests its propagation was along a dominantly sub-vertical path (Chapters 2 and 3). 

The eruption initially emplaced sheets of thin lava flows on the older rhyolite lavas before 

eventually focusing to a single vent and building a pyroclastic cone. The inferred length of the 

feeder dike is among the shortest andesite dikes mapped at Summer Coon and may be a potential 

source for the extensive intermediate eruptive units emplaced on the southern flanks of the 

volcano, if more widespread than previously mapped. The proximity of flank vents (andesite and 

rhyolite) fed by widely variable dike propagation directions and magma sources, in conjunction 

with the eruption of evolved compositions during the basaltic-andesite phase of Summer Coon, 

highlights the complexities of the shallow plumbing system. As a result, hazard assessments or 

monitoring data analysis should not discount events that significantly deviate from recent or 

typical magma compositions or emplacement directions at stratovolcanoes. 

5.2 Broader impacts 

The central intrusive complex, radial dike sequence, and eruptive products exposed at 

Summer Coon reveal a complicated interaction between the host rock and magmatic parameters. 

At active volcanic systems, many if not all of these parameters remain unknown throughout 

periods of unrest until the eruption when the direct collection of some data (e.g., magma 

composition) is possible. Therefore, field studies are necessary to provide the fundamental 

information that may be used to benchmark analogue and numerical models and to assess 
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geophysical and geodetic data. The results and interpretations of this dissertation have far-

reaching impacts based on the large number of volcanoes with similar construction and size to 

Summer Coon, as well as the widely varying composition of investigated dikes. 

Major contributions of this work include the interpretations of magma transport during 

inferred periods of both open and closed conduits. The inferred long-lived magma column within 

the central intrusive complex is likely one of many that existed during the early basaltic-andesite 

cone-building phase, and potentially represents the current sub-surface conditions for the open-

conduits at Stromboli or Mount Etna. At Summer Coon, there are only a handful of sampled 

dikes that fit the typical conceptual model for the mafic laterally propagating (L-type) dikes that 

frequently occur during open-conduit conditions (e.g., Porreca et al., 2006). This is likely a 

product of the current level of exposure at Summer Coon being near the base of the edifice and 

supports the idea that eruptions from open-conduits and L-type dikes are primarily an upper-

edifice process (Acocella and Neri, 2009). 

Though long-lived magma columns may contribute a large volume of material to the 

upper edifice (Acocella and Neri, 2003), the vertically emplaced (V-type) basaltic-andesite dikes 

at Summer Coon likely records a significant influx of melt from beneath the volcano. Based on 

the decay of dike frequency with radial distance from the center of Summer Coon (Chapter 2), 

and qualitative comparison to dike frequencies at other eroded volcanoes (e.g., Sunlight Volcano, 

Parsons, 1939), the distribution of basaltic-andesite dikes likely reflects the ascension of magma 

directly from the fundamental deep-crustal source (e.g., Colucci et al., 1991). These melt source 

“footprints” may correlate to the melting-assimilation-storage-homogenization (MASH) model 

described by Hildreth and Moorbath (1988) and applied by Hildreth (2007) to major cascade 

volcanic centers. While many of these dikes likely did not reach the surface, their distribution 
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away from the center of the volcano suggests that potential eruption locations were low on the 

flanks. This represents a significant hazard at stratovolcanoes due to the close proximity of 

populated areas and the greater potential for interaction with an aquifer (e.g., Andronico et al., 

2001).  

The vertical transport of evolved magma from the inferred reservoir and subsequent sub-

horizontal propagation near the base of the volcano also does not fit into either the V or L-type 

dike propagation models developed at mafic volcanic systems (e.g., Porreca et al., 2006; Geshi, 

2008). Evolved L-type dike propagation from a conduit is likely rare due to the higher magma 

viscosities and low probabilities for long-lived columns of liquid magma. Therefore, the initial 

emplacement of most evolved dikes is probably sub-vertical, and as suggested in Chapters 3 and 

4, some evolved dikes probably transitioned to sub-horizontal propagation. It is the combination 

of vertical and horizontal dike propagation that may account for the distal eruptions of silicic 

magma on the flanks of stratovolcanoes without requiring a spatially extensive silicic reservoir 

(e.g., Hildreth, 2007). 

5.3 Suggestions for future work 

It is important to test the results, interpretations, and ideas presented in this work at other 

eroded volcanoes both similar and different from Summer Coon in composition, geometry, 

tectonic setting, and exposure elevation within the edifice. Potential volcanoes with significant 

exposure of their radial dike sequence include West Elk Peak (Colorado), Sunlight Volcano 

(Wyoming), White Mountain (Wyoming), Tieton Volcano (Washington), Mount Taylor (New 

Mexico), and Akaroa Volcano (New Zealand). 
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This dissertation greatly benefited from the substantial geochemical investigations 

undertaken by previous workers. However, to provide a detailed understanding of how the 

shallow plumbing system evolved over time requires additional investigations. Of particular 

interest would be radial transects that extend from the central intrusive complex to the distal 

flanks and focus on the early basaltic-andesite phase. Such sampling transects could investigate 

variations in isotope compositions and rare-earth elements to infer temporal changes in melt 

sources and fractionation processes. A similar study of the basaltic-andesite and any potential 

late phase andesite dikes would also be useful for determining their source(s) and if there are 

correlations between the source of dikes and their radial distance from the center of the volcano. 

In addition, similar radial transects for the flank eruptions at modern stratovolcanoes may also 

lead to important information on melt sources (i.e., diverse deep-crustal or shallow evolving 

reservoir)  

A qualitative analysis of the mapped radial dikes at Summer Coon appears to indicate at 

least two different focal areas, one for the proximal andesite to rhyolite dikes and another for the 

distal basaltic-andesite dikes (Fig. 2.1). Additionally, the trends for several of the rhyodacite to 

rhyolite dikes that extend from their focus to the outer flanks, shifts by <20⁰ near the boundary 

of the central intrusive complex (Figs. 3.1 and 3.3). There is a potential that a pressurized 

reservoir controlled the orientation of the proximal dikes (e.g., Koide and Bhattacharji, 1975; 

Galgana et al., 2013) and the gravitational loading of the edifice controlled the orientation of the 

distal basaltic-andesite radial dikes (e.g., Dieterich, 1988; McGuire and Pullen, 1989). 

Furthermore, once the rhyodacite to rhyolite dikes propagated laterally and away from the stress 

field generated by a pressurized reservoir, their orientation may have “readjusted” as the edifice 

load became increasingly more influential. To statistically support multiple focal areas requires 
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further analysis of dike trends and would benefit from a larger sample size using currently 

available satellite imagery. 
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APPENDIX A: METHODS FOR PETROFABRIC STATISTICAL 

ANALYSIS 

Following (Karátson et al. 2002 and references therein) each crystal angle (∅𝑖) is 

assigned a position on a unit circle where the rectangular coordinates are calculated using the 

angle’s sine and cosine. The resultant vector’s angle (𝛽), which represents the dominate 

direction, is calculated from the following formula: 

𝑛 1 
∑ 𝑠𝑖𝑛∅𝑖 

𝛽 = 𝑎𝑟𝑐 𝑡𝑎𝑛 1𝑛 𝑖=1 
(1)

∑𝑛 𝑐𝑜𝑠∅𝑖 𝑖=1 𝑛 

The crystal angles have an orientation without direction and if the distribution is diametrically 

bimodal the mean angle, calculated by equation 1, is orthogonal to the true mean. Krumbein 

(1939) proposed a doubling method where the measured angles are doubled (𝜑 = 2∅), which 

results in the same direction for the equally oriented but oppositely directed clasts. Using this 

method, 𝛽 is devided by two to obtain the correct mean angle (𝜃). The resultant vector’s length 

provides information about the spread of crystal alignment within the sample. The greater 

number of crystals aligned in the sample results in fewer crystals oriented perpendicular to the 

mean angle and a longer resultant vector. The number of crystals measured (n) influences the 

length of the resultant vector (R), therefore Davis (1986) recommended normalizing R: 

2 2𝑛 𝑛 √(∑ sin𝜑𝑖) +(∑ cos𝜑𝑖)𝑖=1 𝑖=1 
�̅� = (2)

𝑛 

The mean resultant vector length �̅� here called the R-value, which is between 0 and 1, is a 

measure of angular dispersion where 0 is uniform distribution and 1 is complete concentration in 

one direction. 
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In addition to calculating the R-value and θ, I completed a test for randomness and 

determined the confidence interval for the mean. Since the R-value is considered a measure of 

data concentration, Rayleigh (1919) proposed that R-value could be used for a randomness test. 

The null hypothesis is that the parent population is uniformly distributed. Mardia (1972) 

provided a modern derivation of the test where the R-value is directly compared to a critical 

value (r) for various levels of significance and number of operations. The test relies on the 

assumptions that the data are not diametrically bimodal, therefore, I used the results for the angle 

double procedure (Krumbein 1939). The R-value plays another critical role in determining the 

confidence interval. Davis (1986) provides a simple calculation to estimate the mean direction 

(θ) based on the standard error and thus considers both the sample’s size and its dispersion. The 

approximation for the standard error in radians is: 

1
𝑆𝑒 = (3)

√𝑛𝑅𝑘 

where the estimated value of k is given in the appropriate table (Davis 1986). Assuming the 

estimation errors are normally distributed, the confidence interval is 

𝜃 ± 𝑧𝛼𝑆𝑒 (4) 

1 
Where 𝑧𝛼 is the upper 𝛼 quantile of the normal standard distribution (i.e. 𝑧𝛼 =1.96 for 𝛼 = 

2 
0.05). 

Appendix B: 

Rose diagrams for 71 analyzed dikes. Included are the fabric angle (θ), length of the resultant 

vector (R), and the number of crystals measured (n). Outer circle equals 15% of crystals 

measured. 
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Dike 1 Dike 2 Dike3 Dike4 

8=141° R=0.17 n=253 8=046° R=0.31 n=848 8=156° R=0.02 n=691 8=128° R=0.22 n=412 
Dike 5 Dike 6 Dike 7 Dike 8 

8=059° R=0.10 n=756 8=049° R=0.21 n=300 8=067° R=0.07 n=728 8=150° R=0.33 n=l00 
Dike 9 Dike 10 Dike 11 Dike 12 

8=145° R=0.10 n=971 8=011 ° R=0.07 n=766 8=166° R=0.34 n=300 8=134° R=0.17 n=394 
Dike 13 Dike 14 Dike 15 Dike 16 

8=052° R=0.36 n=109 8=011° R=0.15 n=087 8=179° R=0.14 n=422 8=030° R=0.16 n=244 
Dike 17 Dike 18 Dike 19 Dike 20 

8=027° R=0.03 n= 108 8= 148° R=0.38 n= 115 8= 162° R=0.25 n=499 8= 126° R=0.30 n=283 

APPENDIX B: ROSE DIAGRAMS FOR 71 ANALYZED DIKES 

Included are the fabric angle (θ), length of the resultant vector (R), and the number of 

crystals measured (n). Outer circle equals 15% of crystals measured. 
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Dike 21 Dike 22 Dike 23 Dike 24 

8= 108° R=0.16 n=365 8=076° R=0.30 n=360 8=050° R=0.13 n=432 8=009° R=0.08 n=342 
Dike 25 Dike 26 Dike 27 Dike 28 

8=152° R=0. l 0 n=747 8=065° R=0.36 n=384 8=027° R=0.20 n=229 8=162° R=0.22 n=l 11 
Dike 29 Dike 30 Dike 31 Dike 32 

8=057° R=0.16 n=514 8=135° R=0.32 n=159 8=026° R=0.40 n=350 8=122° R=0.49 n=267 
Dike 33 Dike 34 Dike 36 Dike 37 

8=123° R=0.39 n=367 8=050° R=0.42 n=757 8=131° R=0.12 n=707 8=046° R=0.36 n=122 
Dike 39 Dike 41 Dike43 Dike44 

8=024° R=0.16 n=259 8=088° R=0.11 n=287 8=152° R=0.30 n=222 8=138° R=0.45 n=521 
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Dike46 Dike 51 Dike 52 Dike 53 

8=021 ° R=0.12 n= 158 8= 136° R=0.40 n= 166 8= 113° R=0.20 n=45 8=030° R=0.35 n= 159 
Dike 54 Dike 55 Dike 57 Dike 58 

+-

' l-

8=131 ° R=0.1 0 n=418 8=037° R=0.50 n=286 8=033° R=0.26 n=l 23 8=075° R=0.12 n=380 
Dike 63 Dike64 Dike 65 Dike 67 

8=122° R=0.35 n=580 8=091° R=0.35 n=303 8=132° R=0.34 n=169 8=087° R=0.14 n=735 
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Dike 72 Dike 73 Dike 74 Dike 75 

8=089° R=0.15 n=514 8= 146° R=0.10 n=204 8= 171 ° R=0.28 n= 112 8= 143° R=0.17 n=648 
Dike 76 Dike 77 Dike 78 Dike 79 

\---

8= 150° R=0.25 n= 128 8=092° R=0.18 n= 142 8=040° R=0.32 n=620 8=082° R=0.08 n= 78 
Dike 80 Dike 81 Dike 82 

8=041 ° R=0.42 n=98 8=012° R=0.37 n=99 8=155° R=0.44 n=241 
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APPENDIX C: SUMMARY OF GEOMETRY AND 

PETROFABRIC RESULTS FOR SAMPLED DIKES 

Latitude Longitude n
R-

value

Fabric 

angle (⁰)
k-value

Standard 

error
95%

D1 37.81252 -106.380279 318 341 23 3250 1.09 760 Pyroxene Andesite 253 0.17 141 - - -

D2 37.81254 -106.382333 352 337 15 3295 0.99 150 Olivine-Augite Basalt 848 0.31 46 0.62922 4.491 8.8

D3 37.81684 -106.389881 330 331 1 4043 1.77 292 Olivine-Augite Basalt 691 0.02 156 - - -

D4 37.8116 -106.38787 330 330 0 3435 2.31 848 Olivine-Augite Basalt 412 0.22 128 0.42962 9.288 18.2

D5 37.78166 -106.341534 089 99 10 2367 0.76 350 Pyroxene Andesite 756 0.10 59 - - -

D6 37.78308 -106.342117 290 96 14 2292 0.90 300 Olivine-Augite Basalt 300 0.21 49 0.42962 11.013 21.6

D7 37.7831 -106.332835 295 94 21 3110 2.29 400 Pyroxene Andesite 728 0.07 67 - - -

D8 37.78243 -106.33348 295 96 19 3055 1.07 230

Olivine Bearing Two-

Pyroxene Andesite 100 0.33 150 0.69958 8.171 16.0

D9 37.78135 -106.33262 310 98 32 3145 0.91 268

Olivine Bearing Two-

Pyroxene Andesite 971 0.10 145 - - -

D10 37.78147 -106.332625 310 98 32 3153 0.91 93 Olivine-Augite Basalt 766 0.07 11 - - -

D11 37.78154 -106.332669 310 97 33 3138 0.86 274

Olivine Bearing Two-

Pyroxene Andesite 300 0.34 166 0.72356 6.669 13.1

D12 37.77916 -106.338499 075 104 29 2678 1.07 135 Pyroxene Andesite 394 0.17 134 - - -

D13 37.79673 -106.351812 057 47 10 1928 1.04 169 Olivine-Augite Basalt 109 0.36 52 0.77241 10.407 20.4

D14 37.79816 -106.348186 050 50 0 2270 1.42 284 Olivine-Augite Basalt 87 0.15 11 - - -

D15 37.80031 -106.347491 048 46 2 2480 0.41 238 Olivine-Augite Basalt 422 0.14 179 - - -

D16 37.80095 -106.347407 050 45 5 2521 0.36 100 Olivine-Augite Basalt 244 0.16 30 - - -

D17 37.80046 -106.346723 052 47 5 2540 0.51 100 Olivine-Augite Basalt 108 0.03 27 - - -

D18 37.79931 -106.34906 042 46 4 2288 0.94 198

Olivine Bearing Two-

Pyroxene Andesite 115 0.38 148 0.82253 9.557 18.7

D19 37.80969 -106.360268 025 13 12 2814 0.66 81

Olivine Bearing Two-

Pyroxene Andesite 499 0.25 162 0.49453 7.369 14.4

D20 37.80857 -106.361167 007 13 6 2680 1.97 138 Olivine-Augite Basalt 283 0.30 126 0.62922 7.839 15.4

D21 37.80786 -106.36273 012 10 2 2568 5.97 707 Pyroxene Andesite 365 0.16 108 - - -

D22 37.80672 -106.363312 005 9 4 2437 1.02 88 Olivine-Augite Basalt 360 0.30 76 0.62922 6.950 13.6

D23 37.808 -106.366365 009 3 6 2553 0.34 71 Olivine-Augite Basalt 432 0.13 50 - - -

D24 37.80916 -106.367467 025 1 24 2675 0.74 91 Olivine-Augite Basalt 342 0.08 9 - - -

D25 37.81006 -106.366419 006 3 3 2775 0.86 560 Olivine-Augite Basalt 747 0.10 152 - - -

D26 37.81005 -106.365183 023 5 18 2778 2.54 154 Olivine-Augite Basalt 384 0.36 65 0.77241 5.584 10.9

D27 37.81025 -106.364486 020 6 14 2813 1.27 82 Olivine-Augite Basalt 229 0.20 27 0.40828 13.250 26.0

D28 37.81049 -106.363719 355 7 12 2843 0.25 75 Olivine-Augite Basalt 111 0.22 162 0.4511 17.263 33.8

D29 37.81053 -106.362224 022 10 12 2873 2.11 224 Pyroxene Andesite 514 0.16 57 - - -

D30 37.78975 -106.422573 278 276 2 4843 2.81 247

Olivine Bearing Two-

Pyroxene Andesite 159 0.32 135 0.67587 9.848 19.3

D31 37.79132 -106.423086 080 278 18 4891 1.47 131

Olivine Bearing Two-

Pyroxene Andesite 350 0.40 26 0.87408 5.179 10.2

D32 37.79242 -106.421238 273 280 7 4767 2.24 409 Olivine-Augite Basalt 267 0.49 122 1.12828 4.716 9.2

D33 37.79455 -106.420455 270 283 13 4745 0.51 428 Olivine-Augite Basalt 367 0.39 123 0.84812 5.234 10.3

D34 37.79499 -106.420652 292 284 8 4777 0.51 500 Olivine-Augite Basalt 757 0.42 50 0.9272 3.337 6.5

D35 37.79598 -106.419035 280 285 5 4774 0.76 300 - - - - - - -

D36 37.79605 -106.41904 298 285 13 4664 0.56 217 Olivine-Augite Basalt 707 0.12 131 - - -

D37 37.79647 -106.417771 290 286 4 4571 0.23 277 Olivine-Augite Basalt 122 0.36 46 0.77241 9.906 19.4

D38 37.79448 -106.415564 285 284 1 4314 0.72 354 - - - - - - -

D39 37.8038 -106.392157 294 315 21 2983 0.72 250 Pyroxene Andesite 259 0.16 24 - - -

D41 37.80395 -106.396296 305 309 4 3248 0.61 130 Olivine-Augite Basalt 287 0.11 88 - - -

D42 37.80379 -106.396319 298 309 11 3247 1.52 207 - - - - - - -

D43 37.80387 -106.397229 315 309 6 3326 3.05 321

Olivine Bearing Two-

Pyroxene Andesite 222 0.30 152 0.62922 8.851 17.3

D44 37.801 -106.402403 280 300 20 3519 1.17 216 Pyroxene Andesite 521 0.45 138 1.01022 3.744 7.3

D45 37.79945 -106.40398 288 297 9 3555 1.80 285 - - - - - - -

D46 37.79512 -106.398338 303 292 11 2897 0.46 230 Olivine-Augite Basalt 158 0.12 21 - - -

D47 37.77135 -106.35153 305 136 11 2129 1.60 100 - - - - - - -

D51 37.75836 -106.3634 343 172 9 2992 1.35 248

Olivine Bearing Two-

Pyroxene Andesite 166 0.41 136 0.90043 7.364 14.4

D52 37.75833 -106.363509 338 173 15 3000 0.91 250 Olivine-Augite Basalt 45 0.20 113 0.62922 19.825 38.9

D53 37.75635 -106.368334 353 180 7 3181 1.27 243

Olivine Bearing Two-

Pyroxene Andesite 159 0.35 30 0.74783 8.882 17.4

D54 37.75529 -106.371147 343 185 22 3329 2.79 430 Pyroxene Andesite 160 0.38 149 0.82253 8.156 16.0

D55 37.74899 -106.365386 016 176 20 4000 3.84 167 Olivine-Augite Basalt 625 0.28 97 0.56097 5.835 11.4

D56 37.75045 -106.363465 341 173 12 3854 0.71 100 Olivine-Augite Basalt - - - - - -

D57 37.7595 -106.360373 340 166 6 2903 0.79 75 Olivine-Augite Basalt 644 0.28 162 0.5835 5.586 10.9

D58 37.76114 -106.339316 318 136 2 3659 2.67 434 Olivine-Augite Basalt 1238 0.37 149 0.7973 2.998 5.9

D59 37.76154 -106.338734 338 135 23 3674 0.36 320 Olivine-Augite Basalt 418 0.10 131 - - -

D60 37.76184 -106.382444 014 206 12 2877 2.59 241 Pyroxene Andesite 286 0.50 37 0.69958 4.517 8.9

Dike #

Fabric analysisSample Location

Strike (⁰)

Azimuth 

from 

center (⁰) 

Distance 

from 

center (m)

Dike 

Thickness 

(m)

Dike 

length 

(m)

Inferred composition

Summary of geometry and petrofabric results for sampled dikes

Strike-Azimuth 

Difference (⁰)
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Apendix C continued 

Latitude Longitude n
R-

value

Fabric 

angle (⁰)
k-value

Standard 

error
95%

D60 37.76184 -106.382444 014 206 12 2877 2.59 241 Pyroxene Andesite 286 0.50 37 0.69958 4.517 8.9

D61 37.76356 -106.382365 029 207 2 2638 1.42 544 Pyroxene Andesite 123 0.26 33 0.53863 13.805 27.1

D62 37.76667 -106.385448 025 216 11 2570 2.13 216

Olivine Bearing Two-

Pyroxene Andesite 380 0.12 75 - - -

D63 37.76885 -106.385828 039 220 1 2388 1.22 151

Olivine Bearing Two-

Pyroxene Andesite 289 0.05 25 - - -

D64 37.77125 -106.384734 048 223 5 2131 0.28 180 Pyroxene Andesite 180 0.31 18 0.65242 9.496 18.6

D65 37.76799 -106.382484 022 213 11 2298 1.98 160 Olivine-Augite Basalt 663 0.14 133 - - -

D67 37.80685 -106.422858 274 296 22 5401 1.35 253 Olivine-Augite Basalt 578 0.35 41 0.74783 4.692 9.2

D68 37.80784 -106.421894 275 298 23 5400 4.09 275

Olivine Bearing Two-

Pyroxene Andesite 580 0.35 122 0.74783 4.650 9.1

D69 37.80797 -106.42176 290 298 8 5370 2.67 170 Olivine-Augite Basalt 303 0.35 91 0.74783 6.434 12.6

D70 37.80482 -106.422797 312 294 18 5300 2.44 380 Pyroxene Andesite 169 0.34 132 0.72356 8.952 17.5

D71 37.81123 -106.375033 334 348 14 2971 0.18 134 Pyroxene Andesite 735 0.14 87 - - -

D72 37.81192 -106.374876 322 348 26 3044 1.30 221

Olivine Bearing Two-

Pyroxene Andesite 514 0.15 89 - - -

D73 37.81164 -106.374285 005 349 16 3008 1.70 288

Olivine Bearing Two 

Pyroxene Andesite 204 0.10 146 - - -

D74 37.81106 -106.37315 321 351 30 2923 2.59 600 Pyroxene Andesite 112 0.28 171 0.5835 13.394 26.3

D75 37.81023 -106.372512 320 351 31 2824 2.92 197

Olivine Bearing Two-

Pyroxene Andesite 648 0.17 143 - - -

D76 37.80961 -106.370368 336 355 19 2734 1.40 475 Olivine-Augite Basalt 128 0.25 150 0.51649 14.093 27.6

D77 37.80961 -106.370397 336 355 19 2736 0.41 191 Olivine-Augite Basalt 142 0.18 92 - - -

D78 37.81013 -106.369525 350 357 7 2792 0.57 143 Pyroxene Andesite 620 0.32 40 0.67587 4.948 9.7

D79 37.80995 -106.368859 355 358 3 2765 1.8034 456

Olivine Bearing Two-

Pyroxene Andesite 78 0.08 82 - - -

D80 37.80991 -106.36828 002 359 3 2760 0.254 160 Olivine-Augite Basalt 98 0.42 41 0.9272 9.275 18.2

D81 37.76051 -106.332181 309 130 1 4172 2.7432 219

Olivine Bearing Two-

Pyroxene Andesite 99 0.37 12 0.7973 10.602 20.8

D82 37.76069 -106.332263 310 130 0 4155 1.524 237 Pyroxene Andesite 241 0.44 155 0.98207 5.615 11.0

Dike #

Fabric analysisSample Location

Strike (⁰)

Azimuth 

from 

center (⁰) 

Distance 

from 

center (m)

Dike 

Thickness 

(m)

Dike 

length 

(m)

Inferred composition
Strike-Azimuth 

Difference (⁰)
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