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Exceptional exposures of four, precisely-dated, Middle Jurassic to Early Cretaceous,

9

silicic volcanic centers and their plutonic equivalents in Hong Kong have provided an excellent

10

opportunity to examine close connections in time and space between magma chambers and their

11

overlying calderas. Here, we describe a ~14 km crustal section through a collapsed caldera in

12

southeastern Hong Kong where the intracaldera fill suggests that the magmatic discharge was of

13

supereruption scale. The main subvolcanic components that link a magma chamber with surface

14

are revealed by well-established field relationships, supplemented by high precision

15

geochronology, whole-rock geochemistry, and geophysical data. Exposures and outcrop patterns

16

reveal kilometer-scale caldera subsidence and evidence of the simultaneous evacuation of

17

hundreds of cubic kilometers of high-silica rhyolite magma through dike-like conduits from a

18

shallow subcrustal reservoir. The resultant volcanotectonic depression, within which is preserved

19

a single cooling unit of massively columnar-jointed densely welded tuff (High Island tuff), is

20

interpreted to form part of a larger tilted Early Cretaceous nested caldera complex. The High

21

Island eruption signaled the end of a 24 Myr-period of voluminous, pulsed Middle Jurassic to

22

Early Cretaceous silicic magmatism in the Hong Kong region characterized by four discrete

23

ignimbrite ‘flare-ups’.

24

1. Introduction

25

Primary investigative methods of the geometry of magmatic plumbing systems beneath

26

large silicic calderas generally concentrate on geophysical measurements of giant caldera

27

complexes in repose [e.g., Christiansen et al., 2007], geochemical and structural studies of

28

exhumed subvolcanic magma chambers [e.g., Kokelaar and Moore, 2006], and detailed

29

petrologic studies of crystals and melt inclusions in eruptive materials [e.g., Davidson et al.,

30

2007]. Descriptions of near-continuous upper crustal sections, which allow direct observations of

31

the architecture of these systems from the floor of the magma chamber to the top of the exposed

32

caldera infill, are relatively uncommon [e.g., Quick et al., 2009]. Here, we describe a ~14 km

33

crustal section through a tilted Early Cretaceous nested caldera complex in southeastern Hong

34

Kong (herein the Special Administrative Region), whose internal architecture has been exhumed

35

through a fortuitous combination of gentle crustal warping and erosion. The relationships of the

36

caldera and its subvolcanic plumbing have been mapped and further deduced from geological,

37

geochemical and geophysical evidence and established within the context of overlapping Early

38

Cretaceous volcanic–plutonic centers. This paper lays the foundation for upcoming detailed

39

petrologic investigations by one of us (DLKT), and particularly specific crystal studies using

40

micro-analytical techniques, of these overlapping magmatic centers. This may help to address

41

current controversies about the evolution of large silicic magma systems [e.g., Coleman et al.,

42

2004; Glazner et al., 2004; Gray et al., 2008; Reid et al., 2011] and their volcanic–plutonic

43

connections [e.g., Bachmann et al., 2007; Kennedy and Stix, 2007; John et al., 2008].

44

2. Geologic Setting

45

Over 80% of the rocks in Hong Kong are Middle Jurassic to Early Cretaceous (Early

46

Yanshanian 190–140 Ma) volcanic–plutonic associations. These belong to four main episodes:

47

165–160 Ma, 148–146 Ma, 143 Ma and 141 Ma, constrained by 44 high-precision U-Pb single

48

crystal zircon ages [Campbell and Sewell, 1997; Davis et al., 1997, Campbell et al., 2007; Sewell

49

et al., 2012] and approximately 1000 whole-rock major and trace element analyses [Sewell and

50

Campbell, 1997; Figure 1]. The episodes are consistent with regional-scale ignimbrite ‘flare-ups’

51

(used here informally to reflect magmatic episodes of very variable duration and lateral extent).

52

The magmatic events in Hong Kong are only a small part of the very much larger zone of Early

53

Yanshanian magmatism that occurred at the same time in southeastern China [Li and Li, 2007].

54

High precision U-Pb zircon ages from Guangdong Province suggest that magmatic episodes

55

were of similar timing and duration to Hong Kong. Accordingly, Hong Kong is ideally placed to

56

constrain the episodic nature of magmatism within the zone as a whole.

57

The two Jurassic (165–160 Ma, 148–146 Ma) ‘flare-ups’ and their volcanic and

58

subvolcanic expressions are spatially and temporally well-defined in northwestern and central

59

Hong Kong and include volcanic–plutonic caldera complexes on Lantau Island and in the central

60

New Territories (Figure 1). They are composed of: mainly high-K calcalkaline dacite to rhyolite

61

lapilli to coarse ash crystal tuffs; and related I-type granitoid and A-type granite (65–72 wt%

62

SiO2) plutons [Sewell et al., 1992; Campbell and Sewell, 1997; Sewell and Campbell, 1997].

63

Nearly complete, NE- and E-elongated calderas, delineated by ring faults and ring-like

64

intrusions, reflect the strong influence of NE-trending regional faults on the distribution and loci

65

of two Jurassic volcanic centers [Figure 1, Campbell and Sewell, 1997].

66

The two Early Cretaceous (143 Ma, 141 Ma) ‘flare-ups’ and their volcanic and

67

subvolcanic expressions spatially overlap in southeastern Hong Kong. They include volcanic–

68

plutonic caldera complexes in the eastern New Territories and southern Hong Kong Island

69

(Figure 1). These are dominated by high-K calcalkaline to shoshonitic high silica rhyolite (>75

70

wt% SiO2), welded, fine ash vitric tuff, with subordinate dacite to rhyolite coarse ash crystal tuff,

71

and minor trachydacite to rhyolite lava [Sewell and Campbell, 1997]. Compositional-related and

72

broadly coeval age-related intrusions comprise I-type granites, and A-type dikes and stocks of

73

quartz monzonite [Campbell and Sewell, 1997; Davis et al., 1997; Sewell and Campbell, 1997;

74

Sewell et al., 2012]. In contrast to the Jurassic calderas, the preservation of the Early Cretaceous

75

calderas is more incomplete; they have northerly elongations consistent with movement on E-

76

and N-trending faults.

77

3. Early Cretaceous Volcanic–Plutonic Coeval Episodes

78

In the eastern New Territories, volcanic and sedimentary rocks belonging to the two Early

79

Cretaceous ‘flare-ups’ dip gently to the east at 10–30º. They are underlain in the west by

80

subvolcanic granite plutons and quartz monzonite stocks of equivalent age and composition

81

[Figure 2, Sewell et al., 2000]. General petrologic characteristics of the Early Cretaceous

82

volcanic and plutonic rocks are given in Table 2.

83

3.1 143 Ma Volcanic–Plutonic Episode

84

The stratigraphy of the 143 Ma ‘flare-up’ has been uncertain due to subsequent caldera

85

development (the 141 Ma ‘flare-up’), and correlation of units on textural and compositional

86

grounds is problematic. Earlier interpretations suggested broadly coeval eruptions from two

87

separate calderas represented by: a dacite-rhyolite assemblage (‘rhyolitic subgroup’) from the

88

Long Harbour Caldera and Sai Kung Caldera in eastern Kowloon, and a trachyte-rhyolite

89

assemblage (‘trachytic subgroup’) from a presumed strongly dismembered, incomplete, ‘caldera’

90

centered on Hong Kong Island [Ap Lei Chau Caldera, Campbell and Sewell, 1997]. Folding of

91

the trachyte-rhyolite assemblage was interpreted to have been caused by granite intrusion [Sewell

92

et al., 2000]. The calderas are underlain by a NE-oriented ellipsoidal 143 Ma pluton north of

93

Kowloon [Sewell et al., 2012], and a subcircular 143 Ma pluton centered on southern Lantau

94

Island [Davis et al., 1997; Figure 2].

95

However, we have now used the TiO2 versus Zr plot [Figure 3A, cf. Campbell and

96

Sewell, 1997, see Datasets DS01and DS02] to reconstruct the pre-collapse configuration and the

97

original stratigraphy for the 143 Ma ‘flare-up’ (Figure 4). This suggests that earlier eruptions

98

were dominated by voluminous, weakly zoned dacite–rhyolite (66–75 wt% SiO2) coarse ash

99

crystal tuff (40–50% crystals), whereas later eruptions were dominated by trachydacite to high

100

silica rhyolite (63–77 wt% SiO2) crystal-bearing fine ash vitric tuff. Sewell and Campbell [1997]

101

originally assigned these rocks to separate phases (Phases 3 and 4) of the 143 Ma magmatic

102

episode based on K2O vs. SiO2 and Ti vs. Zr relationships. Penultimate eruptions culminated in a

103

strongly welded fine ash vitric tuff. A 170 m-thick volcaniclastic unit overlying the welded tuff

104

represents the final accumulation in a volcanotectonic depression following the caldera-forming

105

event. The stratigraphic interpretation for the 143 Ma ‘flare-up’ is corroborated by

106

geochronological and geochemical studies of the Lantau Caldera on Lantau Island [Figure 1,

107

Campbell et al., 2007]. This caldera therefore preserves a condensed record of Middle Jurassic to

108

Early Cretaceous ‘flare-ups’, including a 200 m-thick stratigraphic sequence with very similar

109

age and compositional characteristics to the 143 Ma ‘flare-up’ from eastern New Territories and

110

southern Hong Kong Island.

111

In parallel with the 143 Ma volcanic sequences, the underlying 143 Ma plutons are also

112

strongly dismembered due to the subsequent 141 Ma caldera development. This is most vividly

113

illustrated by the NE-oriented ellipsoidal 143 Ma pluton north of Kowloon (Figure 2) which has

114

been offset, apparently dextrally, by approximately 4 km, along a prominent NE-trending fault

115

marked by a 141 Ma quartz monzonite dike (Wong Chuk Fault – see below). In addition to

116

radiometric ages and spatial associations, whole-rock geochemical relationships [Campbell and

117

Sewell, 1997; Sewell and Campbell, 1997] demonstrate a genetic link between the 143 Ma

118

plutonic and volcanic rocks.

119

3.2 141 Ma Volcanic–Plutonic Episode

120

The first expression of the 141 Ma ‘flare-up’ appears to have been extrusion of flow-

121

banded trachydacite and eruption of rhyolite welded tuff on 143 Ma volcanic materials locally

122

from conduits in Clear Water Bay [Sewell et al., 2012]. This was followed by eruption of

123

rhyolite lava and tuff from conduits in the eastern New Territories [Sewell et al., 2000].

124

Subsequently, a caldera (High Island Caldera, Figure 2) developed during eruption and

125

emplacement of the High Island tuff. The northern and southern boundaries of the High Island

126

Caldera were previously delimited on the basis of E-trending and NW-trending faults, but the

127

eastern and western boundaries were not identified [Campbell and Sewell, 1997]. The High

128

Island tuff, comprising a single cooling unit of compositionally uniform, high-silica rhyolite

129

(>75 wt% SiO2) crystal-bearing fine ash vitric tuff [Figure 3B, cf. Campbell and Sewell, 1997;

130

Figure 4], is non-welded to partly-welded at its base [Tam and Chan, 1983], grading rapidly

131

upward over 30 m into densely welded tuff. The densely welded tuff (Figure 5A) is characterized

132

by spectacularly well-developed columnar jointing, with column diameters up to 2 m (Figure 5B)

133

and observed vertical extents of 30 m and probably more. The base of the High Island tuff rests

134

on a 35 m-thick volcaniclastic unit characterized by tuff breccia, tuffaceous sandstone and

135

mudstone [Strange et al., 1990, Figure 5C]. An outlier of 141 Ma ‘flare-up’ is preserved

136

approximately 40 km to the southwest within the Lantau Caldera [Campbell et al., 2007]. This

137

outlier consists of a 230 m-thick sequence of welded tuff, flow-banded rhyolite, and tuff breccia,

138

resting on an 80 m-thick volcaniclastic unit which separates the 141 Ma volcanic assemblage

139

from the underlying 143 Ma volcanic assemblage (Figure 4).

140

The medium-grained 141 Ma granite pluton centered in Kowloon is capped along its

141

eastern boundary by fine-grained granite which has intruded the overlying 143 Ma volcanic

142

sequence (Figure 2). The fine-grained granite, containing miarolitic cavities, is locally strongly

143

greisenized and mineralized at its contact with volcanic rocks. The coeval NE- to E-trending

144

quartz monzonite to monzogranite dikes approximate the northern and southern boundaries of

145

the medium-grained granite pluton (Figure 2).

146

In northern Kowloon, the dikes commonly occur as broad (10 to 100 m wide) composite

147

(quartz monzonite to porphyritic monzogranite) intrusions. These amalgamate eastwards into

148

stocks of feldspar porphyry which, in turn, grade eastward into strongly flow-banded 141 Ma

149

rhyolite lava and tuff [Addison, 1986]. On Harker diagrams [Figure 6, cf. Sewell and Campbell,

150

1997], these plutonic and volcanic rocks display a comagmatic fractionation trend from

151

dominantly intermediate compositions in the west to highly silicic compositions in the east.

152

In southern Hong Kong Island and on Lamma Island, magmatically foliated quartz

153

monzonite to monzogranite stocks and dikes occur as discontinuous E- to NE-trending

154

intrusions. These can be traced eastward through the 143 Ma volcanic sequence into the basal

155

portion of the 141 Ma volcanic sequence (Figure 2), where the monzonitic bodies are closely

156

associated with volcanic conduit materials, including polymictic tuff breccia [Strange et al.,

157

1990; Figure 5D]. Field exposures in southeast Hong Kong Island, reveal that monzonitic stocks

158

and dikes are intruded by granite very similar in composition to the pluton centered on Kowloon.

159

This observation is consistent with U-Pb zircon geochronology [Davis et al., 1997; Sewell et al.,

160

2012] which suggests that the granite pluton centered on Kowloon (140.4 ± 0.2 Ma) is slightly

161

younger than the monzonitic intrusions (140.6 ± 0.3 Ma). Marine boreholes and surface

162

exposures on small islands immediately west of Hong Kong Island reveal that most of the

163

offshore area to the north of Lamma Island and to the west of Hong Kong Island is underlain by

164

quartz monzonite. Quartz monzonite recovered from the boreholes displays mesocumulate

165

texture and in general, is compositionally more primitive (59–63 wt% SiO2) than quartz

166

monzonite exposed farther east (66–68 wt% SiO2, see Dataset DS03). On Harker diagrams

167

(Figure 6), the quartz monzonite to monzogranite stocks and dikes lie on a fractionation lineage

168

related to 141 Ma volcanic rocks exposed farther east.

169

Coeval mafic enclaves have been reported in the 141 Ma monzogranite from Lamma

170

Island [Strange and Shaw, 1986; Sewell et al., 2000; Figure 5E]. These high K, low Ti,

171

shoshonitic monzodiorite enclaves are of similar composition to mafic dikes that intrude the

172

High Island tuff in eastern New Territories [Sewell et al., 2000, Figure 5F].

173

4. Early Cretaceous Tectonomagmatic Structures

174

4.1 Tectonomagmatic Structures Revealed by Geophysical Data

175

Regional gravity and marine magnetic surveys carried out by the Hong Kong

176

Government [Electronic and Geophysical Services Ltd., 1991; Busby et al., 1992; Fletcher et al.,

177

2000; Sewell et al., 2000] have revealed the continuity and depth of structures that influenced

178

Early Cretaceous magmatism beneath Hong Kong. Recognition of these structures is based on

179

the coincidence of gravity and magnetic anomalies with tabular magmatic bodies, particularly

180

the monzonitic dikes.

181
182

Gravity models developed for Hong Kong [Fletcher et al., 1997] have included the
application of the Euler deconvolution technique [Reid et al., 1990] to interpret basement

183

structures. The technique provides an indication of source geometry and depth from gravity data

184

without the need for prior knowledge of structures or reference to physical properties of the

185

rocks. However, the solutions depend on sufficient density contrasts in the structures to generate

186

anomaly gradients. Euler solutions calculated from Hong Kong-wide Bouguer gravity data

187

(Figure 7A) reveal linear, arcuate, and sigmoidal anomalies. Some can be directly linked with

188

faults and caldera boundaries mapped at the surface; others are interpreted as deeper structures

189

without known surface expression [Fletcher et al., 1997]. Of particular interest are E- and N-

190

trending anomalies with solution depths from 1 to 8 km which are concentrated mainly in eastern

191

offshore areas (SI 1, Figure 7A). A major structural boundary is also suggested by shallow depth

192

solutions west of Lamma Island which separate dominantly linear anomalies in the north and east

193

from mainly arcuate and sigmoidal anomalies in the west and south (Figure 7A). Linear

194

anomalies that vary in length between 2 and 10 km, and are up to 500 m wide, are thought to

195

correspond to faults in the uppermost part of the middle crust and the upper crust.

196

The magnetic anomaly map [Fletcher et al., 2000; Sewell et al., 2000] for eastern and

197

southern Hong Kong waters (based on over 1000 line-kilometers of marine magnetic data

198

profiles) shows several lineaments that represent the offshore continuation of mapped faults

199

(Figure 7A). Additionally, several magnetic lineaments which align with Euler anomalies appear

200

not to have known onshore fault equivalents (e.g., N-trending structures in easternmost waters,

201

and E-trending structures near Sai Kung). Offshore quartz monzonite bodies, proven by marine

202

drilling and undersea tunnel excavation [Fletcher et al., 2000], generally define magnetic ridges.

203

In southwestern Hong Kong, the magnetic ridges correlate with onshore quartz monzonite

204

intrusions along faults and help to delineate caldera-related structures. A prominent E–W-

205

trending magnetic ridge immediately to the southeast of Hong Kong Island has been interpreted

206

to reflect a quartz monzonite intrusion [Fletcher et al., 2000].

207

Magnetic anomalies in the offshore area to the northwest of Lamma Island suggest the

208

existence of a WNW-ESE structural boundary separating magnetically neutral granitic rocks in

209

the north and east from magnetically positive granitic rocks in the south [Fletcher et al., 2000].

210

Magnetic ridges interpreted as quartz monzonite intrusions can be traced for 12 km

211

southwestward from west Kowloon where they appear to terminate against magnetically positive

212

granitic rocks near Lantau Island. Immediately to the west and north of Lamma Island, two

213

dipolar, extremely strong magnetic anomalies (>3000 nT) with positive values in the south and

214

negative values in the north have been interpreted as steeply plunging, highly magnetic basic

215

plugs within 250 m of the seafloor [Fletcher et al., 2000].

216

Field and geophysical observations have led to recognition that the structural

217

configuration in eastern and southern Hong Kong represents a combination of both depth and

218

lateral dimensions of a large collapse caldera system. Due to the prevailing dip of the strata, the

219

depth dimension is expressed largely as a lateral dimension and this explains the variable

220

orientation of caldera-bounding faults and related structures. The lateral dimension is

221

foreshortened due to the dominance of the depth dimension. Consequently, the apparent sinistral

222

and dextral offsets of caldera-bounding faults and related structures have a significant vertical

223

component related to the collapse phase of caldera development.

224

4.2 Caldera-bounding faults and related structures

225
226

Several faults are interpreted as having strongly influenced caldera development, and
having served as magma conduits, during the two Early Cretaceous ‘flare-ups’ [Campbell and

227

Sewell, 1997]. These include the Tolo Channel, Chek Keng, Wong Chuk, Tin Ha Shan, Jordan

228

Valley Tiu Keng Leng, and Sheung Sze Mun faults (Figure 2).

229

(a)

230

Jurassic and Cretaceous volcanic–plutonic associations (Figure 1). On the magnetic anomaly

231

map for western Victoria Harbour [Sewell et al., 2000], the fault marks the abrupt termination of

232

a major ENE-trending, Late Jurassic dike swarm, most extensively developed on eastern Lantau

233

island.

234

(b)

235

intrusions of quartz monzonite to monzogranite and has previously been interpreted as marking

236

the E-W boundary between the Long Harbour ‘caldera’ and the High Island ‘caldera’ [Strange et

237

al., 1990; Campbell and Sewell, 1997, Figure 1]. Farther west, the fault displays a southwestward

238

bend and eventually coincides with monzonitic dikes which intrude granite in the central New

239

Territories. The fault marks the northern boundary of a major conduit that fed rhyolite lava

240

belonging to the 141 Ma ‘flare-up’, whereas in the east it is terminated abruptly by a N-trending

241

fault. The easterly-dipping 143 Ma volcanic sequences on either side of the fault have been

242

offset, apparently dextrally and probably vertically to a significant extent, by approximately 10

243

km.

244

(c)

245

northwestern boundary of the Sai Kung ‘caldera’ [Sewell et al., 2000]. It is characterized for

246

most of its 8 km length by a 100 m-wide quartz monzonite intrusion which marks the southern

247

boundary to the 141 Ma rhyolite lava conduit described above (opposite to the Chek Keng Fault).

248

In the southwest, the Wong Chuk Fault bifurcates, one segment of which continues linearly to

249

coincide with a zone of numerous NE-trending monzonitic dikes, and the other which bends to

The NE-trending Tolo Channel Fault (Figure 2) approximates the boundary between the

The E- to ENE-trending Chek Keng Fault (Figure 2) is characterized by sporadic

The NE-trending Wong Chuk Fault (Figure 2) was previously thought to mark the

250

the south, and then to the southwest, before terminating in the 141 Ma granite plutons centered

251

on Kowloon.

252

(d)

253

Kowloon by a 1400 m-wide volcanic conduit infilled with block-rich pyroclastic material and

254

dikes of quartz monzonite to monzogranite. On Hong Kong Island, the fault coincides with a

255

discontinuous tabular NE-trending quartz monzonite to monzonite intrusion which passes

256

through central Hong Kong Island.

257

(e)

258

southeastern boundary of the Sai Kung ‘caldera’ and was inferred [Sewell et al., 2000] to link up

259

with sporadic monzonite intrusions farther northeast. We now consider that a WNW-trending

260

fault mapped through High Island Reservoir [Strange et al., 1990; Sewell et al., 2000], makes a

261

southwestward bend to coincide with the Jordan Valley Fault. The contact between the High

262

Island tuff and underlying rhyolite lava unit on either side of the fault has been offset, apparently

263

dextrally, by approximately 3 km, and provides compelling evidence that this fault is the

264

southeastern bounding fault of the caldera.

265

(f)

266

monzonite intrusion in eastern Kowloon [Geotechnical Control Office, 1986, 1989a, 1989b]. In

267

Sai Kung, the fault is inferred make a right angle bend to coincide with an E-trending offshore

268

magnetic lineament (see below). The fault is responsible for apparently sinistral offsets of the

269

volcaniclastic unit and the trachydacite lava unit belonging to the 143 Ma and 141 Ma ‘flare-

270

ups’, respectively.

271

(g)

272

boundary of the Early Cretaceous volcanic–plutonic association in Hong Kong. It is defined by a

The E- to ENE-trending Tin Ha Shan Fault (Figure 2) is characterized in eastern

The NE-trending Jordan Valley Fault (Figure 2) was previously thought to mark the

The NE-trending Tiu Keng Leng Fault (Figure 2) is associated with a NE-trending quartz

The ENE-trending Sheung Sze Mun Fault (Figure 2) is inferred to mark the southern

273

strong magnetic ridge interpreted as a quartz monzonite intrusion in the offshore channel

274

immediately to the southeast of Hong Kong Island. Granitic rocks on islands to the south of the

275

channel have been dated as belonging to the 146 Ma ‘flare-up’ [Sewell et al., 2012].

276

5. Tilted Nested Caldera Complex

277

Available geological, geochemical and geophysical evidence show that southeastern

278

Hong Kong, comprising mainly Early Cretaceous granitic rocks in the southwest and volcanic

279

rocks in the northeast, and bounded by the Tolo Channel Fault in the north and the ENE-trending

280

Sheung Sze Mun Fault in the south, has been tilted eastward by up to 30º. This has resulted in

281

near continuous exposure for 30 km (east to west) revealing a vertical crustal section

282

approximately 14 km thick, from the floor of the magma chamber to the top of the exposed

283

caldera infill (Figure 7B). The caldera complex is dominated by the High Island Caldera and its

284

comagmatic subvolcanic intrusions. These are nested within a 143 Ma volcanic–plutonic

285

assemblage, representing an earlier caldera complex, which was strongly dismembered during

286

the subsequent 141 Ma ‘flare-up’ and caldera collapse.

287

The southern and northern boundaries of the High Island Caldera are delimited by tabular

288

quartz monzonite to monzogranite intrusions along faults, which fed trachydacite-rhyolite domes

289

and volcanic conduits exposed in easternmost outcrops. The eastern boundary of the caldera is

290

represented by N–S trending magnetic and gravity (Euler) lineaments which probably mark

291

intrusions along faults at depth. The western boundary, exposing a deeper crustal level, is

292

marked by NW- to N-trending mesocumulate-textured quartz monzonite to monzogranite

293

intrusions west of Hong Kong Island. These link with quartz monzonite to monzogranite dikes

294

from the central New Territories, and probably represent the residue of the evacuated magma

295

chamber.

296

We interpret the Chek Keng, Jordan Valley and Tiu Keng Leng faults associated with

297

monzonitic intrusions and with pronounced bends, as caldera collapse-related structures (Figure

298

7B). Kilometer-scale vertical subsidence is inferred along these faults on the basis of evidence

299

from: geochemical correlation of fault-bounded volcanic blocks comprising volcanic strata of the

300

143 Ma flare-up; offsets of mappable contacts; and thickness variations among the 141 Ma

301

volcanic units. The previously interpreted 143 Ma ‘calderas’ are now considered to belong to a

302

single 143 Ma caldera (redefined here as the Sai Kung Caldera). A relatively intact upper crustal

303

remnant of this caldera is preserved adjacent to the Tolo Channel Fault, along the northern

304

margin of the nested caldera complex (Figure 7B). This reveals an eastward-dipping (up to 30º

305

dip) layered sequence comprising the 143 Ma, 146 Ma, and 164 Ma volcanic successions. These

306

overlie older sedimentary rocks and are intruded at depth by 143 Ma plutons. Along the southern

307

margin of the nested caldera complex, the Sai Kung Caldera has been extensively dismembered

308

by subsequent collapse of the High Island Caldera and intrusion of 141 Ma plutons. The strongly

309

folded blocks of fine ash vitric tuff on Hong Kong Island, compared to the relatively intact tuff

310

blocks in eastern Kowloon, represent massive disruption and foundering of the 143 Ma volcanic

311

assemblage due to collapse of the subsequent High Island Caldera (Figure 7B). Asymmetric

312

block collapse of the caldera may have promoted the deep foundering of the 143 Ma volcanic

313

assemblage [cf. Questa Caldera, Lipman, 1983, see below]. Several mega-xenolithic blocks of

314

volcanic and plutonic material belonging to the 164 Ma magmatic episode also collapsed deeply

315

into the underlying magma chamber and are now enveloped by quartz monzonite and

316

monzogranite intrusions on the southern margin of the caldera complex.

317
318

Caldera-bounding faults delimited by quartz monzonite to monzogranite intrusions are
vestiges of the plumbing system related to the overlying High Island Caldera. They probably

319

served as major conduits for the evacuating 141 Ma magma chamber. Slightly more primitive,

320

mesocumulate-textured quartz monzonite stocks in the west, compared to the east, possibly

321

represent unerupted crystal-rich portions of the magma chamber. Coeval mafic enclaves in

322

associated monzogranite, combined with magnetic anomalies suggesting near surface mafic

323

intrusion, indicate involvement of mafic magma in the source. Abrupt changes in magnetic and

324

gravity patterns in the offshore area to the west of Lamma Island probably delineate the

325

southwestern limit of the nested caldera complex which also corresponds to its deepest level of

326

exposure. Reconstruction of the upper crustal geometry for southeastern Hong Kong (Figure 8A)

327

suggests that it represents a tilted cylinder-shaped nested caldera complex. This is made up of

328

many collapsed crustal blocks. Tilting of the nested caldera complex (Figure 8B) probably

329

occurred during, or immediately after, paroxysmal evacuation of the High Island tuff.

330

The 141 Ma granites centered on Kowloon most likely represent magmatic recharge of

331

the evacuated reservoir that fed the High Island tuff. Magmatic resurgence further deformed the

332

collapsed crustal blocks, particularly on southern Hong Kong Island. Subsequently, the Early

333

Cretaceous nested calderas and their subvolcanic plutons were uplifted and eroded to expose the

334

present crustal extent (Figure 8C).

335

6. High Island Tuff Supereruption

336

The compositionally uniform, densely welded, High Island tuff is considered to represent

337

the intracaldera fill of an immense eruption that signaled the end of Mesozoic silicic volcanic

338

activity in Hong Kong [Strange et al., 1990; Campbell and Sewell, 1997; Sewell et al., 2000]. A

339

colossal volume of pyroclastic material ponded and cooled within the depression. What remains

340

preserved is a single cooling unit of tuff with gigantic columnar joints (columns up to 2 m

341

diameter). Outflow and co-ignimbrite ash fall deposits from this eruption have now been

342

completely eroded, except for an uppermost 25-m thick fine ash tuff unit (141 Ma) within the

343

Lantau Caldera which may represent a preserved remnant of the outflow sheet. The High Island

344

tuff is interpreted as the erupted, highly differentiated upper portion of a large, shallow, zoned

345

quartz monzonite to high-silica granite magma body. Quartz monzonite dikes and stocks,

346

representing tapping of the crystal-rich portion of the magma chamber, were injected into the

347

main volcanic conduits at a late stage of the eruption. Some of these differentiated internally to

348

monzogranitic compositions as they ascended. Sporadic mafic dikes, possibly representing a

349

mafic underplate at depth, were intruded simultaneously with, or immediately after, the

350

emplacement of quartz monzonites, but reached higher levels, including the basal portion of the

351

still cooling High Island tuff. Resurgent activity, marked by the large 141 Ma granite body

352

centered on Kowloon, probably caused further deformation of collapsed 143 Ma crustal blocks.

353

6.1 Eruptive Volume

354

Estimates of the eruptive volume of the High Island tuff are necessarily speculative

355

owing to the virtual absence of deposits outside the known boundaries of the caldera, and

356

uncertainties over the amount of regional erosion. However, some rough estimates are possible,

357

even where only a remnant intracaldera fill deposit is preserved, based on knowledge of some

358

well-studied ignimbrites and ash-flow calderas [e.g., Wilson, 2001; Lipman, 2007]. The first

359

ingredient to establish is the average bulk density of the tuff. This can be done either by direct

360

measurement, or by calculation on the basis of whole-rock chemistry.

361

The saturated bulk density of the High Island tuff, measured in accordance with the

362

International Society for Rock Mechanics Suggested Methods [Brown, 1981], is 2560 kg m-3,

363

which is slightly higher than the range of values (2000–2500 kg m-3) normally quoted for welded

364

ignimbrites [Mason et al., 2004]. On the basis of whole-rock chemistry, the average bulk density

365

of the tuff is 2300 kg m-3 using the computer program ‘KWare Magma’ available from KWare-

366

Geological Software (http://geodynamics.lanl.gov/Wohletz/Magma.htm). We propose, therefore,

367

that the best estimate of the average bulk density for the High Island tuff lies midway between

368

these two end members at approximately 2430 kg m-3. This is close to the average bulk density

369

(2450 kg m-3) used by Mason et al. [2004] to compare the sizes of the largest known ignimbrite

370

deposits on Earth.

371

The minimum thickness of High Island tuff, measured from its basal contact with the

372

underlying rhyolite lava to its easternmost exposure, is about 1 km. However, fission track

373

thermochronometric data from neighbouring Guangdong Province [Yi et al., 2009] suggests 3–6

374

km of regional unroofing since the Late Cretaceous. So this minimum thickness of intracaldera

375

ash flow deposit may be a considerable underestimate.

376

The structural boundaries of the High Island Caldera, delineated by quartz monzonite and

377

monzogranite dike intrusions, volcanic conduits, marked angular unconformities with underlying

378

units, mesobreccias, etc, are projected to form an ellipsoid in outline with a north-south long axis

379

of c.18 km. Based on a minimum thickness of intracaldera ash flow deposit of 1 km, and a

380

caldera diameter of 18 km, the estimated dense rock equivalent (DRE) intracaldera volume of the

381

High Island tuff is ~250 km3. Lipman [1984] proposed that the outflow deposit (O) volume is

382

approximately equivalent to the intracaldera ash flow deposit (I) volume. In a similar manner,

383

Sparks and Walker [1977] suggested that some outflow deposit volumes approximated the co-

384

ignimbrite ash fall deposit (A) volume. Assuming that the co-ignimbrite ash fall deposit for the

385

High Island eruption had an average dry bulk density of 700 kg m-3 (midpoint of the range (600–

386

800 kg m-3) for fresh rhyolitic ash fallout [Shipley and Sarna-Wojcicki, 1982]), and scaling

387

against the estimated bulk density for welded ignimbrite, then the minimum volume of magma

388

erupted (I + O + A) is estimated as ~570 km3. This falls within the general definition of a

389

supereruption [e.g., Mason et al., 2004].

390

6.2 Western USA Cordillera and Southeastern China Analogs

391

We consider that the Questa Caldera in northern New Mexico, USA, [Lipman, 1983;

392

Johnson et al., 1989] represents a close analog of the High Island Caldera in terms of

393

topographic dimensions (>15 km diameter), volume (>500 km3) and high-SiO2 composition (76–

394

78 wt%) of material erupted, collapse style, and the exposed volcanic–plutonic connections. The

395

26 Ma Questa Caldera developed above a shallow, quartz monzonite to granite magma body

396

undergoing extension along regional faults. The extensional tectonic setting is thought to have

397

influenced asymmetric collapse of the caldera during eruption of the Amalia Tuff, and intense

398

deformation and rotation of foundering crustal blocks. A shallow granite body is also thought to

399

represent a resurgent intrusion within the caldera.

400

Similarly, though on a smaller scale, we consider that the Searchlight pluton in the

401

Eldorado Mountains, Nevada, USA, [Bachl et al., 2001] represents a compositional and

402

structural analog of the subvolcanic magma chamber that fed the High Island tuff.

403

Reconstruction of the Searchlight pluton from an interpreted tilted crustal section has unveiled a

404

fossil magma chamber. This comprises a lower basal unit of magmatically foliated quartz

405

monzonite containing synplutonic mafic pods, a middle unit of granite, and an upper roof unit of

406

quartz monzonite. The lower and middle units are considered to represent the segregated melt-

407

rich and crystal-rich portions, respectively, of a solidifying magma body; the upper unit is

408

thought to represent a solidification front. Synplutonic mafic pods have been interpreted as

409

indicating injections of variably contaminated mantle-derived magma in the source region.

410

Several large volcanic–plutonic complexes have been described from the Mesozoic

411

Yanshanian magmatic belt of southeastern China, mainly in western Guangdong [Geng et al.,

412

2006], Fujian [Qiu et al., 1999] and Jiangxi [Yang et al., 2011] provinces. However, most of

413

these studies have focused on petrological and geochemical aspects, and relatively few details

414

are readily available on pluton-caldera dimensions, subvolcanic structural connections, and

415

volumes of erupted materials. Nevertheless, the increasing application of high precision U-Pb

416

zircon geochronology to studies of such complexes has revealed the potential for close analogies

417

with Hong Kong. For example, the Early Cretaceous Xiangshan volcanic–plutonic complex in

418

Jiangxi Province [Yang et al., 2011] comprises an early stage of fissure-fed dacite to rhyolitic

419

welded ignimbrite eruption, with associated monzogranite porphyry, and a late stage, central

420

vent caldera-forming eruption of rhyolite tuff, with associated injection of quartz monzonite and

421

high-K mafic dikes. Interestingly, the U-Pb zircon ages reveal that the emplacement of the

422

Xiangshan magmatic complex took place over approximately two million years, which is of

423

similar duration to the Early Cretaceous ‘flare-ups’ in Hong Kong.

424

7. Conclusion

425

The exceptional detail afforded by this remarkable crustal section through a nested

426

caldera complex in southeastern Hong Kong provides a direct window into the magmatic and

427

tectonic origins of large, overlapping, silicic magmatic systems. Reconstruction of the geometry

428

of the nested caldera complex, based on meticulous field observations, high precision

429

geochronology, whole-rock geochemistry, and geophysical surveys, reveals that the 143 Ma

430

volcanic–plutonic assemblage was extensively dismembered by development of the spatially

431

overlapping 141 Ma High Island Caldera. Rapid evacuation of a large, shallow, silicic magma

432

chamber during the 141 Ma ‘flare-up’ possibly induced asymmetric collapse of the nested

433

caldera complex to produce a local NE-oriented tilted crustal section. Volcanic conduits from

434

which immense 141 Ma eruptions took place were concentrated mainly along caldera ring fault

435

zones, some of which permitted the collapse of kilometer-scale crustal blocks to abyssal depths

436

of the underlying magma chamber. These are now preserved either as composite (quartz

437

monzonite to monzogranite) feeder dike complexes, or as quartz monzonite and monzogranite

438

stocks. The volcanic conduits, and the structures within which they occur, therefore reveal a

439

direct connection between the magma chamber and the extrusive rocks. They were exploited

440

repeatedly during the 141 Ma ‘flare-up’, from the early stage extrusion of trachydacite to rhyolite

441

lavas and tuffs, through the main stage eruption of the High Island tuff, to the late extrusion of

442

less differentiated magma. The rapid accumulation, ponding, and uniform cooling of the

443

intracaldera High Island tuff resulted in the development of the spectacular columnar-jointed

444

rhyolitic rock masses. Many of the features of the tilted nested caldera complex warrant further

445

examination, the details of which are beyond the scope of this paper. However, it is hoped that

446

future studies will provide valuable new insights into magma assemblies, eruption mechanisms,

447

and structural development of large silicic magmatic systems.

448

The nested caldera complex in southeastern Hong Kong is considered to represent an

449

exemplar of similar Middle Jurassic to Early Cretaceous magmatic systems that were replicated

450

many times during ignimbrite ‘flare-ups’ over 100,000’s of square kilometers along the

451

southeastern seaboard of China. We consider that the Early Yanshanian magmatic belt in

452

southeastern China culminated in a surge of pulsed supereruption scale magmatic activities

453

straddling the Jurassic–Cretaceous boundary and ended abruptly at approximately 141 Ma. The

454

ignimbrite ‘flare-ups’ recognized in Hong Kong represent a microcosm of these activities. Such

455

voluminous ignimbrite ‘flare-ups’ coinciding with the end of the Early Yanshanian magmatic

456

period would have had global environmental impact and may have influenced the widespread

457

extinction event among marine tetrapod and terrestrial dinosaur faunas at the end-Jurassic

458

[Bakker, 1978; Barrett et al., 2009; Benson et al., 2009].

459
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FIGURE CAPTIONS

610

Figure 1. Distribution of Middle Jurassic–Early Cretaceous volcanic–plutonic associations and

611

location of key tectonomagmatic elements in Hong Kong (after Campbell and Sewell, 1997).

612

Figure 2. Geology of southeastern Hong Kong. HIT – High Island tuff, RHY – Rhyolite lava, T-

613

VT – Trachytic subgroup - welded fine ash Vitric Tuff, T-CVT – Trachytic subgroup - Crystal-

614

bearing fine ash Vitric Tuff, R-CAT-D – Rhyolitic subgroup - Dacitic Coarse Ash crystal Tuff,

615

R-CAT-R – Rhyolitic subgroup - Rhyolitic Coarse Ash crystal Tuff, G – Granite, M – Quartz

616

Monzonite (see also Figure 4).

617

Figure 3. A: TiO2 versus Zr plot for the 143 Ma volcanic assemblages. T-VT – Trachytic subgroup

618

- welded fine ash Vitric Tuff, T-CVT – Trachytic subgroup - Crystal-bearing fine ash Vitric Tuff,

619

R-CAT – Rhyolitic subgroup. B: TiO2 versus Zr plot for the 141 Ma volcanic assemblages. HIT –

620

High Island tuff, RHY – Rhyolite lava. (Geochemical data used for plots are listed in data sets

621

DS01 and DS02)1.

622

Figure 4. Composite stratigraphic column for Early Cretaceous nested volcanic centers.

623

Figure 5. Illustrations of field and rock characteristics. A) Thin section photomicrograph of densely

624

welded, High Island tuff [after Strange et al., 1990], B) Columnar-jointed welded High Island tuff

625

exposed on North Ninepin Island, eastern New Territories, C) Base of the High Island tuff resting

626

on tuff breccia, South Ninepin Island, eastern New Territories, D) Polymictic tuff breccia

627

representing volcanic conduit material exposed at Sai Kung, eastern New Territories, E) Coeval

628

mafic enclave displaying typical cuspate terminations in 141 Ma granite, northern Lamma Island,

629

F) Mafic dike injected along kink-band in columnar-jointed High Island tuff at High Island

630

Reservoir Dam, eastern New Territories. .

631

Figure 6. Selected Harker diagrams to illustrate comagmatic relationships between plutonic rocks

632

(quartz monzonites and monzogranites) and volcanic rocks for the 141 Ma ‘flare-up’. RHY –

1

Auxiliary Materials are available at ftp://ftp.agu.org/apend/gc/2011gc003865

633

Rhyolite lava; HIT – High Island tuff; GT/MZ – Granite/Monzonite dikes. (Geochemical data used

634

for plots are listed in data set DS03).

635

Figure 7. A: Combined offshore magnetic map, Euler gravity anomalies, major faults and magnetic

636

lineaments (after Fletcher et al., 1997; Sewell et al., 2000). B: Geologic map of the tilted nested

637

caldera-complex showing locations of key stratigraphic units, major faults and tectonomagmatic

638

boundary elements (see Figure 2 for key to abbreviations).

639

Figure 8. Block diagrams illustrating structural evolution of the tilted Early Cretaceous nested

640

caldera complex in southeastern Hong Kong (T – Trachytic subgroup, R – Rhyolitic subgroup, see

641

Figure 2 for key to other abbreviations). A: Shortly after High Island tuff eruption. B: Subsequent

642

crustal tilting by ~30 degrees. C: Uplift and erosion to reveal present-day section.

643

Table 1. Summary of Middle Jurassic to Early Cretaceous Volcanic–Plutonic Associations in Hong
Kong [after Sewell et al., 2000].
Volcanic Group
Magmatic
Episode Name
Main distribution
1
Tsuen Wan Volcanic Group NE and NW New
(TWVG)
Territories

a

Granitic Suite
Name
Lamma Suite (LS)
- A-type Subsuite
- I-type Subsuite

Main distribution
Central and W
New Territories,
Lamma and
Lantau

Agea
(Ma)
165-160

2

Lantau Volcanic Group
(LVG)

Central and W
Lantau

Kwai Chung Suite
(KCS)

E Lantau and S
New Territories

148-146

3

Repulse Bay Volcanic
Group (RBVG)
- Rhyolitic Subgroup (R)
- Trachytic Subgroup (T)

S Hong Kong, N
Kowloon and Sai
Kung

Cheung Chau Suite
(CCS)

W Lantau and S
New Territories

143

4

Kau Sai Chau Volcanic
Group (KSCVG)

E New Territories

Lion Rock Suite (LRS)
- Granite Subsuite (G)
- Quartz Monzonite
Subsuite (M)

N Hong Kong,
Kowloon and E
Lamma

141

Based on high precision U-Pb zircon ages [Davis et al., 1997; Campbell et al., 2007; Sewell et al., 2012].

Table 2. General Petrologic Characteristics of Early Cretaceous Volcanic and Plutonic Rocks of
Hong Kong [after Sewell et al., 2000].
Repulse Bay Volcanic Group (143 Ma)

Kau Sai Chau Volcanic Group (141 Ma)
Clear Water Bay
‘lavas and tuffs’
Bluish grey to black

High Island tuff

Crystal-bearing fine
ash vitric tuff

Porphyritic lava and
fine ash vitric tuff

Crystal-bearing fine
ash vitric tuff

Dacite to rhyolite (66–
75 wt% SiO2)

Trachydacite to highsilica rhyolite (63–77
wt% SiO2)

Trachydacite to highsilica rhyolite (64–77
wt% SiO2)

High-silica rhyolite
(>75 wt% SiO2)

Phenocrysts

Albite, oligoclase,
microperthite, quartz,
biotite (c.50%)

Quartz, oligoclase,
albite, microperthite
(c.20%)

Albite, sanidine,
microperthite,
orthoclase, quartz
(<8%)

Quartz, oligoclase,
orthoclase, perthite,
sanidine and biotite
(c.20%)

Lithics

Lava, tuff and rare
granite

Rare

Rare

Rare

Glass / pumice

Rare

Common

Common

Rare

Fabric

Massive to crudely
bedded

Non-welded to welded

Flow-banded and
densely welded

Non-welded to
densely welded

Rhyolitic Subgroup

Trachytic Subgroup

Colour

Light grey to pinkish
grey

Pale grey to bluish
grey

Texture

Coarse ash crystal tuff

Composition

Cheung Chau Suite (143 Ma)

Pinkish grey

Lion Rock Suite (141 Ma)
Granite Subsuite

Quartz Monzonite
Subsuite
Light pinkish white to
greyish white

Colour

Light grey or pink

Pale pink or grey

Rock type

Biotite monzogranite

Biotite monzogranite

Quartz monzonite

Texture

Porphyritic medium-grained

Equigranular mediumgrained to fine-grained

Porphyritic mediumgrained

Feldspars

Zoned oligoclase, perthitic orthoclase

Microperthite, albite,
zoned oligolcase,

Orthoclase, albite

Mafic minerals

Biotite

Biotite

Hornblende, biotite

Accessory
minerals

Zircon, apatite, Fe-oxide, ± titanite, ± allanite

Zircon, Fe-oxide, ±
apatite, ± titanite, ±
allanite

Zircon, allanite,
apatite, Fe-oxide, ±
titanite

