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ABSTRACT 

Maar-diatremes are small, monogenetic, short-lived volcanoes that are mainly phreatomagmatic 

in origin. They display a funnel morphology and are composed, from top to bottom, by an ejecta 

ring, a maar crater, a typically bedded upper diatreme, a typically non-bedded lower diatreme, a 

root zone and a feeder intrusion. The Miocene Hopi Buttes volcanic field in northern Arizona 

comprises many maar-diatreme volcanoes, and provides excellent exposures of diatremes. The 

well-known stratigraphy of the sedimentary country rocks in the area allows the depth of current 

diatreme remnants relative to the pre-eruptive surface to be estimated. From north to south 

(younger to older), the main sedimentary formations are the Bidahochi Formation, the Moenave 

Formation, the Chinle Formation (Owl Rock Member, Petrified Forest Member and Shinarump 

Member) and the Moenkopi Formation. Two months of field work were carried out on the Round 

Butte diatreme and on the Twin Peaks volcanic complex. Round Butte is a small diatreme 

exposed ~190 m below the pre-eruptive surface and exposes the transition from upper diatreme 

to lower diatreme. Twin peaks is composed by two óplugô-dominated volcanic remnants reaching 

up to the pre-eruptive surface, and a small satellite diatreme. Detailed mapping, componentry 

measurements and sampling were realised at both sites. In the laboratory, geochemistry of 

coherent lavas, dikes and juvenile fragments was characterized. Thin sections of coherent and 

pyroclastic rocks were described and a subset of the pyroclastic thin sections was point 

counted.  

At Round Butte, three main groups of pyroclastic lithofacies were highlighted with undisturbed 

bedded rocks, disturbed bedded rocks and non-bedded rocks, as well as two minor groups 

comprising megablocks (blocks over 2 m in long axis) and debris avalanche deposits. 

Undisturbed bedded pyroclastic rocks were deposited on the floor of the syn-eruptive crater by 

fallback and pyroclastic surges. They are now part of the upper diatreme and sit on an 

unconformity. This unconformity formed during the eruption as a consequence of crater 

excavation, without requiring a significant pause in volcanic activity. Below this unconformity is 

the association of disturbed bedded and non-bedded pyroclastic rocks. The former are crater 

floor pyroclastic deposits in which the bedding has been progressively disturbed, whereas the 

latter form invasive columns created by passing debris jets. This association is interpreted as a 

transition zone toward the lower diatreme at depth. The transition zone has been integrated into 

the general model for maar-diatreme volcanoes, and was the missing link between upper 

diatreme rocks which are clearly phreatomagmatic at many sites, and the more enigmatic lower 
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diatreme rocks. Both are shown to form at the same time, by the same suite of 

phreatomagmatic processes.  

Lithic fragment proportions measured with field componentry at Round Butte are compared with 

country rock fragmentation models based on the stratigraphy of surrounding country rocks and 

the size of the diatreme. The best models have a root zone within the Moenkopi Formation, up 

to 440 m below the pre-eruptive surface. Competent sedimentary formations/members 

(Moenave Formation, Owl Rock Member and Moenkopi Formation) are found in higher 

proportions in the field componentry than in the models because they are resistant to 

disaggregation. On the other hand, the less competent stratigraphic formations/members 

(Bidahochi Formation, Petrified Forest Member, Shinarump Member) show a depletion because 

they disaggregate easily; they are possibly included within the matrix of the pyroclastic rocks. In 

addition, Bidahochi clasts were preferentially expelled toward the ejecta ring during early maar 

formation. Sedimentary megablocks originate from the Bidahochi Formation, Moenave 

Formation and Owl Rock Member. These megablocks, and debris avalanche deposits, formed 

from slumps related to the destabilization of the crater walls. 

Not all maar-diatremes are purely phreatomagmatic. At Twin Peaks, this work describes óplugô-

dominated volcanic remnants composed by two main peaks (North and South) and a satellite 

diatreme forming a SE-NW line. The two main peaks are maar-diatreme volcanoes because 

they display a round shape, gentle to steep contacts with the country rocks and contain some 

phreatomagmatic deposits. Detailed mapping highlights four stratigraphic units. Unit 1 is 

composed by grey to brown juvenile clasts with the highest proportion of lithic clasts of the 

massif; it is interpreted as phreatomagmatic. Unit 2 is less rich in lithic and brown juvenile clasts, 

but displays a higher proportion of moderately to highly vesiculated juvenile clasts; it is 

interpreted as phreato-strombolian. Unit 3a is characterized by non-welded spatter within a fine 

pyroclastic matrix and is interpreted as phreato-hawaiian. Unit 3b is composed by welded 

spatter to clastogenic lavas; the eruptive style was fire fountaining. Finally, Unit 4 is composed 

of black jointed coherent basanite and is interpreted as a lava lake. The lava-filled maar crater 

could have overflowed, forming lava flows, and this is an under-recognized hazard associated 

with maar-diatremes. 

Keywords: transition zone, upper diatreme, lower diatreme, phreatomagmatism, magmatism, 

lithic clasts, lithic-rich lithologies, non-bedded rocks, disturbed beds, undisturbed beds 

  



vii  

 

 

RÉSUMÉ ÉTENDU 

Ce travail de doctorat porte sur la description et lôinterpr®tation de deux volcans ou complexes 

de volcans de type maar-diatrème du champ volcanique Hopi Buttes en Arizona : Round Butte 

et Twin Peaks. Ils ont eu une activité principalement phréatomagmatique à cause de 

lôinteraction entre le magma et lôeau souterraine, bien quô¨ Twin Peaks il y ait eu un changement 

dôactivit® ®ruptive de phr®atomagmatique vers magmatique. Lô®tude de Round Butte permet 

notamment de mieux comprendre les processus éruptifs formant le diatrème inférieur. Pour 

Twin Peaks, lôint®r°t principal est plutôt de mieux définir ce qui a entrainé le passage de 

lôactivit® purement phr®atomagmatique ¨ purement magmatique. 

Cette partie de la th¯se r®sume rapidement lô®tat des connaissances sur les maar-diatrèmes, 

puis présente le champ volcanique Hopi Buttes, la problématique et les objectifs. Il y aura aussi 

une synthèse des résultats principaux obtenus à Round Butte et Twin Peaks et enfin une 

synthèse générale. 

Les volcans de type maar-diatrème 

Les maar-diatrèmes sont des volcans de petite taille ayant une durée de vie courte 

(principalement jours à semaines). Ils sont particuliers du fait de leur morphologie en forme 

dôentonnoir recoupant la surface pr®-éruptive (Lorenz 1986, 2007; White et Ross 2011; 

Valentine et White 2012). Ils se regroupent dans des champs volcaniques monogénétiques et 

ont des compositions chimiques allant dôultramafiques (p. ex. Hopi Buttes, Vazquez 1998; 

Hooten 1999) à felsiques (p. ex. Sugarloaf Mountain, Sheridan et Updike 1975; Tepexitl, Austin-

Erickson et al. 2011). La formation de ces volcans r®sulte principalement dôune activit® 

explosive phr®atomagmatique bien quôils peuvent aussi avoir des phases magmatiques plus ou 

moins importantes.  

Du haut vers le bas, les maar-diatr¯mes se d®composent en trois grandes parties : lôanneau 

dô®jectas, le crat¯re du maar et le diatr¯me (Fig. 1.1; White et Ross 2011). Le diatr¯me lui se 

sépare en un diatrème supérieur lité (Gernon et al. 2013; Delpit et al. 2014; Bélanger et Ross 

2018), un diatrème inférieur non-lité (White 1991; Lefebvre et al 2013), une zone racine (Lorenz 

et Kurszlaukis 2007; Haller et al. 2017) et une intrusion nourricière (Re et al. 2015, 2016; 

Muirhead et al. 2016). Il est très rare de pouvoir observer un maar-diatrème dans son ensemble 
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car dans le cas des maars quaternaires, on ne voit pas le diatrème, alors que pour les volcans 

plus anciens, la partie supérieure est habituellement érodée.  

Le champ volcanique Hopi Buttes (HBVF) 

Le champ volcanique Hopi Buttes est situé dans la partie centre-sud du Plateau du Colorado 

qui est une zone géologiquement stable (Fig. 1.4, Gilbert et al. 2007). Le champ volcanique est 

daté du Miocène et recouvre une aire approximative de 2300 km2 avec environ 300 édifices 

volcaniques, principalement des maar-diatrèmes, mais aussi des cônes de scories, des coulées 

de laves et des intrusions (dykes, sills; Fig. 1.5). Les diatrèmes sont exposés de manière 

exceptionnelle dans le champ Hopi Buttes car ils nôont pas subi de d®formation ou de 

métamorphisme, et aussi car la végétation est très peu développée. Les dykes sont 

généralement de faible épaisseur (autour de 40 cm) et se regroupent dans des complexes de 

dykes et de sills (Re et al. 2015; 2016; Muirhead et al. 2016). Le style éruptif majoritairement 

phr®atomagmatique des volcans dans les Hopi Buttes est li® ¨ lôenvironnement qui r®gnait au 

Miocène. En effet, pendant le volcanisme, cette région était riche en eau avec des étangs 

entourés de vastes plaines arides (White 1989) ce qui a favoris® lôinteraction eau-magma.  

Dans les Hopi Buttes, lô©ge, lô®paisseur, et lôattitude des roches sédimentaires encaissantes des 

diatrèmes sont bien caractérisées (Billingsley et al. 2013). En effet, en identifiant les roches 

sédimentaires présentes autour des restes volcaniques, il est possible de se placer précisément 

dans la stratigraphie régionale et donc de retrouver la profondeur actuelle de ces restes 

volcaniques. Du nord vers le sud du champ volcanique, nous descendons en profondeur dans 

la stratigraphie et par conséquent dans la structure des maar-diatrèmes exposés. Dans les Hopi 

Buttes, les ®difices volcaniques ¨ lôaffleurement permettent dô®tudier ces volcans de lôanneau 

dô®jectas (ex. Teshim maar, White 1991) au diatrème inférieur (ex. West Standing Rocks, 

Lefebvre et al. 2013). 

Problématique 

De grandes villes sont parfois localisés près de champs volcaniques monogénétiques dominés 

par des volcans de type maar-diatrème (Németh et al. 2012; Boivin et Thouret 2014; Poppe et 

al. 2016). Leurs éruptions peuvent être dangereuses à cause des déferlantes pyroclastiques ou 

encore des retombées de cendres (Moore et al. 1966; Nairn 1979; Self et al. 1980; Poppe et al. 

2016). Aussi, les diatrèmes kimberlitiques peuvent être riches en diamants (Kjarsgaard 2007). 
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Les processus éruptifs des maar-diatrèmes ne sont toujours pas complètement compris, 

principalement car la majeure partie de lôactivit® est localis®e dans le diatr¯me (White 1991; 

White et Ross 2011; Lefebvre et al. 2013, 2016). Lôanneau dô®jectas qui est facilement 

accessible dans les jeunes champs volcaniques renseigne sur les processus dôexcavation du 

crat¯re du maar et sur ce qui se passe dans lôatmosph¯re. Les exp®riences en laboratoire quant 

à elles définissent mieux les processus de fragmentation des magmas lors des interactions 

avec lôeau souterraine (Zimanowski et al. 1997; B¿ttner et al. 2002; AustinȤErickson et al. 2008). 

Les expériences analogiques de formation des cratères nous donnent des informations sur 

lôimportance des crat¯res pr®existants et de la profondeur de lôexplosion sur la morphologie 

finale du cratère obtenu (Valentine et al. 2012, 2014; Ross et al. 2013; Taddeucci et al. 2013; 

Graettinger et al. 2014). La géophysique avec la gravimétrie et la magnétométrie est 

intéressante pour d®finir la taille dôun diatr¯me ou dôun complexe de diatr¯me (Blaikie et al. 

2012; Nunns et al. 2019). Mais pour mieux comprendre les processus éruptifs dans le diatrème, 

la stratégie principale demeure de réaliser des études détaillées de terrain sur les diatrèmes. 

La principale étude antérieure de ce type dans les Hopi Buttes est celle de Lefebvre (2013), qui 

porte sur trois volcans. Pendant son doctorat, Lefebvre (2013) a principalement détaillé le 

diatrème inférieur à West Standing Rocks (Lefebvre et al. 2013), une fissure se remplissant de 

spatter à Castle Butte Trading Post (Lefebvre et al. 2012) et a conclu que East Standing Rocks 

nô®tait pas une zone racine mais un diatr¯me qui a arr°t® sa croissance brutalement (Lefebvre 

et al. 2016). Néanmoins, il reste encore beaucoup de questions à résoudre dans les Hopi 

Buttes pour mieux comprendre le fonctionnement des maar-diatrèmes.  

Objectifs  

Ce doctorat propose une étude détaillée des volcans et complexes volcaniques de Round Butte 

et Twin Peaks. Ils ont été mentionnés plusieurs fois dans des publications (White 1991; White et 

Ross 2011) et ont fait lôobjet de visites de terrain (White et al. 2008, 2012a, 2012b) mais nôont 

jamais été décrits dans le détail. Le but principal de ce projet est de décrire précisément et 

dôinterpr®ter les processus ®ruptifs de ces deux sites. 

Pour le diatr¯me de Round Butte, ce travail essaiera de comprendre lôimportance dôune zone de 

transition entre le diatrème supérieur et inférieur, avec des implications pour la mise en place du 

diatrème inférieur (Chapitre 2). Le second but sera dô®claircir lôimportance de lô®tude des clastes 

lithiques et des lithologies riches en lithiques pour la compréhension des processus internes au 

diatrème (Chapitre 3). Pour le complexe volcanique de Twin Peaks, lôint®r°t principal sera de 
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mieux comprendre les causes du changement dôactivit® ®ruptive de purement 

phréatomagmatique à purement magmatique (Chapitre 4). 

Méthodes 

Un mois de travail de terrain a été effectué sur chaque volcan, Round Butte et Twin Peaks. Des 

cartes géologiques en plan et des cartes des falaises composant les massifs ont été réalisées. 

Les lithofaciès pyroclastiques ont été définis à partir des structures, de la granulométrie et de 

lôestimation visuelle de la composition des roches. Des mesures quantitatives de composition 

ont ®t® r®alis®es sur les lithofaci¯s ¨ lôaide des m®thodes de ç line count » et « clast count ». 

Pour finir, un échantillon a été collecté sur tous les lithofaciès définis lors de la cartographie de 

terrain. 

Au laboratoire, des observations sur la taille, la morphologie, la composition des différents 

clastes ont été faites sur des tranches de roches et sur des lames minces. Certaines lames 

minces pyroclastiques ont fait lôobjet de comptages de points p®trographiques. Enfin, plusieurs 

®chantillons coh®rents (dykes, laves, fragments juv®niles) ont fait lôobjet dôanalyses 

géochimiques. 

Résultats et interprétations : Round Butte 

La cartographie détaillée à Round Butte a mis en évidence trois groupes de facies 

pyroclastiques principaux qui sont les roches litées non-perturbées, les roches litées perturbées 

et les roches non-litées. Il y a aussi deux groupes de facies mineurs, les mégablocs et les 

avalanches de d®bris. Lôarchitecture complexe de Round Butte est interprétée comme résultant 

de deux cycles dôexcavation et de remplissage du crat¯re (Fig. 2.12). En effet, pendant le 

premier cycle, un cratère relativement profond a été formé et rempli, formant le remplissage 1 

qui correspond maintenant aux roches pyroclastiques lit®es perturb®es. La phase dôexcavation 

du second cycle a creusé un nouveau cratère dans le remplissage 1, laissant une importante 

discontinuit®, avant dô°tre rempli par le remplissage 2, correspondant aux roches litées non-

perturbées interprétées comme étant le diatrème supérieur à Round Butte.  

En dessous de la discontinuité se trouve une association de colonnes invasives (roches 

pyroclastiques non-litées) avec des colonnes résiduelles (roches litées perturbées) qui ne 

semble pas correspondre à la définition des dépôts pyroclastiques typiques du diatrème 

inférieur. Cette association est plutôt interprétée comme étant une zone de transition entre les 

roches typiquement litées du diatrème supérieur et celles typiquement non-litées du diatrème 
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inférieur. A Round Butte, le diatrème supérieur et inférieur semble donc intimement li® et sô°tre 

mis en place simultanément. Les roches typiquement non-litées se sont formés à partir de jets 

de débris qui se déplacent vers le haut en recoupant les roches litées perturbées, pour former 

des colonnes invasives. Ces jets de débris ont perturbé le litage des dépôts encaissants, mais 

des processus de liquéfaction et de subsidence ont aussi pu contribuer à la perturbation du 

litage. 

Lô®tude des clastes lithiques et des lithologies riches en lithiques a permis de mieux 

comprendre les processus dô®largissement du crat¯re pendant lôactivit® ®ruptive. En effet, les 

avalanches de débris et les mégablocs sédimentaires et pyroclastiques résultent 

dôeffondrements locaux des roches s®dimentaires encaissantes pouvant entrainer des 

morceaux dôanneau dôéjectas. Ces effondrements sont les mécanismes principaux de 

lô®largissement du crat¯re syn-éruptif. À Round Butte, aucun mégabloc ne montre un 

mouvement net vers le haut et ils sont donc toujours retrouvés soit au même niveau ou plus bas 

que leur profondeur dôorigine. 

La cr®ation dôun mod¯le de fragmentation des roches sédimentaires de Round Butte a permis 

dôestimer les proportions de chaque formation sédimentaire fragmentée (Fig. 3.8). Une 

comparaison a été faite entre les proportions estimées par le modèle de fragmentation et les 

proportions recalculées à partir des line counts et clast counts. Cette comparaison a permis de 

mieux comprendre le devenir des différents clastes lithiques dans le diatrème. En effet, les 

unités sédimentaires compétentes sont surreprésentées, alors que celles qui sont friables sont 

sous-représentées. La raison est que les roches compétentes sont difficiles à désagréger alors 

que les plus friables se désagrègent facilement et sont donc « cachées » dans la matrice des 

roches pyroclastiques. De plus, lôappauvrissement en fragments de la Formation de Bidahochi, 

situ®e au sommet de la stratigraphie, est aussi expliqu® par lôexcavation et lôexpulsion 

pr®f®rentielle de cette formation vers lôanneau dô®jecta. 

Résultats et interprétations : Twin Peaks 

Le complexe volcanique de Twin Peaks se compose de deux principaux pics (le nord et le sud) 

avec une masse de lave noire au sommet. Il existe aussi un diatr¯me satellite et le tout sôoriente 

sur une ligne SE-NO (Figs. 4.2, 4.3). Ces restes volcaniques sont interprétés comme étant trois 

maar-diatrèmes. De la base au sommet, quatre unités stratigraphiques ont été définies pour les 

deux pics avec les unités 1, 2 et 3 qui sont pyroclastiques et lôunit® 4 qui est compos®e de laves 

cohérentes. Ces unités stratigraphiques montrent un changement de régime éruptif de 
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phr®atomagmatique ¨ magmatique (Fig. 4.11). En effet, lôunit® 1 (purement 

phréatomagmatique) est surmont®e par lôunit® 2 (phr®ato-strombolienne) puis lôunit® 3a 

(phréato-hawaiienne) et lôunit® 3b (fontaine de lave). Lôunit® 4, au sommet, est quant ¨ elle 

purement magmatique et effusive : côest un lac de lave qui a fini de remplir le crat¯re du maar. 

Ce changement progressif de r®gime ®ruptif semble °tre le r®sultat soit de lôaugmentation du 

flux ®ruptif et/ou de lôappauvrissement de lôapport en eau. 

Twin Peaks est une localité parfaite pour passer en revue les critères traditionnels permettant 

de distinguer les styles phréatomagmatiques et magmatiques dans les maar-diatrèmes 

ultramafiques ¨ mafiques. Ces crit¯res sont toujours tr¯s pertinents dans lôensemble. Seule la 

nature du verre volcanique (tachylite vs sideromelane) se formant dans les clastes juvéniles 

semblent être un critère ambigu. 

Synthèse 

Ce travail introduit de nouvelles informations sur les processus éruptifs et les structures internes 

des volcans de type maar-diatrème. A Round Butte, une importante zone de transition a été 

identifiée entre le diatrème supérieur et le diatrème inférieur. Le modèle général des maar-

diatrèmes a donc été modifié pour y ajouter cette zone de transition (Fig. 2.13). Cette zone de 

transition est le lien manquant pour prouver que le diatrème supérieur et le diatrème inférieur se 

mettent en place simultanément, et que le diatrème inférieur est typiquement 

phréatomagmatique.  

A Round Butte, il a aussi été mis en évidence que les phases éruptives formant les maar-

diatr¯me sont soit domin®es par des processus dôexcavation, soit par ceux de remplissage. Les 

maar-diatr¯mes ne sont pas simplement le r®sultat dôune seule phase dôexcavation profonde du 

cratère syn-éruptif puis de son remplissage qui forme le diatrème. Deux cycles 

dôexcavation/remplissage ont ®t® documentés, résultant probablement de variations dans 

lôintensit® de lôactivit® phr®atomagmatique. Les phases intenses favorisent les processus 

dôexcavation alors que les phases plus calmes sont domin®es par les processus de 

remplissage. Pendant lô®ruption, les m®gablocs et les avalanches de débris élargissent et 

remplissent le cratère. Certains volcans kimberlitiques sont aussi des maar-diatrèmes, mais 

typiquement moins bien exposés et préservés que Round Butte. La meilleure compréhension 

du fonctionnement interne des diatrèmes obtenue à Round Butte pourrait informer sur les 

processus ®ruptifs des kimberlites et aider lôexploration pour les diamants au Canada. 
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Ce travail met aussi en évidence que les maar-diatrèmes ne sont pas uniquement des volcans 

phréatomagmatiques. A Twin Peaks, un changement dôactivit® ®ruptive de phr®atomagmatique 

à magmatique a probablement été lié à une augmentation du flux éruptif et/ou une diminution 

de lôapport en eau (Fig. 4.11). Dôautres volcans dans les Hopi Buttes montrent des phases 

magmatiques plus fluctuantes comme à Hoskietso Claim (White 1991; White et Ross 2011) ou 

allant jusquô¨ un lac de lave qui d®borde ¨ Triplets maar (Graettinger et Valentine 2017).  

Dans la littérature, les risques volcaniques les plus destructeurs associés aux maar-diatrèmes 

sont les déferlantes pyroclastiques pouvant voyager jusquô¨ 5 km de lô®vent (Moore et al. 1966; 

Moore 1967; Vazquez et Ort 2006; Poppe et al. 2016), mais aussi les retombées pyroclastiques 

qui peuvent causer des dommages sur les bâtiments alentour. Ce travail montre un aspect 

moins connu des risques volcaniques associés aux phases magmatiques des maar-diatrèmes : 

les coulées de laves. Ces coulées sont moins dangereuses que les déferlantes latérales car 

elles se déplacent lentement, mais peuvent être très destructrices même à bonne distance de 

lô®vent. Apr¯s avoir d®bord® du crat¯re du maar, les coul®es de lave peuvent former des 

chenaux et atteindre de longue distances (Robert et al. 2014; Harris et Rowland 2015; Latutrie 

et al. 2015) pour toucher des villes qui ne seraient pas affectées par des déferlantes ou des 

retombées pyroclastiques. Il semble donc important de considérer ces coulées de lave dans les 

plans de prévention des risques dans des zones urbaines densément peuplées associées à des 

maar-diatrèmes. Ce genre de travail semble devoir se faire en amont, avant le d®but dôune 

nouvelle crise volcanique, pour permettre la modélisation précise des coulées de lave 

éventuelles et prévoir des zones dô®vacuation s¾res pour la population. 
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1 INTRODUCTION 

This PhD thesis describes and interprets two well-exposed ultramafic maar-diatreme volcanoes, 

Round Butte and Twin Peaks, in the Hopi Buttes volcanic field (HBVF), Navajo Nation, Arizona. 

Their activity was mainly phreatomagmatic, due to interactions between the magma of the 

feeder intrusion and groundwater, although Twin Peaks switched to magmatic activity during the 

late stage of the eruption. Round Butte is easy to access and allows the study of the transition 

zone between bedded pyroclastic deposits of the upper diatreme and non-bedded pyroclastic 

deposits of the lower diatreme. Studying Round Butte can also help to constrain eruptive 

processes occurring in the lower diatreme, which are still debated in the literature. Twin Peaks 

is mainly of interest because it is composed of two main maar-diatremes displaying the same 

progression of eruptive style from phreatomagmatic to magmatic, and the causes of this 

evolution can be evaluated. 

This chapter summarizes the state of the knowledge on maar-diatreme volcanoes, then 

presents the geological context of the study, the problems to be solved, the aims, the methods, 

and outlines the organization of the thesis. 

1.1 Maar-diatreme volcanoes 

After scoria cones, maar-diatreme volcanoes are the second-most common type of volcanoes 

on continents (Vespermann and Schmincke 1998). They are monogenetic, i.e. small, short-lived 

(days to years) volcanoes (Lorenz 1986a, 2007; White and Ross 2011; Kereszturi and Németh 

2012; Valentine and White 2012; Lefebvre et al. 2013; Ross et al. 2017; Valentine et al. 2017). 

They have a funnel-shape morphology cut below the pre-eruptive surface, with the underground 

portion called the diatreme (Fig. 1.1). Maar-diatremes can be located in or near cities such as 

Auckland in New Zealand (Németh et al. 2012; Németh and Kereszturi 2015; Nunns and 

Hochstein 2019), Goma in the Democratic Republic of Congo (Poppe et al. 2016); or Clermont-

Ferrand in France (Boivin and Thouret 2014). The involved magmas display various chemical 

compositions including ultramafic (e.g., HBVF, White 1991; Vazquez 1998; Hooten 1999; 

Hooten and Ort 2002; Lefebvre et al. 2012, 2013, 2016), mafic (e.g., Coombs Hills, McClintock 

and White 2006; Ross and White 2006; Auckland volcanic field, Németh et al. 2012; Nunns et 

al. 2019), intermediate (e.g., Lac Pavin, Leyrit et al. 2016) and felsic (e.g., Sugarloaf Mountain, 

Sheridan and Updike 1975; Tepexitl, Austin-Erickson et al. 2011). 
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Figure 1.1: Maar-diatreme model in cross-section, redrawn from White and Ross (2011). 

The formation of maar-diatreme volcanoes is mainly related to phreatomagmatism, i.e. 

explosive magma-water interaction (Lorenz 1986b; Zimanowski et al. 1997; Büttner and 

Zimanowski 1998). More specifically, they start to form when the feeder intrusion comes in 

contact with an aquifer (Re et al. 2015, 2016; Muirhead et al. 2016; Le Corvec et al. 2018). The 

aquifer can consist of water-filled fractures in a hard rock environment, or of water-saturated 

sediments (Lorenz 2003; Auer et al. 2007; Ross et al. 2011). Maar-diatremes can have 

subordinate magmatic explosive phases, as observed at Ukinrek in 1977 (Kienle et al. 1980; 

Self et al. 1980; Büchel and Lorenz 1993; Ort et al. 2018) or at Taal in 2020 (Smithsonian / 

USGS Weekly Volcanic Activity Report 8-14 January 2020). Many studies document 

intercalation of phreatomagmatic and magmatic beds within ejecta rings (Houghton and 

Schmincke 1986, 1989; Houghton et al. 1996; Ross et al. 2011; Ort et al. 2018). Transitional to 

magmatic units are also reported within diatreme deposits (White 1996a; Valentine and van 

Wyk de Vries 2014; Sonder et al. 2018). There is sometimes an overall evolution of eruptive 

activity from phreatomagmatic to magmatic (Lorenz 1986a; Tietz et al. 2018) or the opposite 

(Valentine and Cortés 2013; Geshi et al. 2019). 

The upper part of maar-diatremes is the ejecta ring (Self et al. 1980; White 1991; Vazquez and 

Ort 2006; Valentine et al. 2015) and the maar crater (Lorenz 1973; White 1991; Graettinger 

2018). The subterranean part is composed of a typically bedded upper diatreme (White 1991; 
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Gernon et al. 2013; Delpit et al. 2014), a typically non-bedded lower diatreme (White 1991; 

Lefebvre et al. 2013, 2016), a root zone (Clement 1982; Lorenz and Kurszlaukis 2007; Haller et 

al. 2017) and a feeder intrusion (Re et al. 2015, 2016; Muirhead et al. 2016; Le Corvec et al. 

2018). It is very rare to observe an entire section across a maar-diatreme, mainly because 

Quaternary examples display the ejecta ring and the maar crater, whereas older, partially 

eroded ones display only the diatreme or the root zone. Only the Suoana crater, exposed in the 

Miyakejima caldera (Japan), is an example showing the entire structure of a small maar-

diatreme volcano from the feeder dike to the ejecta ring (Geshi et al. 2011).  

1.1.1 Ejecta ring 

Ejecta rings consist of pyroclastic deposits around maar craters. They are up to 50 m thick and 

extend radially up to 5 km (Lorenz 2008; White and Ross 2011). They are bedded deposits 

composed of a multitude of mm- to m-thick beds often rich in lithic clasts (Figs. 1.2a, 1.2b; Ollier 

1967; Kienle et al. 1980; White 1991; White and Ross 2011; Lefebvre et al. 2013; Graettinger 

and Valentine 2017). Beds preserved in ejecta rings offer a partial record of the ólifeô of the 

maar-diatreme and can be phreatomagmatic to magmatic in origin (Fig. 1.2b; Houghton and 

Schmincke 1986; Houghton et al. 1996; Ross et al. 2011), although phreatomagmatic deposits 

tend to dominate. Phreatomagmatic beds tend to be pale in color, thin on average and are 

mainly composed by ash and lapilli (Figs. 1.2a, 1.2b) whereas magmatic beds are usually black 

in color and composed of thick coarse beds (clast size range from lapilli to blocks and bombs, 

Fig.1.2b).  

Phreatomagmatic beds display lateral variations from the proximal area, mostly composed of 

structureless beds, to the medial area, which is bedded and characterized by crossbedding, 

dunes and bomb sags, and the distal part, which is finely bedded and composed of planar beds 

(Sohn 1996). The numerous beds result mainly from base surges (Moore 1967; Crowe and 

Fisher 1973; Nairn 1979; Self et al. 1980) or from lesser fallout (White 1991; White and Ross 

2011; Graettinger and Valentine 2017). Subordinate ballistic processes are recorded as bomb 

sags in the plastically deformable beds of the ejecta ring (Sohn and chough 1989; Vazquez and 

Ort 2006; White and Ross 2011). For their part magmatic beds tend to become finer and thinner 

with distance from the vent. 
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Figure 1.2: Photo plate of the subaerial parts of maar-diatreme volcanoes. A) Ejecta ring displaying 

phreatomagmatic beds (P-mag beds) at Teshim maar in the HBVF (photo by B. Latutrie, 2017), B) 

phreatomagmatic beds and magmatic beds (Mag beds) at Oberwinckel maar, West Eifel (photo by P.-S. Ross, 

2008), C) the 320 m wide east maar at Ukinrek, Alaska (photo by C. Neal, 1993) and D) the 700 m wide main 

crater at Ubehebe crater complex, California (photo by L. Siebert, 1974). 

1.1.2 Maar crater 

Maar craters are formed during the eruptive activity because material is expelled toward the 

ejecta ring. A distinction is commonly made between the syn-eruptive crater, which is formed 

directly by the eruption, and the post-eruptive crater, which evolves over a longer period after 

the end of the eruption (White and Ross 2011). Post-eruptive craters are 69 to 5000 m wide 

(mostly 200-1400 m wide) and 5 to 400 m deep (Figs. 1.2c, 1.2d; Lorenz 1973; Ross et al. 

2011; Graettinger 2018). The lateral growth of maar craters during and after the eruption is 
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mainly driven by collapse due to gravitational destabilization of the walls (Kienle et al. 1980; 

White 1991; White and Ross 2011). After the end of the eruptive activity, maar craters are 

commonly filled by lacustrine sediments (Sunflower Butte maar, HBVF; White 1992) or fluviatile 

to aeolian sediments (Teshim maar, HBVF; White 1992). One of the main source of sediments 

is the remobilisation of the pyroclastic deposits of the ejecta ring (Pirrung et al. 2008). Examples 

of crater lakes include Pulvermaar, West Eifel, Germany (Ollier 1967; Lorenz and Zimanowski 

2008), Albano maar, Italy (Giacco et al. 2007; Sottili et al. 2010) or Lac Pavin, France (Leyrit et 

al. 2016). The lacustrine sediments can be good archives to reconstruct the paleoclimate from 

the time of the eruption to the present if the lake still exists (Németh et al. 2008). Maar craters 

are underlain by a variably deep diatreme (Lorenz 1986a, 2007; White and Ross 2011; 

Valentine and White 2012). 

1.1.3 Upper diatreme 

Upper diatremes typically contain well-bedded to diffusely bedded pyroclastic deposits (White 

1991; Gernon et al. 2013; Delpit et al. 2014; Bélanger and Ross 2018). White and Ross (2011) 

distinguish two varieties of upper diatreme deposits: Type I and Type II. Type I deposits subside 

along ring faults during eruptive activity, forming distinctive saucer shape beds as observed in 

the Missouri River Breaks volcanic field, Montana (Fig. 1.3a; Delpit et al. 2014).  

Type II upper diatreme deposits are inferred to be deposited into deep craters without strong 

subsidence processes. They are typical of the HBVF and correspond to an infilling of the syn-

eruptive crater with phreatomagmatic to magmatic deposits (White and Ross 2011). Examples 

of Type II diatremes are Hoskietso Claim (Fig. 1.3b; White 1991) or Round Butte (this study). 

During phreatomagmatic activity, Type II deposits form within the syn-eruptive crater from PDCs 

(surges), proximal fallout and fallback processes (Delpit et al. 2014; Bélanger and Ross 2018) 

whereas during magmatic activity they form from fallout from a strombolian vent or even from 

lava flows filling the crater (Martin and Németh 2002; Tietz et al. 2018). Megablocks that are 

defined to be blocks over 2 m in long axis (e.g., lithic megablocks, Brown et al. 2008; Delpit et 

al. 2014; Ross et al. 2017 or pyroclastic megablocks, Gernon et al. 2013) and landslides 

(Kurszlaukis et al. 2009; Borrero et al. 2017) can be included in upper diatreme deposits. 
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Figure 1.3: Photo plate of the subterranean parts of maar-diatreme volcanoes. A) Type I upper diatreme 

deposits displaying saucer shaped beds at Black Butte, Missouri River Breaks, Montana (photo by P-S. Ross, 

2009), B) Type II upper diatreme deposits displaying phreatomagmatic beds intercalated with spatter 

deposits at Hoskietso Claim, HBVF (Photo by B. Latutrie, 2017), C) lower diatreme deposits with subvertical 

features at West Standing Rocks, HBVF (photo by P.P. Comida, 2017) and D) an elongated root zone 

extending over 900 m at Cerro 117, Cerro Chivo volcanic field, Argentina (photo by P-S. Ross, 2017). 

1.1.4 Lower diatreme 

The lower diatreme is typically filled by non-bedded pyroclastic deposits (Fig 1.3c; White and 

Ross 2011; Lefebvre et al. 2013; Ross et al. 2017), variably cut by coherent intrusions. The 

origin of the non-bedded pyroclastic deposits in the lower diatreme is debated in the literature 

(see discussion in Bélanger and Ross 2018) and three hypotheses are mainly discussed. Some 

workers, such as Porritt et al. (2008) or Gernon et al. (2008, 2013), consider a dissociated 

history for the emplacement of the upper and lower diatreme deposits. This means that the 

eruptive styles and processes of the two portions can be completely different. Porritt et al. 

(2008) proposed that the lower diatreme forms by the in-vent collapse of a subplinian to plinian 

plume. Gernon et al. (2008, 2013) instead favoured fluidization processes.  
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The third hypothesis is that the upper and lower diatreme deposits form simultaneously, mainly 

as a result of phreatomagmatic activity (e.g., White 1991; Ross and White 2006; Valentine and 

White 2012; Lefebvre et al. 2013; Valentine et al. 2014; Lorenz et al. 2017; Bélanger and Ross 

2018). Proponents of this hypothesis note that non-bedded pyroclastic deposits of the lower 

diatreme often contain vertical structures called columns (White 1991; Ross and White 2006; 

Bélanger et al. 2018) and a well-known example of these is the West Standing Rocks diatreme 

in the HBVF (Fig. 1.3c; Lefebvre et al. 2013). The columns in the lower diatreme are thought to 

be related to the passage of debris jets, some of which rise all the way to the crater floor to 

become eruptive columns and jets, which generate the ejecta ring and upper diatreme deposits. 

The debris jets originate in the diatreme and root zone, where feeder intrusions such as dikes 

and sills interact explosively with groundwater (Valentine and White 2012). Debris jets not only 

push material upward, but also disturb and homogenise older bedded pyroclastic deposits, 

eventually destroying the bedding (Bélanger and Ross 2018). 

1.1.5 Root zone and feeder intrusion 

Root zones are considered to be the link between the lower diatreme and the unfragmented 

feeder intrusion, but they are still poorly documented and understood (Lorenz and Kurszlaukis 

2007). Most of the root zone knowledge comes from the study of kimberlitic pipes (Clement 

1982; Hubbard 1986) or carbonatite pipes (Lorenz and Kurszlaukis 1997). Root zones 

commonly display an elongate shape (Fig. 1.3d; Lorenz and Kurszlaukis 2007; Haller et al. 

2017). They are composed of country rocks breccias, non-bedded pyroclastic rocks and 

numerous coherent dikes. Those coherent dikes propagate from the feeder intrusion through 

the root zone and reach the overlying diatreme. This part of maar-diatreme volcanoes is the 

location where numerous phreatomagmatic explosions start to fragment country rocks, allowing 

the deepening of the diatreme in some models (Lorenz 1986a; Lorenz and Kurszlaukis 2007). 

Root zones rarely crop out and none of them are described in the HBVF. Recently Haller et al. 

(2017) described the occurrence of basaltic root zones in the Cerro Chivo volcanic field, 

Patagonia, Argentina. 

1.2 Explosive magma/water interactions 

Phreatomagmatic explosions in maar-diatremes are caused by a violent interaction between the 

magma and the groundwater (Lorenz 1986b; Zimanowski 1998; Zimanowski et al. 1991, 1997). 

Two mechanisms for explosive magma/water interactions have been reproduced in the 
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laboratory and are thought to be possible in nature. In ultramafic to mafic experiments, water 

and magma are intimately mixed, forming a ñpremixò. During this stage, a vapor film provides an 

efficient insulation between the magma and the water. The destabilization of the vapor film, due 

to its condensation or to shockwaves from surrounding phreatomagmatic explosions, allows a 

rapid heat transfer from the magma to the water. This fragments the magma. The liquid water is 

nearly instantaneously transformed into vapor, triggering a sudden volume increase which 

expels the mixture from the crucible (Zimanowski et al. 1991; 1997) or in nature, creates a 

phreatomagmatic eruptive column or jet. By analogy with industrial accidents (Cho et al. 1976; 

Cronenberg 1980), this mechanism is called Molten-Fuel Coolant Interaction (MFCI) with 

magma acting as the ñMolten Fuelò and the water as the ñCoolantò (B¿ttner and Zimanowski 

1998; Zimanowski 1998).  

In intermediate to felsic eruptions (and experiments), a similar ñpremixò step is not reached 

because the magma viscosity is too high, in the 107 to 1012 Pa.s range for rhyolite (Spera 2000). 

However, cracks can open in the moving felsic magma, which allows liquid water to make direct 

contact and interact explosively (Austin-Erickson et al. 2008, 2011). This mechanism does not 

depend on the collapse of vapour films and has recently been called ñInduced Fuel Coolant 

Interactionò (IFCI) (White et al. 2019). 

1.3 Historical eruptions and volcanic hazards 

Examples of historical maar-diatreme eruptions are relatively rare but give important information 

about eruptive phenomena and hazards. The four best known historical examples are the 

Rotomahana (New Zealand) eruption in 1886 (Thomas 1888; Nairn 1979), the Nilahue (Chile) 

eruption in 1956 (Muller and Veyl 1957), the Taal (Philippines) eruption of 1965 (Moore et al. 

1966; Moore 1967) and the Ukinrek (Alaska) eruption in 1977 (Kienle et al. 1980; Self et al. 

1980; Büchel and Lorenz 1993; Ort et al. 2018). These events highlighted the dangerousness of 

maar-diatreme volcanoes. Powerful phreatomagmatic explosions can occur during those 

eruptions, forming 20 km high plumes (Moore et al. 1966; Kienle et al. 1980; Self et al. 1980) 

and pyroclastic density currents (PDCs, Nairn 1979; Ort et al. 2018). Surges, also known as 

low-concentration or dilute PDCs, can travel radially 5 km or more from the vent and cause 

severe destruction (Moore 1967). Indeed, such PDCs and associated ballistic bombs are able to 

destroy the vegetation or human constructions in the surroundings of the volcano. At greater 

distance, ash and lapilli in the eruptive plume fall to form fallout deposits. Over time, during 

eruptions, fallout deposits can accumulate on roofs, leading to building collapse. Magmatic 
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phases are documented in historical maar-diatreme eruptions as scoria cones (Ukinrek, Ort et 

al. 2018 or Taal, Moore 1967) or lava fountains (Taal, Smithsonian / USGS Weekly Volcanic 

Activity Report 8-14 January 2020) but are commonly not taken into account in hazard maps 

and should be given more attention.  

1.4 Geological setting 

The HBVF, which hosts the two studied volcanoes, is located in the southern part of the 

Colorado Plateau. The geology of the Colorado Plateau is presented first, and then that of the 

HBVF. 

1.4.1 The Colorado Plateau 

The Colorado Plateau is an area of relatively tectonically stable continental crust since the 

Lower Permian (Billingsley et al. 2013). It is located in southwestern USA, between the Rocky 

Mountains and Rio Grande Rift to the east, and the Basin and Range Province to the west and 

south (Fig. 1.4; Thompson and Zoback 1979; Fitton et al. 1991; Kempton et al. 1991). The 

plateau crust is ~40 km thick (Frassetto et al. 2006; Gilbert et al. 2007). 

During the Paleoproterozoic, two main terranes (Yavapai and Mazatzal; Karlstrom and Bowring 

1988; Karlstrom and Humphreys 1998) were accreted along a NE-SW axis, forming the 

basement of the plateau. The boundary of these two terranes is still unclear (Gilbert et al. 2007). 

During the Precambrian, an orogenic phase formed large scale uplifts and subsidence (Davis 

1978; Marshak et al. 2000; Davis and Bump 2009). The Sevier Thrust Belt and the Laramide 

subduction zone were active almost at the same time, from the lower Cretaceous to the Eocene 

(Fig. 1.4; Gilbert et al. 2007; Davis and Bump 2009). Finally, during the Pliocene, the region was 

affected by an extensive deformation phase generated by the convergence and the destruction 

of the Farallon plate (Atwater 1970). This formed the Basin and Range Province and the Rio 

Grande Rift. A 50-100 km wide Transition Zone is present between the Colorado Plateau and 

the Basin and Range Province. This Transition Zone is characterised by late Tertiary normal 

faults and Quaternary volcanism (Thompson and Zoback 1979).  

The Colorado Plateau is capped by 3-5 km of Phanerozoic sedimentary rocks that were 

deposited on crystalline basement rocks (Cooley et al. 1969; Keller et al. 1998). Sedimentary 

rocks display a low dip of 1-2Ánortheastward and didnôt experience strong tectonic deformation 

processes (Billingsley et al. 2013). In the HBVF area, the main formations are dated from the 
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Lower Triassic (Moenkopi Formation) to the Miocene (Bidahochi Formation) and are described 

in detail in Chapter 3.  

 

Figure 1.4: Map of the southwestern part of the USA showing the location of the Colorado Plateau with the 
recent volcanic fields (< 30 Ma) in green and the main tectonic structures that are the Sevier Thrust Belt, the 
Laramide subduction zone, the Basin and Range Province (BRP), the Rio Grande Rift (RGR) and the 
Transition Zone (TZ). Figure modified from Lefebvre (2013) who used the papers of Akers et al. (1971); 
Kempton et al. (1991); Delaney and Gartner (1997); Tingey et al. (1999); Davis and Bump (2009). Note: HBVF = 
Hopi Buttes volcanic field, NVF = Navajo volcanic field, SFVF = San Francisco volcanic field, LC = Lunar 
Crater volcanic field, UC = Ubehebe crater, Ne = Nebraska, Ka = Kansas, Ok = Oklahoma. 

Two main phases of volcanism occurred during the Colorado Plateau history. A first phase 

occurred between the Lower Cretaceous and the Eocene. Intense magmatism occurred on the 

edge of the Colorado Plateau and low intensity magmatism toward the center (Lipman et al. 

1972; Snyder et al. 1976). The second phase of magmatism, during the Pliocene, was 

generated because of the destruction of the Farallon plate and occurred on the margin of the 

plateau (Fitton et al. 1991). Notable volcanic fields on the Plateau (Fig. 1.4) include the HBVF 

(Miocene), described in the next section, as well as the San Francisco volcanic field (Miocene to 

Holocene, Ulrich et al. 1984; Ulrich 1987) and the Navajo volcanic field (Oligocene, Nybo et al. 

2011). The Navajo volcanic field igneous remnants are mainly large maar-diatreme volcanoes 

and minette dikes (Semken 2003; Bélanger and Ross 2018) whereas basaltic volcanoes of the 

San Francisco volcanic field are mainly composed of scoria cones and lava flows (Riggs et al. 

2019). 
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1.4.2 Hopi Buttes volcanic field (HBVF) 

The HBVF is mainly composed by maar-diatreme volcanoes, intrusions, lava flows and scoria 

cones (Williams 1936; White 1991; Hooten 1999; Vazquez and Ort 2006; Lefebvre et al. 2013; 

Re et al. 2015, 2016). It contains about 300 Miocene (8-6.5 Ma) volcanic remnants distributed 

over an area of 2300 km2 (Fig. 1.5).  

The pioneering stage of HBVF exploration occurred in the first half of the 20th century. Gregory 

(1917) provided the first description of the volcanic remnants and observed mainly ñvolcanic 

necksò, lavas and dikes. Williams (1936) observed that most HBVF volcanoes were circular in 

shape and composed by coherent or pyroclastic rocks. He observed that volcano remnants are 

typically tuff breccia ñshaftsò in the Navajo volcanic field (e.g., Cathedral Cliff, Bélanger and 

Ross 2018; Ship Rock, Delaney 1987) whereas those of the HBVF are often óplugô-dominated, 

i.e. mostly consisting of thick jointed lavas, and referred as ñHopi necksò. More detailed studies 

on maar-diatreme volcanoes in the HBVF concluded that they form from magma-water 

interactions (Hack 1942).  

Modern volcanological studies of the HBVF started with the work of White (1989, 1990, 1991). 

He described ejecta ring and diatreme deposits in detail, but also the environmental setting at 

the time of the volcanism (playa and pond setting). He obtained new insights on emplacement 

processes of maar-diatremes in the HBVF, and popularized the field as one the best places in 

the world to study such volcanoes (White and Ross 2011). 

Vazquez (1998) and Hooten (1999) focused on the physical volcanology of several other HBVF 

volcanoes and documented the geochemistry of the field. They observed that most of the 

volcanic remnants are basanite/tephrite in composition. Hooten (1999) and Hooten and Ort 

(2002) highlighted peperite deposits formed by non-explosive fragmentation processes. 

Vazquez (1998) and Vazquez and Ort (2006) investigated an ejecta ring and demonstrated 

lateral facies changes in base surge deposits.  

More recently, Lefebvre et al. (2012, 2013, 2016) returned to diatreme deposits. They 

introduced the concept of spatter dikes (fissures filled by spatter), detailed the architecture of 

the lower diatreme by describing vertical columns at West Standing rocks (Figs. 1.3c, 1.5) and 

gave an example of a diatreme that stopped early during its formation at East Standing Rocks. 

Re et al. (2015, 2016) and Muirhead et al. (2016) focused on feeder intrusions. They 

emphasized that sills or inclined sheets could also be the feeders of maar-diatreme volcanoes 
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(the typical model instead shows a vertical dike) and considered that many en echelon dikes in 

the HBVF could have fed scoria cones. 

 

Figure 1.5: Geological map of the Hopi Buttes volcanic field (after Billingsley et al. 2013) superimposed on a 
Google Earth image (centre at UTM zone 12S, 572 410 m E, 3 916 058 m N). The location of the Round Butte 
diatreme and the Twin Peaks volcanic complex are indicated, along with the position of other notable 
features. A stratigraphic log of the country rocks for the Round Bute area has been constructed based on the 
literature (Billingsley et al. 2013). 
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1.5 Problems and aims 

Maar-diatreme volcanoes can be located near cities. As noted above, the eruptive activity of 

maar-diatremes is characterised by violent phreatomagmatic explosions that produce plumes 

able to reach a height up to 20 km (e.g., Ukinrek, Kienle et al. 1980; Self et al. 1980). The 

eruption columns generate fallout. The main hazard though is the low-concentration PDCs 

(surges) that are able to travel up to 5 km radially and cause severe destruction (Moore 1967; 

Crowe and Fisher 1973; Nairn 1979; Self et al. 1980; Vazquez and Ort 2006; Lorenz 2007; 

White and Ross 2011; Poppe et al. 2016; Hayes et al. 2018). On the positive side, kimberlitic 

maar-diatreme volcanoes can host diamond deposits (Kjarsgaard 2007). 

Despite this socio-economic importance, the eruptive processes of maar-diatremes are still not 

completely understood, mainly because most of the explosive activity takes place in the 

subterranean diatreme (White 1991, 1996a; White and Ross 2011; Lefebvre et al. 2013, 2016). 

Ejecta rings are easily accessible in young volcanic fields but their study only gives a partial 

understanding, because not all explosions in the diatreme or root zone send material all the way 

to the surface (Lorenz 1973, 2007; Houghton and Schmincke 1986; Houghton et al. 1996; 

Stoppa 1996; Valentine et al. 2015). Laboratory experiments on phreatomagmatic explosions 

provide information on how the magma and water interact (Zimanowski 1998; Zimanowski et al. 

1991, 1997; Büttner et al. 2002; AustinȤErickson et al. 2008). Large-scale experiments with 

chemical explosives illustrate cratering processes and give insights on the relation between the 

depth of the explosion and the size of the crater, as well as on the importance of pre-existing 

craters on the morphology of the final one (Valentine et al. 2012, 2014; Ross et al. 2013; 

Taddeucci et al. 2013; Graettinger et al. 2014). Geophysical studies such as gravity or magnetic 

surveys are interesting to provide an estimation of the size of the diatreme or of a diatreme 

complex (Blaikie et al. 2012; Nunns et al. 2019) but do not provide details of the internal 

structure. Therefore, the main strategy to better understand the internal structure and eruptive 

processes of maar-diatremes is still to conduct detailed field studies on partly eroded volcanoes 

displaying the diatreme (Ross and White 2006; Delpit et al. 2014; Bélanger et al. 2018). 

A few previous studies have utilized the HBVF diatremes for this purpose. Notably, Lefebvre 

(2013) examined three volcanoes in the HBVF. She worked on the lower diatreme composed by 

subvertical columns at West Standing Rocks (Lefebvre et al. 2013), reconstructed processes 

that form spatter dikes at Castle Butte Trading Post (Lefebvre et al. 2012) and concluded that 

East Standing Rocks is not a root zone as originally thought, but instead a diatreme 
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characterized by a brutal stop during its activity (Lefebvre et al. 2016). However, there are still 

many questions to answer about how maar-diatreme volcanoes work (see examples below), 

and studying other well-exposed HBVF diatremes is a good way to try to make progress in 

answering them. 

This thesis contains a detailed study of the Round Butte and Twin Peaks volcanoes. Their 

emplacement processes and eruptive dynamics will be modeled. These volcanoes are cited in 

publications (White 1991; White and Ross 2011) and are commonly visited during field trips 

(White et al. 2008, 2012a, 2012b) but had never received focussed attention. At Round Butte, 

early workers observed both non-bedded and bedded pyroclastic deposits, suggesting that a 

transition zone between the upper and lower diatreme may be exposed there; this is very rare 

worldwide. Reconnaissance at Twin Peaks indicated that this is an example of a plug-type 

necks thought to be typical of the HBVF by Williams (1936), but never studied in detail in this 

field.  

At Round Butte, this work will focus on the significance and the genetic importance of the 

transition zone between the upper and lower diatreme (Chapter 2). Another research axis at 

Round Butte will be the contribution of the study of lithic clasts and lithic-rich lithologies in our 

understanding of eruptive processes in the diatreme (Chapter 3). The main interest at Twin 

Peaks is to learn about processes leading to the change in eruptive regime from 

phreatomagmatic to magmatic to form plug-type necks (Chapter 4). 

Specific questions at Round Butte include: 

¶ How is the syn-eruptive crater filled?  

o What are the processes by which pyroclastic rocks are deposited in the upper 

diatreme? 

o Is there only one phase of crater excavation and infilling, or several?  

¶ How are non-bedded deposits formed in the lower diatreme?  

o Are homogenisation processes responsible for the formation of the pyroclastic 

rocks in the lower diatreme?  

o If so, what are these homogenisation processes?  

¶ What does the transition between the upper and lower diatreme look like, and how does 

it form?  

o Is the transition sharp or is it a thick/gradual zone?  
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o Are the upper and lower diatreme formed simultaneously?  

¶ What can lithic clasts and lithic-rich lithologies can tell us about diatreme processes?  

o Where are the lithics coming from; are they moving up or down? 

o What can country rock fragmentation models tell us on maar-diatreme geometry 

and formation?  

Specific questions at Twin Peaks include: 

¶ Is the explosive activity in maar-diatreme continuous or can there be breaks?  

¶ What influences the change of eruptive regime from phreatomagmatic to magmatic?  

¶ Is there only one active vent at the time? 

¶ Can lava fill the maar crater and even potentially overflow? 

These questions are not HBVF-specific, but instead are fundamental questions about how 

maar-diatreme volcanoes work. The transition zone is the missing link between bedded and 

non-bedded pyroclastic deposits in the diatreme and no study has yet focused on the timing of 

its formation. Studying the transition zone will provide details on the timing and processes of 

formation of the upper and lower diatreme, and clarify the ongoing debate on the 

phreatomagmatic origin of the lower diatreme. This has implications for kimberlitic maar-

diatremes, because the internal architecture and emplacement processes of diatremes 

influences diamond distribution. Lithic clasts are interesting because unlike juvenile fragments, 

they have known depths origin when the country rock stratigraphy is well known. They can be 

used in other volcanic fields to reconstruct the net movement of clasts in the diatreme and 

provide information on geometric parameters of diatremes such as their sizes, wall angles or the 

depth of the root zone. Finally, the study of drivers of eruptive style change from 

phreatomagmatic to magmatic is important to better constrain volcanic hazards related to 

magmatic phases in maar-diatreme eruptions.  

1.6 Methodology 

1.6.1 Field work overview and terminology 

One month of field work was completed at Round Butte and a second month at Twin Peaks. 

Geological mapping was performed and lithofacies were described. A lithofacies is ña body or 

interval of rock or sediment which has a unique definable character that distinguishes it from 

other faciesò (Cas and Wright 1987). In this study, pyroclastic lithofacies were defined using 
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structures, grain size and a visual assessment of componentry. The componentry of each 

lithofacies was then quantified using field line counts and field clast counts.  

At Round Butte, lithofacies with similar structures (e.g., bedded versus non-bedded) and a 

spatial association were combined into facies groups. Each lithofacies contains one or more 

depositional unit, i.e. a body of rock deposited by a single event. Beds and columns are 

examples of depositional units. This terminology allows both bedded and non-bedded lithofacies 

to be integrated into a consistent scheme.  

At Twin Peaks, a slightly different terminology was used. Facies groups were defined, but 

instead of using only structures as the defining characteristic of facies groups (as done at 

Round Butte), a combination of structures, grain size, componentry and clast shapes was 

utilized. In the paper, the facies groups are called óunitsô (labelled 1 to 4), with the implication 

that they are stratigraphic units and that were formed sequentially by different eruptive styles. 

Therefore, the term óunitô has a different meaning depending on the chapter: depositional unit at 

Round Butte, and stratigraphic unit at Twin Peaks. 

Finally, fist-sized samples were collected for all units and facies mapped.  

1.6.1.1 Mapping the volcanic edifices 

Two types of mapping were done at Round Butte and Twin Peaks. First, Google Earth images 

were printed (e.g., Fig. 1.6a) and plan view geological maps were drafted in the field. For Round 

Butte, because the top of the massif is not safely accessible, and the cliffs are subvertical, this 

map simply shows the contact between the country rocks and the pyroclastic rocks of the 

diatreme, some large sedimentary megablocks outside the massif, and the orientation of 

surrounding dikes (see Chapter 2). For Twin Peaks, most of the hill is accessible, so the plan 

view geological map shows the four different stratigraphic units of the two main peaks (see 

Chapter 4). 

The second type of map relies on cliffs or very steep rock faces present at both sites, providing 

exposure akin to cross-sections through the interior of the volcanoes. High quality pictures of 

the cliffs were taken from the ground (9 at Round Butte and 3 at Twin Peaks) and printed using 

photo paper (e.g., Fig. 1.6b). Contacts were drawn directly on the photos in the field, often with 

the assistance of binoculars. At Round Butte, this allowed detailed mapping of pyroclastic 

lithofacies not visible on the plan view map. At Twin Peaks, it better showed the relations 
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between the four stratigraphic units and the internal variations within these units (the different 

facies). 

 

Figure 1.6: Photo plate of the field work methods. A) Google Earth image (centre near zone 12S, 588 158 m E, 
3 910 326 m N) of Round Butte diatreme, B) high quality photograph of the south face of Round Butte 
diatreme, C) 1 m tape used for the line count method, D) 1 m2 net for the clast count method, E) example of a 
hand sample of pyroclastic rock, taken at Round Butte diatreme. 
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1.6.1.2 Field componentry 

Two field componentry methods were used at Round Butte and Twin Peaks: line counts and 

clast counts. These methods allow the quantification of the proportion of fragments found in 

pyroclastic rocks. The reason for using two methods is that line counts are more convenient on 

subvertical rock faces, but clast counts are more established, being a field version of point 

counting. At both volcanoes, clast counts were done on a subset of line count sites to enable a 

comparison between the methods. 

 

The line count method shown in Fig. 1.6c was inspired by Lefebvre (2013) and the clast count 

method shown in Fig. 1.6d was modified from Ross and White (2006). Line count 

measurements were acquired using three horizontal 1 m-long lines, spaced vertically by 50 cm, 

to characterize fragments within an area of 1 m2. Clast counts used a 1 m2 net with a 10 cm 

mesh, yielding 100 points. For both methods, only clasts (juvenile, lithic and tuff) greater than or 

equal to 4 mm were measured because smaller ones were too difficult to identify in the field. In 

line counts, the length of the clast intersections with the measuring tape were quantified 

whereas for clast counts, points were counted using the net. During quantification, everything 

smaller than 4 mm was counted as matrix or as calcite-dominated cement. A total of 43 line 

count sites and 15 clast count sites were acquired at Round Butte and only five clast count sites 

were quantified at Twin Peaks. 

1.6.1.3 Sampling strategies 

One fist sized sample was taken in each major depositional unit at Round Butte, making sure 

that all pyroclastic lithofacies were represented, if accessible. A minimum of two samples were 

taken in each stratigraphic unit at Twin Peaks. These samples were used to make slabs and 

thin sections in the lab (Fig. 1.6e). Samples of coherent lava and dikes were also taken for 

geochemical analyses and petrography. A total of 44 samples (38 pyroclastic and 6 coherent) 

were collected at Round Butte and 28 samples (16 pyroclastic and 12 coherent) at Twin Peaks. 

Sample locations are shown in subsequent chapters. 

1.6.1.4 Lithological description of pyroclastic rocks 

After the componentry measurements and the sampling, a visual description of each major 

depositional unit mapped was performed in order to give a name to the lithofacies. Rocks were 
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named using structures, grain size and componentry. Bedding, or lack thereof, was described 

for each lithofacies.  

To quantify the grain size of the rocks, the Fisher (1961) diagram modified by White and 

Houghton (2006) was used (Fig. 1.7). This implies visually estimating the proportion of blocks & 

bombs (size over 64 mm), lapilli (size 2-64 mm) and ash (size below 2 mm). Breccias (B) need 

to have over 75% blocks & bombs (B&B), tuff breccias (TB) have over 25% of blocks & bombs, 

lapilli tuffs (LT) have a proportion of lapilli over 25% and less than 25% blocks and bombs, and 

tuffs contain over 75% ash.  

 

Figure 1.7: The Fisher (1961) diagram after White and Houghton (2006). On this diagram each peak of the 
triangle corresponds the 100% of the grain size associated. This means that in the lapilli (L) and Blocks and 
Bombs (B&B) axis the lapilli value vary from 100% at the L side to 0% at the B&B side. Note: B&B = Blocks 
and Bombs, L = Lapilli, A = Ash, B = Breccia, TB = Tuff Breccia, LT = Lapilli Tuff, T = Tuff. A lapillistone field 
can be added in the lower left corner of the diagram, with 75%+ lapilli in the rock. 

Lithofacies were then separated, where relevant, into up to three componentry groups, namely 

juvenile-rich (typically rich in juvenile clasts), heterolithic (composed by a significant proportion 

of both lithic and juvenile clasts) and lithic-rich (typically rich in lithic clasts). Juvenile clasts were 

described in detail considering their shape (angular, round, irregular, amoeboidé), their color 

(black, grey or brown), their vesicularity, their mineralogy and their size. Lithic clasts, which 

come from the surrounding country rocks, were divided into their source sedimentary formations 

as much as possible.  
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At Round Butte, these descriptive steps allowed classification of each major depositional unit 

into the correct lithofacies, following which a final facies label was added to the cliff maps. At 

both volcanoes, this dataset also allows a better comparison between different lithofacies and 

lithofacies groups. 

1.6.2 Laboratory work 

1.6.2.1 Geochemical analyses of lavas 

Coherent samples of Round Butte and Twin peaks (lavas and dikes) were cut with a diamond 

blade to remove the weathered crust and most calcite amygdules. Fresh parts of the coherent 

samples were sent to Activation Laboratories (Actlabs) in Ancaster, Ontario, Canada, to analyze 

major oxides and trace elements. Actlabs coarsely crushed the samples and then pulverized 

them in a mild steel shutter box following their ñRX1ò sample preparation protocol. The powders 

were mixed with a lithium metaborate and lithium tetraborate and fused by melting. The 

obtained melts were dissolved in a 5% nitric acid solution. Solutions containing the dissolved 

sample were then read on a ICP-OES for major oxides and some trace elements (Ba, Be, Sc, 

Sr, V and Zr) and on a ICP-MS for 39 trace elements following their ñWRA+Trace 4 

Lithoresearchò protocol. In total, 20 samples were analyzed (6 at Round Butte and 14 at Twin 

Peaks). 

1.6.2.2 Petrography and point counting 

During the sawing of the pyroclastic and lava samples, representative parts were taken in order 

to make thin sections, which were manufactured by Vancouver Petrographics (Langley, British 

Columbia, Canada). This yielded 38 thin sections at Round Butte and 16 at Twin Peaks. All thin 

sections were qualitatively described using a petrographic microscope. Then a subset were 

point counted to obtain the componentry of the clasts under 4 mm that were not taken into 

account during field line and clast counts. Fine ash was classed as óunresolvableô. The 

petrographic point count method utilized at INRS requires images. These images were first 

obtained by creating a mosaic of around 70 plane polarized light photomicrographs taken with a 

petrographic microscope at a magnification of 25x. Later this method was replaced by a single 

image of each thin section obtained with a ñPowerSlide 5000ò photographic slide scanner at an 

optical resolution of 5000 dpi. The point counting was then carried out using the point count tool 

and the recursive grid of the ñJmicroVision 1.2.7ò software (Roduit 2007; 

https://jmicrovision.github.io/). Several classes of clasts were defined and 450 points were 

https://jmicrovision.github.io/
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analyzed over the entire thin section. More detail about the Round Butte point counts is given in 

Chapters 3. 

1.7 Thesis organization 

This thesis is organized in five chapters corresponding to a general introduction (Chapter 1), 

three journal articles (Chapters 2, 3, and 4) and finally a general conclusion (Chapter 5). 

Chapters 2 and 4 are already published in Bulletin of Volcanology whereas Chapter 3 is ready 

to submit to Journal of Volcanology and Geothermal Research. Efforts were made to minimize 

repetition, but because all the journal articles must work independently, some parts such as the 

geological/regional setting and the methods are slightly repetitive between chapters. Each 

article has online resources due to space limitations in the journals, and these supplements are 

inserted at the end of the relevant chapters.  

Round Butte is covered by two chapters. The general volcanology of the diatreme is first 

presented and the concept of the transition zone between the upper and lower diatreme is 

developed in Chapter 2. Then, Chapter 3 is focused on lithics clasts and lithic-rich lithologies 

preserved in the diatreme, and explains which diatreme emplacement processes can be 

reconstructed from these lithologies. At the Twin Peaks volcanic complex, presented in Chapter 

4, the main interest was to understand processes that can generate a progressive change in the 

eruptive regime from phreatomagmatic to magmatic, in maar-diatreme settings. Finally, Chapter 

5 summarizes the conclusions, makes links between the different articles and discusses the 

broader implications of this work on the understanding of maar-diatremes and 

phreatomagmatism. 

1.8 Contributions of each author and participant in multi-author publications 

Chapter 2 is published in Bulletin of Volcanology and is entitled ñTransition zone between the 

upper diatreme and lower diatreme: origin and significance at Round Butte, Hopi Buttes volcanic 

field, Navajo Nation, Arizonaò. 

Chapter 3 is ready to submit to Journal of Volcanology and Geothermal Research and is entitled 

ñWhat lithic clasts and lithic-rich lithofacies can tell us about diatreme processes: an example at 

Round Butte, Hopi Buttes volcanic field, Navajo Nation, Arizonaò. 
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Chapter 4 is published in Bulletin of Volcanology and is entitled ñPhreatomagmatic vs magmatic 

eruptive styles in maar-diatremes ï a case study at Twin Peaks, Hopi Buttes volcanic field, 

Navajo Nation, Arizonaò 

Benjamin Latutrie (BL) and Pierre-Simon Ross (PSR) are the authors of these three research 

articles or chapters. BL carried out the field work with the help of Pier Paolo Comida and 

Romain Jattiot. BL also performed the sample preparation, the petrography and the point 

counting. BL compiled all relevant data and wrote several versions of the article (manuscript, 

figures and tables). PSR designed the study, supervised the field and lab work, and worked on 

several versions of the paper.  
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2.1 Abstract 

Round Butte is a small but complex Miocene diatreme that crops out ~190 m below the pre-

eruptive surface, in the southeastern part of the Hopi Buttes volcanic field. Erosional remnants 

consist of a diatreme 170-190 m in diameter, of which the central 130-150 m is well-exposed in 

a massif featuring 20-30 m high subvertical cliffs, and a 50 cm-thick basanite dike. Field 

mapping allowed us to define three main groups of pyroclastic rocks in the diatreme: 

undisturbed beds, disturbed beds and non-bedded rocks. Pyroclastic rocks range in grain size 

from coarse tuff to tuff breccia and in componentry from juvenile-rich to lithic-rich, with a 

dominance of heterolithic lapilli tuffs. Rocks from the undisturbed bedded pyroclastic group are 

present above an unconformity found all around the massif, whereas the disturbed bedded and 

the non-bedded pyroclastic groups are always found below it. This unconformity was previously 

understood as the contact between the upper and the lower diatreme. The undisturbed beds 

above the unconformity indeed compose the upper diatreme, but the assemblage of non-

bedded rocks (invasive columns) and disturbed beds (residual columns) below it is not typical of 

the lower diatreme. Instead, they represent a transition zone between the upper and lower 

diatreme. Such a transition zone also occurs in other diatremes, it is important genetically, and 

we propose to add it to the general model of maar-diatreme volcanoes. 

2.2 Introduction 

Maar-diatremes are small, dominantly phreatomagmatic volcanoes that fragment country rocks 

to form a funnel-shape structure called a diatreme (e.g., Lorenz 1986a; White and Ross 2011; 

Valentine and White 2012; Ross et al. 2017). Eruptive processes occurring in the diatreme and 

the underlying root zone have never been directly observed, being subterranean, but have been 

interpreted based on a combination of documentation of historical maar eruptions (Thomas 

1888; Moore 1967; Kienle et al. 1980; Self et al. 1980; Ort et al. 2018), field work on maar ejecta 

ring and diatreme pyroclastic deposits and rocks (e.g., White 1991; Ross et al. 2008a; Lefebvre 

et al. 2013; Bélanger and Ross 2018), and experiments at various scales (Zimanowski et al. 

1997; Kurszlaukis et al. 1998; Ross et al. 2008b, 2008c, 2013; Valentine et al. 2012, 2015; 

Taddeucci et al. 2013; Graettinger et al. 2015). Part of the complexity of diatremes comes from 

their formation from hundreds to thousands of explosions (Self et al. 1980; White 1991; Lorenz 

2007; Valentine et al. 2014). Another complicating factor is that phreatomagmatic and magmatic 

vents can be active at the same time, as observed at Ukinrek east maar in 1977 (Kienle et al. 

1980; Self et al. 1980; Ort et al. 2018).  
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Due to exposure constraints, most maar-diatreme studies focus on a specific part of the 

volcano, such as the ejecta ring and crater (e.g., Kienle et al. 1980; White 1991; Vazquez and 

Ort 2006; Ort and Carrasco-Núñez 2009; Austin-Erickson et al. 2011; Valentine et al. 2015; 

Graettinger 2018), the upper diatreme (e.g., White 1991; White and Ross 2011; Delpit et al. 

2014), the lower diatreme (e.g., White 1991; Lefebvre et al. 2013, 2016; Bélanger and Ross 

2018), or rarely, the root zone (Clement 1982; Lorenz and Kurszlaukis 2007) or the intrusive 

plumbing system (Re et al. 2015, 2016; Muirhead et al. 2016; Le Corvec et al. 2018). The origin 

of the lower diatreme is still strongly debated in the literature (see discussion in Bélanger and 

Ross 2018). The contact between the lower and upper diatreme is rarely exposed (Kurszlaukis 

et al. 2009) and has only been documented in detail at a few localities (e.g., Cathedral Cliff 

diatreme: Bélanger and Ross 2018). Some workers have emphasized a major contact in the 

diatremes they studied, with deposits above and below formed by different processes or 

eruptive styles, at different times, with the lower diatreme being older than the upper diatreme 

(e.g., Porritt et al. 2008; Gernon et al. 2008, 2013). The importance of studying the upper/lower 

diatreme transition, in particular its morphology, is to understand whether the upper and lower 

parts have a disconnected history, or if they formed simultaneously. If the upper and lower 

diatreme formed at least partly simultaneously, then bedded pyroclastic rocks within the upper 

diatreme ï the origin of which is typically clearer ï can be used to interpret non-bedded 

pyroclastic rocks of the lower diatreme.  

This transition from upper to lower diatreme is exposed at Round Butte, a small Miocene 

diatreme in the Hopi Buttes volcanic field (HBVF), Navajo Nation, Arizona (USA). This locality 

has been known for several decades because of the quality of exposure and the complexity of 

its pyroclastic rocks (White 1991; White and Ross 2011), but no detailed study was previously 

conducted. In this paper, we present the results of detailed mapping of the cliffs at Round Butte. 

We provide new insights on the architecture of the diatreme deposits and discuss the following 

topics: crater excavation and infilling; the link between the upper and the lower diatreme; the 

formation processes of the lower diatreme; and the origin and significance of the upper/lower 

transition zone. 

2.3 Geological setting 

The HBVF is located in the south central portion of the Colorado Plateau (Williams 1936) and 

was active during the Miocene from 8 to 6.5 Ma (Vazquez and Ort 2006). At the time of the 

eruptive activity, playas and ponds occupied the region (White 1990). This water-rich 
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environment in the Miocene permitted magma-water interactions and produced numerous 

phreatomagmatic explosions (White 1991; Hooten and Ort 2002; Lefebvre et al. 2013). The four 

main sedimentary formations in the HBVF region are, from top to bottom, the Bidahochi 

Formation (Miocene), the Moenave Formation (Lower Jurassic), the Chinle Formation (Upper 

Triassic) and the Moenkopi Formation (Lower Triassic) (Billingsley et al. 2013). The Chinle 

Formation is the thickest and is divided into three members, namely the Owl Rock Member, the 

Petrified Forest Member and the Shinarump Member (Fig. 2.1). 

 

Figure 2.1: Geological map showing a portion of the Hopi Buttes volcanic field (HBVF, black) and the 
sedimentary formations that crop out in the region. Grid is UTM WGS 84 zone 12S. Stratigraphic column 
illustrates the position of the base of the cliff at Round Butte relative to the pre-eruptive surface. Inset map 
locates the HBVF in the SW United States. Modified from Lefebvre (2013). 

The HBVF covers an area of about 2300 km2 and contains more than 300 volcanic structures 

(Fig. 2.1, Hack 1942; White 1991). Igneous remnants are mainly maar-diatremes (e.g., Williams 

1936; White 1989; 1991; Hooten 1999), dikes (Re et al. 2015; 2016; Muirhead et al. 2016; van 

Otterloo et al. 2018) and lava flows (Williams 1936, Vazquez 1998), but also scoria cones 

(Williams 1936; White 1990; Vazquez 1998). Maar-diatreme volcanoes in the HBVF are 

exceptionally preserved, without tectonic deformation and metamorphism (Gilbert et al. 2007). 

The erosion level increases from north to south, exposing progressively older Colorado Plateau 
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sedimentary rocks (Fig. 2.1, Billingsley et al. 2013). This corresponds to progressively deeper 

levels in maar-diatreme structures, making the HBVF an outstanding place for maar-diatreme 

studies from the ejecta ring (e.g.. Teshim maar, White 1991) to the lower diatreme (e.g. 

Standing Rocks, Lefebvre et al. 2013; 2016). Round Butte is located in the southeastern part of 

the HBVF (Fig. 2.1). 

2.4 Methods 

One month of field work was carried out at Round Butte. We mapped the subvertical cliffs (20 to 

30 m high) using nine high-resolution panoramic photographs. Their distribution is shown on the 

Round Butte geological map (Fig. 2.2) as figure numbers in the paper (Figs. 2.3 to 2.7) or in the 

Online Resource 2.1 (Figs. 2.14 to 2.17). The photographs were printed, then geological 

contacts were traced in the field, with the help of binoculars and cliff-base detailed observations. 

For each mapped unit, we obtained meter-scale observations, lithological descriptions, 

compositional measurements and a hand sample. Our visual descriptions took into account the 

semi-quantitative lithic vs juvenile clast proportions and their mean grain size (ash, fine to 

coarse lapilli and blocks and bombs). Pyroclastic rocks were named according to the White and 

Houghton (2006) nomenclature. This allowed us to associate the described unit to a facies (all 

facies codes in Tables 2.1, 2.2, 2.3). Based on the hand sample collection, 32 thin sections 

were prepared to characterize the matrix (particles smaller than 4 mm) of the pyroclastic rocks 

with a petrographic microscope.  

Finally, for geochemical analyses, we collected five samples of juvenile blocks and bombs in 

different pyroclastic facies and one sample from the northwest dike. The geochemical methods 

and results are presented in Online Resource 2.2. 

2.5 Results 

The plain around Round Butte exposes Owl Rock Member sedimentary rocks ~190 m below the 

pre-eruptive surface (Billingsley et al. 2013). Round Butte is a diatreme 170 to 190 m in 

diameter at the current level of exposure, of which the central 130-150 m is well-exposed in a 

massif featuring 20-30 m high subvertical cliffs. The outer portion of the diatreme is very poorly 

to moderately well-exposed at the same elevation as the surrounding country rocks. Northwest 

of the diatreme is a ~90 m long coherent basanite dike, up to 50 cm thick, extending in the 

northwest direction (Fig. 2.2). 
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Figure 2.2: Round Butte geological map displaying the igneous remnants (diatreme and NW dike) and the 
location of the different panoramic photographs used for drawing cliff maps. Grid is UTM WGS 84, zone 12S. 

Detailed mapping of the whole circumference of the massif is presented here (Figs. 2.3 to 2.7) 

and in Online Resource 2.1 (Figs. 2.14 to 2.17). Based on this mapping we have defined five 

groups of facies: (1) undisturbed bedded pyroclastic rocks (~25% of the total area of the 

panoramic photographs), (2) disturbed bedded pyroclastic rocks (~38%), (3) non-bedded 

pyroclastic rocks (~30%), (4) megablocks (~3%) and (5) debris avalanche deposits (~4%). The 

first three main facies groups make up the bulk of the exposure and we focus on those groups 

here; information on the megablocks and debris avalanche deposits are presented in Chapter 3. 

An unconformity1 clearly separates the undisturbed bedded pyroclastic group (above it) from the 

disturbed bedded pyroclastic group and the non-bedded pyroclastic group (below it). This 

unconformity can be followed all around the diatreme; it is mostly subhorizontal (Figs. 2.3, 2.4, 

2.14, 2.16) but locally becomes irregular (Figs. 2.3, 2.6, 2.7). 

                                                

1 The term óunconformityô is used here in a purely descriptive sense. There is no implication of a long 

pause in eruptive activity. 
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Figure 2.3: Geological map of the cliffs in the south part of Round Butte (location in Fig. 2.2) displaying the 
three main facies groups. Note the truncated invasive columns (non-bedded pyroclastic rocks), the 
unconformity, the discordant contact (onlap) between the undisturbed and the disturbed bedded group just 
above the bTBl facies. For facies codes, see Tables 2.1 to 2.3. 



31 

 

 

Figure 2.4: Geological map of the cliffs in the north part of Round Butte (location in Fig. 2.2) displaying the 
three main facies groups. Note the truncated invasive columns and the unconformity. For facies codes, see 
Tables 2.1 to 2.3. 
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Figure 2.5: Geological map of the cliffs in the southwest part of Round Butte (location in Fig. 2.2) displaying 
two main facies groups. For facies codes, see Tables 2.1 and 2.2. 

2.5.1 Undisturbed bedded pyroclastic rocks 

The upper part of the massif typically exposes well-preserved, undisturbed bedded pyroclastic 

rocks. These rocks are discontinuous and display a mean thickness around 5 m (Figs. 2.3, 2.4, 

2.16, 2.17). This facies group is thickest in the southwest part of the massif (10-20 m thick, Figs. 

2.3, 2.5) and disappears in the northeast part (Figs. 2.4, 2.16). Five different undisturbed 

bedded pyroclastic facies are distinguished on the basis of their componentry, grain size and 

structures (facies codes in Table 2.1). All five facies form well-defined subhorizontal beds or 

lenses ranging in thickness from centimeters to several meters (Fig. 2.8). Grainsize is coarse 

tuff to tuff breccia and componentry ranges from lithic-rich to juvenile-rich.  
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Figure 2.6: Geological map of the cliffs in the west part of Round Butte (location in Fig. 2.2) displaying two 
main facies groups. Note the irregular and faulted unconformity. For facies codes, see Tables 2.1 and 2.2. 
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Table 2.1: Characteristics of undisturbed bedded pyroclastic rocks* 

Facies 

code 

Name Bed 

thickness 

Blocks and 

bombs 

Lapilli Ash Cement  Comments Panoramas 

(Fig. nb) 

bT2 Bedded tuff to fine lapilli 

tuff, juvenile-rich, with 

thin beds 

cm to dm ~0%, 

Juv >> Lith 

(Jm) 

Unknown 

but >10% 

<90% ? Thin beds with cross-bedding, dunes and 

some bomb sags (Figs. 2.8a, 2.8c). 

2.5, 2.7 

bLTj Bedded medium to 

coarse lapilli tuff, 

juvenile-rich 

dm to m <1%, 

Juv >> Lith 

(Jm)  

Unknown 

but >25% 

<75% ? Contacts between beds are sometimes difficult 

to see. Bomb sags are locally observable. A 

few blocks of Moenave Fm are present (Figs. 

2.8a, 2.8b). 

2.3, 2.4, 2.5, 

2.6, 2.7, 2.14 

to 2.17 

bLTh2 Bedded medium to 

coarse lapilli tuff, 

heterolithic 

dm to m 3-5%, 

Juv > Lith 

(Jm > Tbl) 

Unknown 

but >25% 

<75% ? Very diffusely bedded. Beds are mostly metric 

with gradational contacts and various amounts 

of lithics.  

2.4, 2.5, 2.6, 

2.7, 2.14, 

2.17 

bTBm Bedded tuff breccia, 

Moenave-rich 

m 25-35%, 

Lith (Jm >> 

Tbl) >> Juv  

? ? ? Structureless beds or lenses mainly composed 

of Moenave Fm blocks and some juvenile 

blocks/bombs. In some units, blocks of 

Bidahochi Fm are present (Fig. 2.8d). 

2.3, 2.4, 2.5, 

2.6, 2.7, 2.14, 

2.17 

bLS Bedded lapillistone, 

juvenile-rich 

m <2%, 

Juv only 

>75% <25% ? The best sorted facies in the massif, 

composed of coarse dark grey to black juvenile 

lapilli and blocks/bombs (Fig. 2.8e). Probably 

rich in scoria. 

2.7 

*Due to inaccessibility, the description of these units was done from a distance using binoculars 

Juv = Juvenile clasts, Lith = Lithic clasts, Jm = Moenave Fm clasts, Tbl = Bidahochi Fm clasts 
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Figure 2.7: Geological map of the cliffs in the west-northwest part of Round Butte (location in Fig. 2.2) 
displaying the three main facies groups. Note the truncated invasive columns, the irregular unconformity, 
and the minor faults. For facies codes, see Tables 2.1 to 2.3. 

2.5.2 Disturbed bedded pyroclastic rocks 

One of the facies groups located below the unconformity consists of variably disturbed bedded 

pyroclastic rocks (Figs. 2.3 to 2.7 and 2.14 to 2.17). This group has a concordant contact with 

debris avalanche deposits (Figs. 2.3, 2.5, 2.7) and mostly subvertical contacts with non-bedded 

pyroclastic rocks (Figs. 2.3, 2.4, 2.7, 2.14, 2.16). Those subvertical contacts create an 

alternation of non-bedded pyroclastic rocks with disturbed bedded pyroclastic rocks that form 

column-like units. On the east side of the massif, disturbed pyroclastic rocks occupy most of the 

face (Fig. 2.16). In this facies group in general, the bedding is mostly diffuse to destroyed (Figs. 
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2.7, 2.16) but in some places it is better preserved (Figs. 2.3, 2.4, 2.6). Beds are subhorizontal 

(Figs. 2.3, 2.6, 2.9) to steeply dipping (Fig. 2.16), with thicknesses from centimeters to almost 

10 m. The bedding is locally swirly in the pyroclastic rocks (Figs. 2.15, 2.16) and Bidahochi 

megablocks can also be highly deformed (Figs. 2.3, 2.9a). Flame structures are seen locally, at 

the bottom contact of a b(c)LTj unit (Fig. 2.14). Disturbed bedded pyroclastic rocks are 

composed of five different facies, ranging from lithic-rich to juvenile rich and from coarse tuff to 

tuff breccia (facies codes in Table 2.2). 

2.5.3 Non-bedded pyroclastic rocks 

Rocks of the non-bedded pyroclastic group are separated in seven different facies (facies codes 

in Table 2.3) and are mainly located in the bottom part of the cliffs (under the unconformity). 

However, in Fig. 2.3 the biggest non-bedded unit goes to the top of the outcrop. This group is 

mainly in contact with the disturbed bedded pyroclastic group (Figs. 2.3, 2.4, 2.7, 2.14, 2.16), 

and with debris avalanche deposits (Fig. 2.3, nTBl facies). The contacts between the non-

bedded group and other facies are typically subvertical to steep, but locally flatten where the top 

of a column occurs (Fig. 2.3, nTBh column on the right side; two non-bedded columns in Fig. 

2.16). The 1 to 20 m-wide, column-like units are composed by medium lapilli tuff to tuff breccia 

with a variable, but mainly heterolithic, componentry (Fig. 2.10). 

2.5.4 Faults in pyroclastic rocks 

Faults are present in the western part of the massif (Figs. 2.5, 2.6, 2.7) and are particularly 

visible in the undisturbed bedded group. Faults must continue below the unconformity in the 

disturbed bedded and non-bedded groups because those deposits are older, but we were not 

always able to follow them, due to a lack of clear marker beds to show offsets. These faults 

seem to have an arcuate 3D shape, steep dips and a normal slip component. Their orientation 

is difficult to evaluate, but the general impression is that the fault planes are sub-parallel to the 

cliffs. Most of the faults on the west side of the diatreme have a downward movement toward 

the southwest part of the diatreme (Figs 2.5, 2.6, 2.7). In the south face the unconformity is 

lower on the left side of the big nTBh column than on its right side. This could be explained by a 

fault with a downward movement toward the southwest part of the diatreme within this big nTBh 

column or within the rocks that were there before the column was emplaced (Fig. 2.3).
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Table 2.2: Characteristics of disturbed bedded pyroclastic rocks 

Facies 

code 

Name Bed 

thickness 

Blocks and 

bombs 

Lapilli Ash Cement  Comments Panoramas 

(Fig. nb) 

bT1 Bedded tuff to fine 

lapilli tuff, juvenile-

rich, with thin 

beds 

cm to dm <1%, 

Lith (Jm) >> 

Juv  

20-30%, 

Juv >> Lith 

(Jm > Tbl) 

68-78%, 

mostly fine 

ash  

0-1%, 

scattered 

Thinly bedded units mostly composed of 

ash and fine lapilli. Juvenile bombs are 

more abundant than blocks. Brown juvenile 

clasts are difficult to distinguish from the 

matrix 

2.4, 2.14 

bLTb Bedded fine to 

medium lapilli tuff, 

brown 

dm to ~10 

m 

0-3%, 

Lith (Jm > 

Tbl > TRm > 

TRc) >> Juv  

15-40%, 

Juv Ó Lith (Jm 

Ó Tbl > TRm > 

TRc) 

55-85%, 

mostly fine 

ash  

0-2%, 

scattered 

Structureless, mostly composed of ash and 

fine to medium lapilli (Fig. 2.9a). Brown 

juvenile clasts are difficult to distinguish 

from the matrix. Presence of block-sized 

fragments of recycled tuff. 

2.3, 2.4, 2.5, 

2.6 

bLTh1 Bedded medium 

to coarse lapilli 

tuff, heterolithic 

m to tens 

of m 

0-30%, 

Juv Ó Lith 

(Jm > Tbl > 

TRm, TRc) 

20-70%, 

Juv > Lith (Jm 

> Tbl > TRm, 

TRc) 

20-80%, fine 

to coarse 

ash varying 

with beds 

0-15%, 

scattered 

to patchy 

Highly heterogeneous facies, mostly lapilli 

tuff, but local occurrence of coarse tuff and 

tuff breccia beds (Figs. 2.9c, 2.9d). Most of 

the units are richer in juvenile bombs than 

blocks. Brown juvenile clasts mostly in 

trace amounts. Presence of lapilli-sized 

fragments of recycled tuff. 

2.3, 2.4, 2.5, 

2.6, 2.7, 2.14 

to 2.17 

b(c)LTj Bedded coarse 

lapilli tuff, juvenile-

rich 

m 10%, 

Juv >> Lith 

(Jm > Tbl) 

60-70%, 

Juv >> Lith 

(Jm > Tbl) 

19-29%, 

altered, 

mostly 

coarse ash  

1%, 

scattered 

Extremely altered unit with a greenish 

color. Rock is friable and fragments are 

sometime difficult to recognise. Rich in 

juvenile bombs. 

2.14, 2.15 

bTBl Bedded tuff 

breccia, lithic-rich 

dm to m 10-30%, 

Lith (Jm > 

Tbl > TRm, 

TRc) >> Juv 

55-60%, 

Juv >> Lith 

(Jm > Tbl > 

TRm, TRc) 

10-22%, 

mostly 

coarse ash 

3-5%, 

patchy 

Mostly composed of grey juvenile clasts 

(coarse ash to fine lapilli in size) (Fig. 

2.9b). Rich in juvenile bombs. Contains 

traces of brown juvenile clasts. 

2.3, 2.6, 2.14 

Juv = Juvenile clasts, Lith = Lithic clasts, Jm = Moenave Fm clasts, Tbl = Bidahochi Fm clasts, TRc = Chinle Fm clasts, TRm = Moenkopi Fm clasts 

Fine ash <250 ɛm, medium ash 250-500 ɛm and coarse ash >500 ɛm 

  



38 

 

Table 2.3: Characteristics of non-bedded pyroclastic rocks (invasive columns) 

Facies  
code 

Name Column 
width 

Blocks and 
bombs 

Lapilli Ash Cement  Comments Panorama
s (Fig. n°) 

n(m)LTh Non-bedded 
medium lapilli 
tuff, heterolithic 

1-10 m 0-5%, 
Lith > Juv to 
Juv > Lith 
(Jm Ó Tbl > 
TRm) 

40-55%, 
Juv > Lith 
(Jm > Tbl > 
TRm, TRc) 

32-58%, 
mostly fine 
ash  

0-10%, 
scattered 
to patchy 

Mostly composed of ash and fine to medium lapilli 
(Fig. 2.10a). Juvenile bombs versus blocks in 
equal amounts. Traces of brown juvenile clasts, 
mainly of fine lapilli size. Some lapilli-sized 
recycled tuff fragments. 

2.3, 2.4, 
2.7 

n(mc)LTh1 Non-bedded 
medium to 
coarse lapilli tuff, 
heterolithic 

6-10 m 15-20%, 
Lith (Jm > 
Tbl) Ó Juv 

50-55%, 
Juv >> Lith 
(Jm > Tbl > 
TRm) 

25-35%, 
mostly fine 
to medium 
ash 

~1%, 

scattered 

Mostly composed of medium to coarse lapilli-sized 
lithic and juvenile fragments. Rare recycled tuff 
fragments (Fig. 2.10b). Traces of brown juvenile 
clasts. 

2.3, 2.14 

n(mc)LTh2 Non-bedded 
medium to 
coarse lapilli tuff, 
heterolithic 

4-20 m 5-10%, 
Juv > Lith 
(Jm >> Tbl, 
Trm, TRc) 

50-70%, 
Juv >> Lith 
(Jm > Tbl, 
Trm, TRc) 

17-40%, 
mostly 
medium to 
coarse ash 

3-10%, 
scattered 
to patchy 

Mostly composed of medium to coarse lapilli-sized 
lithic and juvenile fragments. Rare recycled tuff 
fragments (Fig. 2.10b). Traces of brown juvenile 
clasts. More juvenile bombs than juvenile and lithic 
blocks. 

2.4, 2.7, 
2.14, 2.16, 
2.17 

n(mc)LTj Non-bedded 
medium to 
coarse lapilli tuff, 
juvenile-rich 

3-6 m 5-10%, 
Juv >> Lith 
(Jm >> Tbl) 

50-55%, 
Juv >> Lith 
(Jm > Tbl > 
TRm) 

10-35%, 
mostly 
coarse ash  

10-25%, 
scattered 

In Fig. 2.4, unit is altered. In Fig. 2.16, unit 
crosscuts the entire outcrop like a vent would do it. 
More juvenile blocks than juvenile bombs. Traces 
of brown juvenile clasts. 

2.4, 2.16 

n(c)LTj Non-bedded 
coarse lapilli tuff, 
juvenile-rich 

5-11 m 10-20%, 
Juv >> Lith 
(Jm > Tbl > 
TRm) 

50-70%, 
Juv >> Lith 
(Jm > Tbl > 
Trm, TRc) 

10-30%, 
mostly 
coarse ash 

10-15%, 
scattered  

Mostly composed of dark grey to black coarse 
lapilli (Fig. 2.10c). More juvenile bombs than 
blocks; rare lithic blocks. Can be altered (e.g., Fig. 
2.14). Traces of brown juvenile clasts. 

2.4, 2.14, 
2.17 

nTBl Non-bedded, tuff 
breccia, lithic-
rich 

~6 m <50%, 
Lith (Jm >> 
TRc > TRm) 
>>> Juv 

~30%, 
Juv = Lith 
(Jm > TRm > 
TRc) 

~20%, 
reddish, 
Moenave-
rich, mostly 
coarse ash 

0% Only one unit, extremely rich in Moenave 
Formation clasts (Fig. 2.10d). Chinle and 
Moenkopi clasts are represented whereas 
Bidahochi clasts are completely absent.  

2.3 

nTBh Non-bedded, tuff 
breccia to 
coarse lapilli tuff, 
heterolithic 

4-17 m 15-30%, 
Juv Ó Lith 
(Jm > Tbl > 
Trm) 

50-60%, 
Juv > Lith 
(Jm > Tbl > 
TRm > TRc) 

8-28%, 
mostly 
coarse ash 

5-10%, 
scattered 
to patchy 

Mainly composed of coarse lapilli-sized lithic, 
juvenile and tuff fragments (Figs. 2.10e, 2.10f). 
More juvenile bombs than blocks. Great diversity 
of lithics and traces of brown juvenile clasts. 

2.3, 2.4, 
2.14 

Juv = Juvenile clasts, Lith = Lithic clasts, Jm = Moenave Fm clasts, Tbl = Bidahochi Fm clasts, TRc = Chinle Fm clasts, TRm = Moenkopi Fm clasts 

Fine ash <250 ɛm, medium ash 250-500 ɛm and coarse ash >500 ɛm 
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Figure 2.8: Photo plate of the principal facies of the undisturbed bedded pyroclastic rocks. A) General view 
of the thickest portion of the undisturbed bedded group in the southwest part of Round Butte diatreme, 
displaying organization of the bLTj, bT2 and bTBm facies. B) Close-up view of the diffusely bedded bLTj 
facies. C) Close up view of the thinly bedded bT2 facies, here overlain by bLTj. D) Close-up of a thick bed of 
bTBm facies displaying a high content of Moenave blocks. E) bLS facies mostly contains dark grey to black 
coarse lapilli. Abbreviations: Tbl=Bidahochi clasts, Jm=Moenave clasts, Juv=Juvenile clasts and b&b=blocks 
and bombs; facies codes see Tables 2.1 and 2.2. 
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Figure 2.9: Photo plate of the principal facies of the disturbed bedded pyroclastic rocks. A) Structureless 
thick bed (~10 m thick) of the bLTb facies, displaying various lithic clasts including liquefied Bidahochi 
clasts, and a recycled tuff fragment. B) Lithic-rich bTBl facies, with Moenave and Bidahochi clasts and some 
juvenile blocks. C) Main disturbed facies bLTh1, with subhorizontal beds between to blocks of Bidahochi 
Formation. D) Close-up of bLTh1 facies with a great diversity of lithic clasts. Abbreviations: Tbl=Bidahochi 
clasts, Jm=Moenave clasts, Trco=Owl Rock clasts, Trm=Moenkopi clasts and Juv=Juvenile clasts; facies 
codes see Table 2.2. 

2.5.5 Juvenile clasts 

In the field, we defined three main families of juvenile clasts based on their color: (1) brown, (2) 

light grey, and (3) medium grey to black. Brown juvenile clasts are smaller on average (ash to 

<1 cm), appear less abundant than other types in the field, and have angular to sub-rounded 

shapes (Figs. 2.11a, 2.11b, 2.11c). Light grey juvenile clasts are slightly bigger than the brown 

ones, ranging in size from coarse ash to several cm and rarely to block/bomb sizes. They 

display angular to sub-round shapes and are often friable due to alteration. Medium grey to 

black juvenile fragments reach larger sizes (up to ~2 m) and have mainly sub-rounded to 

amoeboid, to locally angular, shapes (Figs. 2.11a, 2.11b, 2.11c).  



41 

 

 

Figure 2.10: Photo plate of the principal facies of the non-bedded pyroclastic rocks. A) n(m)LTh corresponds 
to the finer non-bedded facies. B) Close-up view of n(mc)LTh2. C) The coarse facies n(c)LTj, rich in dark grey 
to black juvenile coarse lapilli. D) The coarser facies in the massif, nTBl, mainly composed of a great 
diversity of lithics principally represented by Moenave blocks. E) The coarse nTBh facies with a relatively 
high lithic content between juvenile clasts. F) Close-up of the nTBh facies. Abbreviations: Tbl=Bidahochi 
clasts, Jm=Moenave clasts, Trco=Owl Rock clasts, Trcp=Petrified Forest clasts, Trcs=Shinarump clasts, 
Trm=Moenkopi clasts, Juv=Juvenile clasts, Lith= undifferentiated lithic clasts and CPX=free clinopyroxene; 
facies codes see Table 2.3. 
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Figure 2.11: Photo plate showing the diversity and the morphology of juvenile clasts. A) Slab of bLTh1 facies 
highlighting the diversity of lithics and the morphology (amoeboid to sub-rounded) of juvenile clasts (brown 
and grey). The cored juvenile fragment evidences recycling processes in the diatreme. B) and C) thin section 
scans of facies bLTh1, highlighting the variability of the morphology of juvenile clasts in thin section. D) 
Moenave cored bomb. Abbreviations: Tbl=Bidahochi clasts, Jm=Moenave clasts, Trm=Moenkopi clasts, 
Juv=Juvenile clasts, L=Lithic clasts, CPX=free clinopyroxene, Phl = pholgopite and Ca=Calcite cement; 
facies codes see Tables 2.1. 

Under the microscope, juvenile clasts of all families contain 10-15% of 0.5-5 mm phenocrysts of 

euhedral clinopyroxene, traces of euhedral to slightly resorbed phlogopite up to 1 cm across 

and traces of euhedral olivine, 0.5-3 mm across, now slightly to highly serpentinized. The 

groundmass is mainly composed of clinopyroxene microlites and microphenocrysts, plus 

ñglassò. This ñglassò component ranges from tachylite in the medium grey to black family to 

former sideromelane, now altered to palagonite and clays, in the brown family. Clasts of all 

families are non-vesicular to moderately vesicular according to the Houghton and Wilson (1989) 

scheme, with a vesicularity ranging from 0% to 60% overall, although most clasts have 15-25% 

vesicles (Figs. 2.11a, 2.11b, 2.11c). Vesicles are round to elongate and often filled with calcite 

or zeolites. Evidence of recycling is recorded in cored and loaded clasts (Figs. 2.11a, 2.11d; 

Lefebvre et al. 2013). Free fragmented crystals of clinopyroxene, phlogopite and rare 












































































































































































































































































































































