

[image: image1]
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The structures and textures preserved in lava domes reflect underlying magmatic and eruptive processes, and may provide evidence of how eruptions initiate and evolve. This study explores the remarkable cycles in lava extrusion style produced between 1922 and 2012 at the Santiaguito lava dome complex, Guatemala. By combining an examination of eruptive lava morphologies and textures with a review of historical records, we aim to constrain the processes responsible for the range of erupted lava type and morphologies. The Santiaguito lava dome complex is divided into four domes (El Caliente, La Mitad, El Monje, El Brujo), containing a range of proximal structures (e.g., spines) from which a series of structurally contrasting lava flows originate. Vesicular lava flows (with a'a like, yet non-brecciated flow top) have the highest porosity with interconnected spheroidal pores and may transition into blocky lava flows. Blocky lava flows are high volume and texturally variable with dense zones of small tubular aligned pore networks and more porous zones of spheroidal shaped pores. Spines are dense and low volume and contain small skeletal shaped pores, and subvertical zones of sigmoidal pores. We attribute the observed differences in pore shapes to reflect shallow inflation, deflation, flattening, or shearing of the pore fraction. Effusion rate and duration of the eruption define the amount of time available for heating or cooling, degassing and outgassing prior to and during extrusion, driving changes in pore textures and lava type. Our new textural data when reviewed with all the other published data allow a cyclic model to be developed. The cyclic eruption models are influenced by viscosity changes resulting from (1) initial magmatic composition and temperature, and (2) effusion rate which in turn affects degassing, outgassing and cooling time in the conduit. Each lava type presents a unique set of hazards and understanding the morphologies and dome progression is useful in hazard forecasting.
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INTRODUCTION

The morphology and textures of lava preserve a story of the conditions and processes taking place during its ascent. Recognizing and understanding conditions for various extrusive and eruptive products can provide insights to future timing of events and associated hazards (Calder et al., 2015). At lava domes worldwide, lava morphology and surface textures have been shown to form in response to several emplacement variables, including variations in effusion rate (Watts et al., 2002), emplacement stress regime (Fink et al., 1990; Hale and Wadge, 2008), changes in volatile content (Anderson and Fink, 1990), crystallinity or composition (Watts et al., 2002), fragmentation processes (Wadge et al., 2009), and sintering (Kendrick et al., 2016). Insights into the interacting variables are preserved in the crystal and pore textures of the lava and further supplemented by compositional analysis and observations during eruption. At dome volcanoes, the volatile content, and consequently bubbles, are considered particularly important as the system is often on the boundary between explosive and effusive behavior (e.g., Edmonds and Herd, 2007; Mueller et al., 2011).

Bubbles are considered stationary rather than mobile in highly-crystalline high viscosity magmas, as the viscous forces dominate over the buoyant forces acting on the bubbles, promoting a coupled rise of melt and bubbles (Sparks, 2003). Where magma is rising slowly, permeable magma foam (Eichelberger et al., 1986; Jaupart and Allègre, 1991; Rust and Cashman, 2011), or cracked magma (Tuffen et al., 2003; Lavallée et al., 2013) allows outgassing along the outer shear margin of the magmatic column (Gaunt et al., 2014; Hornby et al., 2015) and/or out into the surrounding country rock, developing a partially or periodically open system (Castro et al., 2012; Cashman and Sparks, 2013; Kendrick et al., 2013). Evidence of continual outgassing and a periodically open system can both be observed at Santiaguito (Stoiber and Rose, 1969; Bluth and Rose, 2004; Johnson, 2004; Holland et al., 2011; Scharff et al., 2012; Ball et al., 2013).

Here we consider degassing as the shallow process of volatiles exsolving from the melt—typically forming bubbles (pores). This process is controlled by the volatile overpressure and solubility, and equilibrium conditions permitting bubble nucleation and growth (Cashman and Sparks, 2013). In contrast, we view outgassing as the process of the exsolved volatiles escaping from the lava, which requires a permeable pathway. A prerequisite for the effusion of high-viscosity lava domes is the partial development of open system degassing and outgassing (Calder et al., 2015). In an open system, gas is able to escape from the magma, reducing gas pressure and decreasing the chance of explosive eruptions (Cashman et al., 2000; Gonnermann and Manga, 2007; Holland et al., 2011; Mueller et al., 2011). Both degassing and outgassing are affected by temperature, pressure, stress conditions, and the residence time of magma in the shallow conduit. In particular, residence time in the conduit is important for high-viscosity magmas for which the physical processes associated with bubble growth, coalescence, and collapse, is sluggish.

Santiaguito comprises four domes (El Caliente, La Mitad, El Monje, El Brujo) which are aligned along an overall E-W trend (Figure 1). Extrusion began in 1922, and has continued uninterrupted, with nine documented cycles of extrusion (Rose, 1973b; Harris et al., 2003; Ebmeier et al., 2012). Santiaguito has experienced a range of activity during this time including lava dome, lava flow, and spine extrusions. Extrusive activity is punctuated by explosive events which has resulted in Vulcanian gas- and ash-plumes (Figure 1A) and occasionally pyroclastic density currents. El Caliente vent is the only site to have been continuously active since 1922. The three other domes are mostly inactive, except for mild gas emission, and are thus accessible for textural analysis. Evolution of the domes has been extensively described and documented (Sapper, 1926; Williams, 1932; Stoiber and Rose, 1969, 1970; Rose et al., 1970, 1976; Rose, 1972b, 1973a,b, 1987b; Smithsonian Institution, 1980–present; Anderson et al., 1995; Andres and Rose, 1995; Harris et al., 2002, 2003, 2004; Bluth and Rose, 2004; Sahetapy-Engel et al., 2004, 2008; Sahetapy-Engel and Harris, 2008; Forbes, 2010; Sanderson et al., 2010; Brill, 2011; Holland et al., 2011; Ebmeier et al., 2012) providing a first order basis for the detailed textural and morphological analysis of lava dome emplacement attempted herein. Extrusion cycles have been classified based on extrusion rate (Rose, 1973b; Harris et al., 2003), but as yet classification of lava types and how they fit into the eruption sequence has not been investigated. Thus, here we aim to classify lava types according to their texture and morphology, place them in within the eruptive sequence, and explain the origins of these textural variations and lava cycles.
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FIGURE 1. (A) Photo of Santiaguito and Santa Maria from the south, showing a typical eruption from El Caliente. The four different domes are labeled. Quetzaltenango is Guatemala's second largest city and is located 10 km north. Photo from Jessica Ball. (B) Photo from a similar location in 1922, the first year of extrusion at El Caliente Dome inside the Santa Maria explosion crater. Photo source unknown, 1922.



GEOLOGICAL AND VOLCANOLOGICAL CONTEXT

Santa Maria is located on the southern edge of the Xela Caldera and is part of the Central American Volcanic Arc which extends from Mexico to El Salvador (Figure 2; Duffield et al., 1993; Bennati et al., 2011). Eruptive activity at Santa Maria began around 103 ka, and the edifice was constructed in four stages before a 25 thousand-year period of quiescence prior to 1902 (Rose et al., 1977; Rose, 1987a; Conway et al., 2013). Numerous lineations cut through the Santa Maria and Santiaguito edifices with a rough east to west orientation (Figure 2; Escobar-Wolf et al., 2010).
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FIGURE 2. Major structural features at Santa Maria and Santiaguito. Santa Maria lies to the south-east of the Xela Caldera Margin (84–12 Ma; Duffield et al., 1993), and sits on the western margin of the Zunil Fault Zone, both mapped by Bennati et al. (2011). The ~1,000 m high erosional explosion crater and inferred incipient caldera bounding margin (Andrews, 2014) formed during the 1902 eruption are marked with a white dotted and dashed line, respectively. Lineations, defined by the alignment of topographic and or geomorphic features, possibly related to faults or joints, are displayed in yellow and were mapped by Escobar-Wolf et al. (2010). Santiaguito is shaded gray with the active El Caliente crater marked in red. Aerial photograph sourced from Google Map data ©2018.



In 1902 Santa Maria underwent a devastating Plinian eruption, generating at least 8.5 km3 dense rock equivalent (DRE) of dacite as ash- and pumice lapilli-fall deposits, and leaving an explosion crater or collapse scar on the southern base of the edifice (Figures 1, 2; Rose, 1972a; Williams and Self, 1983; Singer et al., 2013; Andrews, 2014). After a period of quiescence of 20 years, volcanic activity resumed in 1922, with the extrusion of Caliente dome in the crater excavated in 1922 (Figure 1B). Volcanic activity has occurred without interruption, although at varying effusion rates. Thus far, four domes have been constructed—El Caliente (1922–1939; 1972–present day), La Mitad (1939–1949), El Monje (1949–1958), and El Brujo (1958–1986), extruding a combined total of ~1 km3 of magma (Harris et al., 2003). Following dome growth at El Caliente, La Mitad, El Monje, and El Brujo grew sequentially, moving progressively to the west until activity renewed at El Caliente coincident with activity at El Brujo in 1972 (Figure 1; Harris et al., 2003). The growth of the domes has been described by Rose et al. (1970) and Rose (1972b, 1987b) and units mapped with respect to time by Escobar-Wolf et al. (2010). El Caliente has been termed the main vent as it remained active with intense fumarolic activity throughout growth of the lateral vents, and has been the only center of activity since 1977 (Rose, 1972b, 1987b).

Cyclic Lava Extrusion

This study builds on and supports the view of Harris et al. (2003) that lava extrusion is cyclic, with 3–6 year-long episodes of high extrusion rate (0.5–2.1 m3s−1) followed by 3–11 year periods of low extrusion rate (≤ 0.2 m3s−1). El Caliente is the most active dome at Santiaguito, experiencing multiple cycles of extrusion, at times coeval with activity at the other domes. Visual observations have documented multiple active vents at Caliente (e.g., April 1967: Rose, 1973b). To date, nine different cycles have occurred (Harris et al., 2003), with the latest emplacement of four lava flows >2 km in length in 2011–2015 signaling the start of a new cycle. [Note that during the writing of this study (late 2015 to early 2017), Santiaguito lava dome has experienced a period of heightened activity as explosions have lessened in frequency, increased in magnitude, and excavated a large crater inside El Caliente, before resuming a lava dome growth phase].

Activity prior to 1929 was endogenous, characterized by subsurface build-up of magma to inflate and uplift the carapace of the El Caliente dome. Between 1929 and 1958 a combination of endogenous and exogenous behavior occurred. Post 1958 growth has been solely exogenous, where lava extrudes at the surface (Rose, 1987b; Harris et al., 2003). In December 2012 (i.e., at the time of our field campaign), activity consisted of regular explosions (≤ 2 h−1) producing gas- and ash-plumes reaching heights of <1 km (Lavallée et al., 2015; De Angelis et al., 2016), and simultaneous lava flow extrusion accompanied by frequent incandescent rock falls. The recent observed behavior is consistent with activity at Santiaguito throughout its growth.

Lava Composition

The chemical composition of Santiaguito dome lavas has been thoroughly analyzed by Scott et al. (2012, 2013), as well as by Rose (1972b), Avard and Whittington (2012), and Singer et al. (2013). The first Santiaguito dome lavas extruded in 1922 were very similar to the 1902 eruption products: porphyritic dacites dominated by phenocrysts of plagioclase feldspar (~20–30%), and <5 % in total of pyroxene, titanomagnetite, and sometimes amphibole (Rose, 1972b; Singer et al., 2011; Scott et al., 2013). Although the phenocryst assemblage and abundance has not notably changed over time, the bulk SiO2 content of erupted magma has become progressively less evolved with a decrease from 66 to 62 wt.% SiO2 (Scott et al., 2013). Samples from Harris et al. (2003) indicated that this decrease happened gradually post 1970, but more recent research by Scott et al. (2013) suggest that the shift began as early as the 1930's and has been driven by magma mixing and fractional crystallization. Scott et al. (2012) suggest that the magma chamber developed in the lower crust, 12–24 km deep, with no evidence of a shallow storage zone. A stratified magma chamber model has been proposed with a vertical gradient in composition from a deep basaltic magma to a shallow dacitic magma. This model may explain the progressive depletion in silica content in eruptive products through time and the eruption of andesite at this stage (Scott et al., 2012).

Previous studies have highlighted that the various lava dome structures may be associated with distinct geochemical signatures (e.g., Rose, 1972b; Avard and Whittington, 2012). Most lava structures occur over the entire compositional range with a couple of exceptions. Spine structures only seem to have developed from dacitic lava with 64–66 wt.% SiO2. Blocky lava flows that have reached distances exceeding 2.5 km from the vent seem to be characteristic of andesitic lavas with 62–64 wt.% SiO2 (Rose, 1972b; Harris et al., 2003; Scott et al., 2012, 2013). Although there is a general trend associated with lava types and composition, various lava types and structures are observed within short periods of constant magmatic composition, and throughout the eruptive history at Santiaguito.

MATERIALS AND METHODS

Characterization

Mapping and sample collection at Santiaguito was carried out during a 4-week field campaign in November to December 2012. The outlines of units were based on high-resolution aerial orthophotographs taken in 2006 by the Instituto Geographico Nacional (IGN) of Guatemala. Features such as the outline of the main lava flows were adapted (in consultation with the authors) from Escobar-Wolf et al. (2010) and Ball et al. (2013). The focus of this study was on mapping summit features such as individual spines and lobes, their strikes and dips, and unique textural or structural features associated with them. Samples were taken from a range of these features on the dome summits and the recent lava flows, ranging in age from 1940 to 2012.

Porosity

The density and porosity of samples were measured by pycnometry of 25 mm diameter cylindrical samples using a Helium Ultrapycnometer 1000 at Massey University, New Zealand. We used dry rock equivalent densities of 2,616 ±4 kg m−3 for summit dome samples, and 2,630 ±4 kg m−3 for the 2012 lava flows (the closest spatially and temporally corresponding units from Avard and Whittington, 2012).

2D and 3D Textural Analysis

Textural analysis was undertaken to constrain the range of physical attributes of the lavas erupted. This was achieved quantitatively in 2D and 3D using a combination of techniques. Thin sections were prepared from rocks impregnated with epoxy containing a fluorescent dye, which eased the observation and delineation of pore space in UV light source. Complementarily, the crystal fraction was imaged under plane polarized light (PPL). A combination of manual tracing and ImageJ processing were used to threshold out and calculate the phenocryst crystallinity. Microlite crystal content required further analysis and 3–4 mm samples were prepared for backscatter imagery at the Scanning Electron Microscope (SEM) at the University of Canterbury. The microlites were traced out in Inkscape and quantified using ImageJ.

3D microtomography reconstructions aided with the interpretation of pore shapes from the flourescent thin sections and visually displayed their connectivity. Cross-sectional images of 10-mm diameter samples were obtained using the Imaging and Medical beamline (IMBL) at the Australian Synchrotron in Clayton, Victoria and reconstructed and analyzed as 3D-image stacks in ImageJ. The scan energy of the beam was changed from 30 to 45 KeV as the samples varied in density. Pixel sizes of 2D images were either 6.10 or 13.73 μm, equivalent to voxel sizes in reconstructed 3D stacks of 227 and 2,588 μm3.

Timing

The timing and interpretation of events was constructed from an exhaustive review of the literature and was aided by bulletins and photographs from: Smithsonian Institution Scientific Event Alert Network (SEAN) bulletins, Santiaguito Volcano Observatory (OVSAN) photographs, Instituto Nacional de Sismología, Vulcanología, Meteorología e Hidrología (INSIVUMEH) volcanic alert bulletins and NASA Landsat images. Photos and information from visiting and local scientists and observers also contributed (Bill Rose, Jessica Ball, Kyle Brill, Rüdiger Escobar-Wolf, Julio Cornejo).

RESULTS

Lava Type Characterization

Our historical summary, fieldwork, and textural analysis divide the lava types at Santiaguito into three main types: vesicular lava flows, blocky lava flows, and spines. Crystallinity (percentage of phenocrysts and microlites) are consistent between the lava types (Table 1). Typically lava domes with high crystallinities have pore shapes controlled by crystals, producing irregularly shaped pores with ragged pore walls reflecting the inward protrusion of crystals (microlites and phenocrysts; Hammer et al., 2000; Kendrick et al., 2013). This is also the case for the Santiaguito lavas. Despite this, a significant range of porosity and pore textures are exhibited and we use these in combination with morphology to characterize the lava types.


Table 1. Summary of lava properties by type.
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Here, we present the morphology (Figure 3) and distribution (Figure 4), bubble and crystal textures (Figures 5–7) and relationships between the lava types (Figure 8). A summary of results is provided in Table 1.
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FIGURE 3. Photos of lava types. (A) El Caliente from the south, November 2012, where a vesicular lava is infilling a recent collapse scarp, and long blocky lava flow and summit blocky lava flow are also active. Spines from El Monje can be seen in the distance. (B) A vesicular lava flow on El Brujo, this flow is semi-circle shaped and exhibits a crevasse with features similar to crease structures described at Mount St. Helens by Anderson and Fink (1992). (C) A long blocky lava flow ~1 km from the vent. (D) A prominent spine on La Mitad. (E) Close up of a spine showing the dense spine interior and shear zone rim.
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FIGURE 4. Lava type map of the Santiaguito Lava Dome Complex. This map is developed as a companion map to Escobar-Wolf et al. (2010) and Ball et al. (2013). Pre−2010 dome and lava flow features were mapped by Escobar-Wolf et al. (2010) and Ball et al. (2013) from aerial 0.5 m pixel resolution aerial orthophotos 1860-II-14 and 1860-II-19 (acquired between November 2005 and April 2006 by the Instituto Geográfico Nacional) as well as by direct field mapping. Recent post−2011 collapses and lava flows were mapped from NASA ASTER images, field observations, INSIVUMEH photos, and Google Earth.
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FIGURE 5. Total porosity of extrusive products at Santiaguito. Circles are data from this study, and crosses are values from Avard and Whittington (2012). Blocky lava flows are separated into: summit blocky flows (yellow), blocky lava flows that reach the base of the cone but do not extend further than 2.5 km length (orange), and blocky lava flows >2.5 km (red). Less than 1% of the porosity was isolated in all the samples used in this study, so only total porosity is shown, equivalent to the connected porosity.
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FIGURE 6. Ultra-violet pictomicrographs and tomography imaging of pores in vesicular and blocky lava flows, and of the dense interior of spines. Different colors in tomography images represent connected pores, and the 100 largest pores are displayed in the images.
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FIGURE 7. (A) Tomography of pores in a vesicular zone bordering a spine. The 100 largest pores are displayed in the image in different colors. Note the high connectivity of dilational pores (white) and zone of lower porosity with lower connectivity (bottom corner). (B) UV photo of flow band in a spine showing interconnected dilational pores and phenocryst control on pore shape. Most pore walls are concave and convex in this example. (C) UV photo of a shear zone with ragged pore walls marked by the protrusion of groundmass fragments and phenocrysts. Remnant concave pore walls of previous pores are also visible. Note subvertical alignment of pores.
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FIGURE 8. Timing of extrusive activity and eruptive and collapse events at Santiaguito with reference to extrusion cycles (Harris et al., 2003), composition (Scott et al., 2013), and extrusion rate (Rose, 1973b; Harris et al., 2003).



Vesicular Lava Flows

These refer to lava flows with coherent, vesicular (a'a-like, yet unbrecciated) flow top and a steep rounded front (Figure 3). [Note that this is not easily classified by existing lava flow morphology nomenclature, i.e., it is not a'a or blocky, thus we are limited to the use of “vesicular lava” in this study] Vesicular lava flows are restricted to the summit zone of the domes (Figure 4). An example of vesicular lava was witnessed extruding from El Caliente after moderate dome and summit lava flow collapse on November 28th 2012 (this field expedition; Figure 3A). In most cases vesicular lava flows are overprinted by subsequent eruptions and not preserved (i.e., the November 2012 flow was overprinted by unit Rcs). The units Rbe (erupted in 1978) and the beginning of Rma (erupted in the 1950's) are examples of vesicular lava flows (Figure 4). There are numerous historical accounts and photographs of vesicular lava at Santiaguito, most notably following the explosion and dome collapse in 1929, and when activity returned to El Caliente in 1972 (Anderson et al., 1995).

In our samples of vesicular lava from El Brujo (flow top and interior) porosity is high, ranging from 35 to 70% (Figure 5). The pores are spheroidal and interconnected, with dominantly convex edges and with concave remnant pore wall protrusions (Figure 6). In thin section, pores reach a maximum diameter of 10 mm in size, however tomography (Figure 6) and connected porosity data (Figure 5) show that these pores form a connected network reaching total lengths of several centimeters and extending beyond the dimensions of our 40-mm samples. Pores from the top of the flow are not strongly aligned, though thicker horizontal bands of coalesced pores are present.

Blocky Lava Flows

Blocky lava flows generally have a coherent interior, and a top surface composed of smooth sided, angular–subrounded blocks 0.1–2 m in size (Figure 3). Blocky lava flows extrude from low points in the active dome, however their thickness causes their upper surface to be ~10 m above the vent rim. The flows reach 70 m thick, 500 m wide, and vary in length from 400 m to 4 km (Figure 4). These flows follow local depressions, typically river channels. Blocky lava flows vary significantly in volume and have been divided up by length into summit blocky flows and long blocky flows for some of our results (Figures 4, 8).

Summit blocky lava flows are low-volume flows, which extend a short distance down the sides of the dome, but never reach the base. The units Rbf and Rbh (erupted in 1975) are examples of summit blocky lava flows (Figure 4). These flows repeatedly collapse at the flow toe due to their low volume and the high slope angle (≥35°) from the eruptive summit to the flank of the dome, producing block and ash flows. This collapse dynamic may have prevented the flow front from reaching the base of the dome.

Long blocky lava flows are the highest volume end member, and largest volume extrusive products at Santiaguito. The units Rbb (erupted in 1959–1963) and Rcm (erupted in 2001–2004) are examples of long blocky lava flows (Figure 4). A single long blocky lava flow may continue growing for a few years and as a result these flows have the most pronounced ogives (pressure ridges) and levees (Figures 3, 4). Regular small block and ash flows and avalanches (>1 min−1, reaching up to 400 m) initiate from collapse of both the flow front and sides. Flow fronts of long flows may collapse to form block and ash flows reaching kilometers from the flow front such as in 1976 (Rose et al., 1976).

Vesicularity is heterogeneous, at both outcrop scale and micro scale. The top 5–10 m of long blocky lava flows are more vesicular than the bulk of the interior as seen on La Mitad (this study) and on El Brujo (Rose, 1972b). This vesicularity difference is reflected in the samples from the blocky top (3–79%; Figure 5). Pores range in shape and size between and within samples, including larger round pores as seen in vesicular lava flows, and slim tube shaped interconnected pores with varying degrees of flattening and shearing that are unique to blocky lava flows (Figure 6).

As with vesicular lava flows, in thin section pores reach a maximum diameter of 10 mm; however tomography and connected porosity show that these pores form connected networks reaching total lengths of several centimeters and extending beyond the dimensions of our 40-mm samples (Figures 5, 6). Pores in the samples with the highest porosity have dominantly convex pore surfaces with concave remnants of bubble-wall protrusions, which indicate pore coalescence and/or collapse by shearing. These convex pores are the lar4gest pores in blocky lava flows and are usually connected to other large pores. Many of these interconnected pores show preferential long-axis alignment, and are more aligned than the vesicular lava flow pores.

In the densest samples the pores have smaller maximum diameters. Some pores have both concave and convex surfaces and evidence of remnant pore-wall protrusions, but have little alignment, which are similar to some pores seen in spines. However, in most cases this pore morphology is aligned, with dominantly convex pore walls and little evidence of pore-wall protrusions. These pores form networks of interconnected tubes, and are unique to blocky lava flows. All pore types are dominantly located adjacent to phenocrysts and lithic inclusions (Figure 6). Blocky lava flows can be preceded or followed by spine extrusion.

Spines

Spines are dense, coherent masses of lava that extrude sub-vertically above the vent along linear fault-controlled planes (Figure 3). They are low volume, and limited to the summit zone of the domes. The largest spines reach 200 m long, 50 m wide, and 70 m tall and the smallest spines are only 3 × 5 m (Figure 4). The spines exposed on the domes today are commonly characterized by zones of fractured dense material (>3 m wide), separated by regularly spaced subvertical scoriaceous or brecciated zones (<1 m, here termed “shear zones”; Figure 3). Observations of spine extrusion at Santiaguito report that sections of spines regularly collapse forming block and ash flows that reach the base of the dome, or are repeatedly disrupted by explosive events (Williams, 1932; Rose, 1973b).

Most spines appear to have extruded near-vertically, whereas a few spines have curvilinear surfaces that appear drooped and folded exhibiting some features similar to whaleback structures at Montserrat described by Watts et al. (2002). The difference between these low angle spines and the lava flows is that they are much denser and have shear zones on the outer edges. Similar features have been described at Unzen volcano (Smith et al., 2001; Hornby et al., 2015), Soufrière Hills (Watts et al., 2002), and Mount St. Helens (Gaunt et al., 2014; Kendrick et al., 2014).

The largest of the exposed spines form the prominent ridges on La Mitad and El Monje domes [units Re (erupted in 1931) and Rm (erupted in 1950); Figure 4]. These spines tend to have multiple widely spaced shear zones marked by more vesicular rinds at the edge of each dense core (Figure 3). Commonly a vertical gap is observed in the center of, and parallel to, a shear zone. The gaps widen toward the top of the spine, implying that the denser sections of the spines may have moved apart laterally at the weaker shear zones during extrusion. On a larger scale the major shear zones interweave. Note that shear zones are distinct from cooling joints, which are not marked by a change of texture or vesicularity.

The inside of the spines are dense, but the outside surface may either be smooth, or have a thin brecciated or vesicular rind—“shear zones” (Figure 3). The dense zones within the spines have low porosity (4–22%; Figure 5), and the pores are similar in shape and size between samples. In thin section the pores reach a maximum of 5 mm in diameter; however tomography and connected porosity data show that the pores form large interconnected networks within the 40-mm sample size.

The most common pore type is very thin, skeletal-shaped interconnected pores (Figure 6). These have both convex and concave pore surfaces, evidence of remnant bubble-wall protrusion, and the largest examples always border phenocrysts. Tomography shows that these pores form skeletal-like networks of interconnected pores that are aligned extrusion-parallel in our samples. In contrast to the thin tubular pores in the lava flows, the pore networks predominantly align in thin, tightly spaced vertical planes, with lesser lateral connectivity than vertical. Occasional convex surfaces, bulbous pores, and pore-wall remnants characteristic of more round interconnected pores are observed within the porous network.

Shear zones within the spines generally have a higher porosity (11–79%) than the dense spine interior (4–22%; Figure 5) and are texturally variable. The shear zones can broadly be differentiated into two end members: vesicular and brecciated. Tomography and thin-section show that the vesicular samples have an en-echelon pattern of interconnected sigmoidal pores (Figure 7). The sigmoidal pores have convex and concave pore surfaces. Pores may be large and widely spaced or thin and closely spaced and the largest examples always border phenocrysts and have evidence of remnant bubble-wall protrusion.

In thin section the shear zone pores reach a maximum of 10 mm in diameter; however tomography and connected porosity data show that the pores form interconnected networks within the 40-mm sample size (Figures 5, 7). Small sigmoidal interconnected pores also form along flow bands within the dense spine interior. In thin section the dense interior shows local en-echelon bands with remnants of previous rounded or thin interconnected pores. The length of the chain often extends beyond the length of the 40 mm thin sections and thus cannot account for the full scale of the feature observed in the field. Yet, the geometrical relationship observed in the micro- as well as the macro-textures, such as S-C fabrics (showing the intersection of S-planes oblique to shear surface and C-planes parallel to shear surface), sigmoidal pores and crystal alignments suggest simple shear in these regions of strain localization.

The brecciated shear zones host the dense rocks from the spine interior. We note that the porosity increases slightly and the crystal size decreases along the edge of the spine. The clasts in the shear zones are generally highly brecciated at the macro-scale (clasts 1–30 mm in size) and partially fragmented internally at the microscopic scale. This may be analogous to the cataclasite zones described at Mount St. Helens (Pallister et al., 2012) and have similar properties to those described in the 1994–1995 spine erupted at Unzen (e.g., Smith et al., 2001).

Timing of Lava Types at Santiaguito

The characterization of lava types allowed a re-examination of the timing and progression of lava types at Santiaguito. This synthesis of data is presented in Figure 7, with an accompanying map of all the currently exposed extrusive products in Figure 4. The timeline builds on and supports Harris et al. (2003) view that lava extrusion is cyclic.

A typical eruption cycle begins with an increase in extrusion rate and the early extrusion of spines, often from a new vent. Spine growth is generally preceded by or coincident with endogenous growth as the extrusion rate was low but steadily increasing. As the extrusion rate increases, lava flows of increasing length are emplaced. Toward the end of a cycle the extrusion rate declines again, and the trend is reversed culminating in spine growth. The next phase of activity typically resumes at a new location.

Over time the lava type end members in the cycles changed. Prior to 1980, alternation between spine formation and blocky lava flows of moderate lengths dominated the eruptive sequence. Since 1980, blocky lava flows of variable lengths were erupted from the summit of Caliente dome. Blocky lava flows in excess of 2.5 km in length were not extruded prior to 1965 and have become increasingly dominant since. This transition has coincided with the less frequent spines, becoming significantly smaller in size and volume, and no spines have been extruded since 1990.

Infrequent larger eruptions and dome or lava flow collapse events have caused larger ash plumes (<6 km) and block and ash flows (Rose, 1973a; Rose et al., 1976; Fink and Kieffer, 1993). The most notable of which occurred in 1929 when a collapse and explosion at El Caliente sent a pyroclastic density current 11 km downstream, killing ~5,000 inhabitants in the town of El Palmar (Rose et al., 1976; Simkin et al., 1994). Vesicular lava often follows collapse events.

The timeline highlights how lava types correspond with and respond to the extrusion rate and eruption history, including the effects of slope, cooling, degassing, and crystallization during emplacement.

DISCUSSION

Controls on Lava Dome Morphology

This review, synthesis and new data concerning timing of lava types has revealed remarkable cycles in lava extrusion style. Lava domes may extrude varying lava styles, from endogenous lobes to exogenous lobes or spines (e.g., Manley, 1996; Fink and Griffiths, 1998; MacKay et al., 1998; Nakada et al., 1999; Harris et al., 2002, 2004; Navarro-Ochoa et al., 2002). The development of varying lava styles depends on lava viscosity and extrusion rate (Anderson and Fink, 1989; Swanson and Holcomb, 1990; Watts et al., 2002; Zobin et al., 2002; Pallister et al., 2012), which dictates the development of the shear zones that control extrusion dynamics (e.g., Lavallée et al., 2007, 2013; Tuffen et al., 2013; Kendrick et al., 2014). We attribute the changes in morphology to (1) an evolving source composition and temperature decrease over time (Scott et al., 2013), and (2) conduit processes such as degassing, outgassing, and strain rate driven viscosity changes and the evidence for this is preserved in the pore shapes and sizes.

Several variables have been suggested to control the viscosity of dome lavas; principally melt composition and temperature (Giordano et al., 2008; Mueller et al., 2009) as well as crystallinity (Caricchi et al., 2007), porosity (Caricchi et al., 2011), and strain rate (Lavallée et al., 2007, 2013; Cordonnier et al., 2009; Kendrick et al., 2013).

Consistent with the bulk rock composition, interstitial glass analyses of Santiaguito lavas display a large range in composition (rhyolite–trachyte–dacite), broadly decreasing in SiO2 with time, although the SiO2 content of the glass in individual samples (within a given eruptive unit) may range by up to 10 wt.% (Scott et al., 2012). Along with the composition, the temperature of the reservoir feeding Santiaguito has likely increased (Table 2). The early Santiaguito lavas were very similar to the 1902 eruption products (Rose, 1972b; Singer et al., 2011; Scott et al., 2013) and may represent a pocket of left-over dacite in the magma reservoir (e.g., Scott et al., 2013; Singer et al., 2013); thus we assume that they erupted at a temperature similar to the Santa Maria eruption of around 850°C (Scaillet et al., 1998; Singer et al., 2013; Andrews, 2014). Over time as progressively more andesitic magma was erupted we expect that the temperature of the magma increased, to reach a maximum of 950°C, as estimated by Sahetapy-Engel et al. (2004), and supported by Scott et al. (2013) based on amphibole geothermometry. Similarly, there have been <8% changes in crystal fractions and Scott et al. (2012) hypothesized that crystallization may be limited at shallow depths due to a “final quench” where microlites stop nucleating and growing.


Table 2. Temperatures at Santiaguito.
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To a certain extent, magma chamber stratification and resultant shift in composition and temperature has influenced the lava structures and extrusion cycles over time. In particular spines only formed when dacitic lava was extruded and flows extending over 2.5 km only formed in andesitic lavas. However, various lava types and structures are observed within short periods of similar and arguably relatively constant pre-eruptive composition, temperature and crystallinity, and indicate that the pre-eruptive conditions (i.e., the physico-chemical state in the reservoir before ascent) are not the only control on lava morphology.

Our evidence suggests that in addition to composition, conduit processes such as degassing, pore configurations, strain rate, and thermal shifts during ascent also drive the viscosity changes responsible for the variations in dome eruption style at Santiaguito. The relatively open magmatic system (Bluth and Rose, 2004; Holland et al., 2011) and the slow magma ascent likely allowed for efficient outgassing through the interconnected porous network, which is observed in all lava types (Figure 6), and obvious from continuous gas emission observations at Santiaguito. The amount of dissolved water in the melt during extrusion is unknown at Santiaguito owing to a number of challenging issues arising in these dome lavas. As such, here, we turn to pore textures as evidence of degassing and outgassing and a schematic model of pore development is presented in Figure 9.


[image: image]

FIGURE 9. Conceptual model of pore development at Santiaguito.



We attribute the observed differences in pore shapes and volume to be initially reflecting shallow inflation, deflation, and coalescence of the exsolved bubble volume. Inflated interconnected pores such as in vesicular lava flows and high porosity zones of blocky lava flows show complex pore shapes and remnant pore wall protrusions from coalescence. In deflated interconnected pores such as in spines and dense zones of blocky lava flows, the remnant pore-wall protrusions are smoothed as decreasing gas pressure due to outgassing allows surface-tension-driven deformation (e.g., Kennedy et al., 2016). Inflated pores likely indicate a lower viscosity and perhaps a residual water content in the vesicular and blocky lavas.

Pores may have additionally undergone a degree of flattening and stretching, indicating preferential compaction or shear (Rust et al., 2003; Wright et al., 2006; Kendrick et al., 2013; Ashwell et al., 2015). Stretching of deflated pores results in a network of tube-shaped pores with a preferential alignment in lava flows, or skeletal-shaped pore networks that are aligned along “extrusion-parallel” planes developed in spines (Figure 6). Stretching of inflated pores produces sheet-like pores that form flow bands in the lavas. Shear can additionally facilitate outgassing and deflation by increasing the connectivity between pores (e.g., Okumura et al., 2009; Caricchi et al., 2011). This was shown experimentally on Santiaguito samples by Avard and Whittington (2012) at strain rates representative of long blocky lava flows, and is observed in our dense zones of blocky lava flow samples (Figure 6).

A distinct form of flow bands with en-echelon sigmoidal pores form along spine margins (Figure 7). These are characteristic of dilation where brittle failure of magma results in tension gashes that rotate into sigmoidal shapes and are influenced by phenocryst and remnant pore location (Kendrick et al., 2012; Lavallée et al., 2013). The ragged pore walls in places indicate the magma was torn slowly (unlike straight failure planes produced at high shear rates; see Lavallée et al., 2013). Such tearing structures have also been observed at Unzen, Yakedake, and Daisen by Smith et al. (2001). The high porosity and connectivity of these shear zones likely contribute to outgassing. The considerable evidence of pore collapse in the dense core of spines, bordered by elongate, shear-driven porous bands in these lavas suggest efficient outgassing during ascent and extrusion.

Advances to the Understanding of Cyclic Lava Extrusion at Santiaguito

Here we incorporate our observations and textural analysis with previously published models to build on the growing understanding of cyclic lava extrusion at Santiaguito. The textures and eruption history support a model of a gradually changing reservoir composition and temperature, which is modified by conduit outgassing and localized shear, to dramatically change the viscosity and eruption style of the lava. The timing of the lava types illustrated in Figure 8 highlights how lava types correspond with and respond to the extrusion rate and extrusion history documented by others.

At Santiaguito, extrusion rate is cyclical with 3–6 year-long phases of high extrusion rate (0.5–2.1 m3 s−1), followed by a longer (3–11 year) phase of low extrusion rate (0.2 m3 s−1; Harris et al., 2003). Extrusion rate determines the time in the shallow conduit available for (1) outgassing, reflected in the pore volume and structures, and (2) cooling, influencing viscosity. Lavas at Santiaguito have a viscosity measured to range between ~109 and 1012 Pa.s (Harris et al., 2002; Avard and Whittington, 2012), with spine structures likely on the upper end of this, as at other domes worldwide spines are generally lower temperature and higher viscosity than flows (Nakada and Motomura, 1999; Schneider and Vallance, 2008; Cordonnier et al., 2009). The lava types reveal a progression from porous short flows with inflated pores and coherent flow tops through long lava flows with varied pore morphology and blocky flow tops to spines with deflated pores and well developed porous shear bands. A model for lava type progression is presented in Figure 10.
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FIGURE 10. Cyclical model of extrusive activity at Santiaguito.



Activity at Caliente, Mitad and Monje all commenced with endogenous growth (Figure 10). Although we do not have good time constraints of endogenous growth it probably accompanied all lava types prior to 1958, and we refer to this phase as “leaky” endogenous. Growth at El Caliente was mostly endogenous until the second extrusion cycle began in 1929 (Harris et al., 2003).

Perhaps the most notable event in extrusion cycle II was the November 1929 dome collapse, as the extrusion rate was increasing at El Caliente. The collapse was followed by the extrusion of vesicular lava.

The most porous lava type, vesicular lava, is extruded after large eruptions or dome collapses (Figure 10). The clearing of overlying, more-degassed lava allows fresh magma to ascend relatively quickly, without significant degassing; as a result the lavas vesiculate late at (or near) the surface forming spheroidal vesicles. The vesicular lava flow extrusions coincide with less regular gas explosions, e.g., after the November 2012 collapse. Upon continued extrusion and flow, the flow top of the initially summit-limited, vesicular lava (Figure 11A) apparently evolves in time and space into blocky lava (Figure 11B). Simultaneously in the flow core of the blocky lavas, vesicles progressively collapse and outgas during shearing and flow advancement. In Figure 11C, we show that other proximal lavas exhibit a moderate degree of flow-top brecciation as they spill from a collapse scar with a surface morphology intermediate between the coherent flow tops of the vesicular lavas and the blocky lavas.
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FIGURE 11. Evolution of vesicular lava into blocky lava. (A) Vesicular lava extruding on El Brujo, surrounded by older spines. (B) Photo of the same flow front, 10 months later, with increased brecciation of the flow top. (C) Proximal lava infills a collapse scarp; the lava flow top is made up of large blocks in comparison to longer flows (as in B). See also the blocky lava flow (Rcs) that advanced in the months after the November 2012 collapse, following the initial vesicular lava flow. Note the small block and ash flow descending the dome.



Blocky lava flows extrude at high and low extrusion rates and have a connected network of inflated and deflated pores. The longest lava flows were emplaced during constant, high-extrusion rates that can last up to 2 years (Figure 8; Harris et al., 2003). Eruptions and fumarolic activity occur simultaneously with long blocky lava flow extrusion (Rose, 1973a; Bluth and Rose, 2004; Johnson, 2004; Brill, 2011; Holland et al., 2011) indicating outgassing in conduit. Outgassing continues as the lava flows downslope. This is evidenced by further vesicle reconfiguration, localized shear flattening, stretching and deflation (e.g., Manley and Fink, 1987; Avard and Whittington, 2012; Ashwell et al., 2015; Kennedy et al., 2016) in the flow core. Gas percolates through the permeable network locally creating layers of highly vesicular lava immediately below the dense blocky top. These spatially heterogeneous processes are reflected in the spatial heterogeneity of porosities (vesicles and fractures) in the flows. At any time during flow, lava may be quenched at the flow front or edges, preserving a complex history of pore inflation, deflation, and shear from different parts of the flow.

During periods of low extrusion rates, lava flows of decreasing length develop, and prior to 1990 the dacitic composition favored conditions suitable for spine growth (Figure 8). Spines precede and follow blocky lava flows and have dense interiors containing small, connected, deflated pore networks. Intermittent planar vesicular shear zones with en-echelon sigmoidal pores separate the dense interiors. The low extrusion rate allows time for prolonged degassing, outgassing (evidenced by pore deflation) and cooling in the conduit likely causing viscosity increases that may prompt spine extrusion (Figure 10). Extrusion is accompanied by mild steam eruptions (Williams, 1932; Rose, 1973b), likely initiated along the planar vesicular shear zones, further aiding outgassing.

The recent andesitic eruptive period (1990–2016) switches between the extrusion of vesicular and blocky lavas with length corresponding to extrusion rate, dome collapses, and eruptions. Hence the progressive change in the geochemistry of the erupted lavas in the last century from dacite to andesite (e.g., Scott et al., 2013) may have influenced the temporal occurrence of switches in eruptive activity.

CONCLUSIONS AND IMPLICATIONS

Our new mapping and textural data allowed us to categorize lava types at Santiaguito. Following this an extensive review of all lava types and timing was conducted to create a timeline of extrusive activity at Santiaguito.

(1) There are three main lava types at Santiaguito: vesicular lava flows, blocky lava flows, and spines. These types reveal a progression from porous short flows with inflated pores through to long lava flows with varied pore morphology to spines with deflated pores and well-developed porous shear bands. There is no significant differences in crystal content between these lava types.

(2) The timing of the lava types highlights how they may respond to the extrusion rate and extrusion history (including the effect of slope, cooling, and degassing). Blocky lava flows of increasing length develop at high extrusion rates and spines extrude at the beginning and end of an extrusion cycle at low extrusion rates. A collapse or eruption may cause a shift to extrusion of vesicular lava flows.

(3) Our new textural data when reviewed with all the other published data allows a model to be developed: The model demonstrates the importance of (1) initial magmatic composition and temperature, and (2) effusion-rate-driven degassing, outgassing, and cooling in the conduit, and hence viscosity, in controlling the eruption style and associated lava types.

Each lava type presents a unique set of hazards:

(1) Vesicular lava has the highest temperature and may correlate with higher volatile contents, and therefore the greatest potential for decompression-driven explosive fragmentation. However, they are short lived and low volume following vent-clearing eruptions or collapses until conditions for blocky lava flows again prevail.

(2) Blocky lava flows produce regular small collapses from the flow fronts and flow sides. The higher volume the flow (i.e., the higher the extrusion rate), the greater the hazard potential. Flow fronts of long flows may collapse to form block and ash flows such as in September 1976 (Rose et al., 1976). In addition, large eruptions historically occur during an increase in extrusion rate and blocky lava flow development (i.e., November 1929, April 1973, November 2012). Loose debris associated with large volume flows is transported down river channels by destructive lahars (Harris et al., 2006).

(3) Spines are cooler and degassed prior to extrusion and collapse regularly along fractures during growth, producing a broad talus blanket and historically only small volume block and ash flows. Spines may be destroyed by subsequent vent-clearing eruptions.

Eruptions, small pyroclastic flows and collapses are associated with all lava types. However, the trends presented above provide an added understanding on the development of lava types and sequencing useful in continued hazard forecasting.
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