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Abstract: U-Th—Ra isotope analyses of whole rocks and mineral separates were conducted in
order to perform isochron dating of three morphologically young lavas from Tatun volcano, north-
ern Taiwan (from Mt Cising, the Shamao dome and the Huangzuei volcano). The data do not yield
tight U-Th isochrons, indicating open-system magmatic processes. However, crystallization ages
of two samples can be constrained: namely, less than about 1370 years for the Shamao dome, based
on **’Ra—**"Th disequilibrium in magnetite, and less than approximately 70 ka (but potentially
Holocene) for a Huangzuei flow, based on 2**U—**"Th disequilibrium in plagioclase. Discordant
Ar—Ar, 28U-2Th and ***Ra->*"Th ages are best explained by young lavas having inherited
some crystals from older lithologies (crystal mushes or rocks), and indicate that the above ages rep-
resent maxima. Our study provides the first evidence of effusive volcanism at the Tatun Volcano
Group in Late Holocene times. All separates from the Shamao dome and Huangzuei volcano are in
234y —238( equilibrium. Minerals in the Mt Cising sample are in ***U—~?**U disequilibrium, despite
the **U-?*3U equilibrium of the whole rock. We interpret this as uptake of a hydrothermally
altered, old crystal cargo into fresh melt prior to eruption. A different dating approach will thus
be required to constrain the eruption age of Mt Cising.

Supplementary material: Ar—Ar plateaus from Mt Cising and the Shamao dome, reproduced

from Lee (1996), are available at www.geolsoc.org.uk/SUP18817

The Tatun Volcanic Group (TVG) is located in
northern Taiwan in close proximity to Taipei City
(population: 2.7 million) and its suburbs (Fig. 1),
and knowledge of its volcanic history is paramount
for local hazard assessments. The origin of volcanic
activity in the area has been attributed to either
subduction at the SW end of the Ryukyu Arc or
crustal extension associated with the opening of
the Okinawa Trough. Recent gas geochemical and
geophysical work suggests that the magmatic
system underlying the TVG remains active. For
example, *He/*He isotope ratios of fumaroles and
hot springs in the area are elevated to magmatic
values of up to 7.6 R/Rx (where R is the *He/*He
ratio of the sample, and Ry is the *He/*He ratio of

the air) (Yang ef al. 1999; Lee et al. 2008), and the
chemistry of some fumaroles indicate a magmatic
component in their source (Lee e al. 2005, 2008;
Witt et al. 2008), suggesting that magma may be
degassing at depth. A high geothermal gradient of
100 °C km ™! (Song et al. 2000), local ground defor-
mation (Yu et al. 1997) and the recent occurrence of
volcano-seismic signals (Kim et al. 2005; Lin et al.
2005; Konstantinou et al. 2007) are geophysical
indicators of continuing tectonomagmatic activity
at depth in the area. Given the potential for future
volcanic eruptions and the associated vulnerability
to a range of volcanic hazards (Konstantinou
2015), it is critical to gain a better understanding
of the timing and duration of TVG volcanic activity.
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Fig. 1. Sketch map of the Tatun Volcanic Group (TVG), northern Taiwan, adapted from Belousov et al. (2010).
Locations of the main volcanic ridges, volcanoes, lava flows and collapse scars are shown. White dots indicate sampling
sites. The location of the TVG, as well as the tectonic regime of Taiwan, is provided in the inset. EP, Eurasian Plate; PSP,
Philippine Sea Plate; OT, Okinawa Trough; RT, Ryukyu Trench.

K—Ar and Ar—Ar dating suggest that volcanism
started at around 2.8 Ma and lasted until about
0.2 Ma, with the youngest ages determined on some
of the morphologically most pristine deposits (Song
et al. 2000). However, approximately 20 kyr-old
tephra deposits found within the Taipei basin
(Wang-Lee et al. 1978) suggested a potentially
much younger age of explosive volcanic activity.
Belousov et al. (2010) corroborated this notion
with C ages of several young TVG tephras, yield-
ing ages between 23 and 13 ka, and an even younger
phreatic eruption as recently as about 6 ka. Such
recent explosive activity raises some doubt about
the validity of the youngest Ar—Ar ages of TVG
effusive eruption deposits. For example, Belousov
et al. (2010) indicated that the youngest of the
obtained Ar—Ar dates of around 0.2 Ma (Lee 1996)
may have been affected by slight contamination
through admixing of older xenocrysts originating
from Miocene Sandstones underlying the area.

The present study was conducted to provide
independent age constraints on some of the young-
est effusive eruptions of the TVG through U-Th
internal isochron dating (e.g. Pyle er al. 1988;
Bourdon et al. 1994; Turner et al. 2000; Condo-
mines et al. 2003; Zellmer et al. 2008) and **°Ra—
Z0Th magnetite dating (cf. Rubin & Zellmer 2009
and references therein). On the basis of the new

U-series data, we here discuss petrogenetic pro-
cesses, age constraints and implications for hazard-
mitigation at Tatun volcano.

Sample background
Sample selection

Three hornblende-bearing volcanic samples were
collected for U-series internal isochron work by two
of us (AB and MB) during fieldwork in 2008—2009.
Details on sampling location and sample types
are provided in Table 1. Samples were chosen for
U-series dating on basis of the morphologically
young character of the respective deposits. Mt
Cising and the Shamao dome yield Ar—Ar ages
of 0.72 + 0.04 and 0.23 + 0.01 Ma, respectively
(Lee 1996), and Mt Huangzuei yields a K—Ar age
of 0.22 + 0.02 Ma (Tsao 1994). Although U-Th
and Ra—Th dating are limited to samples younger
than about 350 and 8 ka, respectively, there was
some doubt about the accuracy of the Ar—Ar and
K—Ar ages: Ar—Ar age plateaus were not very
well defined, and admixing of older xenocrysts was
considered a possibility (Belousov et al. 2010). The
morphologically young character of the deposits
suggested that eruption ages may be significantly
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Table 1. Sample details

Volcano Sample Northern Eastern Elevation Comment
latitude longitude (m)
Mt Cising #160 25°09'26.6" 121°34'01.2" 567 Block from lahar deposit,
probably connected to
flow #8 in Figure 1
Mt Shamao #166 25°08'51.8” 121°33'04.5” 372 Lava dome sample
Mt Huangzuei #230 25°11'30.3” 121°36'25.0” 312 Sample taken from flow #5

in Figure 1

younger and, thus, within the range of the U-series
dating method.

Geochemical overview

The details of the major- and trace-element chem-
istry of these rocks and their relationship to other
TVG samples is discussed elsewhere (Shellnutt
et al. 2014) and only briefly summarized here.
Following the classification schemes of Peacock
(1931), Peccerillo & Taylor (1976) and Arculus
(2003), the samples investigated here are medium-K,
medium-Fe, calcic basaltic andesites and andesites.
All samples are enriched in large ion lithophile trace
elements, in light rare earth elements (REEs) rela-
tive to heavy REEs, and show negative spikes in
Ta, Nb and Ti (Fig. 2). This signature is typical
for magmas generated from a subduction-modified
mantle source (e.g. Gill 1981). The andesitic
samples studied here have some adakitic affinities
given their high Sr/Y and La/Y ratios, low HREE
content, and their lack of negative Eu anomalies
(cf. Defant & Drummond 1990). However, rela-
tively flat middle to heavy REE patterns suggest
that there is no significant control of residual
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garnet during the genesis of these melts. Our whole-
rock results are consistent with previous work on the
geochemistry of volcanic rocks from the northern
Taiwan region (Wang er al. 2004), and indicate
that the samples studied here are geochemically
typical TVG eruptives.

Mineralogical and petrographical features

The mineralogy and petrographical features of the
analysed samples are seen in thin-section photo-
graphs taken in plane-polarized and cross-polarized
light (Fig. 3). All samples are porphyritic, and
contain plagioclase, magnetite, amphibole and pyr-
oxene. The sample from Mt Cising has relatively
few large pyroxene crystals; its major phase assem-
blage is dominated by plagioclase, amphibole and
large magnetite crystals. The Shamao dome sam-
ple has magnetite both within the groundmass and
as large inclusions within amphibole and pyroxene.
The Huangzuei sample is dominated by plagioclase
and magnetite, with amphibole and pyroxene typi-
cally only occurring as microphenocrysts and in the
groundmass. All samples show disequilibrium fea-
tures such as complexly zoned and sieve-textured
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Fig. 2. Multi-element spidergram of the studied TVG whole-rock samples, normalized to normal-type mid-ocean ridge

basalt (N-MORB) (Sun & McDonough 1989).
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Fig. 3. Petrographical images of analysed samples from the TVG. Field of view is 3 mm in diameter on each photograph.
(a) Plane-polarized light (PPL) and (b) crossed-polarized light (XPL) images of sample #160 from Mt Cising. Note
that this sample contains only few large pyroxene crystals, of which one is seen in the image. Plagioclase, amphibole and
magnetite dominate the phase assemblage. (¢) PPL and (d) XPL images of sample #166 from Mt Shamao. Note magnetite
is often present as inclusions within amphibole and pyroxene in this sample. (e) PPL and (f) XPL images of sample
#230 from Mt Huangzuei. Note that large crystals are dominated by magnetite and plagioclase, while amphibole and
pyroxene are restricted to the groundmass. amph, amphibole; mt, magnetite; plag, plagioclase; px, pyroxene.

plagioclase crystals, amphiboles with pronounced
oxidation rims, and resorbed and fractured crystals.
Such textures are commonly observed in mag-
mas from subduction-zone environments, and are
typical for minerals that have not formed from the
melt they are carried in. The possibility of crystal
inheritance or uptake thus needs to be kept in
mind when internal isochron dating is performed
on these samples.

Analytical techniques

Analysis of U and Th concentrations in whole
rocks and separates

Mineral separation was undertaken at Chengxin
Geological Services Co. Ltd, Langfang City, PRC,

to obtain gram quantities of highly pure mineral
separates. Details of the separation procedures are
provided in Zellmer et al. (2014a). U-series and
radiogenic isotope analysis were conducted in the
SOEST isotope laboratory of the University of
Hawaii at Manoa. To minimize differences in analy-
sis conditions, we optimized sample sizes and split
fractions to provide roughly constant analyte quan-
tities of 50—100 ng for U and Th, using whole-rock
concentration data and qualified estimates for the
mineral separates. All wet chemical procedures
were conducted in a clean room with ultra-pure
reagents prepared in-house. HCl and HNO;3; were
quartz distilled, while HF was purified with a two-
bottle Teflon still. Reagents contained 0.01-
1 pg g~ ' Thand U, and undetectable Ra. Procedural
blanks were <5 pg for the full Th—U analytical
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procedure and undetectable for Ra. Whole-rock
powders and phenocryst separates (except magne-
tite) were washed multiple times in ultra-pure water
prior to drying, weighing and complete digestion/
dissolution with HF—HNO;, and dissolved into
HNO;. Solutions were centrifuged to ensure com-
plete dissolution. These procedures have previ-
ously been demonstrated to result in complete
sample dissolution of mafic compositions, and
were checked by replicate analyses of rock standard
K1919 and interlaboratory checks on unknown
samples (Rubin et al. 2005). Magnetite separates
were treated similarly except that dissolution was
carried out with aqua regia in microwavable Teflon
bombs. After dissolution, all samples were split into
Th-U isotopic composition (IC) and Th—U isotopic
dilution (ID) aliquots, and the ID aliquots were
spiked with a calibrated **Th—?**U tracer. Th and
U were separated and purified using previously
described anion-exchange methods (Rubin et al.
2005). Analytical blanks are <0.1% for Th and U
(typically 1-2 pg).

For measurement of U and Th concentrations by
ID, we employed thermal ionization mass spec-
trometry (TIMS) (using a Sector 54-WARP) of
Th and U loaded onto colloidal graphite on Re fila-
ments (Rubin er al. 2005). Reported uncertainties
for ID analyses reflect fractional errors of data
acquisition (20 standard errors of 30-50 ratios),
weighing and spike calibration. External precision
as 20 variation about the mean for 2%U and ?**Th
ID analyses have been previously established by
replicate dissolution analyses (n=7-12) to be
0.5% (Rubin et al. 2005).

Analysis of Th isotopic compositions in
whole rocks and separates

The Th IC analysis employed a late-model, second-
generation Nu Plasma ‘HR’ multicollector induc-
tively coupled plasma (ICP) mass spectrometer at
the University of Hawaii at Manoa, with 6 kV accel-
erating voltage and with a retardation filter fitted in
front of the ion counter used for **°Th analyses
(‘ICO”). After chemical separation/purification, Th
IC samples were taken up into a known mass of
5% HNO; solution and quickly evaluated for
Z2Th intensity using a three-point calibration
curve. Samples were then taken up into a volume
of solution necessary to result in a Th concentration
of 10 ppb (and 5 ppb U, which is used for internal
gain calibration and mass bias corrections). All Th
(and U) isotopic analyses utilized a Nu Instruments
‘DSN-100" desolvating nebulizer, plus dry plasma
cones and an S-option vacuum pump fitted on the
mass spectrometer.

At the beginning of each analytical session,
Faraday detector gains were determined, followed

by Th tail analysis (that was sometimes also done
at the end), using standard solutions at 5, 10, and
20 ppb Th (all also containing 5 ppb U). These
were used to evaluate the 232Th tail contribution
on mass 230. Intensities were taken at masses 232,
231, 230.5, 229.5, 228.5 and 227.5 amu. An expo-
nential function was then fitted to the 231, 230.5,
229.5, 228.5 and 227.5 amu data to model the
Z32Th tail and to allow the interpolation of the tail
at 230 amu. These interpolated values were aver-
aged over all three (or six) analyses and expressed
on a 232Th normalized basis (i.e. cps of the >**Th
tail at mass 230 per volt of signal at mass 232).
The >**Th tail values did not change substantially
during the course of the analyses.

Samples were analysed by standard-sample
bracketing using a series of four Th isotopic gravi-
metric standards (named ‘Hawaii-Th-A’ - ‘Hawaii-
Th-D’) prepared ‘in-house’ and calibrated against
UCSC Th ‘A’ by bracketing analysis using a 232Th/
*Th value of 170,761 + 0.08% 20y, n =255
(Rubin 2001). Which bracketing standard was
employed for a given sample was decided based
on expected 232Th/23OTh ratios, based in turn on
Th/U ratios of the samples. All bracketing standards
and unknown samples were doped to 5ppb U.
A 7min rinse with 5% HNO; was conducted
between analyses of bracketing standards and
unknown samples, sufficient to reduce the **>Th
intensity to <2 mV, compared to about 1.5-2V
of ?**Th during analysis. Each bracketing-standard
and unknown-sample run took about 21 min and
consisted of 75 measurements (three blocks of
25 measurements each). Each block included a
zero measurement taken at +0.5 amu. Each mea-
surement consisted of two cycles: the first cycle
measured *>U on ICO and 238U on L2 for 3 s; and
the second cycle measured 239Th on 1CO0, 232Th on
L3, 235U on the axial and 2*3U on H3 for 5 s. After
each magnet jump, the magnet was allowed to
settle for 2 s.

Within-run data reduction for each bracketing
standard and unknown sample included: (a) an ICO
gain relative to the Faradays calculated using the

35U and **®U data from both cycles; this gain (typi-

cally ¢. 75%) was applied to the raw ***Th and *°Th
voltage data to give a gain-corrected 232Th/ 230TH
ratio; and (b) an internal mass bias correction of
the gain-corrected ***Th/**°Th ratios using the
measured ***U/?*°U ratio and the accepted value
of 137.837 (Richter et al. 2010).

During subsequent off-line data reduction, the
Th isotopic data from each analytical session
(bracketing standards and unknowns) were tail-
corrected with the session-specific correction (e.g.
Pietruszka et al. 2002), after which unknown sample
data were corrected for mass bias using the internal
U standard, and by standard bracketing using data
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obtained immediately before and after that sample.
Exponential ‘B’-correction factors (e.g. Hoffmann
et al. 2007) for each preceding and follow-
ing bracketing-standard analysis were determined
from the tail- and gain-corrected **Th/**°Th
ratios for each standard and compared to the ‘true
value’ of this standard. These correction factors from
the bracketing standards were then averaged and
applied to the intervening tail- and gain-corrected
232Th /230Th ratios of the unknown sample.

Reported uncertainties for Th IC analyses reflect
data acquisition errors only (i.e. they do not include
half-life errors). External precision as 2o variation
about the mean of replicate dissolutions of K1919
(n="7)is + 0.8%.

Analysis of U isotopic compositions in whole
rocks and separates

The U IC analysis was undertaken using the same
Nu Plasma HR mass spectrometer at the Univer-
sity of Hawaii at Manoa, using the aforementioned
dry plasma conditions. Prior to analysis, U IC sam-
ples were taken up into a known mass of 5% HNO;
solution, and quickly evaluated for ***U intensity
using a three-point CRM112a calibration curve.
Samples were then taken up into a volume of sol-
ution necessary to result in a U concentration of
5 ppb, a level that allowed internal gain correc-
tion by cross analysis of ***U on ICO and the
Faraday detector.

Samples were run using bracketing-standard sol-
utions of CRM112a (or, less frequently, U010). Both
standards have known 235U/238U and **U/***U
ratios, but those of CRM112a are more precisely
known (Richter et al. 2010). A 7 min washout rinse
with 5% HNOj3; was conducted between analyses of
bracketing standards and unknown samples, suffi-
cient to reduce the **®U intensity to <1%o of its
intensity during a standard or sample run. Each
bracketing-standard and unknown-sample run took
about 18 min and consisted of 66 measurements
(three blocks of 22 measurements each). Each
measurement consisted of two cycles. Peak centring
on 2*8U was performed for each of the two cycles
at the beginning of every block. Zero measure-
ments for baseline correction were taken for 10 s
at the beginning of each block. Zeros were per-
formed by electrostatic-analyser (ESA) deflection.
The first cycle measured 238U on Faraday detector
L1, 235U on L5 and 2**U on ICO for 5 s. The second
cycle measured 2*®U on L2 and ?**U on ICO for 3 s.
After each magnet jump, the magnet was allowed to
settle for 2 s.

Within-run data reduction included: zero-
correction for each bracketing standard and unknown
sample, followed by calculation of an exponential
per-amu fractionation factor () calculated using the

measured 2*°U/?*8U ratios from the second cycle,
and the ICO gain calculated for each 2**U/238U
ratio result using the measured >*>U/?**U ratios cal-
culated from zero-corrected voltages from both
cycles. The measured 2**U/?**U ratio was then
zero-corrected, gain-corrected and mass-bias-
corrected. Corrected 23#U/?38U ratios that were
outside 2 standard deviations from the mean were
discarded, and new means, standard deviations and
standard errors were then calculated.

During external data reduction, each of the
unknown sample runs was corrected to bracketing-
standard data using linear correction factors deter-
mined from the average for each preceding and
following standards. The corrected 234U/238U
atom ratio of the sample was finally converted to
activity ratios using the 234U and 238U half-lives
of 245 620 + 260 years and (4468.3 + 2.4) x 10°
years, respectively (Jaffey er al. 1971; Cheng
et al. 2013).

The uncertainty of the 2**U/***U atom ratio at
secular equilibrium is 1.2%o for our data set, as
propagated from the uncertainties in the decay
constants, calculated from the uncertainties in
the reported half-lives. The uncertainty of the
234U /238U ratio for most samples in the data table
is estimated by repeat measurements. Where repli-
cates were not run, we used 2 standard devia-
tions of 12 analyses of a K1919 solution, which
is 6.5%0. 234U-238U disequilibria were identified
when the sample (234U /238U) activity ratio deviated
from unity by more than the combined equilib-
rium and sample uncertainties.

Analysis of ““"Ra concentrations in whole
rocks and separates

22°Ra concentration was measured in one whole
rock and one magnetite separate by ID TIMS
using previously described methods (Rubin et al.
2005; Zellmer et al. 2008). Isotope dilution used a
calibrated **®Ra spike (in this case, Hawaii-Ra-
spike #3) that was milked from a **?Th solution
and calibrated against NIST SRM 4966. Ra and
Ba were separated from the sample, following the
Th-U separation, by removal from the cation
wash cut of the Th—U anion column. This was fol-
lowed by purification of Ra (and removal of Ba)
using Eichrom Sr-Resin, and removal of organic
matter from the eluent using Eichrom pre-filter
material and refluxing of solutions in a 50—50 mix
of 30% H,0, and 8N HNO;. Samples were loaded
onto Ta,Os fines on outgassed W filaments, and
analysis was conducted on an ion-counting Daly
detector Sector 54 thermal ionization mass spec-
trometer (at the University of Hawaii) at filament
temperatures of 1400—1550 °C and ***Ra count
rates of 250—500 cps.



Table 2. U-Th—Ra compositions of whole rocks and separates

Sample  Phase* U +20 Th +20 Ra +20 (3'U/ 420 gBSU /  +20 (*°Th/ +20 (*‘Ra/
(ngg™ (ngg™") (feg™h) #0) Th) *#Th) *Th)
Mt Cising volcano
#160 wr 1678 2.1 5302 8.8 - - 0.998  0.007 0960  0.002  0.899  0.008 -
plag 691 0.7 1926 3.4 - - 0974  0.003  1.088  0.002 1292 0.011 -
mt 246 0.2 697 1.0 - - 1.010  0.003 1.074 0.002 1151  0.010 -
amph 211 0.5 651 1.3 - - 0987  0.009 0983 0.003 0970  0.008 -
Mt Shamao volcano
#166 wr 1619 1.4 5067 6.1 522.4 3.4 1.001  0.007 0969  0.001 0919  0.008 1.008
- plag 213 0.6 667 1.8 - 0.998  0.007 0967  0.004 1.060  0.009 -
- mt 671 0.5 898 0.9 56 0.7 0.996  0.007 2267  0.003 1257 0011 0447
- amph 209 0.7 609 0.7 - - 1.003  0.007 1.044 0.004  0.978  0.008 -
- px 209 0.2 672 0.6 - - 1.004  0.007 0942  0.001 0.908  0.008 -
Mt Huangzuei volcano
#230 wr 1626 1.3 5168 5.9 - - 0.996  0.007 0955  0.001 0.956  0.010 -
- gm 1992 1.9 6335 8.1 - - 0.999  0.007 0954 0.002 0954  0.010 -
- plag 281 13 541 1.1 - - 1.002  0.004 1.580  0.008 1257 0.009 -
- mt 389 0.4 822 1.0 - - 0.998  0.003 1438 0.002 1313  0.009 -

SVAVTINNALVL INHDHY 4O SHOV SHIYIS-N

*amph, amphibole; gm, groundmass. mt, magnetite; plag, plagioclase; px, pyroxene; wr, whole rock.
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Results

U-Th ID and IC data are reported in Table 2 and
plotted on U-Th equiline diagrams in Figures 4
and 5. All whole-rock (wr) samples plot in or
close to >*®*U->*"Th equilibrium at (230Th/232Th)
activity ratios of between 0.90 and 0.96. At Huang-
zuei volcano, where a groundmass (gm) separate
was analysed, whole-rock and groundmass ICs are
identical. Several mineral separates display U-Th
disequilibria. U excess dominates, but Th excesses
are observed for a plagioclase separate from the
Shamao dome, and for plagioclase and magnetite
separates of Mt Cising. All mineral separates of
Mt Cising (sample #160) also show small >*U—
28U disequilibria (cf. Table 2), in contrast to the
Mt Cising whole rock. All other samples are in
B4U-238U equilibrium. Internal U-Th ages can
be determined for mineral—mineral pairs from the
Shamao dome and mineral—groundmass pairs
from Huangzuei volcano. The Shamao dome yields
a pyroxene—wr—magnetite age of 33.2 + 1.3ka
(20), an amphibole—magnetite age of 28.3 +
1.5ka (20) and a plagioclase—magnetite age of
18.0 + 1.3ka (20). An amphibole—pyroxene—wr
errorchron of 133 + 51/—35 ka (20) has low pre-
cision due to insufficient U-Th fractionation of
these phases, and yields an initial (**°Th/**?Th)
activity ratio of 0.81 + 0.37 (omitted from Fig. S5a
for clarity). Huangzuei volcano yields a plagio-
clase—wr/gm age of 72 + 4 ka (20) and a magne-
tite—wr/gm age of 148 + 10ka (20). *°Ra data
have been obtained for the Shamao dome whole
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Fig. 4. U-Th equiline diagram of the Mt Cising
separates. (%> 8U/ 232Th) analytical uncertainties are
smaller than the symbol size. Whole rock (wr),
amphibole (amph), magnetite (mt), and plagioclase
(plag) have been analysed.

rock and the Shamao magnetite separate. The
whole rock is close to secular equilibrium, with a
(***Ra/**°Th) activity ratio of 1.008 + 0.006 (20).
In contrast, the magnetite separate displays strong
226Ra-depletion, with a (226Ra/ 230Th) activity ratio
of 0.447 + 0.005 (20). As the partitioning of Ra
into magnetite is extremely low due to the large
size of the Ra*" cation (Blundy & Wood 2003),
the initial amount is negligible: that is, all >*°Ra in
magnetite can essentially be considered as radio-
genic (Rubin & Zellmer 2009). The data thus yield
a Late Holocene magnetite crystallization age for
the Shamao dome of 1367 + 11 years (20) (cf. Fig.
6). Discordant U-Th and Ra—Th ages are common
in subduction-zone volcanics (Zellmer et al. 2005),
and imply the mixing of old and young crystal pop-
ulations. As discussed below, eruption ages of
Shamao and Huangzuei are thus younger than all
of their respective U-series ages.

Discussion

None of the Tatun samples we have studied yield
well-behaved U-Th internal isochrons (i.e. all
mineral phases lying on a single line with 0<
slope <1 on the equiline diagram). Nevertheless,
important magmatic timing and petrological con-
strains can be determined from them. In this sec-
tion, we discuss the implications of the U-Th—Ra
isotope data for the petrogenetic processes operating
at the TVG, and the reliability of the mineral—
mineral and mineral—groundmass ages obtained
for some separates. As evident from Figure 4, Mt
Cising separates form a trend with a slope >1 on
the equiline diagram. The minerals of the Cising
sample display small Z**U—>**U disequilibria, while
the whole-rock sample does not. This suggests that
the groundmass of this sample, which hosts most
of the uranium, is in 23*U-23U equilibrium.
However, if **U—2*%U disequilibria are due to late-
stage hydrothermal alteration, it is difficult to envi-
sage how mineral alteration could have occurred
without any effect on the groundmass. Zellmer
et al. (2014a) recently observed very similar U—
Th systematics in some southern Andean arc mag-
mas, and interpreted the combination of fresh
groundmass and altered mineral phases to represent
the uptake of hydrothermally altered minerals from
earlier intrusives into a fresh ascending melt prior
to eruption. In Figure 7a, we have plotted the rela-
tive proportions of 3%0), (B*U) and (3°Th) activi-
ties of our samples, following the approach of
Rosholt (1982), together with the field of data dis-
played by the Andean samples. It is evident that
the Mt Cising minerals show significantly lower
2B4U-38U disequilibria than some of the mineral
phases of the Andean samples. Nevertheless, it is
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likewise apparent that the Mt Cising minerals have
been affected by small but variable amounts of
uranium assimilation, ***U recoil loss and 2*°Th-
predominant recoil gain processes (Fig. 7b). We
would therefore argue that the crystal cargo of Mt
Cising consists at least partially of hydrothermally
altered material that was picked up into the fresh
melt prior to, or at the onset of, the Mt Cising erup-
tion. Cannibalization of older crystals through rising
melts seems to be very common in the subduction
zone environment, as has been shown using a
wide range of different geochemical, mineral
chemical and petrographical approaches (Stewart
et al. 1996; Dungan 2005; Davidson et al. 2007;
Streck et al. 2007; Jerram & Martin 2008; Zellmer
et al. 2014a, b, ¢).

If crystal uptake is operating at the TVG, the
impact on the ‘ages’ of the mixed mineral popu-
lation, and the extent to which it disrupts an internal
U-Th isochron of phases that did grow from the
magma, needs careful consideration. The mineral
assemblage of the Shamao dome (Fig. 5a) shows
that some of the phases cannot be related through
a simple, concomitant crystallization event. Plagio-
clase does not form an isochronal relationship
with the whole rock, suggesting that this phase is
unrelated to the magma with which it erupted.
The amphibole—pyroxene—wr errorchron of 133 +
51/—35ka (20) yields an age that is distinctly
younger than the Ar—Ar age of 230 + 10 ka, but
is of the same order of magnitude, and the large
uncertainties in interpreting the U-series in this
way do not lend confidence to a potentially younger
age for this dome.

However, magnetite shows the greatest U-Th
disequilibrium of all phases and, because some
magnetite occurs included in larger amphibole and
pyroxene crystals (cf. Fig. 3c), mineral-mineral
isochrons with magnetite may provide more reliable
age information. A magnetite—pyroxene—wr iso-
chron yields an age of 33.2 + 1.3ka (20), and a
magnetite—amphibole isochron yields an age of
28.3 + 1.5 ka (20). If the crystals providing these
ages are related to the melt in which they are
carried, then their true crystallization age from the
melt would be around 30 ka. However, if the crys-
tals were instead cannibalized from a previous intru-
sive episode, their age would be somewhat less
well constrained. Given the fairly tight clustering
of the whole-rock and groundmass data of all three
samples around the equiline at (230Th/232Th)
activity ratios between 0.90 and 0.96, it is likely
that this represents the approximate (230Th/232Th)
initial ratio of the TVG in general. All U/Th ratios
of the Tatun whole-rock samples measured by sol-
ution inductively coupled pz)lasma mass spec-
trometry (ICP-MS) suggest (***U/**?Th) activity
ratios of above 0.85 (Shellnutt et al. 2014). As
whole rocks exclusively plot close to the equiline,
this implies similar (* OTh/232Th) activity ratios.
Further, the presence of melts with (230Th/232Th)
activities above 1 is indicated by the Shamao
dome plagioclase in the Th excess.

A magnetite U-Th crystallization age range of
around 20-35 ka maximum is hence yielded for
any reasonable range of U-Th melt compositions
generated beneath the Tatun volcano. However, if
some of the crystals are inherited from an older
intrusive episode, the age of eruption may be
younger still. We have tested this by obtaining
226Ra data for the Shamao whole rock and magne-
tite separate. While the whole rock is close to
226Ra—>*"Th equilibrium, the magnetite separate
displays strong disequilibrium, immediately indi-
cating that magnetite crystallized significantly less
than 8 kyr ago (Fig. 6). More specifically, as Ra par-
titioning into magnetite is extremely small (Blundy
& Wood 2003), all **°Ra can essentially be regarded
as ingrown from BO9Th (Rubin & Zellmer 2009). A
(***Ra/**"Th) activity ratio of 0.447 + 0.005 (20)
in the magnetite separate then translates to a
226Ra—2Th age of only 1367 + 11 years (20)
(cf. Fig. 6). This is, of course, much younger than
the ages inferred from the U-Th isotochrons. The
U-Th and Ra—Th age dichotomy can be reconciled
if some proportion of the Shamao dome crystals is
older and inherited (i.e. in Ra—Th equilibrium)
and some proportion grew just prior to eruption
(i.e. with Ra—Th disequilibrium). Although, at face
value, the Ra—Th isochron puts the eruption age of
the dome into Late Holocene times (<1370 years),
just how young the Shamao dome might be depends
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on the proportion and age of the inherited crystals. work on *?°Ra and Ba concentrations in other
For example, if 20% of the magnetite crystals mineral phases from the Shamao dome would be
were inherited from an older crustal intrusive body required to extract more precise age constraints on
(in **°Ra—>*"Th secular equilibrium), then the Shamao crystallization ages (cf. Rubin & Zellmer
actual eruption age of the dome would decrease 2009). The extent of the age discordance with a
to about 800 years BP. Further detailed analytical —much older Ar—Ar age of 0.20 + 0.01 Ma suggests
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that some of the inherited crystals may, indeed,
be much older, and likely derive from the Mio-
cene basement underlying the area (cf. Belousov
et al. 2010). It also suggests a significant inherited
4OAr component in the magmas. A Late Holocene
eruption age for the Shamao dome has significant
implications for volcanic-hazard characteriza-
tion at the Tatun volcano, with extrusive activity
clearly extending into the most recent past.

Turning to Mt Huangzuei (Fig. 5b), similar argu-
ments apply with respect to the crystallization of
minerals from the melt v. uptake of minerals into
the melt. Distinctly different magnetite—wr/gm
and plagioclase—wr/gm ages indicate that these
two mineral phases did not crystallize at the same
time from the same melt. Thus, it is likely that at
least the magnetite assemblage is dominated by
earlier formed crystals that were cannibalized by
the Mt Huangzuei magma prior to, or at the onset
of, eruption. Thus, 72 + 4 ka (20) represents the
maximum eruption age of flow #5 of Huangzuei
volcano. It should be stressed that the actual erup-
tion of this flow, just like in the case of the
Shamao dome, may have occurred much more
recently if both plagioclase and magnetite do, in
fact, contain a proportion of antecrystic grains that
were picked up by the melt at the onset of erup-
tion. The extent of the discordance with the K—Ar
age of 0.22 + 0.02 Ma previously obtained for
the Huangzuei lavas (Tsao 1994) suggests that
some of their crystal cargo is much older. Additional
226Ra— 239Th work will be required to see whether
the Huangzuei flow (as well as potentially other
morphologically young volcanic edifices of the
TVG) may, in fact, be of Holocene age: in which
case, both K—Ar and U-Th data would yield sig-
nificant overestimates on eruption ages. Either
way, our analysis provides clear evidence that the
TVG can be considered as volcanically active on
the basis of its recent explosive and effusive erup-
tion history.

Concluding remarks

The notion of open-system processes in mafic—
intermediate composition volcanoes in the sub-
duction zone environment is now well established.
Remobilization of shallow intrusives by fresh melt
from greater depth is a common phenomenon for
porphyritic lava domes (cf. Zellmer 2008, 2009;
Kent 2014 and references therein), and some of
the Tatun domes and viscous lava flows appear to
conform to this petrogenetic scenario. As U-Th
internal dating of major mineral phases is not poss-
ible on single mineral grains, but instead requires
the analysis of bulk mineral separates, the obtained
ages are likely to represent averages of a range of

ages displayed by the mineral grains (cf. Turner
et al. 2003). Given the long volcanic history of
Tatun volcano, some of the cannibalized mineral
grains may have been older than about 350 ka and
thus in 2*U->*Th—>?Ra secular equilibrium. In
this case, young bulk separate U-Th internal ages
of the order of tens of thousands of years would be
likely to contain a number of magnetite grains that
are significantly younger, and potentially as young
as hundreds of years BP, as demonstrated here by
the large °Ra—>*"Th disequilibria in the Shamao
dome magnetite separates. A suggestion of poten-
tially several voluminous effusive eruptions from
the Tatun Volcano Group as recently as Holocene
times is thus not too far fetched, and may be detect-
able through additional analysis of shorter-lived
radionuclides such as *°Ra on other morphologi-
cally young volcanic deposits.

In conclusion, our study has significant impli-
cations for volcanic hazard mitigation strategies at
Tatun Volcano Group and elsewhere. We have
shown that it is critical to obtain *?°Ra—**Th ages
in order to check for Holocene volcanic activity
even if K—Ar, Ar—Ar or U-Th data yield signifi-
cantly older ages. Uptake of older crystals is a
common phenomenon at arc volcanoes, affects all
of the above dating schemes and can only be ident-
ified if several dating methods are employed on the
same deposits. For volcanic hazard characterization
in Taiwan, our data clearly show that the TVG needs
to be considered active. This has to be taken into
account during planning and mitigation scenarios
of major infrastructure in this highly populated
area, including nuclear power plants that are situ-
ated just a few kilometrer from the longest TVG
lava flows.
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