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Abstract Lead-zinc exploration drilling within the Limer-7

ick Basin (Southern Ireland) has revealed the deep inter-8

nal architecture and extra-crater deposits of five alkali-9

basaltic maar-diatremes. These were emplaced as part of10

a regional north-east south-west tectonomagmatic trend11

during the Lower Carboniferous Period. Field relation-12

ships and textural observations suggest that the diatremes13

erupted into a shallow submarine environment. Limerick14

trace element data indicates a genetic relationship between15

the diatremes and extra-crater successions of the Knock-16

roe Formation, which records multiple diatreme filling17

and emptying cycles. Deposition was controlled largely18

by bathymetry defined by the surrounding Waulsortian19

carbonate mounds. An initial non-diatreme forming erup-20

tion stage occurred at the water-sediment interface, with21

magma-water interaction prevented by high magma ascent22

rates. This was followed by seawater incursion and the23

onset of phreatomagmatic activity. Magma-water interac-24

tion generated poorly vesicular blocky clasts, although the25

co-occurrence of plastically deformed and highly vesicular26

clasts indicates that phreatomagmatic and magmatic pro-27

cesses were not mutually exclusive. At a later stage, the28

diatreme filled with a slurry of juvenile lapilli and coun-29

try rock lithic clasts, homogenised by the action of debris

Q1

30
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jets. The resulting extra-crater deposits eventually emerged 31

above sea level, so that water ingress significantly declined, 32

and late-stage magmatic processes became dominant. These 33

deposits, largely confined to the deep vents, incorporate 34

high concentrations of partially sintered globular and large 35

‘raggy’ lapilli showing evidence for heat retention. Our 36

study provides new insights into the dynamics and evolution 37

of basaltic diatremes erupting into a shallow water (20–120

Q2

38

m) submarine environment. 39

Keywords Raggy · Maar-diatremes · Lower 40

Carboniferous Period 41

Introduction 42

Maar-diatremes are formed during explosive eruptions and 43

are pre-dominantly associated with alkaline magmas includ- 44

ing kimberlites, lamproites, and alkali basalts. Our knowl- 45

edge of the behaviour of these systems is based mainly 46

on the study of either extra-crater maar or eroded diatreme 47

deposits. Due to their association with diamonds, kimber- 48

lites are well studied, contributing a large amount to our 49

understanding of diatreme eruptions and their associated 50

deposits (Mitchell 1990; Sparks et al. 2006; Walters et al. 51

2006; Brown et al. 2008a). In addition, maar-diatremes, 52

although the second most common type of volcano (Lorenz 53

1985; Cas and Wright 1988; Lorenz 2007), tend to be 54

eroded and poorly preserved in older sequences. In rare 55

cases, exposures of the lower diatreme zone enables detailed 56

investigation of the internal architecture and structure of 57

the system (e.g., Francis (1970), Hawthorne (1975), Kurs- 58

zlaukis and Lorenz (1997), Davies et al. (2008), Gernon 59

et al. (2013), Lefebvre et al. (2013), and Mundula et al. 60

(2013)) or preservation of extra-crater tephra deposits allow 61

mailto:Holly.Elliott@noc.soton.ac.uk


AUTHOR'S PROOF! JrnlID 445 ArtID 0922 Proof#1 - 31/03/2015

UNCORRECTED
PROOF

_####_Page 2 of 22 Bull Volcanol _#####################_

a detailed insight into depositional processes (e.g., Fisher62

and Waters (1970), Aranda-Gómez and Luhr (1996), Sohn63

(1996), Gernon et al. (2009a), Calvari and Tanner (2011),64

and Lefebvre et al. (2013)). Rarely can the maar-crater and65

diatreme facies be studied at a single site.66

Diatremes are irregular, cone-shaped pipes up to 2.5 km67

deep, that erupt through country rock stratigraphy (Lorenz68

2003; Valentine 2012). Different volcaniclastic lithofacies69

characteristically form at different levels in the diatreme70

(see Fig. 1); for example, the root zone consists of a series71

of intrusions ‘feeding’ diatreme eruptions. Typically, the72

central zone (Fig. 1) is characterised by a massive volcani-73

clastic infill consisting of accumulated pyroclasts, crystals74

and country-rock lithic debris trapped in the pipe (Sparks75

et al. 2006). Diatremes are expressed at the surface as76

maar-craters and tephra rings, typically comprising bed-77

ded dilute pyroclastic density current (PDC) and fallout78

deposits (Lorenz 1975). There are two plausible methods79

for the presence of bedding in the upper diatreme. Firstly,80

undercutting of the tephra ring by vent widening and sub-81

sequent subsiding can form a marginal bedded facies, com-82

monly comprising megablocks (Sparks et al. 2006; Lorenz83

and Kurszlaukis 2007; Brown et al. 2008b; Valentine and84

White 2012). Alternatively, the upper thinly bedded dia-85

treme facies may have been deposited by dilute density86

currents in the base of the maar-crater, originating from87

the same or neighbouring vents (Lorenz 1986; Lorenz and 88

Kurszlaukis 2007; Gernon et al. 2009a; Gernon et al. 2013; 89

Delpit et al. 2014). 90

Two key models have been proposed to explain the 91

emplacement of diatremes. The first, common in kimber- 92

litic diatreme models, involves the explosive expansion of 93

volatiles propagating down rising intrusions. This creates a 94

deep pipe resulting from a series of sub-Plinian to Plinian 95

eruptions (Field and Scott Smith 1999; Sparks et al. 2006; 96

Porritt et al. 2008). The second model involves diatreme 97

excavation during phreatomagmatic eruptions as magma 98

propagating to the surface encounters water (Lorenz 1985; 99

Kurszlaukis and Lorenz 1997; Kurszlaukis et al. 1998; 100

Lorenz and Kurszlaukis 2007; Brown et al. 2008a). 101

Phreatomagmatic activity can cover a range of erup- 102

tion styles with varying water to magma ratios. The two 103

main end members are briefly described here but many 104

eruptions lie somewhere along this scale. The first con- 105

sists of eruptions that involve magma explosively interacting 106

with groundwater or wet sediment, with a low water to 107

magma ratio of <0.3 (Wohletz and McQueen 1984; Moore 108

1985; Kokelaar 1986), producing gas-supported jets of 109

debris (cf. Lorenz et al. (2002) and McClintock and White 110

(2006)). These are often referred to as ‘Taalian’ (Koke- 111

laar 1986; Sohn 1996) and tend to be continental eruptions 112

that form deep diatremes filled with volcaniclastic debris, 113

200 m
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shoots

Feeder dyke intruding 
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subsiding of fractured 
country rock

Implosion of diatreme 
walls from underpressure 
of magma

Widening diatreme 
undercuts surface 
deposits

Epiclastic deposits 
in tuff ring crater

Tuff ring with thin 
bedding of 
diatreme ejecta

Diatreme offshoot 
utilising fractures

Late stage non-explosive 
magmatic intrusions

200 m

Nested conduits of 
lithic rich lapilli tuff

A B

Maar facies: series of 
thinly bedded density 
current deposits of 
diatreme ejecta.

Bedded upper diatreme 
facies: well bedded 
unfluidised marginal 
wedges commonly formed 
by the widening diatreme 
undercutting surface 
deposits or subsidence of 
beds in the deposited in the 
crater bottom.

Homogenised vent 
facies: central massive, 
homogenised and fluidised 
polymict lapilli tuff 
composed of country rock 
and juvenile clasts.

Root facies: transition 
from feeder dyke to vent 
facies. Subsided country 
rock breccias, slumping of 
overlying diatreme fill and 
late stage magmatic 
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polymict breccia formed by 
decreasing velocity of gas 
flow.

Root facies: transition 
from feeder dyke to vent 
facies. Subsided breccias, 
slumping of overlying 
bedded units and late 
stage magmatic intrusions.

Fig. 1 A Schematic diagram showing the root, diatreme and maar-
crater zones of a typical phreatomagmatic diatreme (modified after
Lorenz and Kurszlaukis (2007)). B Schematic diagram showing
the structure of a diatreme dominated by magmatic processes, which

typically involve multiple events of waning gas velocity due to pro-
gressive diatreme widening and/or decline in magma discharge rates
(modified after Brown et al. (2008b))
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brecciating the surrounding country rock and incorporat-114

ing these lithics into their maar deposits at the surface115

(White 1991; Lorenz et al. 2002; Valentine 2012). These116

maars can reach up to 5 km in diameter with craters sev-117

eral hundred metres deep. Maar deposits tend to be of118

shallow gradient and consist of well-developed beds and119

stratification with a high proportion of country rock clasts120

(Lorenz 1975; 2007; White and Ross 2011).121

Surtseyan eruptions are at the other end of the spec-122

trum, involving a high water to magma ratio of ∼0.3-123

50 (Wohletz and McQueen 1984; Kokelaar 1986). This124

tends to produce a funnel-shaped vent containing a par-125

tially fluidised and highly mobile mix of juvenile mate-126

rial, water and steam termed a ‘slurry’ (Kokelaar 1983;127

Moore 1985; Ross and White 2006). Phreatomagmatic128

eruptions in these conditions consist of shallow short-129

lived pulses of tephra jets and continuous eruptions that130

form due to injection of magma into this water-saturated131

and fluidised slurry, which is rapidly flashed-heated to132

steam (cf. Kokelaar (1983) and Moore (1985). Surtseyan133

eruptions tend to form weakly bedded tuff cones with134

steep flanks (White 1996; Mattsson et al. 2005; White135

and Ross 2011) and less than a few percent of non-136

juvenile clasts (White and Ross 2011). These tuff cones137

tend to sit on a shallowly dipping platform of volcaniclas-138

tic material, commonly composed of non-explosive deposits139

such as pillow lavas and hyaloclastites (Moore 1985)140

or a combination of fallout and density current deposits141

from both magmatic and phreatomagmatic processes142

(Brand and Clarke 2009).143

A suite of alkali basaltic diatremes occurs within the144

Limerick Basin, part of the Irish Orefield, host to world-145

class lead-zinc deposits (Banks et al. 2002; Redmond146

2010; McCusker and Reed 2013). The Limerick Basin147

has recently undergone extensive mineral exploration, and148

borehole drilling has intersected several alkali basaltic149

diatremes. The drill cores, some extending to >500 metres150

below ground surface (mbgs), provide a unique opportunity151

to study deposits and the eruptive processes of basaltic152

diatremes.153

This paper describes the volcaniclastic lithofacies, as154

observed in drill core, of two of the five identified155

alkali basaltic maar-diatremes from Limerick, and inter-156

prets these observations in the context of the magmatic157

and phreatomagmatic models outlined above. A model158

depicting a clear relationship between the diatremes and a159

thick sequence (up to 150 m) of extra-crater volcaniclas-160

tic deposits is proposed. This is a type locality for studying161

the deep internal structure of basaltic diatremes, with the162

potential to enhance our understanding of processes and163

interactions during explosive eruptions within a submarine164

environment.165

Geological and geotectonic setting 166

The Limerick diatreme cluster is located in the western mid- 167

lands of Ireland, immediately south of the trace of the Iape- 168

tus suture zone (Fig.2a)—a series of major NE-SW trending 169

faults, known to have exerted a strong influence on later 170

tectonomagmatic activity. The diatremes erupted through a 171

sequence of Lower Carboniferous limestones, later over- 172

lain by pyroclastic deposits of Viséan age (Somerville et al. 173

1992). These deposits form part of the Limerick Syncline 174

and are offset by a series of NE-SW-trending faults. This 175

igneous activity is part of a major phase of NE-SW trend- 176

ing regional rifting across Europe during the Carboniferous 177

Period (Woodcock and Strachan 2000; Wilson et al. 2004). 178

Volcanism in Limerick was similar in style and timing to 179

magmatic and volcanic activity in Scotland and Northern 180

England, including East Fife (see Gernon et al. (2013)) 181

and the Whin Sill Complex (Timmerman 2004) (Fig. 2a). 182

The extensional regime resulted from episodic N-S back 183

arc extension in response to a Variscan subduction zone 184

to the south, which reactivated NE-SW trending Caledo- 185

nian basement faults (Woodcock and Strachan 2000). As a 186

result of crustal extension, small volumes of basaltic magma 187

ascended and fractionated extensively within the upper crust 188

before exploiting tectonic weaknesses to reach the surface 189

(Holland and Sanders 2009). 190

The Limerick Basin is dominated by transgressive car- 191

bonates (Holland and Sanders 2009). The oldest country 192

rock observed in the boreholes is the Lower Argillaceous 193

Bioclastic Limestone (LABL), which occurs as lithic clasts 194

within the diatreme fill. The LABL is overlain by the 195

Waulsortian Limestone, a reef carbonate containing large 196

cavities, with the latter thought to comprise over half the 197

formation volume (Lees and Miller 1985; Hitzman 1995; 198

Hitzman and Beaty 1996). Overlying the reef carbonate 199

are the Lough Gur wackestones and cherts, the uppermost 200

of which are interbedded with the Knockroe Formation, a 201

series of lava flows and pyroclastic deposits (see Fig. 3) 202

that migrate and therefore young from the west to the east 203

(Strogen 1988; Holland and Sanders 2009). The earliest 204

phases of Knockroe eruption are thought to be Surtseyan, 205

initially within a submarine environment before tuff rings 206

built up into a subaerial environment and were partially 207

buried by subaerial basaltic lavas (Holland and Sanders 208

2009). Using microfauna, (Somerville et al. 1992) assigned 209

a Lower Viséan to Chadian-Arundian age (345–339 Ma) 210

to the Knockroe Formation. Irish Waulsortian-hosted Pb- 211

Zn deposits are precipitated in hydrothermal breccia bodies 212

(Wilkinson et al. 2005), termed Black Matrix Breccias 213

(BMB), which appear to have a close spatial and temporal 214

relationship with the diatremes in Limerick. The nature of 215

this relationship remains unclear and highly controversial. 216
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Fig. 2 A Regional map of the British Isles showing major NE-SW
trending faults and significant volcanic centres. This tectonic and mag-
matic trend reflects reactivation of Caledonian basement faults by
episodic N-S back arc extension related to the Variscan subduction
zone to the south. GGF, Great Glen Fault; HBF, Highland Boundary

Fault; SUF Southern Uplands Fault and IS, Iapetus Suture. B Summary
geological map of the study area outlined by rectangle in (A), show-
ing diatreme-related boreholes and outline of diatremes as resolved by
magnetic surveys. Contours represent topography of study area

The Irish Orefield has not previously been linked to high217

levels of magmatic activity during the Carboniferous (Red-218

mond 2010; McCusker and Reed 2013).219

Previous studies220

The first detailed description of the Limerick Basin was221

provided by Geikie (1897) and Ashby (1939) who cor-222

related the diatremes they termed ‘vent-agglomerates’ to223

a younger Knockseefin Formation, which was deposited224

during the Early Asbian (Somerville et al. 1992). How-225

ever, textural and geochemical evidences now suggest a226

strong relationship with the Knockroe Formation (see Fig.227

5). Somerville et al. (1992) found that the Knockroe228

volcaniclastic rocks are interbedded with shallow water229

ooids and bioclastic carbonates, suggesting deposition in230

a shallow marine environment (Strogen et al. 1996). Stro-231

gen (1983,1988) determined that the Knockroe Forma-232

tion pyroclastic rocks generally young from west to east233

and identified seven breccia-filled vents across the Lim-234

erick Basin. Strogen (1983) showed that these vents were235

filled with coarse vitric-lithic tuff-breccias containing clasts236

mainly of phreatomagmatic appearance (described as vit- 237

ric incipiently vesicular lapilli and ash with curvi-planar 238

surfaces and containing feldspar microphenocrysts) and 239

lacking substantial quantities of vesicular tephra. Strogen 240

(1983) attributed the homogeneity of the deposits, lack of 241

bedding and presence of marginal layering to fluidisation 242

processes during emplacement. 243

Methods and terminology 244

Fieldwork 245

Although there is a little surface exposure of diatremes 246

in the studied area of Ballyneety, Limerick (Fig. 2b), 247

six exploration drill cores intercepted diatremes and 248

another six intercepted volcaniclastic rocks of the Knock- 249

roe Formation. Graphic logging recorded the characteris- 250

tics of the volcaniclastic rocks including maximum clast 251

length, clast composition, vesicularity, colour, angular- 252

ity, degree of sorting, proportion of ash-grade matrix, 253

alteration and textures. These characteristics were used 254
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Fig. 3 Cross section showing the relationships between diatremes and
the country rock sequence. The cross section shows the levels of BMB
within the Waulsortian Formation and the level of major sills within the
diatreme. Diatreme 28 does not intrude through the Knockroe Forma-
tion, but infills accommodation space created by the maar-crater. The

lower section of the diatremes overprinted by dolomitisation are indi-
cated. Boxed numbers indicate where LFAs described in Table 2 have
been observed. Numbers indicate the locations of boreholes drilled
through the sequence (borehole data courtesy of Teck Ireland)

to correlate lithofacies between logs, particularly for255

the Knockroe Formation where beds are more laterally256

continuous.257

Laboratory work258

Representative samples were taken from each lithofa-259

cies and thin sections investigated using transmitted light260

and scanning electron microscopy (SEM). A study of261

vesicle size distribution was performed on the different262

lithofacies.263

Variations in vesicle proportions within a deposit or264

multiple vesicle populations within a juvenile clast can265

be used to elucidate magma evolution over the timescale266

of the eruption (Shea et al. 2010), and help to determine267

the eruptive style (Houghton and Wilson 1989; Ross and268

White 2012). Vesicularity estimates were made by man-269

ually digitising vesicles both in scaled photographs of270

thin sections and drill core. Vesicle measurements were271

obtained using image analysis software ImageJ and the272

protocols of Sahagian and Proussevitch (1998) and Shea273

et al. (2010). Non-vesicular lapilli are defined as 0–5 %274

and incipiently vesicular as 5–20 % vesicles, poorly vesic-275

ular ranges between 20 and 40 %, moderately vesicu-276

lar 40–60 %, highly vesicular ranges between 60 and277

80 % and >80 % vesicles is termed extremely vesicular278

(Houghton and Wilson 1989).279

Trace element analysis was undertaken by solution ICP-280

MS on volcanic material repeatedly digested with HF and281

HCl and cross-referenced using several international stan-282

dards (including BHVO2, BIR-1, JB-1a and JA-2).283

Terminology 284

Clast types and sizes were described using the protocols 285

outlined in Fisher (1961) and White and Houghton (2006). 286

Terms used to describe diatreme deposits follow the pro- 287

cedure of Branney and Kokelaar (2002) and Lorenz and 288

Kurszlaukis (2007). The term ‘autolith’ is used to describe 289

clasts of pre-existing partially lithified diatreme fill, lapilli 290

tuff or tuff, that have been incorporated into later deposits 291

of similar composition (Cas et al. 2008). ‘Pelletal lapilli’ 292

is a term used to describe a core of material, for exam- 293

ple, an autolith, phenocryst or lithic clast, that was coated 294

in single or multiple layers of juvenile magma (Gernon 295

et al. 2012). We follow the terminology proposed by Ingram 296

(1964) in describing bed thickness, grain size classification 297

after (White and Houghton 2006) and degree of vesicularity 298

of volcanic rocks after (Houghton and Wilson 1989). Litho- 299

facies associations are named and abbreviated based on 300

the non-genetic scheme proposed by Branney and Kokelaar 301

(2002). 302

Drillcore observations and interpretations 303

Diatremes 304

Boreholes drilled down the margins and centres of five 305

diatremes in the study area provide insights into diatreme 306

architecture. The diatremes lack surface expression because 307

the landscape has been modified by glacial and fluvial ero- 308

sion during the quaternary period. The diatremes appear 309
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to have experienced late-stage fluid flow, forming a range310

of alteration products. Based on a magnetic survey, dia-311

treme 19 (named from intersecting borehole number) has a312

minimum diameter of ∼170 m and a surface area of ∼1.3313

×104 m2, and diatreme 28 has a minimum diameter of314

∼240 m and a surface area of 2.6 ×104 m2 (see Fig. 2b).315

Measured wall angles vary between 42 and 83◦, similar316

to the commonly observed range of 60–85◦ for diatremes317

emplaced in hard rock (Hawthorne 1975; Lorenz 2007).318

Assuming a maximum wall angle of 83◦ gives an estimated319

minimum volume of 5.2 ×106 and 7.4 ×106 m3 for dia-320

tremes 19 and 28, respectively. Borehole drilling ceased at321

< 600 m; therefore, this volume is a minimum estimate.322

Figure 3 shows diatreme 28 with adjacent rocks of the323

Knockroe Formation ∼40 m thick. We attribute the Knock-324

roe Formation to diatreme eruptions, based on their textural,325

petrological and geochemical similarities (see Fig. 5). The326

upper bedded lithofacies at the top of the diatremes, adja-327

cent to the extra-crater Knockroe deposits (see Fig. 3),328

has most likely formed by debris currents, remobilisa- 329

tion of maar material and fallout from the water column, 330

gradually filling up accommodation space within the maar- 331

crater. Analogous crater deposition has been described by 332

Lorenz (1986), Lorenz and Kurszlaukis (2007), Gernon 333

et al. (2009a), Gernon et al. (2013) and Delpit et al. (2014). 334

Diatreme 28 has experienced partial erosion of the extra- 335

crater sequences; however, the entirety of the maar deposits 336

surrounding diatreme 19 has been removed. If the same 337

upper bedded deposits observed at the top of diatreme 28 338

were also originally deposited in diatreme 19, a minimum 339

of between 80 and 100 m has been eroded from the upper 340

diatreme, excluding the height of the surrounding tephra 341

ring. 342

The volcaniclastic diatreme infill has been categorised 343

into eight lithofacies that have been grouped into five litho- 344

facies associations (LFA) (Fig. 4 and Tables 1–2). These 345

distinctions are based on differences in composition and 346

textural characteristics. The diatremes appear to have a 347

Fig. 4 A Photograph of a
pelletal lapillus with multiple
coatings of basalt within
structureless mlLT (Borehole
28, 139.6 m). B Large
Waulsortian Limestone clasts
with alignment of smaller clasts
around embayed edges in mLT
(Borehole 28, 514.5 m). C
‘Raggy’ juvenile lapillus with
flattened, irregular shape
(Borehole 19, 54.9 m). D
Well-sorted fines-rich pipe
intruding into lapillistone within
the bLT, outlined in dashed red
lines (Borehole 28 , 26.7 m). E
Equal-sized globular juvenile
lapilli with no interstitial ash
matrix and slight welding within
mlLT (Borehole 19, 553.0 m). F
Lithic-rich poorly sorted
massive lapilli tuff with
Waulsortian Limestone and dyke
clasts as well as blocky juvenile
lapilli (examples outlined in
dashed red lines). Pervasive red
discolouration is attributed to
dolomitisation of mlLT
(Borehole 19, 491.7 m). G SEM
image of a deep crustal xenolith
comprising titanium oxide and
magnetite coated with vesicular
basalt (Borehole 19, 274 m). H
Vesicular lapillus in the upper
diatreme containing feldspar
micro-phenocrysts and vesicles
filled with chlorite (Borehole 19,
50 m). Ab, Albite; Ca, Calcite;
Ch, Chamosite; Mt, Magnetite;
Sa, Sanidine; TiO, Rutile



AUTHOR'S PROOF! JrnlID 445 ArtID 0922 Proof#1 - 31/03/2015

UNCORRECTED
PROOF

Bull Volcanol _#####################_ Page 7 of 22_####_

Table 1 Summary of lithofacies characteristics, context and interpretation for each lithofacies association in the diatremes

LFA Litho Description Interpretation

1 Massive lapilli Predominantly massive, well-sorted lithofacies Mass wasting of maar-diatreme walls and deposition

tuffs (mLT) with high proportion of juvenile fine ash matrix by gravity flows in an open crater; possible elutriation

altered to chlorite and locally infilled by carbonates. of ash from lower in the system.

1 Lapillistones (Lf) Structureless and clast supported with small lapilli Fluidisation of hot lapilli in the central diatreme and

and a low proportion of matrix; juvenile bombs and transportation of outsized lithic clasts from lower in the

large lithic clasts present. Localised ‘raggy’ juvenile stratigraphy

lapilli, preferred vertical orientation of clasts and

apparent welding.

2 Bedded lapilli Highly heterogeneous lithofacies consisting of both Subsided maar strata deposited near-vent as dilute density

tuffs (bLT) massive and normally graded beds containing a high currents and later undercut by diatreme widening, leading

proportion of juvenile lapilli and highly variable to downward slumping along margins.

proportion of fine ash matrix. Locally pockets of fine

ash, pyrite and secondary calcite occur.

3 Massive lithic-rich Structureless lithofacies locally with abundant lithic Homogenous and structureless nature and degassing

lapilli tuffs (mlLT) clasts and blocks, pervasive red-brown discolouration structures indicate fluidisation of diatreme fill.

and fines-rich pockets and pipes.

3 Lithic-rich graded Very poorly sorted, containing a high proportion of ash Accumulation through collapses of the country rock walls

lapilli tuffs (l(n)LT) matrix and abundant juvenile lapilli and lithic blocks. and overlying maar.

Graded bedding with clast alignment, fines pockets and

localised red-brown discolouration.

4 Lapilli tuffs (LTf) Well-sorted highly altered lithofacies with a large Deposited by a high pressure fluidised flow capable

proportion of matrix and lithic clasts. Localised of dilating cracks in country rock.

small-scale grading, alignment of clasts, orange-red

discolouration and localised injection of the tuffs into

cracks in the country rock.

central massive section with localised country rock brec-348

cias toward the base. The upper parts of the diatremes349

and margins consist of bedded lapilli tuff. Intrusions of350

variable thickness occur within the diatremes and to a351

lesser extent in the adjacent country rock. Juvenile lapilli352

lack macroscopic phenocrysts and are characterised by a353

low proportion of vesicles (typically 2–25 %). The major-354

ity of volcaniclastic material has been altered to clay,355

overprinting most primary textures and micro-phenocrysts.356

Ore forming minerals such as sphalerite and galena occur357

within the base of the diatremes in small quantities, vis- 358

ible under the SEM. This study focused on diatremes 19 359

and 28 as these preserve the most complete records and 360

are covered by magnetic surveys and drill cores intersect- 361

ing the central and marginal facies down to 560 m. In 362

contrast, diatremes 47 and 77 were only sampled inter- 363

mittently, as the drill core alternates been limestone and 364

volcaniclastic material which has been brecciated and 365

remobilised by later hydrothermal fluids forming polymict 366

BMBs. 367

Table 2 Summary of measured characteristics of juvenile lapilli and lithics clasts, and vesicle size and percentage for each lithofacies association
in the diatremes

LFA Lithofacies Juv. % Juv. size (mm) Lithic % Lithic size (mm) Matrix % Ves. % Ves. Av % Ves. size (µm)

1 mLT 95–100 2–11 0–3 3–7 50–60 8–23 15 30–3000

1 Lf 98–100 2–48 0–2 5–16 15–25 12–24 19 12–2000

2 bLT 80–99 2–18 1–4 10–39 15–60 2–33 13 119–23,500

3 mlLT 65–90 2–52 10–17 3–71 15–70 4-58 17 6–11,300

3 l(n)LT 65–95 2–76 4–35 5–1670 20–30 4–8 15 134–3200

4 LTf 71–87 2–8 11–29 5–25 60–70 – 5–25 –
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Lithofacies characteristics368

LFA 1: massive lapilli tuffs (mLT) and lapillistones (Lf)369

This lithofacies association is exemplified within the upper370

130 m of the centre of diatreme 19, consisting of two371

key lithofacies, massive lapilli tuffs and lapillistones that372

grade into each other with no visible bedding. The mas-373

sive lapilli tuffs (mLT) consist of well sorted fine to coarse374

ash, lack structure and grade downwards into a more lapilli-375

rich tuff. The proportion of juvenile material is high at376

approximately 95–100 % with only 0–3 vol. % country rock377

limestone fragments (see Table 2) and < 5 % pelletal lapilli378

(see Fig. 4a). These predominantly subspherical pelletal379

lapilli consist of as many as three rims of incipiently vesic-380

ular juvenile material surrounding lapilli of volcaniclas-381

tic material, carbonate country rock, or highly crystalline382

metamorphic lithic fragments. The rocks contain 40–72 %383

lapilli and 1–4 % blocks, with matrix proportion varying384

between 30 and 70 % but averaging around 60 vol. %,385

consisting mainly of fine ash. Clasts are sub-angular to386

sub-rounded and vary between 2–11 mm. Juvenile lapilli387

tend to be blocky and incipiently to poorly vesicular (8–388

23 %, Table 2). The lithofacies has a pervasive green389

colouration due to extensive alteration of ash and lapilli to390

chlorite. Localised areas (decimetre to metre scales) have391

experienced Fe stained carbonate replacement of the ash392

matrix.393

The lapillistones (Lf) are similar in composition and394

structure to the more lapilli-rich mLT but contain 75–81 %395

lapilli, < 1–4 % blocks and only 15–25 vol. % matrix,396

which predominantly consists of fine ash altered to chlo-397

rite. Although the average juvenile lapillus is ∼4 mm, the398

occasional limestone block reaches 48 mm. The juvenile399

lapilli have a measured vesicularity of 12–24 % (Table 2)400

similar to the mLT, and a low proportion of feldspar micro-401

phenocrysts (see Fig. 4H). Within the lithofacies, larger402

‘raggy’ juvenile lapilli (see Ross and White (2012)) occur403

in addition to a localised sub-vertical clast orientation and404

partial welding.405

Interpretation of LFA 1406

The lapilli tuffs and lapillistones may have accumulated407

through a combination of progressive mass-wasting of the408

maar-crater walls (Gernon et al. 2009a) and preferential409

transport of fine ash to the upper part of the diatreme via410

gas-particle dispersions (Gernon et al. 2009b). Winnowing411

of fine ash from areas of LFA1 formed a large proportion412

of secondary pore space and high permeability allowing413

precipitation of a carbonate infill surrounding the lapilli414

(Davies et al. 2008). The blocky nature and incipient vesic-415

ularity suggest the lapilli were formed by fragmentation as416

a result of magma-water interaction (Houghton and Wilson 417

1989; Mattsson 2010). 418

The pelletal lapilli most likely formed when a dyke or sill 419

intruded earlier water saturated volcaniclastic infill. Intense 420

magma degassing combined with vaporisation of the dia- 421

treme fill produced powerful gas jets in which globules of 422

melt-coated clasts scavenged from the adjacent deposits (cf. 423

Gernon et al. (2012)). Another theory suggests agglutination 424

of small melt droplets to a core in the deep magma plumbing 425

system (Lloyd and Stoppa 2003). These lapilli were likely 426

transported from depth to the top of the diatreme by debris 427

jets (Ross et al. 2008a; Valentine 2012) as evidenced by the 428

vertical orientation of clasts (cf. White (1991)) and partial 429

welding. 430

LFA 2: Bedded lapilli tuffs (bLT) 431

Bedded lapilli tuffs occur near the margins in the upper 432

∼80 m of diatreme 28. Bed thickness varies considerably, 433

averaging between 2 and 8 cm, but reaching up to several 434

metres thick and generally increasing with depth. Transi- 435

tions between beds are either sharp or diffuse, with normal 436

and inverse grading observed, typically towards the base of 437

beds. Bedding angles vary between 4 and 52◦. On aver- 438

age, beds contain 50–60 % ash matrix, pervasively altered 439

to chlorite with pockets of secondary calcite and pyrite, 440

decreasing to <15 % in clast supported beds. Lapilli propor- 441

tions vary from 40 to extremes of 85 % and blocks <1 %. 442

The degree of sorting decreases with depth, with upper- 443

most beds well sorted and the lowest moderately sorted. 444

Clasts are predominantly rounded and consist of 80–95 % 445

juvenile material, 1–4 % limestone clasts and 3–20 % dark 446

and blocky lapilli of low average vesicularity and possi- 447

ble juvenile origin. Clast sizes vary from 2 to 40 mm but 448

most juvenile particles are small, averaging between 2 and 449

4 mm. Juvenile lapilli are non to incipiently vesicular (2– 450

25 % vesicles), typically altered to chlorite and many have 451

a dark green outer rim. 452

Interpretation of LFA 2 453

The sequence of thin beds is characteristic of frequent, 454

small-scale phreatomagmatic eruptions (Lorenz 1986; Sohn 455

1996; McClintock and White 2006). The nature of bedding, 456

high degree of sorting, grading and rounded nature of clasts 457

within this lithofacies suggests they were deposited in the 458

maar crater from a series of dilute density currents (Cas 459

and Wright 1991; White 2000). Very thin beds of tuff may 460

be attributed to fallout of ash from suspension in the water 461

column (White 2000). The rounded nature of the clasts sug- 462

gests mechanical alteration of their shape by collisions and 463

abrasion during transport in currents and debris jets (Cal- 464

vari and Tanner 2011) or by recycling of juvenile material 465
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by later eruptions (Houghton and Smith 1993; Leahy 1997).466

Alternatively, mass wasting of the maar-diatreme walls and467

introduction of water-supported gravity currents could have468

introduced this material into the open crater (cf. Gernon469

et al. (2009a)). The dark green rims to juvenile lapilli are470

interpreted as altered glass, thought to represent quenched471

margins that formed during ejection of hot pyroclasts into472

the water column. These quenched margins suggest that the473

lapilli were ejected molten and therefore capable of plasti-474

cally deforming during the expansion stage of magma-water475

interaction, providing another possible explanation for their476

round shapes (Kokelaar 1986). Progressive deepening of the477

diatreme would have caused widening and undercutting of478

the maar and slumping along the diatreme margins (Lorenz479

and Kurszlaukis 2007). These wedges of pyroclastic mate-480

rial and their associated bedforms (Fig. 1) are commonly481

preserved along the margins of diatremes and may result482

from fluidisation of a central region, which effectively483

destabilises the marginal deposits causing them to slump484

downwards (Gernon et al. 2008). The dark non-vesicular485

lapilli that comprise up to 20 % of this lithofacies are simi-486

lar to ‘blocky’ clasts described by Fisher (1984), Houghton487

et al. (1999) and Ross and White (2012). These are inter-488

preted as cognate clasts of either fragmented dykes intruded489

into the diatreme-fill (cf. Gernon et al. (2013)) or poorly490

vesicular magma that experienced brittle fragmentation (cf.491

Ross and White (2012)).492

LFA 3: Massive lithic-rich lapilli tuffs (mlLT) and493

lithic-rich graded lapilli tuff (l(n)LT)494

The central part of the diatremes (e.g. diatreme 19) con-495

sists largely of massive lithic-rich lapilli tuffs with localised496

lithic-rich graded lapilli tuffs, penetrated by many late-497

stage vesicle and phenocryst poor intrusions, commonly498

exhibiting undulating contacts. Intrusions vary in thick-499

ness from tens of centimetres to 45 m, averaging at 2.5 m500

thick. However, intrusion angles vary between 2 and 69o501

from the horizontal, averaging 37◦. Changes within the502

mlLT lithofacies are gradual with no visible beds and503

an increasing proportion of matrix with depth from 15504

to 70 % and 30 to 85 % lapilli and no blocks between505

∼110–330 mbgs with localised variations. The lower part506

of diatreme 19 (c. 390–560 mbgs) contains a high pro-507

portion of clasts and only ∼35 % matrix consisting of508

varying proportions of medium grained ash, limestone lithic509

clasts and localised patches of pyrite disseminated within510

the matrix. Clasts have angular shapes towards the top511

of the lithofacies but become rounded with depth, with512

26–73 % lapilli and 3–7 % blocks at the diatreme base.513

Juvenile lapilli remain dominant (65–90 %), with higher514

proportions of limestone country rock clasts (up to 17 %)515

and < 1 % lower crustal xenoliths coated with juvenile516

material (Fig. 4G). Limestone clasts frequently exhibit 517

embayed edges and a thin dark rim, possibly consisting of 518

a mud coating (Houghton et al. 1999; Brown et al. 2008a). 519

The average juvenile lapilli size is larger (6–13 mm) than 520

within the upper diatreme, with local variations in sorting 521

and maximum clast size reaching 76 mm. The proportion 522

of dark incipiently vesicular material varies considerably 523

between <5 and 90 % of the clast population and includes 524

small lapilli to large blocks. The upper lithofacies is lack- 525

ing in fine ash while the lower section contains isolated 526

pockets and pipes rich in ash sized particles. Juvenile 527

lapilli exhibit vesicularity ranging between 4 and 58 % 528

and show a wide diversity in habit throughout the litho- 529

facies. These include blocky with fracture-defined edges, 530

areas of equigranular lapilli with little or no interstitial ash 531

matrix and large ‘raggy’ lapilli. Pelletal lapilli commonly 532

display multiple coatings of pale and dark magmatic mate- 533

rial. Thin lapilli-rich and fines-rich pipes (1–4 cm wide) and 534

partial welding are visible within the sequence. These par- 535

tially welded areas are usually found adjacent to boundaries 536

such as dykes, veins or fractures and involve elongation 537

parallel to the boundary and partial merging of juvenile 538

particles. 539

An orange colouration, initially related to alteration of 540

juvenile lapilli, starts at ∼288 mbgs in borehole 19, locally 541

at 182 mbgs in borehole 28 and intermittently at 295 mbgs 542

in borehole 23. Towards the base of the diatremes, the alter- 543

ation and discolouration of both clasts and matrix becomes 544

more persistent and juvenile lapilli appear bleached (e.g. 545

Fig. 4F). XRD analysis has shown that this alteration is the 546

result of increasing dolomitisation with depth (Elliott et al., 547

unpublished data). 548

The l(n)LT units have sharp contacts with the surround- 549

ing mlLT and are characterised by a high concentration 550

(up to 23 %) of blocks up to 1.7 m in diameter (79– 551

100 % of which are country rock clasts) and 57–79 % 552

lapilli. These units are poorly sorted with clast sizes aver- 553

aging 11 mm, and a large range in angularity from sub- 554

angular to well rounded. The units are lithic-rich with 555

4–30 % limestone clasts and approximately 3 % dark 556

LABL clasts and between 65 and 95 % juvenile lapilli, 557

including up to 10 % dark, blocky incipiently vesicular 558

clasts. Beds are typically graded with alignment of smaller 559

clasts around larger clasts, and fines-rich pockets are also 560

observed (Fig. 4D). 561

Interpretation of LFA 3 562

The massive nature of mlLT is consistent with the 563

homogenisation of a large part of the diatreme fill, partly 564

through the action of debris jets (Lorenz 1975; Valentine 565

2012; Delpit et al. 2014) and gas-fluidisation (Walters et al. 566

2006; Gernon et al. 2008). 567
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The majority of lapilli found within this lithofacies are568

blocky with fractured boundaries, and likely result from569

phreatomagmatic fragmentation (Fisher 1984; Houghton570

et al. 1999; Ross and White 2012). ‘Raggy’ clasts retain571

enough heat to remain in a hot plastic state (Ross and572

White 2012) as evidenced by their elongate shape and573

uneven edges, effectively moulding around adjacent clasts574

during transport (Fig. 4C). Globular lapilli are considered575

to result from gas streaming through magma, fragment-576

ing and depositing hot lapilli and welding grain boundaries577

(Fig. 4E). This process is similar to that described by Ger-578

non et al. (2012) for the formation of pelletal lapilli and579

is consistent with the high degree of sorting and paucity580

of fines.581

The localised lithic-rich graded lapilli tuffs within the582

mlLT are thought to be lenses of material resulting from583

episodic diatreme wall collapses or formed from explosions584

near the diatreme-country rock margin (Ross and White585

2006). The proportion of country rock is higher toward586

the base of the mlLT (>250 mbgs), possibly because the587

limestone clasts are larger and denser and cannot easily be588

propelled by fluidising gases or debris jets (Valentine 2012).589

The undulating nature of intrusion margins indicates that590

they were emplaced prior to consolidation of the diatreme591

fill (Valentine 2012).592

LFA 4: Lapilli tuffs (LTf)593

This lithofacies is closely associated with the brecciated594

country rock-diatreme contact, either as undulations in the595

diatreme walls or injected into fractures in the country596

rock. This lapilli tuff commonly grades downwards into a597

polymict black matrix hydrothermal breccia, not discussed598

in this paper. Defining characteristics include a high propor-599

tion of fine juvenile ash and limestone matrix (60–70 %),600

large clasts (Fig. 4B) and alignment of small juvenile lapilli601

around the country rock contacts. Proportions of clasts are602

variable with ∼70–90 % juvenile lapilli and a high pro-603

portion of limestone (∼10–30 %). Both juvenile and lithic604

clasts are sub-angular to well rounded and limestone clasts605

frequently show embayed edges (see Fig. 4B). Clast sizes606

range from 2 to 86 mm with a low degree of vesicularity (5–607

25 %). This unit is highly altered with red-brown dolomiti-608

sation increasing with depth and proximity to country wall609

contact.610

Interpretation of LFA 4611

Brecciation of the diatreme walls may be due to late-stage612

mass wasting (Gernon et al. 2009a), wall rock collapses dur-613

ing pipe excavation (Sparks et al. 2006), or alternatively614

by phreatomagmatic explosions when rising magma inter-615

acts with water-saturated diatreme fill (Lorenz et al. 2002;616

Lorenz and Kurszlaukis 2007). These processes would cre- 617

ate a highly permeable network of fractures, exploitable 618

by fluidised lapilli tuff and magmatic intrusions. Smaller- 619

scale features of ash and lapilli injected into cracks sug- 620

gest that the lapilli tuff was fluidised and under sufficient 621

pressure to further fragment the country rock. Irregular, 622

embayed edges of larger limestone clasts suggest they have 623

encountered acidic hydrothermal fluids after brecciation 624

(Hitzman et al. 2002; Redmond 2010). The increased evi- 625

dence for fluid interaction in this lithofacies suggests these 626

fluids preferentially flowed along the limestone-diatreme 627

contact. 628

Knockroe Formation 629

The Knockroe Formation within the Limerick study area 630

is a 5 to 155-m-thick suite of alkali basaltic pyroclastic 631

strata and lavas (Fig. 7). Several boreholes <1 km from 632

the diatremes containing Knockroe pyroclastic rocks were 633

sampled at a range of depths between 6 and 178 m and 634

analysed for trace element concentrations by solution ICP- 635

MS. Our data shows the Knockroe Formation to exhibit 636

very similar trace and REE patterns to that of the dia- 637

tremes (Fig. 5a). The Knockroe average lies consistently 638

below that of the diatremes, which may represent dilution 639

by the uptake of Mg and other elements during alteration 640

in seawater (Humphris and Thompson 1978; Seyfried and 641

Mottl 1982; Utzmann et al. 2002). Zr is plotted against 642

Nb (Fig. 5b) as Zr is considered relatively immobile under 643

hydrothermal conditions (MacLean 1980; Rollinson 1993; 644

Zhou et al. 2000), and Nb is highly incompatible and will 645

therefore be enriched in early mantle melts. The Knockroe 646

samples clearly follow the same linear pattern and Nb/Zr 647

gradient as the diatreme samples, indicating that they fol- 648

low a similar fractionation trend. These data show a clear 649

genetic link between the diatreme and Knockroe Formation, 650

suggesting the latter formed predominantly by diatreme 651

sourced material. 652

Various parts of the sequence are interbedded with cherty 653

wackestones of the Lough Gur Formation. The Knockroe 654

Formation is divided into five different lithofacies based 655

on their textural characteristics and depositional processes 656

and numbered in depositional order (Fig. 6). The fine- 657

grained lithofacies 1 occurs at the base of three of the 658

boreholes but thins out toward the SE, exhibiting normal 659

grading and commonly fine laminations in beds that vary 660

from <0.1–1 m thick. Typically, these beds are overlain 661

by dark lapilli-rich lapilli tuff (lithofacies 2). Lithofacies 2 662

grades upwards into a fines-poor unit (lithofacies 3) with 663

larger rounded lapilli with clay or ash matrix near the base 664

and small lapilli with ash matrix near the top. The over- 665

lying lithofacies 4 is typically interbedded with fines-poor 666

material. Here, lapilli are sparse within the wackestones 667
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Fig. 5 Trace element data obtained by ICP-MS for diatremes (19 and
28) and the Knockroe Formation. A Multi-element plot shows two
very similar trace element patterns for the two deposits. The Knockroe

average data are consistently slightly more diluted than that of the dia-
treme for all elements, most likely due to alteration in seawater, e.g.,
uptake of Mg. B Nb versus Zr plot showing very similar trends and
trace element data for diatremes and the Knockroe Formation

or are interbedded with crinoidal debris in more con-668

centrated, thin beds and contain occasional volcaniclastic669

autoliths. At the top is lithofacies 5, a matrix-supported and670

poorly sorted massive unit, which predominantly contains671

altered volcaniclastic material and limestone clasts, textu-672

rally and compositionally resembling deposits of the upper673

diatreme. This lithofacies increases in thickness toward674

the SE from 1 m in borehole 24 to 25 m in borehole675

6 (Fig. 7) with beds typically dipping between 3–50◦,676

averaging ∼30◦.677

Interpretation of the Knockroe Formation678

To the SW, the thickened Knockroe Formation truncates679

the carbonate formations, infilling a pre-existing topog-680

raphy most likely formed by carbonate mounds of the681

Waulsortian Limestone. Greywacke beds within the Knock-682

roe Formation were deposited during the Lower Viséan683

(345–399 Ma) (Somerville et al. 1992) in a shallow water684

submarine environment (Lees and Miller 1985; Holland and685

Sanders 2009). Deposition of these greywackes at Limerick686

is estimated to have occurred at water depths between 20687

and 120 m. This upper limit is based on the depth ranges688

proposed by Wood (1957), Riding (1975) and Gallagher689

and Somerville (2003) for foram and algae (taxa Draffa-690

nia and Girvanella) observed in the Lough Gur beds by691

Somerville et al. (1992). The lower depth limit is based on692

the lack of ooids in the Limerick upper Waulsortian that 693

have been observed in other areas where this Formation 694

has reached depths <120 m (Lees and Miller 1985), and 695

also reflects the underlying carbonate bathymetry seen in 696

Fig. 7. The thin to medium cross-laminated tuff beds of 697

lithofacies 1 were most likely deposited from dilute turbid- 698

ity currents linked to density flows. The thin discrete beds 699

likely formed by ash fall from suspension in the water col- 700

umn after Surtseyan-type pulses of activity (White 2000). 701

The lithic content is negligible at <1 % indicating that 702

any magma-water interaction was not diatreme-forming, 703

due to the lack of country rock fragmentation. Any explo- 704

sive magma-water interaction therefore most likely occurred 705

at the water-sediment interface, rather than being confined 706

within solid rock (Kokelaar 1986). Magma fragmentation 707

within the submarine environment would also most likely 708

involve cooling-contraction granulation processes (Koke- 709

laar 1986), explaining the fine-grained lapilli and ash within 710

this lithofacies. 711

Lithofacies 2 contains a high proportion of dark, blocky, 712

non- to incipiently vesicular clasts that appear fresh com- 713

pared to the surrounding juvenile material and contain small 714

proportions of microcrystalline feldspar. These could repre- 715

sent country rock lava fragments (Kurszlaukis et al. 1998; 716

Gernon et al. 2013), disrupted sills (Nemeth et al. 2001) 717

or fragmentation of a rapidly cooled melt (Ross and White 718

2012). The appearance of limestone clasts possibly indicates 719
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Fig. 6 Photographs of the Knockroe volcaniclastic formation divided
into five lithofacies. Arrows indicate sample orientation, pointing
toward the top of the borehole. L5 Upper Knockroe, surrounding the
diatreme, consisting of poorly sorted lapilli tuff with an altered green
ash matrix. Lapilli are subrounded and incipiently vesicular, contain-
ing aligned feldspar phenocrysts. Clasts consist primarily of juvenile
lapilli, dark blocky lapilli and Waulsortian Limestone. Beds tend to be
very thick varying between 0.5 and 25 m. L4 Greywacke beds with
thin layers of volcaniclastic material. Beds vary greatly in thickness
between 0.1 and 7 m and are matrix supported, containing 0–50 %
lapilli and crinoidal debris. Lapilli are altered, incipiently vesicular
and sub-rounded to rounded. Some beds contain rounded autoliths.
L3 Clast supported and normally graded beds usually 0.5–2 m thick,

predominantly juvenile lapilli with occasional limestone or crinoidal
clasts. Clasts are sub- to well-rounded and range from pebble sizes at
the base to sand grades of ash at the top. Spaces between the lapilli
are filled with dark clays or calcite. Lithofacies may grade vertically
into sections with an ash matrix. L2 Typically occurs above the lami-
nated tuff: packages of lapilli tuff between 5 and 10 m thick containing
high proportions of blocky non to incipiently vesicular dark clasts.
Other clasts include rounded chloritised juvenile lapilli and Waulsor-
tian limestone; occassionally, altered orange and containing diatreme
autoliths. L1 Thin to medium beds (0.1–1 m thick) of often laminated
and normally graded ash interbedded with lithofacies 2. Ash is mod-
erately to poorly sorted and consists of non-vesicular juvenile material
and blocky dark fragments
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Fig. 7 Cross section from SW to NE, showing 4 logs of drillcore of
the Knockroe Formation and their spatial relationship to a diatreme
(shown in centre). The lateral extent of the diagram is indicated by the
red line on the cross section (inset). Numbers in boxes at the top of the

logs indicate the borehole number. Dotted lines indicate where pack-
ages of beds have been correlated between the logs. Ln indicates the
lithofacies package and relates to the lithofacies described in Figure 5

the onset of country rock fragmentation and diatreme-720

forming phreatomagmatic activity (Lorenz et al. 2002; Ross721

and White 2006).722

The normally graded beds of lithofacies 3 most likely723

formed in debris currents related to eruption column col-724

lapse in water, that may or may not have breached the725

water surface (Fiske et al. 1998). In this submarine envi-726

ronment, these density currents would have been water-727

supported (White 2000). These currents can be eruption-fed,728

formed by rising tephra jets expanding and ingesting water729

(White 2000), subsiding and flowing outward from the730

volcanic centre. Alternatively, where the eruption col-731

umn breaches the water surface, tephra and particles can732

be deposited subaerially. High concentrations of particles733

in the water column can lead to gravitational instabili-734

ties and, forming vertical density currents (Fiske et al.735

1998) that would be hard to distinguish from other 736

deposits. These water-supported currents deposit Bouma- 737

type sequences with concentrated basal flows deposit- 738

ing massive unsorted units, grading up into stratified ash 739

beds deposited by the more dilute particle current above 740

(Mueller and White 1992; White 2000). The bases of such 741

sequences are not observed at Limerick, due to direct injec- 742

tion of tephra jets into the water column. This created 743

multiple pulses of more dilute eruption-fed flows deposit- 744

ing a series of unwelded and graded beds (Kneller and 745

Branney 1995; White 2000), similar to the typical upper 746

sequence. 747

Isolated beds of lithofacies 4, interbedded with fos- 748

siliferous debris, indicate a submarine eruption environ- 749

ment. The lithofacies is attributed to re-working of pre- 750

existing pyroclastic deposits, which were saturated, highly 751
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Fig. 8 Examples of typical
lapilli and digitised vesicles used
in image analysis (vesicularity
values shown in brackets). A
Lower diatreme lapillus (11 %)
in an ash and disseminated
limestone matrix (Borehole 19,
274 m). B Upper diatreme
lapillus (64 %) infilled with
calcite (Borehole 28, 33.7 m). C
Middle diatreme lapillus (21 %)
with calcite infilling elongated
vesicles (Borehole 19, 102 m). D
Lower diatreme lapillus (21 %)
with a high number density of
small vesicles (Borehole 19,
274 m). E Knockroe lapillus
(17 %) (Borehole 24, 86.7 m). F
Knockroe lapillus (12 %)
(Borehole 24, 28.2 m)
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mobile and liable to slump (Fiske et al. 1998; White752

2000; Pittari et al. 2008). The Knockroe lithofacies are753

broadly comparable to the deposits of Bridge Point, New754

Zealand, where pauses in the Surtseyan-type eruption755

sequence are recorded by gradual resumption of normal756

sedimentation and re-working of abraded clasts and fossils757

(White 2000).758

Beds of lithofacies 5 typically show normal grading759

at the top and inverse to non-graded bases, indicative of760

deposits of subaqueous debris flows (Nemec and Steel761

1984) similar to those observed at the Costa Giardini762

diatreme, southern Italy (Calvari and Tanner 2011). The763

presence of Waulsortian Limestone clasts indicates brec- 764

ciation of country rock at least 80 m below the seabed. 765

This can occur during phreatomagmatic explosions (Lorenz 766

et al. 2002; Lorenz and Kurszlaukis 2007), and/or dia- 767

treme expansion by implosion, spalling or undercutting 768

(Sparks et al. 2006). Juvenile lapilli reveal incipiently 769

vesicular blocky shards (Fig. 6) suggesting magma frag- 770

mentation by explosion rather than intense vesiculation 771

(Heiken 1972; Houghton and Wilson 1989; Ross and White 772

2012). All these features suggest the uppermost lithofa- 773

cies resulted from high-density debris currents sourced from 774

the diatremes. 775
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Fig. 9 A Histogram of vesicle
cross-sectional area versus
frequency for juvenile lapilli
from both the Knockroe
Formation and diatreme
deposits. Three modal categories
are observed for the diatreme
samples and two for the
Knockroe samples, indicating
separate nucleation events. B
Plot of equivalent length against
the natural log of the vesicle
number density. The same
nucleation events can be seen as
modal values of the equivalent
length and upturning at the end
of the lines are interpreted as
due to vesicle coalescence
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In general, the vesicularity within both diatreme 19 and777

Knockroe juvenile clasts is low. Vesicularity within the778

Knockroe Formation ranges between 6 and 50 %, averag-779

ing ∼17 %, and in the diatremes varies between 2–63 %,780

averaging ∼30 % (Fig. 8). Although, vesicularity is slightly781

lower in the Limerick samples, values are comparable to782

the emergent Surtseyan-type phreatomagmatic eruptions at783

Capelas, Azores (18–58 vol. %) and the phreatomagmatic784

deposits of Miyakejima, Japan containing 20–70 vol. %785

(Shimano and Nakada 2006; Mattsson 2010). The higher786

Limerick values lie within the range required for explosive787

magmatic activity (50–80 %; Houghton and Wilson (1989))788

and tend to be found at the base of the Knockroe Forma-789

tion and in the lower parts of the diatremes (∼350–520 m)790

(Fig. 10). The magma fragmenting to form these lapilli at 791

the base of diatreme 19 was likely more mature, having 792

undergone a higher degree of coalescence. 793

Image analysis has captured a total of ∼0.0135 × 106 794

vesicles (Fig. 9a). Figure 9b plots L, the equivalent vesi- 795

cle length, against the natural log of n, the vesicle number 796

density for vesicle lengths placed into the same categories 797

used in Fig. 9a. The multiple modal values can be seen 798

by the two changes in gradient for the Knockroe For- 799

mation, and three for the diatreme, and indicate multiple 800

nucleation events took place before magma fragmentation 801

(Shea et al. 2010). 802

Clasts of the Knockroe Formation contain a population 803

of smaller vesicles relative to diatreme 19 (Fig. 9) and 804

exhibit two nucleation events, most likely material ejected at 805

an early eruptive stage. Diatreme deposits record a third 806
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population of larger vesicles which may reflect an addi-807

tional nucleation event or inflation of vesicles due to later808

outgassing as diatreme lapilli are insulated and capable809

of sustained plastic deformation. Both a positive and a810

negative gradient are shown (Fig. 9b), suggesting the vesi-811

cles were in the early stages of ripening (Shea et al.812

2010)—the process by which volatiles diffuse from high813

pressures present in smaller bubbles to regions of low814

pressure in larger bubbles (Mangan and Cashman 1996).815

Alternatively, these larger vesicles may have formed by816

maturing from nucleation to coalescence before eventual817

bubble wall relaxation. An upturning of the trend line818

(Fig. 9b) is interpreted as due to bubble coalescence (Shea819

et al. 2010). Figure 9a shows the majority of vesicles820

are smaller than 1.5 × 10−2 mm2 cross-sectional area.821

Tsukui and Suzuki (1995) suggested that vesicles smaller822

than 2 × 10−1 mm2 are the result of super-cooling-related823

nucleation resulting from quenching during phreatomag-824

matic eruptions (Mattsson 2010). However, (Shimano and825

Nakada 2006) suggest that smaller bubble fractions are826

unrelated to fragmentation method and solely represent827

the high rate of magma decompression and eruption828

(Mattsson 2010).829
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Fig. 10 Graph showing ranges and mean values of clast vesicular-
ity in both Knockroe and diatreme deposits. Knockroe borehole 24
and diatreme borehole 19 have been used for this graph as they
contain the most complete records of volcaniclastic material. Note
that vesicularity generally increases with depth in both environments.
The zero line represents the original ground surface upon which the
Knockroe extra-crater material would have been deposited, creating
positive topography. Diatreme sample depths are indicated by negative
numbers

In general, vesicularity increases with depth within 830

diatreme 19 (Fig. 10) indicating an increasing impor- 831

tance of exsolving gas in the eruption processes. How- 832

ever, the majority of lapilli within the central diatreme 833

and Knockroe Formation exhibit incipient to poor vesicu- 834

larity (averaging 14–21 %), well below that required for 835

fragmentation by rapid bubble growth, suggesting frag- 836

mentation by an external water source. The Knockroe 837

Formation only record two nucleation events, whereas dia- 838

treme 19 record three events (Fig. 9); this is attributed 839

to more rapid quenching of ejecta in the water col- 840

umn, relative to thermally insulated pyroclasts in the dia- 841

treme, which are capable of more sustained degassing and 842

vesiculation. 843

Discussion 844

On the basis of the observed structural, compositional 845

and textural characteristics of these lithofacies associations 846

(Table 1), we propose a multi-stage phreatomagmatic and 847

magmatic model for the eruption of diatremes within the 848

Limerick cluster (Fig. 10). 849

Initial eruption stage 850

The thin, well-sorted and graded beds deposited near the 851

base of the Knockroe Formation by dilute density currents 852

(see Fig. 8) show similarities with well-documented sub- 853

aqueous and submarine eruptions such as those of Iblean, 854

Southern Italy (Calvari and Tanner 2011) and Pahvant 855

Butte, Utah (White 1996), resulting from Surtseyan-type 856

eruptions (White 2000; White and Houghton 2006; Cal- 857

vari and Tanner 2011). The paucity of lithic clasts in 858

lithofacies 1 indicates initial eruptions did not involve sig- 859

nificant country rock brecciation and were not diatreme 860

forming. 861

Diatreme juvenile lapilli contain very low concentrations 862

of feldspar micro-phenocrysts (Fig. 4h). This paucity of 863

phenocrysts might suggest that the parent magmas expe- 864

rienced rapid volatile driven ascent from lower crustal 865

levels, as evidenced by the presence of deep crustal xeno- 866

liths in the diatreme fill (Fig. 4g) and in the Knock- 867

roe Formation (Redmond 2010). Rapid magma ascent 868

rates would prevent both extensive crystallisation and 869

interaction with water (Valentine 2012), preventing coun- 870

try rock brecciation (cf. Gernon et al. (2013)) (Fig. 871

11). Explosive magma-water interaction at the sediment- 872

water interface as well as cooling-contraction granula- 873

tion (Kokelaar 1986) fragmenting the hot clasts, most 874

likely accounts for the fine-grained nature of the basal 875

Knockroe lithofacies. 876
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Fig. 11 Schematic cartoon
illustrating the five stages of
diatreme emplacement (see
discussion). Stage 1 shows
eruption sites shedding
pyroclastic material via dilute
density currents into the adjacent
basin. Stage 2 depicts the onset
of phreatomagmatic activity. Sea
water incursion through the vent
and fractured country rock
forms a quenched non-vesicular
body of magma which is
fragmented and ejected by initial
phreatomagmatic explosions.
Stage 3 shows phreatomagmatic
explosions producing debris jets
that homogenised the central
diatreme facies and widened the
diatreme, undercutting overlying
maar deposits. Stage 4 illustrates
the late stage magmatic activity
forming globular and ‘raggy’
lapilli, trapped at the base of the
diatreme. Stage 5 involves post
diatreme emplacement and non-
explosive intrusion of magma
into unconsolidated diatreme fill
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Transition to diatreme-forming phreatomagmatic877

stage878

Within the Knockroe Formation, beds of lithofacies 2 con-879

tain up to 40 % less-intensely altered vesicular dark lapilli880

and up to 10 % limestone lithic clasts. The co-occurrence881

of abundant juvenile clasts and country rock lithic clasts882

are attributed to an onset of diatreme excavation by explo-883

sive magma-water interaction. After an initially high magma884

flux, water incursion into the vent within a submarine885

environment would likely have led to rapid cooling and886

fragmentation of magma, degassed during initial eruptions.887

Further water incursion may have caused phreatomag-888

matic explosions, brecciating the surrounding country rock889

(Lorenz et al. 2002; Lorenz and Kurszlaukis 2007; Ross and890

White 2006; Sparks et al. 2006) and ejecting both limestone891

clasts and basalt in pulsatory explosions (Fig. 11).892

Phreatomagmatic stage893

Below the upper bLT, diatremes 19 and 28 consist894

of massive lithic-rich lapilli tuffs (mlLT) with localised895

lithic-rich graded lapilli tuffs (l(n)LT). Homogenisation896

of this deposit is considered to be the result of flu-897

idisation by volatiles sourced from outgassing magma898

(Sparks et al. 2006; Walters et al. 2006; Gernon et al.899

2009b) or alternatively by conversion of water to steam900

(White 1991; Lorenz and Kurszlaukis 2007), creating debris901

jets. The blocky, fracture bound and incipiently vesicular902

clasts, combined with high concentrations of lithic clasts903

(10–35 %) suggest eruptions were caused by magma-water904

interactions (Lorenz et al. 2002; Ross and White 2006).905

After the initial high magma flux, seawater incursion into906

the vent likely formed a mobile water-rich slurry into which907

magma intruded (Kokelaar 1983). The rising magma would908

have flash heated water within this slurry to steam, creat-909

ing gas propelled jets of debris and localised fluidisation910

of the diatreme fill (Kokelaar 1983; White 1991; Gernon911

et al. 2009b). Upward transport of material by these two pro-912

cesses and subsequent subsidence would have led to vertical913

mixing and large scale homogenisation of the water-rich914

mix (McClintock and White 2006; Gernon et al. 2009b;915

Valentine 2012). Such processes and creation of debris jets916

could explain the elutriated fines-rich pockets and pipes917

observed at Limerick and many other diatreme sites (cf.918

McClintock and White (2006), Ross and White (2006),919

Brown et al. (2008a), Gernon et al. (2008), and Gernon et al.920

(2013)).921

Vesicularity studies support this interpretation, as vesi-922

cle sizes and percentages are similar to Surtseyan-type923

emergent phreatomagmatic eruption deposits at Capelas,924

Azores and Miyakejima, Japan (Tsukui and Suzuki 1995;925

Shimano and Nakada 2006; Mattsson 2010). This stage is 926

recorded by multiple pulses of debris flows (Nemec and 927

Steel 1984) recorded in lithofacies 3 of the Knockroe For- 928

mation, which contains large country rock lithic clasts and a 929

paucity of fines due to elutriation by turbulent flows. Similar 930

repetitive sequences are observed within maars in both sub- 931

aerial settings, e.g. the Joya Honda maar, Mexico (Aranda- 932

Gómez and Luhr 1996), and the Colli Albani maars, Italy 933

(Sottili et al. 2009), and in submarine settings, e.g. Iblean, 934

Southern Italy (Calvari and Tanner 2011). Pauses in pyro- 935

clast deposition are marked by the resumption of greywacke 936

sedimentation and may represent periods of inactivity or 937

alternatively phreatomagmatic activity that was too deep 938

for debris jets to breach the surface and eject material 939

(Ross and White 2006; Ross et al. 2008b; Valentine 2012; 940

Graettinger et al. 2014). Regional deposition of the Lough 941

Gur greywacke Formation occurred in water depths of 20– 942

120 m, indicating these diatremes initially erupted into 943

a significant body of water. The presence of greywacke 944

beds within the Knockroe Formation is thought to indicate 945

that basinal subsidence continued at rates comparable to 946

volcanic accumulation (Strogen 1988). 947

The large ‘raggy’ clasts were emplaced whilst still in 948

a hot plastic state (Ross and White 2012), after lim- 949

ited interaction with water. Although the majority of 950

juvenile clasts are incipiently vesicular, a small pro- 951

portion of larger clasts exhibits up to ∼60 % vesic- 952

ulation. Magma-water interaction can form a large 953

range in vesicularity depending on the degree of mag- 954

matic gas exsolution at the time of fragmentation 955

(Houghton and Wilson 1989). Although this prolonged 956

stage is dominated by phreatomagmatic activity, the greater 957

vesicularity of these lapilli indicates that magmatic pro- 958

cesses were still important. 959

Late magmatic stage 960

At the lowest observed levels in diatreme 19, the mlLT con- 961

tains a higher ratio of juvenile to lithic clasts. Juvenile lapilli 962

have undergone a higher degree of vesiculation (∼50–60 %) 963

and coalescence creating ‘frothy’ lapilli also observed in 964

the Joya Honda maar, Mexico (Aranda-Gómez and Luhr 965

1996). Here, this texture is attributed to low confining pres- 966

sure exerted on the magma during vent excavation, allowing 967

more advanced vesiculation before groundwater interaction 968

(Aranda-Gómez and Luhr 1996). Proportions of ‘raggy’ and 969

pelletal lapilli also increase, indicating a lower degree of 970

magma-water interaction toward the base of the diatreme. 971

These lapilli exhibit evidence for heat retention, including 972

fluid, plastically deformed shapes and partial sintering with 973

adjacent lapilli. A basaltic lava flow directly overlies vol- 974

caniclastic deposits of the Knockroe Formation less than 975
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500 m to the south-west of diatreme borehole 28. The flow976

has not formed hyaloclastites or pillows and does not exhibit977

an extensive chilled margin, indicating eruption into a sub-978

aerial environment (Griffiths 1992; Gregg and Fink 1995;979

White 2000). This observation is consistent with the inferred980

decline in magma-water interaction and collectively are best981

explained by emergence of the system (Fig. 11) as sug-982

gested by Holland and Sanders (2009), explaining the lack983

of submarine fossiliferous debris in the upper Knockroe984

(lithofacies 5). Emergence and subsequent drying out of the985

diatreme may have caused a downward migration of explo-986

sion depths (Mattsson et al. 2005), prior to or during this987

late magmatic stage.988

Post-emplacement magmatic stage989

Late-stage intrusion of magma into unconsolidated990

diatreme-fill is a common feature of diatremes (Valen-991

tine 2012), as observed in the Gibeon Kimberlite992

Field, Namibia (Kurszlaukis et al. 1998), Iblean, Italy993

(Calvari and Tanner 2011) and Elie Ness, Scotland (Gernon994

et al. 2013). They represent late stage upwelling of magma995

soon after the cessation of explosive volcanic activity996

(Kurszlaukis and Barnett 2003; Lorenz and Kurszlaukis997

2007; Valentine 2012). Dense dark clasts are closely associ-998

ated with a ∼1 m thick intrusion, and thought to result from999

magma fragmentation upon contact with unconsolidated1000

diatreme fill, causing magma mingling and disintegration1001

into blocky clasts (White 2000; Calvari and Tanner 2011).1002

Conclusions1003

The Knockroe Formation records an initial eruption stage1004

of the Limerick diatremes, involving rapid magma ascent1005

from lower crustal levels. High ascent rates allowed1006

magma to reach the sediment-water interface before any1007

appreciable crystallisation or magma-water interaction1008

occurred, resulting initially in small (non-diatreme form-1009

ing) phreatomagmatic eruptions. An extended period of1010

phreatomagmatic activity formed diatremes of greater than1011

500 m depth filled with massive deposits homogenised1012

by fluidisation and debris jet action. Evidence for this1013

stage is recorded in the ∼150-m-thick Knockroe Forma-1014

tion with interludes of sediment deposition (i.e. Lough1015

Gur greywackes). These interludes may have been peri-1016

ods of inactivity or alternatively when phreatomagmatic1017

activity was too deep for debris jets to breach the1018

surface and eject material. The occurrence of lithic1019

clasts within this deposit marks the onset of country1020

rock brecciation and diatreme-forming phreatomagmatic1021

activity.1022

A minor late phase of magmatic activity, largely affect- 1023

ing the lower parts of the diatremes, was most likely 1024

associated with emergence and subsequent drying out of 1025

the maar-diatreme system. Here, the presence of lapilli 1026

of apparent magmatic or low water/magma origin (e.g. 1027

‘raggy’ and globular lapilli) suggests the diatremes lie 1028

somewhere between the two end members of magmatic and 1029

phreatomagmatic activity. 1030

Our observations of diatreme architecture coupled with 1031

their extra-crater deposits, reveal a complicated eruption 1032

chronology of maar-diatremes initially in a submarine 1033

environment, which will have implications for the study of 1034

other volcanic systems. 1035
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