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ABSTRACT:  
 

 Granitoid plutonic lithic clasts from the ~50 ka Rotoiti caldera forming eruption 

provide insight into the subsurface magmatic processes occurring beneath the Okatiana 

Volcanic Complex (OVC), Taupo Volcanic Zone (TVZ), New Zealand. These lithics 

provide insight  into magma chamber dynamics long before their crystalized remnants of 

magma systems have been exposed at the surface through uplift and erosion. Crystal 

zoning patterns in quartz within the lithic reveal their  thermal and compositional 

history  providing us with a ñwindowò into the active magma system. Our petrographic 

analysis and variations in cathodeluminesence (CL) zoning patterns of the quartz 

clusters within a granitoid clast exhumed in the Rotoiti ignimbrite  suggest that it  

crystalized as part of a dynamic shallow crystal rich cumulate  during active silicic 

volcanism. This result is consistent with the proposed ñcrystal mushò model of pluton 

formation in the OVC in which high-silica rhyolite forms via interstitial melt extrac tion 

from low silica rhyolite mush  the shallow crust.  

 

INTRODUCTION : 
 

Plutonism plays an important role in the development of a volcanic magma 

system such as the Taupo Volcanic Zone (TVZ). However, the link between plutonic and 

volcanic processes within the TVZ and elsewhere remains hotly debated 

with  multiple  opposing models for the relationship between rhyolite fo rmation and 

pluton emplacement. In one set of models plutons form  incrementally  as different 

batches of fells magma cool to the solidus in primarily non eruptive champers within the 

shallow crust. Plutonic magma systems are, therefore, largely unrelated to ephemeral 

ignimbrite chambers: eruptible felsic magma is generated at a greater depths residing 

only temporarily  in the shallow crust  before eruption  (Tappa et al., 2011, Glazner et al., 



2004). The opposing ñmush modelò hypothesizes that eruptible felsic magma forms at a 

shallow depth through processes of crystal fractionation and interstitial melt extraction 

from an incrementally  built intermediate crystal mush - this mush is then preserved as a 

plutonic cumulate in the rock record (c.f. Graeter et al., (2015), Smith et al., (2010), 

Hildreth, (2004), Bachman and Bergantz,(2004)).    

Those attempting to shed light on this debate are faced with a temporal problem: 

coeval plutonic and volcanic deposits exist at the earthôs surface during different time 

periods. The subsurface plutonic/magmatic processes recorded in the rock record will 

not reach the surface through uplift or erosion until long after active volcanism 

has ceased. However, rare plutonic lithic fragme nts entrained within pyroclastic 

deposits (<<1%, Shane et al., 2012)  ï exhumed fragments of holocrystalline rock that 

solidified before or concurrent with eruption ï provide a window into pluton formation 

in the shallow crust within modern volcanic comple xes. These crystallized fragments of 

the magma system provide valuable insight into the magmatic processes within the 

shallow crust (Graeter et al 2015): they imply that, in active volcanic complexes, at least 

some portion of the subsurface magma reservoir is at or near the solidus. Further,  their  

geochemical and textural characteristics allow us to study their crystallization 

environment and growth history  and thereby gain insight into the subsurface processes 

beneath active volcanoes.  

 

Geologic Background:  

The central Taupo Volcanic Zone (TVZ) is one of the most productive rhyolite 

provinces in the world having produced > 10,000 km 3 of explosive deposits from at least 

8 caldera complexes in the last 1.6 Ma (Cole, 1990). Recent activity in the TVZ has been 

focused at two volcanic centers: Taupo and Okataina (Figure 1). The Okataina Volcanic 

Complex has been active since the 322 +/- 7 ka eruption of the Matahina i gnimbrite 

(Bailey & Carr, 1994) and has since become one of the most active and productive 

calderas in recent history. The Rotoiti ignimbrite was erupted in the youngest caldera 

forming eruption of the Okatainia caldera complex . The age of the Rotoiti eruption has 

been a topic of debate (e.g. Shane et al., 2003, Burt et al., 1998, Charlier et al. 2003) and 

through various dating techniques has been narrowed down to 45 to 62 ka in age (Smith 

et al 2010). The Rotoiti is a compounded, non-welded, and voluminous (combined 



volume of ignimbrite and ask is estimated at > 120 km3, Nairn, 20 02) it outcrops to the 

north and northeast of Okatiana (Figure 1, Burt et al., 1998). Plutonic fragments from 

the Rotoiti ignimbrite occur within a co -ignimbrite lag breccia exposed along the 

northern margins of Lake Rotoiti near Tokaerau where they compri se 4% of a lithic 

population otherwise dominated by rhyolite lavas (38%), hydrothermally altered 

rhyolites and ignimbrites (19%), and andecite/dacite lavas (7%) (Figure 1, Burt et al., 

1998). The lag breccia is interpreted to define the onset of caldera collapse (Burt et al., 

1998).  

The Rotoiti plutonic lithics were first studied by Burt et al.  (1998) and Brown et 

al. (1998). In their study, they hypothesized three possible origins for plutonic lithics  in 

relation to their host ignimbrite : (1) ócognateô ï a congealed portion of the erupting 

magma, (2) ócomagmaticô ï from an earlier episode of crystallisation of the host 

eruptive, and (3) óxenolithicô ï unrelated to the host (possibly the result of an earlier 

period of magmatism) (Brown et al., (1998). Their geochemical analysis showed that the 

Rotoiti granitoid lithics had different mineral assemblages and whole rock chemistry 

from the Rotoiti ignimbrite deposits  leading them to conclude that it was ñxenolithicò 

with respect to the host Rotoitit ignimbr ite. However, it  was geochemically similar to the 

earlier Matahina ignimbrite suggesting that the lithic could  represent an isolated 

portion of the Matahina magma system that remained at depth after the ~280 caldera 

forming eruption  before slowly crystalizing and eventually reaching the surface 

entrained in the Rotoiti ignimbrite  (Burt et al., (1998)) . 

However, further geochemical analysis of FRT3 by Charlier et al (2003) found 

that the zircons within the lithic have a broad spectrum of model ages with 77 +/ - 12 ka 

dominating ï an age indistinguishable from the host Rotoiti ignimbrite complicating the 

simpl icity of the Burt/Brown model. Further , Charlier et al. (2003) found that the  

majority of the zircons in both the pumices and the granitods have model ages of <110 

ka, implying that significant growth of, and crystallization  in, the Rotoiti magma body 

(and the host body for the Rotoiti granitoids ) thus probably began some 50 kyr prior to 

eruption. To reconcile the convergent age dates with the divergent isotopic data between 

Rotoiti ignimbrite  and granitoid lithics , Charlier et al propose that the lithics  crystalized 

within a noneruptive ñmagma pocketò potentially sourced from the Matahina magma 

system that, along with the Rotoiti magma body,  underwent one or more episodes of 



heating/remelting that stripped most of the residual zircons ï zircons from only the 

latest episode of crystallization are dominant, masking evidence of previous 

crystallization. In this model, chemically a independent, non-eruptive ñmagma pocketò 

within the shallow crust melted in response to the thermal anomaly that gave rise to the 

Rotoiti magma body, partially recrystallized, and then erupted to the surface within the 

Rotoiti ignimbrite during caldera collapse. Further , Charlier et al. (2003) hypotheized 

that there may have been a greater variety of partially molten material undergoing 

cooling and crystallisation below northern Okataina than is indicated from the Rotoiti 

pumices alone including, but not limited to the g ranitoid parent.  

Shane et al., (2005)  provided geochemical evidence this conjecture: in their study 

they found evidence for multiple magma sources within the Rotoiti ignimbrite leading 

them to conclude that the Rotoiti magma body mingled  with  other largely molten 

magma bodies on accent contaminating the zircon record within the pumices. In their 

revised model, the Rotoiti magma body accumulated at shallow depth and was 

homogenized via rapid convection prior to eruption. The subsequent rapid eruption and 

caldera forming process intersected and entrained two adjacent, stagnant, magma 

bodies at different stages of crystallization. The Rotoiti magma body mingled extensively 

with the less crystalized magma body contaminating the zircon record and carried the 

other body, a near solidus crystal mush, to the surface as granitoid inclusions (one of 

which is FRT3) (Shane et al., 2005). In this model, magmas accumulate in the upper 

crust in separate storage chambers that interact intermittently (Smith et al, 2005).  

When combined, previous research on the Rotoiti plutonic lithics suggests that 

they formed within a subsolidus magma sub-chamber that formed through an  isolated 

magma injection into the shallow crust  unrelated to the Rotoiti magma system (Brown 

et al., 1998, Burt et al 1998, Charlier et al., 2003, Shane et al., 2005). This ñxenolithicò 

relationship to the eruptive deposits suggests that within the Rotoiti magma system 

volcanic and plutonic processes are decoupled: eruptive and plutonic magma interacts 

only in termittently during upheaval associated with eruption and caldera collapse.  

 

Crystal Mush Model :  

However, a growing body of work on melt production in the OVC indicates that 

crystal-rich bodies, either mush zones or plutons, are fundamental to the generation of 



evolved rhyolitic melt (Smith et al., 2010). In this ñmush modelò periodic thermal and 

chemical inputs generate silicic melt within shallow or crystal rich systems: volcanic 

products are the result of high silica melt extraction from a sub-solidus crystal mush 

(Hildreth, 2004, Bachman & Bergantz 2004, Bachman  & Bergantz, 2008, Hildreth and 

Wilson 2007).  Compositional zoning in crystals and mafic enclaves within eruptive 

deposits indicate that mafic intrusion s may causes partial melting within this mush 

generating eruptible interstitial silicic melt which is then stored in surface lenses prior 

to errutpio n (e.g. Bachman et al., 2002). After active volcanism ceases, the remaining 

non-erupted subterranean mush fully crystalizes to form a pluton (Weibe et al., 2007). 

In this model, plutonic lithic fragments are representative of the source of the host 

ignimbr ite (an exhumed portion of the crystal mush).  

A significant body of recent work suggests that the OVC operates on this model. 

Deering et al. (2010) propose that crystal accumulation and and melt extraction are the 

dominant processes involved in producing the rhyolites erupted in the Matahina 

ignimbrite (note that this magma body is the potential source of the Rotoiti granitoids 

proposed by Burt et al., 1998 and Brown et al., (1998). Work by Graeter et al. (2015) 

suggests a crystal mush source for the Kaharoa plutonic lithics. Smith et al. (2010) 

found that this fourth possible relationship between plutonic lithic fragments (the mush 

model) best explains the textual and compositional features of the Rotoiti ignimbrite. 

Smith et al. (2010) propose that the Rotoiti granitoid lithics are exhumed portions of the 

crystal mush based on mineralogical  similarity between the rhyolite melt.  Shane et al. 

(2012) draw a similar conclusion and provide a schematic model (Figure 2) based on a 

reinterpretation of the g eochemical data from Burt et al. (1998) and Brown et al. (1998). 

However, there has been no direct study (that we know of) on the Rotoiti granitoids 

since Charlier et al. (2003). 

In this study, we examine the crystallization textures of a granitoid lithic (FRT3) 

exhumed in the ~50ka Rotoiti eruption from the OVC using similar methods to  Graeter 

et al. (2015) to a) evaluate published magmatic models derived from direct 

geochemically based research on the lithic clast Brown et al (1998), Burt et al (1998), 

Charlier et al (2003), and b) access the feasibility of the ñmush modelò (Graeter et al. 

(2015), Deering et al., (2010), Smith et al., (2010), Shane et al. (2012)) for the formation 

of the Rotoiti plutonic lithics.  



 

METHODS:  

Seven thin sections were made from different zones within a single large (35cm) 

petrographic ly and chemically heterogeneous Rotoiti plutonic lithic with a  distinct 

model layering (Picture 1). These thin sections were then analyzed using an optical 

microscope for texture and basic composition . Quartz clusters were then identified in 

thin sections from two of the zones (Picture 2) and photographed under the gypsum 

plate to determine the relati ve orientation of the grains. Cathodeluminsecene images of 

six clusters were then obtained from carbon coated thin sections from these two zones at 

the University of Canterbury, Christchurch, NZ using a Gatan MiniCL attached to a 

JEOL 700f Scanning Electron Microscope (SEM) using an accelerating voltage of 15 kV 

and a beam current of 14 nA. Because CL emission intensity in igneous quartz depends 

on Ti concentration (Wark and Spear (2005)) and the concentration of Ti in igneous 

quartz correlates with the temperature of crystallization  (Wark and Watson (2006 )), CL 

imaging of quart z grains illuminates changes in the crystallization  environment as well 

as brittle and ductile deformation features  (Graeter et al., 2015).  

 

RESULTS:  

Petrography:  

 The lithic ranges from leucocratic biotite poor granite to mesocratic, medium 

grained biot ite. A mesocratic zone (zone 2) separates lucocratic zones (1 and 3) (Picture 

1). Leucocratic Zone 1  is a heterogeneous fine to medium grained biotite granite. Fine -

grained areas (~7% of total area) are irregular in shape and are comprised of 

equigranular feldspar and quartz  (~50um)  with anhedral margins  (Figure 6) . Medium 

grained areas contain subhedral plagioclase, 15-20% quartz, and interstitial potassium 

feldspar and are typically .5-2mm in size. Granopheric int ergrowth is also present (~3%) 

and quartz shows undulatory extinction. The mesocratic, biotite rich Zone 2  is a 

holocrystaline granodioritic section with abundant biotite (~25%) and plagioclase 

feldspar. Biot ite is commonly intergrown with plagioclase, and tends to line or bound 

the euhedral margins of quartz. The leucocratic Zone 3 is a fine to medium grained (1-

1.5mm) with 7-10% biotite and has extensive graphopheric intergrowth. Moving left 

from the 2/3 margin the percentage of biotite decreases to ~4% and the proportion of 



granphyric intergrowth  significantly  increases. Further, there are increasingly abundant 

patches of interstial felsic texture which represent areas of residual melt that were 

quenched to glass on eruption and have since devitrified (Brown et al., (1998)).   

 

Cathodeluminesence:  

 CL images were obtained for six quartz clusters and one individual grain from 

zones 1 and 2. To determine whether grains within a quartz cluster had different growth 

histories, we compared the pattern of the CL emission intensity zones and looked for 

unique resorption features within the grains. Major non -periodic discontinuities in the 

zoning (50-100 um) were interpreted as the result of changes to the source environment 

(temperature, pressure, magma composition ) while fine oscillatory  zoning (2-20 um) 

within these broader zonation patterns was considered to be the result of diffusion 

controlled mechanism on the crystal-melt boundary layer (Graeter et al., (2015)).  

 Most crystals within the quartz cluster have dissimilar growth histories. Evidence 

of resorption is observable in ~7 grains. Notably, grains a and b in Figure 4 show 

significant resorption with the res orption boundary in b crosscutting other zones. Two 

anhedral zonation margins within grain 1a  in Figure 5 provide evidence of multiple 

resorption events.  

Several other zonation features are distinguished within the quartz grains:  

- Zonation within quartz grains across zones 1 and 2 in Figure 7 show 4+ 

temperatures of crystallization  

- Clear zonation is present in most grains within the clusters, however some (grain 

2, Figure 5, and grain d, Figure 4) notably lack zonation features seen in their 

neighbors suggesting divergent crystallization histories.  

- A thin (~15um) high intensity zone appears in five clustered grains from zone 

one. This bright band occurs at the rim in some grains but others show 

substantial (~50um) growth after the zone occurred. Further it does not occur in 

all grains with in the cluster. Graeter et al., (2015) observed a similar phenomena.  

- Some grains at different alignments and with divergent zonation patterns 

(growth histories) appear to show similar outer rim zonation (d and c  in Figure 4) 

an indication that the grains continued to cr ystalize after attachment.   



- One grain shows three distinct periods of crystal growth in different temperature 

environments (1,2, and 3 in Figure 6) along with linear dissolution suggestive of 

pressure related processes. Further the localized uneven partial melting suggest 

pressure melting because resoprtion is not evident in other areas of the crystal 

(indicated by the white arrows) where instead a linear gradation exists between 

two zones. 

- Zonation within three quartz grains shows deformation (Figure 4 grain c, Figure 3 

grain b, and Figure 7). This deformation is not present in the neighbors of two of 

these grains (Figure 4 grain d, and Figure 3 grain a) indicating disparate 

crystallization histories  among grains in the same cluster.  

 

DISCUSSION:  

 The results of our petrographic and CL analysis indicate that the Rotoiti plutonic 

lithics formed under conditions congruent with a ñmush modelò of silicic melt 

generation:  

1) The zonation of dark and light intensity bands within CL images of the quartz 

grains is consistent with ongoing temperature and pressure variations within a mush 

environment. Further, the significant resoption  events recorded within some of the 

grains align with the dynamic processes of melt, crystallization, and recharge thought to 

occur within a crystal pile  (Graeter et al., (2015).  

2) The presence of quartz clusters with disparate crystallization histories 

indicates that crystals were mobile and not simply growing together on the edges of the 

magma system. Pressure induced textures within the quartz grains (compression 

evident in zonation patterns and uneven partial melting) as well as the undulatory 

extinct ion within the quartz under cross polars may be further evidence of compaction.  

3) The textural heterogeneity observed within zone 1 is consistent with the 

crystallization of interstitial melt within a crystal mush. 

4) The abundance of devitrified interstitial glass within zone 3 suggests that the 

clast is representative of a contemporaneous crystal mush (Bachman and Bergantz, 

(2004) and Hildreth (2004))  

5) The pronounced granophyric intergrowth observed within zone 3  is similar to 

textures described in the literature as involving multiple episodes of volatile pressure 



release (c.f. Lowenstern et al. 1997). This is consistent crystallization  within a dynamic 

mush environment in which periodic eruption events depressuri ze the system (Graeter, 

2012).  

Combined, these findings rule out the possibility that the Rotoiti plutonic lithics 

could have formed in an incremental magma injection into the shallow crust that 

remained isolated from subsequent injections: the resorption , presence of clusters, and 

deformation features indicate that the Rotoiti plutonic lithics could not have form ed in 

an isolated ñmagma pocket.ò Instead, our data indicates that the Rotoiti plutonic lithics 

formed as part of a dynamic sub-solidus crystal mush which was periodically 

rejuvenated and partially remelted through periodic thermal inputs before being carried 

to the surface within the erupting Rotoiti magma during caldera collapse.  

 

FUTURE WORK:  

Though our data provided preliminary support for the ñmush modelòôs 

applicability to the Rotoiti magma system, further work is needed to confirm the 

magmatic processes preserved in the Rotoiti granitoids , including its exact relationship 

to the eruption th at brought it to the surface. Further studies could include an 

application of the methodology of this study to the other areas of the FRT3 lithic to gain 

additional data; electron backscatter diffraction (EBSD) analysis of the quartz clusters to 

determine if the Estrel and parallel twinning observed by Graeter et al (2015) is present; 

an investigation of the boundaries between the distinct lithological zones within the 

lithic.  

Additionally, geochemical comparisons between the erupted Rotoiti pumices and 

the Rotoiti lithics would allow us to further assess the feasibility  of the mush model. 

Though the depleted levels of K2O, Rb, Ba, and Sr within the Rotoiti ignimbrite deposits 

relative to the granitoid lithic (Burt et al., (1998)) are consistent with melt extraction 

from a crystal mush, more in -depth trace element data would be required to draw any 

geochemically-based conclusions.  

Further questions to be considered include but are not limited to: if the eruptive 

high silica melt is stored in roof lenses (Graeter et al., (2015), Smith et al., (2010)) how 

are components of the underlying crystal mush (such as FRT3) entrained within the 

eruptive deposits? What processes within the crystal mush could produce the layering 



and slump structure observable within FRT 3? What, if any, special significance does the 

high temperature band (observed in both the Rotoiti and Kaharoa plutonic lithics) hold?  

   

CONCLUSION:  

The evidence of temperature and pressure changes within the source 

environment, compaction, glass, and interstitial melt crystallization from our analysis of 

the FRT3 lithic support a dynamic link between volcanic and plutonic processes in the 

form of the mush model (cf. Graeter et al (2015), Smith et al (2010), Deering et al., 

(2010), Shane et al. (2012)). Our analysis, combined with previous work, suggests that 

the Rotoiti plutonic lithics formed within a long -lived crystal pile within the shallow 

crust. Dynamic processes within the crystal pile (compaction, hindered settling, or 

shear) occurred to bring crystals with disparate growth histories together into clusters. 

Periodic thermal perturbation (possibly the result of a mafic intrusion, Smith et al., 

(2010)) cause significant resportion and crystal regrowth to occur throughout the 

history of the crystal body. The wide range of ages within the granitoids reflects multi -

stage crystallization within the crystal mush as mafic intrusions melt the crystal pile 

generating silicic melt and incrementally generating  semi-isolated pods of eruptible 

silicic magma.  
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