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Abstract  21 

Volcano-geologic mapping and stratigraphic reconstructions provide important information toward 22 

understanding patterns of edifice construction and destruction of volcanic systems, their eruptive 23 

histories and recurrence rates, and magmatic evolution and plumbing systems, all of which are required 24 

to make informed hazard assessments. Geologic mapping of volcanic terrains also provides context in the 25 

search for and identification of natural resources, including geothermal reservoirs and magmatic-related 26 

ore deposits, and can provide useful background for communication and outreach. Most volcano-geologic 27 

maps and chrono-stratigraphic frameworks are based on a systematic lithostratigraphic approach and are 28 

constructed using an iterative process whereby field observations and mapping alternate with acquisition 29 

of rock compositional and geochronological data. Modern technological and analytical tools have greatly 30 

advanced geochemical and geochronological data acquisition and accuracy, while some technologies have 31 

provided new useful tools for fieldwork, including in poorly accessible environments.  32 
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Introduction 38 

Geologic mapping is essential to understanding Earth’s dynamic history. In volcanic terrains, a geologic 39 

map is fundamental toward establishing the eruptive history of a whole system and to building a complete 40 

time-volume-composition-behavior record that provides the much-needed context for almost all other 41 

geological studies of volcanoes. These include petrology and geochemistry for understanding magmatic 42 

evolution and plumbing systems [E1], physical volcanology for understanding eruptive and emplacement 43 

processes [E2], and distinguishing variable magnitudes, periodicities, and styles of eruption that enhance 44 

our understanding of attendant hazards [E3-E4]. A detailed map with a solid chrono-stratigraphic 45 

framework provides context for evaluating volcanic and magmatic processes at volcanoes and volcanic 46 

fields that change over space and time.  47 

Objectives and use of volcano geologic maps and stratigraphy 48 

A geologic map of a volcano is a graphic representation of a large assemblage of data that includes all that 49 

has been learned about its eruptive history. Geologic maps of volcanoes and volcanic fields, combined 50 

with robust chrono-stratigraphic frameworks of modern terrains form the basis of key products used in 51 

fundamental and applied volcanology research, including at volcano observatories, such as composite 52 

lithostratigraphic columns displaying frequency-magnitude relationships of past eruptions and long-term 53 

(probabilistic) hazard assessments [E3]. Such assessments ultimately provide inputs for risk assessments 54 

and disaster risk reduction [E5]. Ideally, eruption histories from maps and other sources, together with 55 

the volcano system models they inform, are used before and during monitoring and crisis response [E6-56 

E7-E8] and serve as a basis for communication and outreach, including communication with the scientific 57 

community, government agencies, emergency managers, and/or the general public [E9-E10].  58 

Picturesque landscapes with colorful strata, curious morphologies, and intriguing geologic stories about 59 

how and when they formed have led to the establishment of volcano-centered geoheritage sites and 60 

increasing volcano tourism (e.g. UNESCO Global Geoparks) [E11-E12]. Such initiatives provide educational 61 

opportunities to explain to a broad audience the wider societal benefits of studying volcanoes [E9].  62 

Detailed volcano-structural maps combined with geophysical observations of the shallow subsurface (e.g., 63 

resistivity and magneto-telluric surveys) and gas and fluid geochemical analyses (e.g. soil CO2 flux, 64 

fumarole, or hot spring geochemistry) help in building conceptual models of geothermal reservoirs and 65 

fluid pathways, and target zones for geothermal exploration and drilling [E13-E14]. In ancient terrains, 66 

correct identification of altered volcanogenic deposits might help in assessing potential ore deposits 67 

associated with magmatic processes, such as epithermal gold-silver, copper-bearing volcanogenic massive 68 

sulfide ores, or diamondiferous kimberlites [E15-E16]. 69 

[Additional Reading QR1: “Mapping volcano-related resources”] 70 



Volcanoes are dynamic environments 71 

Volcanic areas are dynamic, whether actively erupting or not. Many geologic processes act on timescales 72 

of thousands to millions of years; however, volcanic eruptions and processes can alter landscapes and 73 

hydrographic networks over extremely short timeframes (minutes to years). Explosive events can destroy 74 

an edifice and, at the same time, provide large amounts of material to surrounding sedimentary 75 

environments. Non-eruptive processes such as volcano-edifice collapses can also catastrophically destroy 76 

volcanic edifices [E17]. Volcanic deposits can therefore show complex lateral facies variations and 77 

contacts at the scale of individual outcrops [1]. Whether by initial emplacement processes or by 78 

subsequent reworking, the numerous details of a volcanic history, necessary to provide a sound basis for 79 

long-term quantitative hazard assessments, can only be revealed through mapping and stratigraphic 80 

reconstruction at adequate spatial and temporal resolutions. A multifaceted approach is therefore 81 

needed to produce volcano-geologic maps and to reconstruct volcanic stratigraphy, that include 82 

descriptions of each unit, the unit’s unique features, and its distribution in the area of interest [1-4].   83 

The progressive and continued development of physical volcanology, and advances in geochronological 84 

and geochemical techniques since the 1960s, have generally led to more detailed maps and chrono-85 

stratigraphic reconstructions of volcanic terrains. Modern remote sensing technologies allow for high-86 

resolution digital terrain models, greatly facilitating identification and mapping of large-scale structures 87 

and major units that support targeted ground-truthing field campaigns [1, 4].  88 

In this chapter, we introduce the primary methods and approaches used in geologic mapping of volcanoes 89 

and stratigraphic reconstruction. We start at the larger scale of the volcano-geologic map, discuss general 90 

approaches to fieldwork, and then focus on compiling tephrostratigraphic reconstructions. The mapping 91 

and tephrostratigraphy approaches are each illustrated by case studies; together they can be used to 92 

reconstruct complete eruptive histories of volcanoes and volcanic fields. We highlight some common 93 

challenges and limitations, as well as some recent developments and advances in such field studies.  94 

 95 

Methods to carry out volcano stratigraphy and mapping 96 

General principles 97 

Mapping volcanoes and establishing volcanic stratigraphy requires an iterative process. Initial field work 98 

that establishes eruptive units distinguished in large part by close examination with a hand lens is 99 

corroborated by petrographic, geochemical, paleomagnetic, and geochronologic data, which then inform 100 

additional rounds of field and laboratory work. Ultimately, a description of each eruptive unit includes a 101 

summary of age, vent site, distribution, lithology, composition, mineralogy, structures, contact relations, 102 

and any other characteristics integral to that unit. Compositionally zoned units and evolution of volcanoes 103 

through time provide a wealth of eruptive and pre-eruptive information. Additionally, because most 104 

volcano contacts are, in some sense, unconformable, much can be learned by scrutinizing the geometry, 105 

lithology, and missing time at contacts. Establishing compositional variations, the range of eruptive styles 106 

and ages of events contribute to reconstructing the complex interaction between short-lived 107 

constructional episodes of edifice growth, when fresh material is deposited at the surface, and longer 108 

periods of quiescence during which the edifice and terrain are gradually degraded and deposits 109 



remobilized. Edifice destruction, or remobilization of previously emplaced deposits, may also happen 110 

instantaneously pre-, syn-, or post-eruption, due to rapid deposition of newly emplaced units, or to 111 

caldera (vertical) or sector (lateral) collapse. These rapid shifts between construction and destruction lead 112 

to the formation, and sometimes chaotic stacking, of rock formations that are often delineated by 113 

unconformities and abundant reworked intervals (epiclastic deposits), depending on the nature of the 114 

erupted material (e.g., loose volcaniclastic debris vs. coherent lava), topography around the volcano, and 115 

local climate. Figure 1 presents a small selection of outcrop-scale photos of a range of volcanic deposits 116 

and rocks. 117 

When making initial field observations, use of clear, generic terminology to describe volcanic products is 118 

the best way to support later robust interpretations. Avoiding the tendency to prematurely apply genetic 119 

terminology based on a limited number of observations will encourage consideration of all observations, 120 

and not only those that fit preconceived notions. For detailed guidance on terminology and types of 121 

observations necessary to reach an interpretation of volcanic rock and deposit emplacement mechanisms, 122 

we refer to [5]. Those authors propose a multi-step iterative procedure that can be applied to any type of 123 

volcanic succession, including ancient terrains, and to both coherent rocks (lavas and intrusions) through 124 

fragmental and volcaniclastic facies. The procedure includes describing lithological and petrological 125 

characteristics, followed by describing outcrop- or drill core-scale depositional and emplacement features, 126 

which together lead to a genetic deposit name [5]. 127 

[Additional Reading QR2: “Volcano-geologic mapping and facies descriptions”] 128 

In the following sections we provide an overview of some practical aspects of making volcano-geologic 129 

maps and compiling chrono-stratigraphic frameworks, and present two case studies. For more detailed 130 

and comprehensive overviews on the principles of stratigraphy and mapping, we refer the volcanological 131 

community to recent compilations [1-6]. 132 



 133 

Figure 1: Outcrop-scale photos of a range of volcanic rocks and deposits (a) Las Juntas andesite lava flow, 134 

Tungurahua, Ecuador, showing cooling fractures at variable scales, including columnar jointing at the 135 

base; (b) Photo of lava flows in the Southwest Rift Zone of Kīlauea, Hawaiʻi, USA, demonstrating the 136 

principle of superposition, and differences in weathering and vegetation based on their relative ages. The 137 

dark black lava flow erupted in 1823 CE; it overlies the reddish-brown lava flow (bottom right), and both 138 

flows overlie an older lava flow (back right) that is well vegetated with grass; (c) Valley-filling and sintered 139 

ignimbrite deposits, Valley of 10,000 Smokes, Alaska, USA; (d) Angular unconformity in a sequence of 140 



pyroclastic fallout deposits at Totorillas, Chimborazo, Ecuador; (e) Coherent andesitic lava flows (aeg) 141 

overlaying andesitic pyroclastic facies (ahc), adjacent to intrusive complex of Hodge Crest at Prouty 142 

headwall, South Sister, Oregon, USA; (f) Rhyolite lava flow of Devils Chain (rdc), South Sister, Oregon, USA. 143 

For unit abbreviations of photos (e-f) and sequence interpretations, see Case Study 1. All photos by the 144 

authors. 145 

 146 

Planning and preparing for fieldwork  147 

The level of detail and amount of time required when mapping and establishing stratigraphy will depend 148 

on the objectives and desired end-products of the study. For example, a geologic map of an entire volcanic 149 

complex documenting its complete 100s-kyr-time-volume-compositional record can take a decade (Case 150 

Study 1); and a Holocene stratigraphic profile that compiles frequency-magnitude relationships of past 151 

eruptions to support a hazard assessment can take several years to complete (Case Study 2). However, 152 

an isopach map of a single widespread pyroclastic deposit, or a detailed profile of strata within deposits 153 

that document changing behavior during a single eruption may take less time. Regardless of the scale and 154 

scope of fieldwork that underlies the mapping, appropriate field kit and preparation are important in 155 

being able to achieve the mapping and scientific objectives safely and thoroughly, while considering ethics 156 

of fieldwork, especially for work in sensitive areas, and engaging in appropriate collaborations (Fig 2 / 157 

How-To Box 1). 158 

[Additional Reading QR3: “Collaborations”] 159 

 160 

Figure 2 (How-To Box 1): Summary overview of things to consider before going the field, including kit to 161 

take and precautionary preparations 162 



From fieldwork to compiling a map 163 

A first-order task when mapping is identifying major constructive and destructive geomorphic features 164 

(e.g. (strato)cones, lava flows, tuff rings, maars, landslide scars) and establishing their distributions. 165 

Geomorphic features, drainage patterns, regional faults, and structural lineaments are all considered in 166 

understanding the topography of the landscape. Remote sensing data (satellite imagery, lidar datasets, 167 

and aerial photography) and digital elevation models derived from the imagery are useful, and 168 

topographic and road maps essential. Careful consideration of all the imagery and maps permits some 169 

degree of evaluating accessibility of areas and outcrops prior to fieldwork and is invaluable once “on the 170 

ground.” 171 

Most geologic mapping of volcanoes and stratigraphic correlations are initially based on a 172 

lithostratigraphic approach, meaning that rocks are distinguished, characterized and preliminarily 173 

assigned to units based on lithological properties, stratigraphic positions and distributions. It is important 174 

to clearly describe every relevant feature at the scale of the outcrop and deposit, and of individual samples 175 

or clasts, and to separate these descriptions as much as possible from genetic interpretations. Such 176 

complete descriptions provide a solid basis for a unit’s final definition, its spatio-temporal position, and 177 

interpretive conclusions. Units can be assigned as finely as they can be distinguished. Some lavas can be 178 

mapped as individual flows, others as packages of flows derived from the same vent and eruptive episode. 179 

Fragmental and sedimentary deposits of similar lithological properties are referred to as facies, but a 180 

single facies may repeat across time and stratigraphy and occur independently in unrelated spatial 181 

contexts across a map. A formal lithostratigraphic unit is discrete and has clearly defined upper and lower 182 

boundaries within a stratigraphic succession but may contain internal facies variations. Such variations 183 

can be especially important in volcanic sequences, where characteristics of units can change with distance 184 

from vent [1-4]. 185 

Lithostratigraphic units can be placed in a chronological context first by establishing field-based 186 

stratigraphic relations, then by augmenting those with geochronology (see below). The former involves 187 

correlation of outcrop remnants and evaluation of how different units are juxtaposed. Position and 188 

distribution of the units relative to the landscape is also an important consideration. For instance, it is 189 

common for older lava flows to remain as ridge-capping remnants high above younger lavas that fill an 190 

adjacent glacial or river-carved valley below [6]. Upper and lower limits of identified units may take the 191 

form of paleosols, erosive surfaces, or unconformities, which represent breaks in time or quiescence 192 

between eruptions. In some cases, unit boundaries are subtle and only revealed through detailed analyses 193 

of chemical or mineralogical composition or geochronology [2]. In the last few decades, mapping of 194 

pyroclastic volcanic sequences has sometimes included the concept of unconformity bounded 195 

stratigraphic units (UBSUs), which allows identification of an unconformity hierarchy, and hence, of the 196 

enclosed volcanic successions [3]. For example, a short pause or simple change in style during an eruption 197 

will produce depositional breaks that can be traced only within the deposits of that specific eruption. On 198 

the other hand, catastrophic destructive phenomena such as landslides and caldera collapse can quickly 199 

cause large-scale unconformities. Such unconformities therefore do not really represent a significant 200 

hiatus in time and there is no consensus whether they should be considered to bound stratigraphic units 201 

[1-2]. Given the strong lateral and vertical facies variations that are characteristic of many fragmental 202 



volcanic deposits, including those representing a single eruption, it remains important to start from a 203 

lithologic and facies-based approach in compiling maps and stratigraphic profiles, especially in volcanic 204 

terrains that have not yet been mapped in detail. Identifying and mapping successive products of each 205 

vent on a volcano or in a volcanic field provides a first-order clustering of map units useful in documenting 206 

eruptive history. Lavas, PDCs, pyroclastic falls, epiclastic deposits etc., might all be products of the same 207 

eruptive episode. Formal assignment of stratigraphic hierarchy into groups, formations and members can 208 

only happen when one is adequately confident that all units have been distinguished and defined, and 209 

this happens only late in the iterative process of compiling a geologic map and/or chronostratigraphic 210 

framework supported by adequate compositional and geochronological data.  211 

Key descriptive features 212 

Some key features to consider when describing volcanic rocks and deposits at outcrops include how 213 

surrounding topography has influenced distribution of lavas and fragmental deposits. Other 214 

considerations include rock texture, morphology, crystallinity or phenocryst content (if coherent), deposit 215 

granulometry, sorting and componentry (if volcaniclastic), vesicularity, mineralogy, depositional 216 

structures, thicknesses, and any other defining characteristics. Some of these, and a selection of 217 

appropriate sampling strategies, are listed in Figure 3 / How-To Box 2. Following a systematic procedure 218 

with a clear separation of description and interpretation will help to assign correct genetic names to any 219 

volcanic package, including most of those where the original lithofacies might be heavily modified, 220 

deformed, or completely overprinted by alteration [5]. 221 

 222 

Figure 3 (How-To Box 2): Non-exhaustive overview of features to describe when mapping volcanic rocks 223 

and deposits at a range of scales in the field, and some practical aspects to consider when sampling for 224 



different purposes. Several features described in the field, such as sorting, modal abundance of 225 

components, or roundness of clasts, are ideally estimated using visual comparison charts. 226 

 227 

A brief overview of key volcanic rocks and deposits, with reference to relevant chapters in this volume, is 228 

provided in Table 1. For detailed overviews of eruption processes, emplacement mechanisms, and 229 

resulting deposit features, we refer to these relevant chapters, and [1]. 230 

 231 

Table 1. Overview of key categories of volcanic rocks and deposits. For an exhaustive overview of classes 232 

of coherent and volcaniclastic rocks and their essential characteristics, we refer to relevant chapters in this 233 

volume and [1]. 234 

Deposit observed (described) Depositional mechanism (interpreted) Chapter 

Coherent lava Lava flow/dome Part 3, Chapter 3.1-3.2 

Well-sorted pyroclastic deposit Pyroclastic air fall (aggradation) Part 3, Chapter 4.3 

Plastic flattened clast, or 

impact-/sag-structure under 

clast 

Ballistic transport of bomb or block Part 3, Chapter 4.3 

Poorly sorted pyroclastic 

deposit 

Dilute pyroclastic density currents (stepwise 

aggradation / fluid-escape / traction-dominated 

flow boundary zone) 

Part 3, Chapter 4.4 

High-concentration pyroclastic density 

currents (stepwise aggradation/ granular-flow/ 

fluid-escape dominated flow boundary zone) 

Part 3, Chapter 4.3 

Poorly sorted volcaniclastic 

sediment 

Low-concentration lahars Part 3, Chapter 5.1 

High-concentration lahars Part 3, Chapter 5.1 

Debris-Avalanche Part 3, Chapter 5.4 

Moraine Part 3, Chapter 2.3 

Well-sorted volcaniclastic 

sediment 

Aeolian remobilized ash  Part 3, Chapter 5.2 

Poorly or well-sorted breccia 

with altered matrix  

Hyaloclastite Part 3, Chapter 2.2-2.3 

 235 

 236 



Map units characterized in the field using a hand lens are further evaluated petrographically and 237 

compositionally in the laboratory, and this laboratory work may be synchronous with field mapping over 238 

several seasons in an iterative process (Case Study 1). From macroscopic to microscopic scales, 239 

observations of vesicularity (vesicle abundance and shape, vesicle size distribution), crystallinity (crystal 240 

abundance, shape and organization, crystal size distribution, mineral paragenesis), and groundmass 241 

(presence of microlites, glass, devitrification), along with degree and type of alteration can provide 242 

relevant information about volcanic rocks of interest. Defining eruptive units and timeframes, however, 243 

requires ample additional compositional and geochronological data. The Sm-Nd, K-Ar, 40Ar-39Ar, and U-244 

Th-Pb isotopic systems are generally applied to date Pleistocene-age and older volcanic rocks, whereas U-245 

series, 14C, 40Ar-39Ar, and cosmogenic dating methods, such as 3He and 36Cl, are suitable for Pleistocene 246 

and Holocene age volcanic rocks [7]. 247 

[Additional Reading QR4: “Chronology methods”] 248 

Temporal (e.g., chrono-stratigraphic) history is often put into context with magma compositions, source 249 

vents/volcanoes, deposit distributions and volumes, and eruptive styles and magnitudes. Temporal 250 

information that is crucial to understanding eruptive histories and long-term volcano evolution includes 251 

eruption recurrence intervals, and whether eruptions tend to occur as clustered events, statistically 252 

individual events, or a mix over a volcano’s lifetime. Conventionally, ages are integrated with location of 253 

source vent to determine lava and pyroclastic density current extents and airfall tephra dispersal patterns. 254 

This helps in constraining areas that have been inundated by products from effusive and explosive 255 

eruptions across local to regional scales through time, and yield insights into edifice growth versus 256 

collapse and erosion. Integrating the spatio-temporal framework with composition and mineral data, such 257 

as mafic versus silicic magma contributions, is also useful for clarifying volcano source provenance, and 258 

interpreting magma plumbing systems that can experience changes in magma genesis, flux, storage zone 259 

development, and transport [8]. Understanding the plumbing system provides a proxy by which to better 260 

interpret seismic and other geophysical data at active volcanoes [9] or at volcanoes prospected for 261 

geothermal exploitation. 262 

[Additional Reading QR5: “Magma plumbing systems, petrological monitoring”] 263 

  264 



Case Study 1: Geologic map of South Sister, Oregon, USA 265 

The Three Sisters complex is a cluster of glaciated stratovolcanoes (North, Middle, and South Sister) in the 266 

Cascade Range of Oregon, USA. Glacial erosion has significantly shaped the morphology of this complex; 267 

however, the volcanoes have been sufficiently active in the Quaternary for most landforms to be the result 268 

of constructional processes. Uplift centered about 5 km west of South Sister was detected by satellite and 269 

GPS between the mid-1990s and mid-2000s and was interpreted to be caused by a magmatic intrusion. 270 

Hildreth et al. [10] present a detailed geologic map at 1:24,000 scale, covering an area of exclusively 271 

Quaternary volcanic rocks and derived epiclastic deposits. The map was constructed during about 200 272 

days of fieldwork, mostly on foot, spanning a period of almost 10 years. In total, 145 volcanic units were 273 

mapped, with each analyzed for petrography and geochemistry in an iterative process that gradually 274 

resulted in the published map. Part of those petrological and geochemical investigations were completed 275 

as part of topical studies. The chronostratigraphic framework is constrained by 40Ar-39Ar dating on most 276 

pre-Holocene rocks in combination with field-established stratigraphic relations to piece together the 277 

complete volcano history [10].  278 

[Additional Reading QR6: “Three Sisters, Oregon, USA”] 279 

North Sister is a glacially dissected basaltic andesite edifice that is part of the mafic periphery of the 280 

complex and had its main constructive period between ~120 – 45 ka. During this period, several major 281 

unconformities are identified, indicating multistage edifice growth. Middle Sister, an andesite-basalt-282 

dacite cone, was built during the interval from 48 to 14 ka but mostly between 25 and 18 ka, overlapping 283 

in time with South Sister. Activity at South Sister began with eruption of predominantly rhyolitic lava flows 284 

and domes between ~50 – 30 ka. Toward the end of this period, rhyodacitic lavas also appear, followed 285 

by construction of the main andesitic edifice [11]. This relative sequence is visible in Figure 4, with older 286 

rhyolite units at the southern and northern base of the edifice (reds), followed by dacites (purples) and 287 

andesites erupted from the summit (oranges). The youngest activity, however, is rhyolitic, with the 288 

emplacement at ~2.2 ka of lava flows and tephra deposits (unit rrm) and at ~2 ka of dike-fed lavas along 289 

a N-S trending chain of eruptive vents (unit rdc; Figure 4; [10, 11]).  290 

 291 



 292 

Figure 4 (Case Study 1) Simplified geologic map of South Sister and its periphery, and several Middle Sister 293 

units, all of which are part of the complete Three Sisters complex in Oregon, USA. North Sister is located 294 

~7 km north of South Sister. Colored geologic units are labeled with 3-letter unit designations; the first 295 

letter of each label indicates composition:  b=basalt; m=basaltic andesite (mafic units are shades of green 296 

and blue); d=dacite (pinks and purples); a=andesite (oranges); r=rhyodacite and rhyolite (reds). Figure from 297 

[11]. For a full version of the Three Sisters volcanic cluster map, including a legend and pamphlet with 298 

detailed unit descriptions and compositional and geochronological data, see [10]. 299 

  300 



Tephrostratigraphy and tephrochronology 301 

Tephrostratigraphy is the stratigraphic reconstruction of a sequence of pyroclastic deposits (fallout and 302 

PDC) that are usually more spatially widespread than products of effusive eruptions. Documenting tephra 303 

distribution provides opportunities to estimate deposit volumes and eruption style, and thus 304 

corresponding magnitudes of these eruptions [E18]. Whereas a volcano geologic map represents the long-305 

term evolution of a volcanic system or complex, hazard-informing tephrostratigraphic frameworks are 306 

most often limited to the latest Quaternary, due to limited preservation potential of non-consolidated 307 

pyroclastic deposits in humid climates or previously glaciated regions. When absolute geochronological 308 

information can be integrated with a tephrostratigraphic framework (i.e. tephrochronology), 309 

tephrostratigraphy becomes an effective tool to constrain eruption recurrence intervals, as well as long-310 

term eruptive rates (102–106 years) at the scale of an individual volcano or complex, or of a volcanic region. 311 

Because tephra deposits, particularly from widespread tephra fallout, are emplaced near-instantaneously 312 

(generally, hours to months) in different sedimentary environments (terrestrial, lacustrine, marine, 313 

glacial), they have the potential to form an isochron or ‘time-horizon’ marker bed in the stratigraphic 314 

record. A well-defined absolute age of a well-characterized (“fingerprinted”) tephra deposit may then be 315 

transferred across sedimentary profiles, which may be studied in different disciplines beyond volcanology, 316 

including paleoecology, palaeoclimatology, archaeology, etc. [12]. For mapping purposes, 317 

tephrostratigraphic records are most useful when the deposits can be correlated to the vent(s) from which 318 

they initiated.  319 

To support correlations between sedimentary profiles and environments, and potentially transfer ages 320 

across them, thorough documentation of physical and chemical characteristics of a tephra deposit is 321 

required [13]. Modern mobile applications can be useful in systematically recording all the useful 322 

information and measurements and directly import them into a centralized and geo-referenced database. 323 

Ideally, properties that are used to uniquely fingerprint and correlate tephra deposits are independent of 324 

distance from eruptive source or deposit preservation conditions. Lithological descriptions in the field or 325 

laboratory (e.g., on sediment cores) include basic characterizations such as thickness, color, grain size 326 

distribution, depositional fabric, and componentry (e.g., proportion of juvenile and accidental lithic clasts, 327 

mineral assemblage). Some of these features can, however, change with distance from source, and for 328 

this reason, geochemical fingerprinting is often essential to fully characterize tephra deposits and support 329 

correlations. 330 

Geochemical fingerprinting is usually performed on juvenile components (e.g. volcanic glass shards and 331 

phenocrysts). Unlike the bulk composition of a pyroclastic deposit, glass and/or mineral compositions in 332 

deposits from a particular eruption are more likely to be distinct from those of other eruptions (from the 333 

same or other volcanoes) due to processes of magmatic evolution. Both silicate and Fe-Ti oxide minerals 334 

have been successfully used to fingerprint and correlate tephra deposits (Case Study 2). However, 335 

because distal to ultra-distal tephra deposits (100s–1000s km from source) are generally dominated by 336 

volcanic glass shards, and because the glass fraction tends to also dominate proximal sequences, 337 

geochemical fingerprinting of glassy groundmass remains the most common tool to support 338 

tephrochronological correlations [12, 14]. Improvements in micro-sampling and analytical techniques on 339 

a limited number of individual, small glass shards have allowed significant progress in studies of ultra-340 



distal tephra deposits that may be detected as cryptotephras in glacial, lacustrine, or other sedimentary 341 

systems [14, 15].  342 

Accurately identifying sources and correlating (crypto)tephra layers relies on the availability of a database 343 

of chemical compositions of widespread, regional correlative deposits. Such databases may be used to 344 

identify chemically similar, correlative tephras using statistical tools such as Principal Component Analysis 345 

or k-means clustering. Even with geochemical fingerprinting techniques, however, distinguishing between 346 

different eruptions may still be difficult, as chemical compositions of products from a single volcano tend 347 

to be overlapping. Thus, additional constraints from field observations, physical characterizations of 348 

tephra, and other data such as componentry, may help support correlations.  349 

[Additional Reading QR7: “Tephrostratigraphy and Tephrochronology: methods, databases and case 350 

studies”] 351 

Construction of a solid chrono-stratigraphic framework, and volcano-geologic map, is founded on rigorous 352 

field observations and the ability to investigate adequate outcrops and samples. In some cases, finding 353 

suitable material for dating poses a challenge. For example, radiometric dating systems generally use 354 

specific minerals, appropriate groundmass, or charcoal that are not always present in volcanic deposits of 355 

interest. As a result, it may be challenging to obtain absolute chronologies for major evolutionary stages 356 

of a volcanic system or for each individual lithostratigraphic unit or eruption. Even when suitable material 357 

is available for radiometric dating, if a sequence contains an overabundance of deposits emplaced at rates 358 

faster than the accuracy of the dating technique, it is not feasible to date every single unit. As a result, 359 

eruption history databases [16] do not always contain all the relevant information that could be retrieved 360 

from a (Holocene) stratigraphic framework, and care should be taken when using them as a basis for 361 

probabilistic hazard assessment [E3]. 362 

 363 

Case study 2: The post-glacial tephrostratigraphic framework of Mocho-Choshuenco 364 

volcano, Chile. 365 

Mocho-Choshuenco, a volcanic complex in the Southern Volcanic Zone of the Andes in southern Chile, 366 

was severely glaciated during the Last Glacial Maximum at ~25-16 ka. On-land tephrostratigraphic records 367 

comprise unconsolidated volcanic deposits and soils that are easily eroded, and are thus typically limited 368 

to the post-glacial period. Only marine or rare lacustrine exposures reveal longer-term records of repeated 369 

volcanic ash deposition during glacial periods. Rawson et al. [17] present a high-resolution 370 

tephrostratigraphic reconstruction of Mocho-Choshuenco’s post-glacial history based on detailed field 371 

observations from ~400 locations, including distal tephra sections up to 70 km from the central edifice. 372 

Outcrop exposure and deposit preservation are limited due to dense vegetation and high annual rainfall, 373 

so smaller-scale deposits are likely missing from the record. Field observations were combined with 374 

geochemical (glass and Fe-Ti oxide major and minor element composition) and geochronological 375 

(radiocarbon) data and checked against each other in an iterative process to compile the composite 376 

stratigraphy. A Bayesian statistical approach on this composite profile, into which several units have 377 

multiple radiocarbon dates associated with them, allowed compiling an age model and assigning age 378 

probability functions to each individual unit in the profile. The most widespread deposits were identified 379 



in at least 10 different locations, and isopach (equal thickness) and isopleth (equal maximum grain size) 380 

maps allowed estimates of eruption magnitudes [E18].  381 

The post-glacial tephrostratigraphic record at Mocho-Choshuenco includes 25 well-defined and 382 

chemically fingerprinted lithostratigraphic units (Figure 5) some with sub-units defined by facies 383 

variations, and numerous poorly preserved interbedded scoria fallout deposits. A total of ~75 discrete 384 

post-glacial eruptions are identified, spanning a history of ~16.5 kyr of explosive activity, and 385 

corresponding to an average eruption frequency of ~220 years. About half of the eruptions originated 386 

from (monogenetic) scoria cones along the flanks of the complex, and four were Plinian eruptions of 387 

magnitudes between 5.0 and 5.7 (Figure 5), that produced widespread tephra fallout and/or PDC deposits 388 

of andesitic to rhyodacitic compositions. Since the last major eruption (~ 1.7-1.5 ka) the ten youngest units 389 

are predominantly scoria fallout deposits of andesitic compositions, including the most recent historical 390 

eruption in 1864 CE [17].  391 

[Additional Reading QR8: “Southern and Austral Volcanic Zone, Chile”] 392 

 393 

 394 

Figure 5 Summary of explosive eruptions from Mocho-Choshuenco since the onset of deglaciation at ~18 395 

ka. Each of the 25 chemically and stratigraphically constrained units are represented by their modeled age 396 

probability function, with the peak height scaled to the estimated eruption magnitude and color-coded by 397 

chemical composition. Note that major Plinian eruptions are not evenly spaced in time, which is attributed 398 

to a response of the magmatic plumbing systems to deglaciation. Erosion rates, temperature, humidity 399 

and vegetation density inferred from paleoenvironmental reconstructions from a lake sediment core ~90 400 

km South of Mocho-Choshuenco (for references, see Additional Reading). Figure modified from [17]. 401 



Preservation bias: insights from modern eruptions  402 

Recent eruptions and careful tracing of their deposits in near-real-time help in evaluating preservation 403 

potential and bias in the geological record. Three examples follow: (1) The small-to-moderate 2011-12 404 

subplinian eruption of Cordón Caulle, Chile, dispersed volcanic ash over Patagonia in a lobate dispersal 405 

pattern and with multiple vertical grain-size variations in the deposits due to the long-lasting and pulsating 406 

nature of the eruption. The present-day deposit is poorly or not preserved except in localized, near-vent 407 

areas due to post-depositional erosion and remobilization, including by wind. This suggests that eruptions 408 

of pyroclastic material smaller than VEI or Magnitude 3 are unlikely to be preserved in the geological 409 

record, except in lake sediment and peat cores. Even in lake sediment cores, interpretations of volcanic 410 

ash-layer grain size and thickness should be treated with caution. Tephra from the 2011-12 Cordón Caulle 411 

eruption was dispersed entirely eastward of the volcano, yet a volcanic ash layer was found in sediments 412 

of Lake Puyehue located to its west due to in-washing from the lake’s catchment [18]. Therefore, this ash 413 

was not formed as a primary pyroclastic deposit but was epiclastic in origin. Complicating distribution 414 

analysis still further, the grain size and thickness of this ash increased with distance from source, likely 415 

because of intra-lake currents distributing the sediment into different sub-basins of the lake [18].  416 

[Additional Reading QR9: “Modern eruptions”] 417 

(2) In Iceland, three distinct lava flows erupted from a fissure at Fagradallsfjall during three different 418 

eruptions between 2021 and 2023. The flows overlap with each other and are likely to leave a mostly 419 

coherent lava flow in the geological record of interbedded massive and auto-brecciated facies. From an 420 

operational monitoring perspective, they are considered different eruptions because the pause in activity 421 

between them was more than three months [16]. However, on a geologic map or in a stratigraphic profile, 422 

the products of these lava flows would likely be grouped into one lithostratigraphic unit and interpreted 423 

as the products of one eruption.  424 

(3) The 2022 paroxysmal submarine eruption of Hunga Tonga-Hunga Haʻapai demonstrated the generally 425 

poor knowledge of submerged or partially submerged volcanoes and their underestimated hazards. 426 

Mapping such volcanoes represents a major challenge, as underwater geological surveying is almost 427 

entirely based on high-resolution bathymetric reconstructions, limited visual inspections, and sampling 428 

by remotely operated vehicles [19]. 429 

 430 

Recent advances 431 

Since the end of the late 2000s, Uncrewed Aerial Vehicles (UAVs), commonly referred to as drones, have 432 

revolutionized fieldwork, especially for volcanic mapping [20]. UAVs enhance safety and improve 433 

accessibility to rugged, often unstable and steep volcanic terrains. The evolution of propulsion systems, 434 

battery technology, as well as the miniaturization of sensors and the improvement of data transmission 435 

capabilities have collectively propelled drones to operate at distances several kilometers from active vents 436 

and hazardous areas.  437 

The use of a variety of sensors, including visible RGB, thermal, multispectral, and lidar, enables UAVs to 438 

capture high-resolution imagery, down to centimeter scale, along with precise positioning using Real Time 439 



Kinematics (RTK). This facilitates the creation of georeferenced rasters such as orthomosaics and digital 440 

elevation models using Structure from Motion (SfM) photogrammetry techniques (Figure 6). Moreover, 441 

drones can reconstruct structures and landscape in 3D with unprecedented accuracy, which is helpful in 442 

better understanding volcanic successions and underlying processes.  443 

One of the major advances associated with UAVs is the ability to collect data during volcanic events that 444 

can be processed in near-real-time, enabling volcanologists to quickly assess volcanic hazards and update 445 

existing maps. Drones are now extensively used to produce maps of lava fields and estimate dome growth. 446 

This is also possible because UAVs are often more cost-effective than traditional aerial surveys, which is 447 

extremely helpful for volcanic observatories working on a limited budget. 448 

[Additional Reading QR10: “Recent advances”] 449 

 450 

 451 

Figure 6 Orthomosaic (left, GSD 11.4 cm/px) and Digital Elevation Model with hillshade (right, GSD 23.4 452 

cm/px) of Cristal dome complex at Guagua Pichincha volcano, Ecuador. The red dashed lines correspond 453 

to the crater rims and the blue dashed lines to the lava domes. The coordinate system is WGS 84, UTM 454 

zone 17S. 455 

 456 

Summary  457 

Geologic maps and stratigraphic reconstructions of volcanoes provide fundamental information for 458 

studies on volcanic hazards and probabilistic hazard assessments that may be used by volcano 459 

observatories and other agencies to inform the public and other stakeholders. Such work also supports 460 

other volcanological studies that require an understanding of the evolution of volcano-magmatic systems; 461 

it can support surface exploration studies for geothermal development; and it can be used in ancient 462 

volcanic terrains for identifying mineral resources. Mapping and stratigraphy rely on rigorous fieldwork 463 

that ultimately constructs time-volume-composition records that characterize magnitudes, styles, and 464 

periodicity of all past activity. Recognizing the full range of past behavior of an edifice or volcanic field 465 

provides an essential complement to real-time instrumental monitoring.   466 



When mapping a particular volcanic area, every piece of evidence, from macroscopic to microscopic scale, 467 

becomes relevant to achieve a rigorous and precise interpretation. Modern technologies simplify field 468 

preparations, including the selection of targeted areas and interpretations of large-scale structures and 469 

geomorphological features. Field observations are important in distinguishing contact relations and 470 

unconformities of variable scales, which are critical to understanding the stratigraphic sequence, and 471 

which must be confirmed with geochronological data. Detailed geomorphological and structural studies 472 

must be done to detect possible regional controls on volcanic morphology and activity. An exhaustive 473 

lithofacies analysis should be complemented with geochemical data to support stratigraphic correlations. 474 

Meaningful definition of eruptive units and temporally clustered eruptive groups requires ample 475 

compositional and geochronological data. Laboratory work is synchronous with field mapping and 476 

typically iterative over several seasons.  477 

Construction of tephrostratigraphic frameworks is reliant on geochemical fingerprinting to verify 478 

correlations. This fingerprinting may include a combination of glass or mineral major- and trace-element 479 

chemistry, and componentry analysis. Advances in sample preparation methods and analytical techniques 480 

now allow correlating volcanic ash layers as much as 1000s of kilometers from source. Statistical analyses 481 

and machine learning techniques can help refine correlations of large datasets, but should still be verified 482 

by field constraints, especially in cases where there are similar chemical compositions in a stratigraphic 483 

sequence. Importantly, study of tephras aims not only at mapping timelines but at linking them to vent 484 

sites on the edifice, correlating the chronology of cone lavas to that of fragmental deposits. Mapping and 485 

stratigraphic studies together can develop an integrated stratigraphic, chronological, structural, 486 

geomorphic, and petrologic framework that, combined, document comprehensive eruptive histories. 487 

 488 

Disclaimer 489 

Any use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement 490 

by the U.S. Government.  491 
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Figures & Tables 588 

Figure 1: Outcrop-scale photos of a range of volcanic rocks and deposits (a) Las Juntas andesite lava flow, 589 

Tungurahua, Ecuador, showing cooling fractures at variable scales, including columnar jointing at the base; (b) Photo 590 

of lava flows in the Southwest Rift Zone of Kīlauea, Hawaiʻi, USA, demonstrating the principle of superposition, and 591 

differences in weathering and vegetation based on their relative ages. The dark black lava flow erupted in 1823 CE; 592 

it overlies the reddish-brown lava flow (bottom right), and both flows overlie an older lava flow (back right) that is 593 

well vegetated with grass; (c) Valley-filling and sintered ignimbrite deposits, Valley of 10,000 Smokes, Alaska, USA; 594 

(d) Angular unconformity in a sequence of pyroclastic fallout deposits at Totorillas, Chimborazo, Ecuador; (e) 595 

Coherent andesitic lava flows (aeg) overlaying andesitic pyroclastic facies (ahc), adjacent to intrusive complex of 596 

Hodge Crest at Prouty headwall, South Sister, Oregon, USA; (f) Rhyolite lava flow of Devils Chain (rdc), South Sister, 597 

Oregon, USA. For unit abbreviations of photos (e-f) and sequence interpretations, see Case Study 1. All photos by 598 

the authors. 599 

Figure 2 (How-To Box 1): Summary overview of things to consider before going the field, including kit to take and 600 

precautionary preparations 601 

Figure 3 (How-To Box 2): Non-exhaustive overview of features to describe when mapping volcanic rocks and 602 

deposits at a range of scales in the field, and some practical aspects to consider when sampling for different 603 

purposes. Several features described in the field, such as sorting, modal abundance of components, or roundness of 604 

clasts, are ideally estimated using visual comparison charts. 605 

Figure 4 (Case Study 1) Simplified geologic map of South Sister, and its periphery, and several Middle Sister units, all 606 

of which are part of the complete Three Sisters complex in Oregon, USA. North Sister is located ~7 km north of South 607 

Sister. Colored geologic units are labeled with 3-letter unit designations; the first letter of each label indicates 608 

composition:  b=basalt; m=basaltic andesite (mafic units are shades of green and blue); d=dacite (pinks and purples); 609 

a=andesite (oranges); r=rhyodacite and rhyolite (reds). For a full version of the Three Sisters volcanic cluster map, 610 

including a legend and pamphlet with detailed unit descriptions and compositional and geochronological data, see 611 

[11]. 612 

Figure 5 Summary of explosive eruptions from Mocho-Choshuenco since the onset of deglaciation at ~18 ka. Each 613 

of the 25 chemically and stratigraphically constrained units are represented by their modeled age probability 614 

function, with the peak height scaled to the estimated eruption magnitude and color-coded by chemical 615 

composition. Note that major Plinian eruptions are not evenly spaced in time, which is attributed to a response of 616 

the magmatic plumbing systems to deglaciation. Erosion rates, temperature, humidity and vegetation density 617 

inferred from palaeoenvironmental reconstructions from a lake sediment core ca. 90 km South of Mocho-Choshuenco 618 

(for references, see Additional Reading). Figure from [17]. 619 

Figure 6 Orthomosaic (left, GSD 11.4 cm/px) and Digital Elevation Model with hillshade (right, GSD 23.4 cm/px) of 620 

Cristal dome complex at Guagua Pichincha volcano, Ecuador. The red dashed lines correspond to the crater rims and 621 

the blue dashed lines to the lava domes. The coordinate system is WGS 84, UTM zone 17S. 622 

Table 1. Overview of key categories of volcanic rocks and deposits. For an exhaustive overview of classes of coherent 623 

and volcaniclastic rocks and their essential characteristics, we refer to relevant chapters in this volume and [1]. 624 
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