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ABSTRACT OF THESIS 

Development of baddeleyite as a chronometer for recent silica-undersaturated lavas 

by 

Wan Ning Wu 

Master of Science in Geochemistry 

University of California, Los Angeles, 2014 

Professor Axel K. Schmitt, Chair 

 Baddeleyite is a frequently found accessory mineral in silica-undersaturated lavas. 

Because it is typically enriched in uranium, while having low initial lead, baddeleyite has 

long been a prime target for U-Pb geochronology for mafic rocks. The difficulties in 

retrieving small baddeleyite grains from volcanic samples and the lack of a detailed 

understanding of baddeleyite occurrence, however, have limited baddeleyite chronology 

largely to coarse-grained mafic intrusive rocks. In this thesis, the development of U-Th 

in-situ baddeleyite analysis using Secondary Ionization Mass Spectrometry (SIMS) is 

presented together with an assessment of baddeleyite occurrence in Quaternary silica-

undersaturated lavas. Samples studied include the Cathedral Crag and Burroughs 

Mountain lava flows of Cascade arc volcanoes Mt. Baker and Mt. Rainier (Washington, 

USA), respectively, and Accademia, Punta Marmolite and Cuma lava domes of the 

Campi Flegrei caldera (Naples, Italy). Baddeleyite crystals were initially identified in cut 

and polished rock billets using scanning electron microscope (SEM) backscatter imaging 

and energy dispersive x-ray analysis, before they were separated by diamond-drilling for 
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SIMS analysis. A total of 62 and 52 baddeleyite crystals were documented from 

Cathedral and Burroughs Mountain lava flows; 205, 42 and 15 baddeleyite crystals were 

documented from Accademia, Punta Marmolite and Cuma lava domes, respectively. U-

Th baddeleyite isochron ages range between near secular equilibrium for Cathedral Crag 

lava flow:              
    ka (MSWD = 0.88; n = 3); and            

       ka (MSWD = 2.9; n = 

24) for the Accademia lava dome. The ages for Punta Marmolite (          
      ka; MSWD = 

1.2; n = 11) and Cuma (          
      ka; MSWD = 2.2; n = 11) fall in between, and are in a 

favorable age range for U-Th dating approximately near one half-life of 
230

Th (~75.69 ka). 

Burroughs Mountain lava was not dated because it is expected to be in secular 

equilibrium, but it was used to monitor the abundance of baddeleyite in basaltic andesite 

from an arc volcano. The U-Th baddeleyite ages generally agree with previously reported 

K-Ar ages, except for the Punta Marmolite lava flow, which has a significantly older U-

Th baddeleyite age compared to the K-Ar age. The age comparisons suggest that 

baddeleyite overwhelmingly crystallized near the time of eruption, in contrast to the 

frequently observed protracted pre-eruptive residence of zircon in silicic volcanic rocks. 

Near-eruption crystallization is supported by observations that ~50% of baddeleyite 

crystals occur at the walls of vesicles in most lavas studied here, including Punta 

Marmolite lava flow. The apparent hiatus between baddeleyite crystallization and 

eruption in Punta Marmolite thus could reflect a bias in the K-Ar age. U-Th baddeleyite 

dating is demonstrated to be a reliable chronometer for Quaternary silica-undersaturated 

volcanic rocks, and thus can be the primary dating technique for rocks that lack other 

datable minerals. 
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1. Introduction 

 Baddeleyite (ZrO2) is an accessory mineral commonly found in silica-undersaturated 

lavas such as mafic-ultramafic rocks, alkaline rocks and metacarbonates (Heaman and 

LeCheminant, 1993). It has been widely used for U-Pb chronology in terrestrial and 

extraterrestrial materials because of its high U concentrations and low initial Pb (Heaman, 2009). 

In the absence of other geochronologically suitable minerals, baddeleyite serves as a valuable 

chronometer for dating silica-undersaturated lavas over timescales ranging from the Cenozoic to 

the Archean (e.g., Schmitt et al., 2010; Chamberlain et al., 2010). Additionally, baddeleyite has 

potential for dating lavas that are too glassy, porous, altered or otherwise unsuitable for 

conventional dating techniques such as K-Ar (
40

Ar/
39

Ar). Despite these advantages in 

geochronological applications however, baddeleyite dating of fine-grained volcanic rocks 

remains comparatively underused. This is largely due to the difficulties in retrieving sufficient 

quantities of the characteristically small baddeleyite grains (<20 µm) by conventional mineral 

separation techniques, although water-separation techniques have shown some success for grain 

sizes as low as ~10-20 µm (e.g., Söderlund and Johansson, 2002).  

 Other limitations to baddeleyite geochronology are that experimental calibrations for 

baddeleyite saturation in magmas are lacking, and the diffusion properties of geochronologically 

relevant elements U, Th, and Pb in baddeleyite are currently unknown. Assuming that 

baddeleyite, like zircon (Cherniak and Watson, 2003), is highly retentive for these elements, 

baddeleyite could be expected to primarily record crystallization ages which analogous to zircon, 

may significantly predate the eruption (e.g., Reid et al., 1997). Unlike zircon, which is the 
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dominant host for Zr in silica saturated rocks (e.g., Watson and Harrison, 1983), the physico-

chemical conditions of baddeleyite stability in silica-undersaturated melts have not been 

experimentally determined. This limits the predictability of baddeleyite occurrence, and poses a 

limitation for understanding the significance of baddeleyite ages (i.e., the potential for 

inheritance). In the absence of these constraints, the textural context of baddeleyite is important 

for understanding its age significance (Chamberlain et al., 2010). 

 This thesis summarizes the development of uranium series baddeleyite geochronology 

based on the analysis of the intermediate daughter-parent isotope pair of 
230

Th-
238

U by 

Secondary Ion Mass Spectrometry (SIMS). After this introduction (Chapter 1), the known 

occurrences of baddeleyite in volcanic rocks and their geologic backgrounds are reviewed 

(Chapter 2). Then, the procedures for baddeleyite extraction, including failed attempts, are 

described, together with the sample preparation techniques and methodologies (Chapter 3). In the 

next chapter, results of the study of baddeleyite occurrence in Cascade and Campi Flegrei lava 

flows together with U-Th isochron ages for volcanic rocks which yielded sufficient grains for 

meaningful analysis are presented (Chapter 4). This is followed by a discussion of the geologic 

significance of U-Th baddeleyite ages, and an overall assessment of the geochronological 

feasibility of baddeleyite analysis in late Quaternary lavas in comparison to more conventional 

geochronometers ( Chapter 5). The final chapter ( Chapter 6) summarizes the results of this 

thesis, and presents conclusion for future research directions.  

 



3 
 

2. Baddeleyite occurrence in late Quaternary volcanic rocks, and their geologic 

background 

2.1 Baddeleyite occurrence 

 Based on a literature search, only a handful of studies were found which mention the 

presence of baddeleyite in late Quaternary volcanic rocks (Stockstill et al., 2002; Bindeman and 

Valley, 2001; Moore and DeBari, 2012; Melluso et al., 2012). The scarcity of references 

pertaining to baddeleyite in young volcanic rocks is surprising because it is commonly present in 

hypabyssal mafic rocks (~70%; Chamberlain, pers. comm.). It is uncertain whether this reflects a 

difference in hypabyssal and intrusive rocks vs. extrusive volcanic rocks, or a bias in the 

identification of baddeleyite in volcanic rocks which is often confounded by its small grain size, 

so that it generally remains undetected except for studies which directly target it. 

 For this study, two active volcanic regions were selected where baddeleyite has 

previously been described in lava flows: the Cascades and Campi Flegrei (e.g., Stockstill et al., 

2002; Moore and De Bari, 2012; Melluso et al., 2012). Other examples of baddeleyite-bearing 

lavas (e.g., Oahu and Molokai Islands, Hawaii; Keil and Fricker, 1974; Paraná Province, Brazil; 

Janasi et al., 2011) were not targeted because their ages are too old to be dated by U-Th 

disequilibrium techniques. A brief description of the geologic backgrounds of the study regions 

is presented below. 

2.2 Cascades 
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 The Cascade arc is a continental volcanic arc stretching along the western coast of North 

America from northern California to southern British Columbia, and is associated with 

subduction of remnants of the Farallon plate (Bacon et al., 1997). Baddeleyite has been 

documented in volcanic rocks of the Cascade arc (e.g., Stockstill et al., 2002; Moore and De Bari, 

2012), but patterns of its occurrence and its relation to the major phase crystallization sequence 

remain unclear. Mount Baker is an andesitic stratovolcano located in the northernmost part of the 

Cascade arc in the United States. It is the major component of a Quaternary volcanic complex 

that has been active since 1.3 Ma, with its most recent eruption at ~6.5 ka (5830 ± 55 
14

C yr. B.P., 

4826 - 4545 cal B.C.; Hildreth et al., 2003; age uncertainties are reported in 1σ throughout the 

thesis). Two baddeleyite-bearing lava flows of Mount Baker have been described in Moore and 

De Bari (2012): (1) the basaltic-andesitic Cathedral Crag flow with a whole rock K-Ar age of 

331 ± 9 ka (Hildreth et al., 2003), and (2) the Lake Shannon basalt flow, with a whole rock K-Ar 

age of 94 ± 11 ka (Hildreth et al., 2003). Cathedral Crag lava has 52.2 - 52.5 wt. % SiO2 and 

comprises phenocrysts of plagioclase, clinopyroxene and olivine; the Lake Shannon lava is 

compositionally similar (SiO2 = 51.3 - 53.9
 
wt. %) and carries the same phenocryst assemblage 

of plagioclase, olivine and clinopyroxene (Moore and De Bari, 2012). The only other active 

stratovolcano for which baddeleyite has been described is Mount Rainier, located in southern 

Washington (Stockstill et al., 2012). Mount Rainier erupted mostly calc-alkaline andesitic to 

dacitic lava flows (Sisson et al., 2014). The Burroughs Mountain lava flow is a voluminous (3.4 

km
3
; Stockstill et al., 2002) andesitic lava erupted at the northeast flank of Mount Rainier with a 

whole rock K-Ar age of 496 ± 7 ka (Sisson, pers. comm.). The lava flow is andesitic-dacitic in 

composition and consists of plagioclase, pyroxene and hornblende phenocrysts with SiO2 
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ranging from 59.6 to 64.5 wt. % (Stockstill et al., 2002). The lava is internally subdivided into an 

upper and lower portion where the upper portion of the lava flow is more mafic than the lower, 

and also contains coarse-grained inclusion of gabbronorite-to-diorite in composition (Stockstill et 

al., 2002). 

2.3 Campi Flegrei 

 The Campi Flegrei (aka Phlegrean Fields) represent an active caldera complex in close 

proximity to the city of Naples, Italy (Figure 1). The most voluminous caldera-forming eruptions, 

which shaped the nested-caldera structure of the complex (e.g., Fedele et al., 2008; De Vivo et al., 

2010) include the Campanian Ignimbrite eruption dated at 40.6 ± 0.1 ka (recalculated Ar-Ar 

sanidine age; De Vivo et al., 2001) for the distal pyroclastic flow units and 41.7 ± 0.9 ka (U-

Th/He zircon; Gebauer et al., 2014) for the proximal Breccia Museo deposit. A second major 

caldera-forming eruption occurred at 14.9 ± 0.2 ka (K-Ar feldspar; Deino et al., 2004) and 

produced the conspicuous deposits of the Neapolitan Yellow Tuff on which the city of Naples is 

largely constructed.The most recent eruption within the Campi Flegrei region formed the Monte 

Nuovo cinder cone in 1538 CE (Di Vito et al., 1987).  

 Within the caldera and straddling its boundaries are several pre- and post-caldera 

trachytic lava domes for which the occurrence of baddeleyite has been previously documented 

(e.g., Melluso et al., 2012). The youngest of these is Accademia dome, emplaced at 3.8± 0.3 ka 

(K-Ar sanidine; Cassignol and Gillot, 1982); the oldest are Punta Marmolite and Cuma domes 

which erupted at 47.5 ± 2.0 ka (K-Ar groundmass; Rosi and Sbrana, 1987) and 42.2 ± 0.7 ka (K-

Ar sanidine; Lirer, 2011), respectively. Accademia dome is latitic to trachytic in composition 
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with SiO2 ranging from 58.5 to 59.8 wt. % (Melluso et al., 2012). Phenocrysts comprise 

predominantly plagioclase, clinopyroxene, phlogopite and sanidine. Punta Marmolite dome is 

trachytic to phonotrachytic in composition (SiO2 = 58.9 - 59.2 wt. %) with sanidine and sodalite 

as the major phenocryst phase (Melluso et al., 2012). Cuma dome is the most alkaline among the 

samples studied here. It is trachyphonolitic in composition (SiO2 = 59.2 to 60.7 wt. %) and 

comprises phenocrysts of sanidine, clinopyroxene, amphiboles, and olivine (Melluso et al., 2012). 

 Punta Marmolite and Cuma dome outcrops are located at the northernmost and 

westernmost border of the Campanian Ignimbrite caldera, respectively. Both lava domes are 

overlain by deposits of the caldera-forming Campanian Ignimbrite eruption indicating that they 

predate the caldera collapse. Reliable geochronology for these domes is essential for 

understanding the geologic evolution of this long-lived and restless caldera complex, because 

most of the pre-caldera eruptive history was obliterated or covered by subsequent eruptions. The 

Accademia dome is located within the central Neapolitan Yellow Tuff caldera. It is a 

morphologically pristine dome whose dense lava is well exposed along a quarry wall (Cava 

Regia) on the south side of the dome where sample studied here was collected. On the 

northwestern side of the dome (also known as Monte Olibano) it borders the intense fumarolic 

activities inside Solfatara crater. The age of Accademia dome is important for constraining recent 

magmatic and hydrothermal activity within the caldera. 

3. Methods 

3.1 Sample collection 
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 Cathedral Crag rock samples (CC1 and CC2) of Mount Baker were thin sections and rock 

billets obtained from N. Moore. Burroughs Mountain rock samples (97-17, 97-14 and 97-13) of 

Mount Rainier comprised thin sections obtained from T. Vogel, as well as in hand-sized pieces 

(BM) collected from traversing the base to the top of the lava flow during a visit in September 

2013. Rock samples from Accademia dome (ACC), Punta Marmolite dome (PM) and Cuma 

dome (CUMA) of Campi Flegrei were collected in December 2013. Several kg of rock were 

broken into hand-sized pieces from outcrops and shipped to UCLA for further processing. The 

petrographic and compositional characteristics of all sampled studied are summarized in Table 1.  

3.2 Heavy liquid mineral separation 

 For initial testing if baddeleyite can be separated from its volcanic host rock matrix, a 

baddeleyite bearing lava of Accademia dome was selected. A ~50 g rock fragment was crushed 

using a steel mortar and pestle, and sieved to a size fraction <250 µm. The powdered sample was 

then equally split into two centrifuge tubes (50 mL capacity) and suspended in methylene iodine 

(3.3 g/cm
3
). The tubes were centrifuged at ~1500 Rotations Per Minute (RPM) for ca. 15 min. 

After centrifuging, dense minerals collected at the bottom of the tube, whereas light minerals 

floated on the top. To separate dense and light fractions, two different methods were tested. Tube 

1 was entirely immersed into liquid nitrogen so that all of the liquid froze. The tube was then cut 

near the boundary between the dense fraction at the bottom of the tube and the frozen supernate 

using a razor blade, and the section containing the heavy minerals was collected in a petri dish. 

For tube 2, only the bottom part of the liquid containing the heavy minerals was frozen in liquid 

nitrogen, and the liquid containing the light separates was decanted. Because of residual light 
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minerals attached to the tube walls, centrifuging and decanting was repeated. The heavy mineral 

fraction was then transferred to a petri dish. After melting of the methylene iodine, the high-

density minerals were repeatedly washed in acetone to remove all traces of methylene iodine. 

After air-drying, magnetic minerals were separated by using a hand-magnet. The heavy mineral 

fractions from both tubes were examined under a polarizing stereomicroscope. No baddeleyite 

grains were recovered from either separate. 

 3.3 Water-shaking table separation 

 Approximately 200 g of Accademia dome lava was crushed and sieved to a fraction <250 

µm. The fine fraction was sent to University of Lund, Sweden, for water-shaking table separation 

operated by U. Söderlund (Söderlund and Johansson, 2002). This separation method is based on 

the differences in transport velocities between dense and light grains of similar grain size in a 

laminar flow of water on a gently inclined surface undergoing a rocking movement to prevent 

grains from sticking together. As the powered sample is loaded onto the shaking table with a 

specially designed raffled surface covered with a thin film of flowing water, the denser grains 

will travel towards the end of the deck much more slowly than the lighter grains of the same size, 

which will be washed out. At the same time, for grains of the same density, the coarser grains 

will be discharged before the finer grains (the reverse sequence as in a normal fluvial 

environment). The combined result is that the coarsest, lightest grains are discharged first, and 

the finest, densest grains are discharged last. In this way, fine-grained baddeleyite can be 

enriched during the separation process after most of the sample has already been discharged 
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(Söderlund and Johansson, 2002). The separation for the Accademia dome lava, however, 

recovered no baddeleyite grains (Söderlund, pers. comm.). 

3.4 In-situ analysis sample preparation and SEM identification 

 Because both conventional heavy liquid mineral separation and the water-based shaking 

technique (Söderlund and Johansson, 2002) were ultimately unsuccessful in recovering 

baddeleyite grains, samples were prepared for in-situ analysis. Possible reasons for the failure of 

baddeleyite extraction are slow settling times in the viscous heavy liquid and/or clumping of 

baddeleyite grains with other less-dense minerals from the rock matrix. For in-situ analysis, rock 

samples collected from Campi Flegrei were cut using a diamond saw into approximately 2.5   4 

cm
 
surfaced rock billets and polished with progressively finer grits of P400, P600, P800, and 

P1200 aluminum-oxide abrasive (equivalent to grain sizes of 35, 25.8, 21.8, and 15.4 µm, 

respectively) and 1 µm aluminum oxide powder. Baddeleyite crystals were identified by using 

the Leo 1430 VP Scanning Electron Microscope (SEM) at UCLA. Individual polished billets and 

thin sections without conductive coating were scanned at 250  magnification in variable 

pressure mode (air pressure in sample chamber ~15 Pa) using a backscatter detector set to high 

contrast and low brightness to readily visualize high average atomic number (high-Z) phases 

(Figure 2). To distinguish baddeleyite from other high-Z minerals (e.g., zircon, zirconolite, 

monazite) the energy dispersive X-ray analyzer (EDAX) attached to the Leo 1430 VP SEM was 

used. When baddeleyite was identified, crystals were imaged at various magnifications (50 , 

250  and 1000 ) on the SEM as well as on an optical petrographic microscope (50  and 100 , 

total magnification of camera and microscope). Cathodoluminescence (CL) images were also 
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taken for selected baddeleyite crystals using an Oxford Mini cathodoluminescence detector 

attached to the SEM. Areas of interest were diamond drilled and mounted in one-inch diameter 

Teflon rings along with epoxy blocks containing 7~10 pre-polished Phalaborwa standard crystals. 

The drilled sections and standards were then cast into epoxy (Buehler Epoxicure resin and 

hardener) and cured overnight. To finish mounts for SIMS analysis, they were sequentially 

cleaned for ~30 seconds each in distilled water, Fisher brand ultrasonic cleaning solution and 

methanol in an ultrasonic bath. A conductive Au-coating was then applied using a Hummer IV 

sputter coater for 5 minutes at 15 mA current and 8 kV resulting in a layer of ~20-40 nm 

thickness. A summary of sample preparation steps is shown in Figure 3. 

3.5 Secondary Ion Mass Spectrometry  

3.5.1 Standard calibration 

 Phalaborwa baddeleyite (2060 Ma; Heaman 2009) was used as a standard to calibrate 

Th/U relative sensitivity, and as a check for the accuracy of (
230

Th)/(
238

U) determinations. 

Because Th and U abundances are heterogeneous in Phalaborwa baddeleyite (Schmitt et al., 

2010), the relative sensitivity factor (RSF) was determined by measuring 
232

ThO
+
/
238

UO
+ 

and 

208
Pb

*
/
206

Pb
*
,
 
translated into Th/U by multiplying this ratio with the respective decay constant 

ratio of 0.351 (Reid et al .,1997). The RSF was then calculated according to: 

                        
        

          
      

      
     

       

                                                                          (1) 

From linear regression of the measured 
232

ThO
+
/
238

UO
+ 

and 
208

Pb
*
/
206

Pb
*
 for Phalaborwa 

baddeleyites, a Th/U relative sensitivity factor of RSF = 1.18 was obtained (Figure 4). Applying 
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this RSF to the uncorrected U-Th isochron values for Phalaborwa baddeleyites yields a slope of 

(
230

Th)/(
238

U) = 1.029 ± 0.028 which is consistent with secular equilibrium, (Figure 5). This test 

confirmed that Phalaborwa baddeleyite can be used as a calibration standard for (
230

Th)/(
238

U) 

analysis, with any deviations of (
230

Th)/(
238

U) from unity being due to instrumental fractionation. 

3.5.2 SIMS analyses 

 In-situ U-series analysis of baddeleyite was performed on a CAMECA ims 1270 large 

magnet radius secondary ionization mass spectrometer at UCLA. A primary 
16

O
-
 beam with an 

intensity of ~30 nA and total impact energy of 22.5 keV was focused to an ~30 µm   20 µm 

oval spot. Positive secondary ions were extracted at an accelerating voltage of 10 kV with an 

energy bandpass of 50 eV and analyzed at mass resolution (M/ΔM) of 4800 in multi-collector 

mode. Each spot was analyzed using electron multiplier (EM) detectors by incrementing the 

magnetic field through 11 mass stations with pre-defined magnet settling and integration times 

( = one analysis cycle). This magnet sequence (see Appendix) was then repeated, generally for 

30 cycles per analysis. Mass stations for singly charged ions in amu corresponding to 
90

Zr2O4
+
 

(243.79) and 
92

Zr
90

ZrO4
+
 (245.79 ) were analyzed to track the Zr emission from baddeleyite. A 

background mass station corresponding to mass 246.3 was included to record EM backgrounds 

that could affect the adjacent 
230

ThO
+ 

(246.028) peak due to tailing from the more abundant 

232
ThO

+ 
peak (Figure 6). Mass station 244.0381(Figure 6) corresponding to 

232
ThC

+
 was 

analyzed to monitor the presence of carbon in the analyzed region, because elevated 
232

ThC
+
 

would indicate a contamination of the analysis spot with C. The presence of C is detrimental to 

230
ThO

+ 
analysis because it forms the cluster molecule 

232
Th2CO

2+
,
 
which is an unresolvable 
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interference on mass 
230

ThO
+
 (Schmitt et al., 2006). For this reason, C contamination during 

sample preparation must be minimized and the sample cleaning procedure must be thorough. 

Nineteen analyses for which 
230

ThO
+
 was overwhelmed by 

232
ThC

+ 
were discarded. To 

determine Th/U instrumental fractionation, baddeleyite was analyzed in replicate throughout 

each analytical session by bracketing unknown analyses on each sample mount. 

3.5.3. Data treatment and corrections 

 Dead time corrections were applied to the measured count rates as follows: 

                                                         
  

         
  ;                                                                     (2) 

where n is the corrected intensity; n  is the measured intensity, and τ is the dead time of 25 ns and 

65 ns for axial and the off-axis L1 and L2 EM detectors, respectively. EM intensities were 

corrected for individual detector gains by intercalibration with an intense (~10
5 
counts per second 

cps) ion beam at the beginning of each analysis session. Due to the low intensities for the ion 

species analyzed here, dead time and gain drift corrections were generally negligible. 

Background corrections for 
230

ThO
+
 were applied by subtracting the averaged raw intensities for 

232
ThC

+ 
(244.0381)

 
and 246.3. Data were discarded when 

232
ThC

+ 
(244.0381) intensities 

exceeded 30% of the 
230

ThO
+
 intensities. Raw intensities were then reduced to activity ratios 

using two methods: bulk integration and cycle-by-cycle. Cycle-by-cycle data reduction was 

performed using the in-house ZIPS software at UCLA developed by C. Coath, which applied a 

secondary intensity drift correction by extrapolating between adjacent measurement cycles. In 

bulk integration method the raw counts for each measured mass are totaled over all analysis 
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cycles, and these totals are used to calculate ratios for peak and background masses. For the 

cycle-by-cycle method, errors are determined from the standard error of extrapolated intensity 

ratios, whereas a Poisson counting error was modeled for bulk integration by taking the square 

roots of the raw counts. For both methods, a RSF correction was applied by analyzing 

(
230

Th)/(
238

U) for Phalaborwa standards in replicate during each analytical session (see 3.5.1). 

The activity ratios of 
238

UO/
232

ThO and 
230

ThO/
232

ThO were obtained by multiplying molar 

ratios with their respective decay constant using 9.1577   10
-6

 a
-1 

for 
230

Th (Cheng et al., 2000), 

4.9475   10
-11 

a
-1 

for 
232

Th, and 1.55125   10
-10 

a
-1 

for 
238

U (Jaffey et al., 1971). Linear 

regressions were obtained using a modified York (Mahon, 1996) regression for isochron age 

calculation. 

4. Results 

4.1 Baddeleyite occurrence 

4.1.1 Cascades 

 A total of 30 and 32 baddeleyite grains were documented in individual rock billets of 

CC1 and CC2, respectively, from the Mount Baker Cathedral Crag lava flow (Table 2). The long 

dimension of identified baddeleyite grains in CC1 and CC2 ranges from ~5 to 15 µm and ~5 to 

12 µm, respectively, with the largest grains elongate and the smallest equant in shape. 

Approximately 40% of baddeleyite grains documented in CC1 and CC2 were associated with 

vesicles; the remainder were either inclusions in other mineral phases or interstitial with matrix 

phases. No baddeleyites were found in sample LS from Mount Baker (Table 2), although it was 

reported as containing baddeleyites by Moore and De Bari (2012). A total of 20, 27 and 5 
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baddeleyite grains were documented from thin sections 97-17, 97-14 and 97-32, respectively, 

from the Mount Rainier Burroughs Mountain lava flow (Table 2). The long dimension of 

identified baddeleyite grains ranges from ~5 to 20 µm, ~4 to 20 µm and ~5 to 15 µm in 97-17, 

97-14 and 97-32, respectively. Of the identified baddeleyite grains from the Burroughs Mountain 

lava flow, ~50% were associated with vesicles and ~50% were either inclusions in other mineral 

phases or contained within the matrix.  

 Although the main target of BSE scanning was baddeleyite, other accessory minerals 

with high BSE intensity were detected in Cascade samples. The typical grain sizes are between 5 

and 15 µm. Semi quantitative EDAX analysis was used to identify these accessory minerals, but 

because of their small grain size and X-ray excitation from adjacent phases, unambiguous 

identification was not always possible. Besides baddeleyite, zircon and zirconolite (CaZrTi2O7) 

have been tentatively identified. 

 To assess whether baddeleyite abundance correlates with magmatic Zr abundances, 

whole rock data for the three Cascade lava flows were compiled from the literature. The average 

Zr concentrations for the Cathedral Crag, Lake Shannon, and Burroughs Mountain lava flows are 

92, 137, and 178 ppm, respectively (Stockstill et al., 2002; Moore and De Bari, 2012). Although 

Zr abundances vary by nearly a factor of two between Cathedral Crag and Burroughs Mountain, 

baddeleyite counts are very similar (Table 2). Lake Shannon lava has intermediate Zr 

abundances, but did not yield baddeleyite (Table 2). Baddeleyite counts in polished sections thus 

appear to be uncorrelated with Zr abundances. To further constrain if baddeleyite-bearing lavas 

are unusually enriched in Zr, 1540 whole rock analyses (obtained from the GEOROC online 
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database; Sarbas and Nohl, 2008) were compiled for volcanic rocks from the Cascades and 

plotted as Zr vs. SiO2 (Figure 7). Because of the large number of data points plotted, a 

probability algorithm was run (O. Lovera, pers. comm.) to contour compositional domains in two 

dimensions (2-D) which aids in visualizing high data densities (warm colors) and to distinguish 

them from uncommon compositions (cold colors; Figure 7). This comparison reveals that 

baddeleyite-bearing Cathedral Crag and Burroughs Mountain lava flows plot well within the 

normal compositional range. Burroughs Mountain (Mt. Rainier) is slightly elevated in Zr 

compared to other equally evolved lavas, whereas Cathedral Crag has in fact somewhat lower Zr 

compared to the majority of lavas with similar SiO2. The baddeleyite-bearing lavas studied here 

are thus compositionally unspectacular compared to the bulk Cascade volcanic rocks for which 

baddeleyite has not been described (Figure 7).  

4.1.2 Campi Flegrei 

 In total, 205 baddeleyite grains were documented from five rock billets of sample ACC 

from the Accademia lava dome (Table 3). Baddeleyite grains range from ~10 to 30 µm in long 

dimension, and variably comprise elongate, equant and irregular shapes. Over half of the 

baddeleyite grains documented are associated with vesicles or crystallized in vesicle-rich regions; 

the rest are either inclusions in other mineral phases or associated with the matrix. A total of 42 

baddeleyite grains were documented from four rock billets of sample PM from Punta Marmolite 

lava dome (Table 3). Their long dimensions vary between ~7 and 15 µm, and their variability in 

shape is equivalent to sample ACC. About 70% of baddeleyite crystals from sample PM are 

associated with vesicles and only 30% are matrix-hosted without nearby vesicles. Sample 
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CUMA from Cuma lava dome yielded the fewest of crystals. Only 17 baddeleyite crystals could 

be identified after scanning six rock billets (Table 3). CUMA baddeleyite crystals range from ~7 

to 12 µm in long dimension. In contrast to the other samples from Campi Flegrei, the majority 

(~80%) of crystals are matrix-hosted, and only ~20% are associated with vesicles. About 50% of 

the baddeleyite grains from the CUMA sample have zircon rims based on the observation of a 

darker BSE signal compared to the BSE bright baddeleyite interior. Among the baddeleyites with 

zircon rims, none were associated with vesicles. 

 Accessory minerals with as high BSE intensity as baddeleyites were detected in Campi 

Flegrei samples. Besides baddeleyite, zircon, zirconolite (Figure 8) and pyrochlore 

(Na,Ca)2Nb2O6(OH,F) have been tentatively identified. The typically grain sizes are < 15 µm, 

with the exception of zirconolite grains from sample CUMA, where grain sizes are as large as 

~80 µm. 

 The average Zr concentrations of Accademia, Punta Marmolite and Cuma lavas are 466, 

579, and 1002 ppm, respectively (Melluso et al., 2012). They do not correlate with 

petrographically observed baddeleyite abundance. Sample CUMA, for example, has the highest 

Zr abundance, but the lowest baddeleyite yield. Potential reasons for this unexpected observation 

are discussed below. A 2-D contour plot (Figure 9) of Zr versus SiO2 concentration of 890 whole 

rock analyses (GEOROC; Sarbas and Nohl, 2008) of lavas from Campi Flegrei was compiled 

and their compositions were compared to the samples where baddeleyite is present. As was the 

case for Cascade lavas, whole rock compositions for baddeleyite-bearing lavas are broadly 

similar to those for which it is unknown whether they contain baddeleyite or not. The Cuma 

http://en.wikipedia.org/wiki/Sodium
http://en.wikipedia.org/wiki/Calcium
http://en.wikipedia.org/wiki/Niobium
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Hydroxide
http://en.wikipedia.org/wiki/Fluorine
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dome sample CUMA, however, has comparatively high Zr despite the fact that it has the lowest 

baddeleyite yield of the Campi Flegrei samples studied.  

4.2 Cathodoluminescence analysis of baddeleyites 

 Cathodoluminescence is a powerful tool to reveal internal crystal zonation rapidly and 

non-destructively. CL activity in zircon is often harnessed to document the presence of inherited 

crystal interiors, and to identify textural domains that have high U abundances, are metamict, or 

are affected by re-equilibration in the presence of fluids and melts (e.g., Corfu et al., 2003). Little 

is known about CL activity of baddeleyite, although a few studies have documented that it can 

show oscillatory zonation similar to zircon (e.g., Moser et al., 2013).  

 For this study reconnaissance images were taken of baddeleyite crystals either before or 

after SIMS analyses. Of five baddeleyite crystals from samples 97-14 and 97-17 of the 

Burroughs Mountain lava flow analyzed by SIMS analyses, only one crystal showed CL activity. 

Three crystals were obliterated during SIMS analyses and could not be tested. Fifteen 

baddeleyite crystals from the CC1 and CC2 samples of the Cathedral Crag lava flow were 

analyzed by SIMS of which seven were large enough to have remnant baddeleyite preserved that 

showed CL activity. Two crystals were CL inactive whereas the remaining six were completely 

consumed during SIMS analyses. Among the seven baddeleyites total that showed CL activity, 

only one crystal yielded a faint growth zonation where CL dark and bright domains parallel to 

the crystal morphology (Figure 10). All baddeleyites analyzed from Campi Flegrei (sample ACC, 

PM and CUMA) lacked detectable CL activity. 

4.3 Baddeleyite U-Th dating of lava flows with known eruption ages 
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4.3.1 Cascades 

 Initial development of U-Th baddeleyite dating began by analyzing three baddeleyite 

grains from sample CC2 of the Mount Baker Cathedral Crag lava flow. Previous K-Ar whole-

rock ages for the Cathedral Crag lava flow indicate an eruption age of 331 ± 9 ka (Hildreth et al., 

2003). It was therefore expected that U-Th baddeleyite ages should be close to secular 

equilibrium. Three baddeleyite grains analyzed are strongly enriched in U relative to Th, yielding 

(
238

U)/(
232

Th) between ~30 and ~70. Their U-Th regression slopes are 0.97 ± 0.13 and 0.88 ± 

0.05 for the cycle-by-cycle and bulk integration methods, respectively. The slopes are close to 

unity, and indistinguishable from the equiline, the secular equilibrium condition for the U-Th 

decay system. These slopes translate into U-Th isochron ages of              
    ka (Figure 11) and 

            
      ka (Figure 12) with a mean square of weighted deviates (MSWD) of 0.88 and 0.11 

for cycle-by-cycle and bulk integration data reduction methods, respectively. The positive 

uncertainty for the cycle-by-cycle slope exceeds unity, and the age is therefore undefined (this is 

expressed by using the "∞" symbol). The U-Th analysis data for the baddeleyite grains from 

CC2 are given in the Appendix.  

4.3.2 Campi Flegrei 

 Twenty-four individual baddeleyite crystals from sample ACC of the Campi Flegrei 

Accademia lava dome were analyzed. Baddeleyites in sample ACC revealed remarkably high 

(
238

U)/(
232

Th) activities ranging from ~20 to 100 for most of the baddeleyites analyzed. All data 

plot to the far right of the equiline attesting to a strong 
230

Th deficit and a young age of the 

crystals. Collectively, the analyses yielded U-Th regression slopes of 0.039 ± 0.001 and 0.044 ± 
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0.010 with MSWD values of 2.9 and 4.3 for the cycle-by-cycle and bulk integration methods, 

respectively. The MSWD values are elevated compared to 95% confidence acceptance interval 

(Mahon, 1996). This indicates minor age heterogeneity in the sample, or an underestimation of 

analytical uncertainties. The corresponding U-Th isochron ages of            
       ka (Figure 13) and 

           
       ka (Figure 14), respectively overlap within uncertainty. One single ACC analysis 

shown in grey in Figure 14 was excluded from the regression. Its apparent older age could 

indicate the presence of an older baddeleyite generation, or be an artifact of unrecognized 

analytical error. In comparison to the previously reported K-Ar sanidine age of 3.8 ± 0.3 ka the 

majority of the analyzed baddeleyite crystals appear to have crystallized close to the eruption age.  

 A total of eleven baddeleyite grains from sample PM of the Campi Flegrei Punta 

Marmolite lava dome was successfully analyzed. Their (
238

U)/(
232

Th) activities range between ~3 

to 40, and are on average lower compared to ACC. The U-Th regression slopes are 0.43 ± 0.02 

and 0.40 ± 0.02 with MSWD values of 1.2 and 3.1 for the cycle-by-cycle and bulk integration 

methods, respectively and the corresponding U-Th ages are           
      ka (Figure 15) and 

          
      ka (Figure 16). The previously reported age, from K-Ar groundmass dating, is 46.0 ± 

2.0 ka (Rosi and Sbrana, 1987). The difference between U-Th baddeleyite and K-Ar groundmass 

ages could imply significant pre-eruptive baddeleyite crystallization, or an analytical 

incompatibility between both methods (see discussion below).  

 Although sample CUMA of the Campi Flegrei Cuma lava dome had the lowest 

baddeleyite abundance, 11 out of 17 baddeleyite crystals were successfully targeted during U-Th 

analysis. Their (
238

U)/(
232

Th) activities range between ~2 and 50, broadly similar to those of 
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sample PM. In contrast to the other samples, (
238

U)/(
232

Th) in baddeleyite of Cuma lava is 

bimodally distributed. Baddeleyite grains without zircon rims revealed low (
238

U)/(
232

Th) 

activities whereas the high (
238

U)/(
232

Th) activities correspond to baddeleyite grains with zircon 

rims, except for one grain that has low (
238

U)/(
232

Th) activity. The U-Th regression slopes are 

indistinguishable at 0.34 ± 0.02 and 0.32 ± 0.01 for the cycle-by-cycle and bulk integration 

methods, respectively. In both data reduction schemes, MSWD values of 2.2 and 2.3 are slightly 

higher than expected for a single population at the assigned analytical uncertainties (Mahon, 

1996). U-Th ages of           
      ka (Figure 17) and           

      ka (Figure 18), are obtained by 

cycle-by-cycle and bulk integration methods, respectively. In comparison, the previously 

reported age from K-Ar sanidine dating is 42.2 ± 0.7 ka (Lirer, 2011), which is indistinguishable 

from the U-Th baddeleyite ages within uncertainty. All U-Th analytical data are summarized in 

the Appendix. A schematic timeline of major Campi Flegrei eruptions including the reported U-

Th baddeleyite dated lava domes is shown in Figure 19. 

5. Discussion 

5.1 Baddeleyite and other zirconium-bearing accessory minerals in lava flows 

 The apparent lack of a correlation between Zr whole rock concentrations and the 

observed occurrence pattern of baddeleyite in Cascades and Campi Flegrei samples (Table 3; 

Figure 7) is counterintuitive: the highest Zr concentration from the Cuma lava dome corresponds 

to the lowest abundance of baddeleyite, whereas the lowest Zr concentration from the Accademia 

lava dome corresponds to the highest abundance of baddeleyite. This implies that baddeleyite is 

not the primary control on Zr abundance in these volcanic rocks, a notion which is contrary to 
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the long-standing notion that zircon is often the dominant host for Zr in more evolved rocks, in 

particular if they are plutonic (e.g., Gromet and Silver, 1983). Zr partitioning into major phases 

during basalt crystallization is generally negligible, even for clinopyroxene which has the highest 

partitioning values for Zr (DZr between 0.27 and 1.01; Vannucci et al., 1998) compared to other 

minerals such as Ol, Plag, and Fe-Ti oxides where Zr is strongly incompatible. This implies that 

Zr in mafic lavas is either hosted by glass or groundmass, or in other accessory minerals. Zr 

abundances in interstitial glass or groundmass were not analyzed here, but the presence of other 

Zr-bearing accessory minerals was frequently observed during SEM scanning of rock billets. 

One explanation for the unexpected lack of correlation between whole rock Zr abundance and 

petrographically observed baddeleyite is therefore the abundance of other Zr-bearing accessory 

minerals. In the Cuma lava flow, which has a high whole rock Zr abundance but a low 

baddeleyite yields such a Zr-bearing accessory mineral was identified as zirconolite. Zirconolite 

was frequently identified with the EDAX while scanning for baddeleyites and the two EDAX 

spectra can be readily distinguished by the presence of Ca Kα and Ti Kα peaks in zirconolite 

which are absent in baddeleyite. Zirconolite grains in the CUMA sample are also often coarser 

than baddeleyite grains, ranging from 25 µm to 80 µm, and thus are likely to contribute strongly 

to the sample's high Zr concentration. 

5.2 Baddeleyite U-Th age uncertainties 

 Although replicate analyses of Phalaborwa standard baddeleyite typically agree within 

analytical uncertainties, yielding MSWD values close to unity, the unknown baddeleyites 

sometimes show highly elevated MSWD values. This suggests that U-Th baddeleyite ages are 

http://earthref.org/ERR/n:99709,b:/
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affected by underestimation of analytical uncertainties and/or age dispersion that is not 

attributable to analytical bias. There are several confounding factors that could cause high 

MSWD values: (1) analytical uncertainties can be underestimated, for example if analytical 

conditions vary between analysis of standards and unknowns; (2) compositional mismatch 

between standards and unknowns could cause bias that is not reflected in the error propagation; 

or (3) there is age heterogeneity in the unknown population. Possibility (1) is a valid concern if 

carbon contamination is present; this is typically avoided in analysis of comparatively large 

standard grains, but is much less controllable in the in-situ analysis of baddeleyite. Carbon 

contamination is monitored during the analysis on mass 244.03, but minor contributions from 

this interference may go undetected. Possibility (2) is of concern if the analysis spot on a 

baddeleyite grain overlaps with mineral overgrowths of zirconolite or zircon. In this case, SIMS 

instrumental fractionation for U and Th is expected to vary, and it will be different from that 

calibrated for pure baddeleyite standards. These so-called matrix-effects could lead to apparent 

age heterogeneities that are analytical artifacts due to inadequate calibration of the relative 

sensitivity factors for U and Th. Lastly (possibility 3), the analyzed baddeleyites could be from 

different age populations. Because there is no other study that has determined baddeleyite 

crystallization time scales at the temporal resolution relevant to this study, it is presently 

premature to decide whether age heterogeneity in baddeleyite is common. Regardless of the 

potential causes for the slightly elevated MSWD values in some samples, the excess scatter is 

taken into account for the error calculation by multiplying all uncertainties with the square-root 

of the MSWD. 

5.3 Comparison to previously determined ages  
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 The Cathedral Crag lava flow from Mount Baker has been previously determined by K-

Ar whole rock dating to be 331 ± 9 ka (Hildreth et al., 2003) whereas the baddeleyite U-Th ages 

reported here are              
    ka (cycle-by-cycle) and             

      ka (bulk integration). The U-

Th baddeleyite ages are consistent between the two methods of data treatments, although 

uncertainties are somewhat larger for the cycle-by-cycle scheme. This suggest that counting 

uncertainties alone may underestimate the analytical uncertainties, possibly due to heterogeneity 

of the sample in U- and Th abundances. Regardless of the data reduction, both methods yield 

ages which overlap with the previously published ages at 2σ uncertainty.  

 The Accademia lava dome from Campi Flegrei previously dated at 3.8 ± 0.3 ka (K-Ar 

ages) yielded baddeleyite U-Th ages of            
       ka and            

       ka. The U-Th baddeleyite 

ages are consistent between the two methods of data treatment and both have similar 

uncertainties. They are also in agreement with previously published K-Ar ages within 

uncertainty. The results for Accademia demonstrate that U-Th baddeleyite dating is reliable for 

lava flows as young as a few 1,000 years. Age uncertainties suggest that baddeleyite 

crystallization was comparatively rapid, within analytical resolution (~1,000 years). Rapid 

baddeleyite crystallization is compatible with the textural observation that many baddeleyite 

crystals are associated with vesicles, and therefore likely crystallized at the time when vesicles 

formed during the eruptive degassing of the lava. 

 The Cuma dome was previously determined by sanidine K-Ar dating to have an eruption 

age of 42.2 ± 0.7 ka ( Lirer, 2011) and the baddeleyite U-Th ages reported here are           
      ka 

and           
      ka. The two baddeleyite U-Th age models yield consistent results within 
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uncertainties and are in agreement with the previously reported K-Ar age. This indicates that 

baddeleyite at CUMA crystallized within a short time period around the time of eruption. 

 An eruption age of 47.5 ± 2.0 ka ( Rosi and Sbrana, 1987) for Punta Marmolite dome was 

previously determined by K-Ar groundmass dating. The U-Th baddeleyite ages reported here of 

          
      ka and           

      ka agree with each other within uncertainty. Both ages models, 

however, are significantly older than the previously reported K-Ar age. U-Th baddeleyite and K-

Ar age results for the Punta Marmolite dome are consistent with the field observation that the 

~40 ka Campanian Ignimbrite deposits overlie Punta Marmolite lavas in outcrop. It remains 

unresolved whether Punta Marmolite lavas erupted earlier than previously assumed based on K-

Ar dating, or if there was a significant hiatus between baddeleyite crystallization and eruption. 

The uniformity of baddeleyite ages in Punta Marmolite lava, and the lack of protracted pre-

eruptive baddeleyite crystallization in the Accademia and Cuma samples, however, suggest that 

the latter would be an unlikely scenario. The comparison between U-Th baddeleyite and K-Ar 

ages also has limitations in that post-eruption disturbance of the K-Ar system is possible during 

subsequent phases of hydrothermal activity. No other eruption age constraints for Punta 

Marmolite are available, which reflects the dearth of geochronological methods available to date 

young silica undersaturated lava flows. 

 Isochron ages from two data reduction methods (cycle-by-cycle vs. bulk integration) are 

indistinguishable within uncertainties. Counting errors on 
230

ThO
+
 represent the largest 

individual source of uncertainty, with uncertainties in the RSF determination being typically only 

2-3% (Figure 5). The cycle-by-cycle method is preferred to the bulk integration method because 
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the errors are determined by the cycle-to-cycle variability, and are independent of the assumption 

that in-run uncertainties are due to counting errors only. Hence, U-Th baddeleyite ages reported 

here will be based on the cycle-by-cycle data reduction method unless specified otherwise. 

5.4 Significance of U-Th baddeleyite ages 

 Because little is known about baddeleyite stability in silica-undersaturated magmas, 

interpreting the significance of U-Th baddeleyite ages at present relies solely on the petrographic 

and textural information that is available, and the comparison with known eruption ages. It is 

clearly evident, however, that baddeleyite abundance cannot simply be predicted by whole rock 

Zr abundances relative to a differentiation index such as SiO2 abundances (Figure 7 and 9). 

Based on the observations made from the baddeleyite-bearing lava flows studied here, the 

majority of baddeleyite crystals occur either within vesicles or in vesicle-rich regions. This 

petrographic context suggests late-stage crystallizations of baddeleyite, and further supports the 

notion that U-Th baddeleyite ages approximate the eruption ages for their host lavas. Some 

baddeleyite crystals were documented to reside in the matrix and or as inclusions in phenocrysts. 

In these cases, U-Th baddeleyite ages may reflect pre-eruptive crystallization, but in the samples 

studied no significant difference was detected between the ages for baddeleyite crystals that are 

present in vesicles and those in the matrix or phenocrysts. 

6. Conclusion 

 This study is the first to successfully measure U-Th disequilibrium in baddeleyite crystals 

in Quaternary volcanic rocks. Among the approaches that were explored to prepare baddeleyite 

for SIMS analysis, in-situ sampling was found to be the only feasible preparation. Although this 
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involved labor intensive scanning of many polished rock sections and subsequent mechanical 

separation of baddeleyite-bearing domains, this approach preserves the petrographic context of 

baddeleyite. SIMS analysis of the selected Cascade and Campi Flegrei lava flows yielded 

meaningful U-Th ages based on the comparison with published eruption ages. In all cases, U-Th 

baddeleyite ages were either equivalent to or older than the eruption ages determined by K-Ar 

(Ar-Ar) geochronology, and thus in accordance with baddeleyite being a magmatic mineral that 

cannot post-date the eruption. Based on petrographic observations that the majority of 

baddeleyite grains in the studied samples are located within vesicles and vesicle-rich regions, it 

is concluded that U-Th baddeleyite ages reflect near-eruption ages because vesicles are expected 

to only form during eruptive decompression either during shallow ascent, or after surficial 

emplacement. In some cases baddeleyite crystals are located within the matrix or are inclusions 

in phenocrysts. In this case, they may yield pre-eruption ages, but no such ages were identified in 

the sample studied here barring one exception of possible age heterogeneity in a baddeleyite 

grain from sample ACC which yielded an apparent older age. This may indicate either a pre-

eruptive baddeleyite grain or undetected analytical error. Comparisons between the U-Th 

baddeleyite ages from this study and previously reported K-Ar ages of the same samples mostly 

agree within uncertainties (the sample from Punta Marmolite being an exception). This lends 

support to U-Th baddeleyite geochronology being an eruption chronometer for Quaternary silica-

undersaturated volcanic rocks that lack other datable minerals (e.g., sanidine), or as a supplement 

to K-Ar and 
14

C dating methods. With the establishment of U-Th baddeleyite geochronology for 

young volcanic rocks, the magmatic evolution and eruptive history of volcanic systems 

dominated by mafic rocks can be better constrained in the future. 
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Table 1. Location, age, and compositional summary of samples studied 

Sample name CC1/CC2 LS 97-14/17/32 ACC PM CUMA 

Geological unit Cathedral Crag 

lava flow 

Lake Shannon 

lava flow 

Burroughs 

Mounstain lava 

flow 

Accademia lava 

dome 

Punta 

Marmolite 

lava dome 

Cuma lava dome 

Geographic 

    coordinates 

N 48.716° 
W 121.850° 

N 48.683° 

W 121.750° 
N 46.90629° 

W121.69° 

N 40.8189° 

E 14.13938° 

N 40.89538° 

E 14.13831° 

N 40.8504° 

E 14.04897° 

Age 331 ± 9 ka
a
 94 ±11 ka

a
 496 ± 7 ka

b
 3.8 ± 0.3 ka

c
 46.0 ± 2.0 ka

d
 42.2 ± 0.7 ka

e
 

Chemical 

    compositions
f
 

      

SiO2 52.2 - 52.5
g
 51.3 - 53.9

g
 59.6 - 64.5

h
 58.5 - 59.8

h
 58.9 - 59.2

h
 59.2 - 60.7

h
 

Al2O3 20.0 - 20.1
g
 15.7 - 17.9

g
 16.1 - 17.2

h
 17.4 - 18.2

h
 18.2 - 18.7

h
 18.6 - 19.0

h
 

Fe2O3
*
 6.32 - 6.42

g*
 6.94 - 8.50

g*
 5.46 - 6.78

h
 3.7 - 3.82

h
 3.69 - 3.71

h
 3.76 - 3.82

h
 

Zr 92
g
 137

g
 178

i
 466

h
 579

h
 1002

h
 

Mineralogy Plg, Cpx, Ol
g
 Plg, Ol, Cpx

g
 Plg, Cpx, Hbl

h
 Plg, Cpx, Phl, Sa

 h
 Sa, Sdl

h
 Sa, Cpx, Hbl, Ol

h
 

a
 K-Ar age; Hildreth et al., 2003. 

b
 K-Ar age; Sisson, pers. comm. 

c 
K-Ar age; Cassignol and Gillot 1982. 

d
 K-Ar age; Rosi and Sbrana, 1987. 

e 
Lirer et al., 2011. 

f
 Chemical compositions of the three most abundant oxides in wt. % and the averaged Zr concentration in ppm. 

g
 Moore and De Bari, 2012. 

* 
Total Fe2O3 in wt. % is reported. 

h
 Melluso et al., 2012. 

i 
Stockstill et al., 2002. 

Plg: plagioclase; Cpx: clinopyroxene; Ol: olivine; Hbl: hornblende; Phl: phlogopite; Sa: sanidine; Sdl: sodalite. 
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Table 2. Baddeleyite occurrence in Cascade lavas 

Geological unit CC1 CC2 LS 97-17 97-14 97-32 

Sample name Cathedral Crag Lake Shannon Burroughs Mountain 

Grain size (um) ~5-15 ~5-12 ---- ~5-20 ~4-20 ~5-15 

Total baddeleyite  

grains identified
*
 30 32 0 20 27 5 

Average Zr (ppm)
 92

a
 ---- 137

a
 178

b
 ---- ---- 

a
 Moore and De Bari, 2012. 

b
 Stockstill et al., 2002. 

* 
One rock billet/thin section of ~2.5   4 cm scanned per sample.
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Table 3. Baddeleyite occurrence in Campi Flegrei lavas 

Sample name ACC PM CUMA 

Average abundance 

(grains per billet
a
) 41 10 3 

Grain size (µm) ~10-30 ~7-15 ~7-12 

Total baddeleyite 

grains identified 205 42 15 

Average Zr (ppm)
*b

 466 579 1002 
a
 Billet dimensions ~2.5   4 cm 

*b
 Melluso et al., 2012 
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Figure 1. Simplified geologic map of Campi Flegrei caldera showing sampling locations. 
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Figure 2. Backscatter electron (BSE) images of baddeleyite grains (arrow). A) 

Accademia dome; baddeleyite surrounded by sanidine B) Punta Marmolite dome; 

baddeleyite in a vesicle. C) Cuma dome; baddeleyite with zircon rim. D) Cathedral Crag 

lava: baddeleyite in a vesicle. Other BSE bright phases include Fe-Ti oxides.

A) 

C) 

A) 

C) 

A) B) 

C) D) 
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Figure 3. Flow chart of sample preparation steps. The convention mineral separation method and water-shaking table technique 

resulted in unsuccessful baddeleyite recovery. The in-situ method was successful in identifying baddeleyite crystals at the surface of 

polished rock billets. These were suitable for SIMS analysis, and retained their petrographic context throughout the analyses.
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Figure 4. Phalaborwa baddeleyite standard 
230

ThO
+
/
238

UO
+
 vs. 

208
Pb/

206
Pb. Slope of 

regression corresponds to a relative sensitivity factor (RSF) for U-Th analysis of 1.181.
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Figure 5. U-Th isochron plot for Phalaborwa standard baddeleyite. Activities are 

indicated by parentheses. Data uncorrected for relative sensitivity (gray circles), and 

corrected for relative sensitivity (black circles), are shown together with the equiline 

corresponding to (
230

Th)/(
238

U) = 1. After correction, the data define a slope that is 

indistinguishable from unity, indicating secular equilibrium for Phalaborwa baddeleyite. 
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Figure 6. High mass resolution scan of Phalaborwa baddeleyite over mass regions 

corresponding to
 232

ThC
+
 (244.03; A) and 

230
ThO

+
 (246.028; B). 
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Figure 7. Zr vs. SiO2 for Cascade lavas. Symbols show the lava flows studied here, and 

colored fields the two-dimensional (2-D) relative probabilities for 1540 rock 

compositions from the GEOROC database. 
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Figure 8. Energy-dispersive X-ray (EDAX) spectra for zirconolite (A) and baddeleyite 

(B) from sample ACC and CUMA, respectively. Data were acquired using a 15 keV 

accelerating voltage in variable pressure mode at approximately 15 Pa. Non-

stoichiometric peaks (e.g., Al in zirconolite; Al and Si in baddeleyite are due to excitation 

from adjacent phase (e.g., feldspar). 
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Figure 9. Zr vs. SiO2 for Campi Flegrei lavas. Symbols show the lava flows studied here, 

and colored fields the two-dimensional (2-D) relative probabilities for 890 rock 

compositions from the GEOROC database. 
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Figure 10. Back scatter electron (BS) (A) and cathodoluminescence (B) images of a 

baddeleyite crystal from Cathedral Crag lava flow. 
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Figure 11. U-Th isochron plot for baddeleyite from Cathedral Crag (Mt. Baker, Cascades) 

lava. Ratios are computed cycle-by-cycle.  
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Figure 12. U-Th isochron plot for baddeleyite from Cathedral Crag (Mt. Baker, Cascades) 

lava. Ratio are computed by bulk integration.
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Figure 13. Accademia dome (Campi Flegrei) U-Th baddeleyite isochron plot (cycle-by-

cycle). Black: data points included in linear regression; grey: data excluded. 



43 
 

Figure 14. Accademia dome (Campi Flegrei) U-Th baddeleyite isochron plot (bulk 

integration). Black: data points included in linear regression; grey: data excluded. 
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Figure 15. Punta Marmolite dome (Campi Flegrei) U-Th baddeleyite isochron plot 

(cycle-by-cycle). 
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Figure 16. Punta Marmolite dome (Campi Flegrei) U-Th baddeleyite isochron plot (bulk 

integration). 
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 Figure 17. Cuma dome (Campi Flegrei) U-Th baddeleyite isochron plot (cycle-by-cycle). 
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Figure 18. Cuma dome (Campi Flegrei) U-Th baddeleyite isochron plot (bulk 

integration). 
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Figure 19. Schematic timeline of the major eruptive events of Campi Flegrei showing 

literature data together with U-Th baddeleyite ages (bold) from this study. 
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APPENDIX 

Appendix 1. SIMS mass and detector configuration 

SIMS Mass (amu) Charge Detector Location 

247.7   ---- Electron Multiplier(EM) Axial EM 

248.033 
232

ThO
+
 EM Axial EM 

243.7891 
90

Zr2O4
+
 EM L2 

245.7891 
92

Zr
90

ZrO4
+
 EM L1 

253.8071   ---- EM Axial EM 

244.0381 
232

ThC
+
 EM L2 

246.028 
230

ThO
+
 EM L1 

254.0457 
238

UO
+
 EM Axial EM 

244.3   ---- EM L2 

246.3   ---- EM L1 

254.3   ---- EM Axial EM 
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Appendix 2. Summary of analyzed baddeleyite grains from CC2 Cathedral Crag lava flow from the Cascades  

Grain number 

Bulk integration method Cycle-by-cycle method 

U (ppm)
*
 %246.028

*
 (

238
U)/(

232
Th) 1σ (

230
Th)/(

232
Th) 1σ (

238
U)/(

232
Th) 1σ (

230
Th)/(

232
Th) 1σ 

CC2_26 1.45 0.02 2.53 0.19 1.46 0.02 2.06 0.24 1090 96.1 

CC2_25 1.82 0.03 13.9 6.2 1.46 
 

1.62 0.45 
 

0.02 1.62 0.45 1060 96.6 

CC2_27 10.9 0.2 43.2 11.3 1.34 0.49 17.5 8.5 185 95.2 

CC2_22 1.22 0.02 3.70 0.14 1.17 0.03 1.51 0.08 4590 96.2 

CC2_19 29.3 0.4 37.8 5.5 28.6 0.4 29.3 5.0 944 98.9 

CC2_3 68.6 1.0 73.3 3.4 68.1 1.0 70.7 3.4 2750 96.4 

CC2_12 35.5 0.5 45.6 5.0 33.4 0.5 40.5 4.9 742 97.3 

Strikethrough: data discarded due to low U and Th signal. 

Italics: data discarded due to the high 244.0381 interference at the beginning of the analyses. 
*
: U concentration in ppm and % 246 in excess of 244.03 calculated based on raw intensities using cycle-by-cycle method. 
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Appendix 3. Summary of U-Th analyses of baddeleyite grains from ACC Accedmia dome Campi Flegrei 

Grain 

number 

Bulk integration method Cycle-by-cycle method U 

(ppm)
*
 %246.028

*
 (

238
U)/(

232
Th) 1σ (

230
Th)/(

232
Th) 1σ (

238
U)/(

232
Th) 1σ (

230
Th)/(

232
Th) 1σ 

ACC2_1_b47 31.5 0.3 3.20 0.17 32.4 0.4 3.33 0.17 10200 86.6 

ACC2_1_b55 26.8 0.3 2.51 0.24 26.4 0.7 2.58 0.29 7400 91.1 

ACC2_1_b52 29.7 0.3 3.15 0.54 30.1 0.3 3.3 0.6 4980 76.4 

ACC2_1_b41 46.8 0.5 3.96 0.42 54.2 2.3 5.00 1.15 3150 86.4 

ACC2_1_b37 40.6 0.4 3.44 0.25 41.4 0.5 3.49 0.28 3880 90.1 

@1 50.1 0.5 3.60 0.52 52.3 2.7 3.83 0.62 172 82.8 

ACC3_1_b35 36.6 0.4 2.32 0.15 37.5 0.5 2.44 0.16 141 88.8 

ACC3_1_b20 45.9 0.4 3.30 0.23 46.0 0.9 3.48 0.36 2200 84.3 

ACC3_1_b30 86.6 0.9 4.46 0.62 87.2 1.1 4.46 0.70 7040 98.0 

ACC3_1_b27 35.4 0.4 2.61 0.19 36.6 2.2 2.79 0.31 4570 90.7 

ACC3_1_b29 105 1 5.89 0.91 105 2 5.99 1.03 12000 79.0 

ACC3_1_b47 56.9 0.6 3.76 0.78 53.9 1.9 3.75 0.99 7390 64.3 

ACC2_2_b24 37.9 0.4 3.23 0.17 38.7 0.8 3.30 0.17 5040 95.9 

ACC2_2_b6 47.6 0.5 2.98 0.26 47.8 1.0 2.97 0.27 6640 94.3 

ACC2_2_b7 82.8 0.8 4.82 0.42 88.1 3.5 5.77 0.70 2050 92.8 

ACC2_2_b11 22.9 0.2 3.30 0.23 23.4 0.3 3.72 0.32 3570 85.2 

ACC2_2_b51 44.9 0.4 3.58 0.41 42.7 1.0 4.01 0.8 11800 96.2 

ACC2_2_b31 33.3 0.3 2.26 0.22 33.2 0.4 2.25 0.24 8450 93.1 

ACC3_2_b25 28.9 0.3 2.39 0.22 25.7 1.9 2.58 0.37 11400 63.6 

ACC3_2_b28 99.3 1.1 17.4 4.7 113 5 12.9 6.7 9660 74.9 

ACC3_2_b36 25.5 0.3 1.96 0.20 26.0 2.5 2.08 0.3 4420 89.8 

ACC4_1_b47 58.4 0.6 8.02 0.56 57.9 2.9 8.84 0.83 6280 72.1 

ACC4_1_b5 24.6 0.2 2.88 0.14 25.3 0.3 2.96 0.32 5350 62.9 

ACC4_2_b41 40.9 0.4 3.70 0.28 41.6 0.7 3.82 0.38 4890 61.3 

ACC4_2_b36 44.9 0.4 4.40 0.30 48.7 1.0 3.31 0.39 6030 84.7 

ACC4_2_b38 26.4 0.3 3.16 0.24 26.7 0.3 3.18 0.32 4560 57.5 

ACC4_2_b12 98.3 1.0 27.1 2.8 97.9 2.3 28.0 4.9 3160 1.89 

ACC4_2_b43 43.1 0.4 2.88 0.37 42.7 0.9 2.86 0.44 9960 32.4 
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ACC4_2_b44 38.0 0.4 5.09 0.34 38.6 0.4 5.10 0.64 16500 50.1 

ACC4_2_b9 32.7 0.3 2.39 0.39 34.4 0.7 2.57 0.5 383 1.85 

ACC_25 51.7 1.2 4.71 0.33 53.5 1.5 4.42 0.35 37100 -47.8 

ACC_23 47.3 1.1 3.58 0.26 48.3 1.4 3.36 0.36 88800 61.8 

ACC_16 27.7 0.6 2.5 1.2 27.4 0.9 0.39 2.25 56800 13.1 

Strikethrough: data discarded due to high 244.0381 interference and high analytical uncertainties. 

Italic: data plotted on the U-Th isochorn, but excluded from regression line fit. 
*
: U concentration in ppm and % 246 in excess of 244.03 calculated based on raw intensities using cycle-by-cycle method. 
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Appendix 4. Summary of analyzed baddeleyite grains from PM Punta Marmolite dome Campi Flegrei 

Grain number 

Bulk integration method 

1σ 

Cycle-by-cycle method 

1σ U (ppm)
*
 %246.028

*
 (

238
U)/(

232
Th) 1σ (

230
Th)/(

232
Th) (

238
U)/(

232
Th) 1σ (

230
Th)/(

232
Th) 

PM3_1_14 39.7 0.9 16.1 1.0 38.0 1.7 16.2 1.2 37300 96.9 

PM3_1_1 35.2 0.8 15.0 1.5 27.1 3.3 12.8 2.3 120000 96.1 

PM3_1_7 14.7 0.3 7.94 0.29 14.7 0.5 8.20 0.40 29800 96.6 

PM3_1_15 30.2 0.6 18.7 2.0 31.0 1.0 19.9 2.3 76700 97.8 

PM3_2_9 21.3 0.5 11.1 0.9 24.8 1.7 12.3 1.4 25800 90.5 

PM3_2_12 16.9 0.4 7.16 0.39 15.4 1.5 7.69 0.67 34300 91.8 

PM3_2_8 3.55 0.07 3.19 0.24 3.12 0.25 3.43 0.38 14100 94.8 

PM1_2 25.5 0.6 -18.5 -5.8 21.3 1.1 71.2 48.9 936000 100.0 

PM3_2_10 16.1 0.3 7.76 1.23 15.9 0.8 7.57 1.73 33200 43.5 

PM4_1_4 6.35 0.14 11.2 2.1 5.58 0.83 13.2 2.7 13100 67.6 

PM4_1_9 12.4 0.3 7.73 1.37 13.7 0.5 8.31 1.57 45500 95.8 

PM4_1_19 9.18 0.20 62.9 10.0 6.54 0.79 72.9 11.8 14800 85.3 

PM4_2_2 13.4 0.3 17.6 2.2 10.6 1.2 20.7 3.5 12800 60.3 

PM4_2_3 19.8 0.4 18.9 2.0 11.5 1.4 30.7 4.6 29000 83.8 

PM4_2_11 1.07 0.02 2.13 0.15 1.00 0.04 2.27 0.16 5600 90.9 

PM4_2_8 20.8 0.4 15.4 1.3 23.1 0.9 22.6 3.7 38500 78.3 

PM4_2_16 26.2 0.6 12.8 0.7 26.3 0.9 13.3 0.7 39400 93.4 

PM4_2_17 19.6 0.4 11.3 0.7 19.3 0.7 11.7 0.8 25000 90.0 

Strikethrough: data discarded due to high 244.0381 interference and high analytical uncertainties. 

Italic: data discarded due to the lack in Zr signal. 
*
: U concentration in ppm and % 246 in excess of 244.03 calculated based on raw intensities using cycle-by-cycle method. 
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Appendix 5. Summary of analyzed baddeleyite grains from Cuma dome Campi Flegrei 

Grain number 

Bulk integration method 

1σ 

Cycle-by-cycle method 

1σ U (ppm)
*
 %246.028

*
 (

238
U)/(

232
Th) 1σ (

230
Th)/(

232
Th) (

238
U)/(

232
Th) 1σ (

230
Th)/(

232
Th) 

Cuma_1_1 23.5 0.4 9.20 0.71 23.4 0.8 9.40 1.01 19600 90.6 

Cuma_3_1 54.6 1.0 19.7 1.2 51.6 3.1 20.4 1.6 22800 96.0 

Cuma_3_3 11.4 0.2 13.3 0.5 10.8 0.5 13.1 1.1 345000 59.5 

Cuma_1_2 0.31 0.01 1.90 0.04 0.30 0.01 1.86 0.06 98400 89.5 

Cuma_4_2 3.20 0.06 6.75 1.60 1.77 0.31 6.41 1.81 78800 91.2 

Cuma_4_3 40.3 0.8 12.9 1.4 41.8 1.7 14.0 1.8 13300 91.4 

Cuma_5_3 41.0 0.8 12.9 1.2 29.6 2.6 12.1 1.3 20600 96.7 

Cuma_5_2 28.2 0.5 10.5 0.5 29.3 1.0 11.1 0.8 45700 93.0 

Cuma_6_2 48.6 0.9 17.6 1.3 48.7 1.5 17.8 1.4 17300 92.6 

Cuma_6_1 1.96 0.04 2.33 0.11 2.12 0.25 3.98 0.67 20000 76.2 

Cuma_5_1 28.6 0.5 16.3 1.9 24.0 1.7 17.0 2.0 19000 94.0 

CUMA1_badd 12.8 2.7 8.53 0.36 11.8 2.5 8.54 0.57 19100 85.90 

CUMA2_badd 32.7 6.8 14.4 1.2 32.8 6.8 14.7 1.3 8020 94.8 

Strikethrough: data discarded due to high 244.0381 interference and high analytical uncertainties. 
*
: U concentration in ppm and % 246 in excess of 244.03 calculated based on raw intensities using cycle-by-cycle method. 
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Appendix 6. Backscatter images of dated baddeleyites from CC2 Cathedral Crag lava from Cascades 

 

  

Upper left: CC2_26; Lower left: CC2_25; Upper right: CC2_27; Lower right: CC2_22 
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Appendix 6. Backscatter images of dated baddeleyites from CC2 Cathedral Crag lava from Cascades (continued) 

  

  

Upper left: CC2_19; Lower left: CC2_3; Upper right: CC2_12 
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Appendix 7. Backscatter images of analyzed baddeleyites from sample ACC Accademia lava dome of Campi Flegrei   

Upper left: ACC2_1_b47; Lower left: ACC2_1_b55; Upper right: ACC2_1_b52; Lower right: 

ACC2_2_b41 
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Appendix 7. Backscatter images of analyzed baddeleyites from sample ACC Accademia lava dome of Campi Flegrei (continued)

Upper left: ACC2_1_b47; Lower left: @1; Upper right: ACC3_1_b35; Lower right: ACC3_1_b20 
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Appendix 7. Backscatter images of analyzed baddeleyites from sample ACC Accademia lava dome of Campi Flegrei (continued)

Upper left: ACC3_1_b30; Lower left: ACC3_1_b27; Upper right: ACC3_1_b29; Lower right: ACC3_1_b47  
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Appendix 7. Backscatter images of analyzed baddeleyites from sample ACC Accademia lava dome of Campi Flegrei (continued) 

Upper left: ACC2_2_b24; Lower left: ACC2_2_b6; Upper right: ACC2_2_b7; Lower right: ACC2_2_b11  
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Appendix 7. Backscatter images of analyzed baddeleyites from sample ACC Accademia lava dome of Campi Flegrei (continued)

Upper left: ACC2_2_b51; Lower left: ACC2_2_b31; Upper right: ACC3_2_b25; Lower right: ACC3_2_b28 
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Appendix 7. Backscatter images of analyzed baddeleyites from sample ACC Accademia lava dome of Campi Flegrei (continued)

Upper left: ACC3_2_b36; Lower left: ACC4_1_b47; Upper right: ACC4_1_b5; Lower right: ACC4_2_b41 
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Appendix 7. Backscatter images of analyzed baddeleyites from sample ACC Accademia lava dome of Campi Flegrei (continued)

Upper left: ACC4_2_b36; Lower left: ACC4_2_b38; Upper right: ACC4_2_12; Lower right: ACC4_2_b43 
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Appendix 7. Backscatter images of analyzed baddeleyites from sample ACC Accademia lava dome of Campi Flegrei (continued)

Upper left: ACC4_2_b44; Lower left: ACC4_2_b9; Upper right: ACC_25; Lower right: ACC_23 
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Appendix 7. Backscatter images of analyzed baddeleyites from sample ACC Accademia lava dome of Campi Flegrei (continued)

ACC_16 
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Appendix 8. Backscatter images of analyzed baddeleyites from sample PM Punta Marmolite lava dome of Campi Flegrei 

Upper left: PM3_1_14; Lower left: PM3_1_1; Upper right: PM3_1_7; Lower right: PM3_1_15 
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Appendix 8. Backscatter images of analyzed baddeleyites from sample PM Punta Marmolite lava dome of Campi Flegrei (continued)

Upper left: PM3_2_9; Lower left: PM3_2_12; Upper right: PM3_2_8; Lower right: PM1_2 
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Appendix 8. Backscatter images of analyzed baddeleyites from sample PM Punta Marmolite lava dome of Campi Flegrei (continued)

Upper left: PM3_2_10; Lower left: PM4_1_4; Upper right: PM4_1_9; Lower right: PM4_1_19 
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Appendix 8. Backscatter images of analyzed baddeleyites from sample PM Punta Marmolite lava dome of Campi Flegrei (continued)

Upper left: PM4_2_2; Lower left: PM4_2_3; Upper right: PM4_2_11; Lower right: PM4_2_8 
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Appendix 8. Backscatter images of analyzed baddeleyites from sample PM Punta Marmolite lava dome of Campi Flegrei (continued)

Left: PM4_2_16; Right: PM4_2_17 
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Appendix 9. Backscatter images of analyzed baddeleyites from sample CUMA Cuma lava dome of Campi Flegrei

Upper left: Cuma_1_1; Lower left: Cuma_3_1; Upper right: Cuma_3_3; Lower right: Cuma_1_2 
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Appendix 9. Backscatter images of analyzed baddeleyites from sample CUMA Cuma lava dome of Campi Flegrei (continued) 

Upper left: Cuma_4_2; Lower left: Cuma_4_3; Upper right: Cuma_5_3; Lower right: Cuma_5_2 
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Appendix 9. Backscatter images of analyzed baddeleyites from sample CUMA Cuma lava dome of Campi Flegrei (continued)

Upper left: Cuma_6_2; Lower left: Cuma_6_1; Upper right: Cuma_5_1; Lower right: CUMA1_badd 
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Appendix 9. Backscatter images of analyzed baddeleyites from sample CUMA Cuma lava dome of Campi Flegrei (continued) 

CUMA2_badd 
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