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Abstract

In this research it was proposed that a more robust record of volcanic activity for Mt.
Taranaki (New Zealand) could be derived from tephras (pyroclastic fall deposits) within
cores from several lakes and peatlands across a 120° arc, NE-SE of the volcano,
covering a range of prevailing down-wind directions. These data were integrated with
previous tephrochronology studies to construct one of the longest and most complete
volcanic eruption history records ever developed for an andesitic stratovolcano. Using
44 new radiocarbon dates, electron microprobe analysis of glass shard and
titanomagnetite chemical composition, along with whole-rock chemistry, a chrono- and
chemostratigraphy was established. The new record identifies at least 272 tephra-
producing eruptions over the last 30 cal ka BP. Six chemo-stratigraphic groups were
identified: A (0.5 — 3 cal ka BP), B (3 — 4 cal ka BP), C (4 — 9.5 cal ka BP), D (9.5 - 14
cal ka BP), E (14 — 17.5 cal ka BP), and F (23.5 — 30 cal ka BP). These were used to
resolve previous stratigraphic uncertainties at upper-flank (proximal) and ring-plain
(medial) sites. Several well-known “marker tephras” are now recognized as being
~2000 years older than previously determined (e.g., Waipuku, Tariki, and Mangatoki
Tephra units) with the prominent Korito Tephra stratigraphically positioned above the
Taupo-derived Stent Tephra. Further, new markers were identified, including the
Kokowai Tephra unit (~4.7 cal ka BP), at a beach-cliff exposure, 40-km north-east of
the volcano. Once age-models were established for each tephra, units were matched
between sites using statistical methods. Initial statistical integration showed that the
immediate past high-resolution tephrochronological record suffered from a distinctive
“old-carbon” effect on its ages (Lake Rotokare). This had biased the most recent
probabilistic forecasting and generated artificially high probability estimates (52-59%
eruption chance over the next 50 years). Once the Rotokare record was excluded and
chemostratigraphy constraints were applied, a reliable multi-site tephra record could be
built only for the last ~14 ka BP. The new data confirms a highly skewed distribution of
mainly (98% of cases) short intervals between eruptions (mode of ~9 years and average
interval ~65 years). Long intervals (up to 580 years) as seen in earlier records were

reduced to 2% of the record, but can now be considered real, rather than missing data.
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The new data confirm a cyclic pattern of varying eruption frequency (with a five-fold
range in annual frequency) on a period of ~1000-1500 years. The new time-varying
frequency estimates suggest a lower probability for a new eruption at Mt. Taranaki over
the next 50 years of 33-42%. The newly established chemostratigraphy was further used
to investigate time-related compositional changes. Whole-lapilli analyses highlighted
that a specific very evolved Ca-rich and Fe-poor composition was only found within the
easterly and south-easterly depositional sites. This was explained by eruption of a
stratified magma reservoir, which holds greater modal proportions of plagioclase and
lower proportions of pyroxene within low-density, gas-rich upper conduit regions.
During the most explosive phases of eruptions, when plumes reach the stratospheric jet-
stream, the lowest-density pumice is thus dispersed by high-level stable westerly winds.
Further, two distinct evolutional trends were seen in the long and new
tephrochronological record; from 17.5 to 3 cal ka BP and <3 cal ka BP; with whole-
lapilli, glass, and titanomagnetite compositions overall evolving over time. The former
compositional trend indicates a crystallising and cooling magma source in the deep
crust, with multiple, spatially separated magma source regions forming, each generating
magmas (i.e., magma batches) with unique titanomagnetite compositions. This trend is
interrupted by a distinct shift towards less-evolved compositions and the initiation of a

second parasitic vent (Fanthams Peak at the southern flank of Mt. Taranaki).
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coring operation with (1) the corer positioned above the sediment surface and (2-3)
subsequently pushed into the soft sediments, while simultaneously keeping the core-
cable tight so as to create suction until the desired depth has been penetrated, (4) the

corer extracted With the SEAIMENTS. ......eee e e 51

Figure 2. 3 Diagram from Morton and White (1997) showing core shortening patterns

in unconsolidated sediments: (a) no shortening (very rare), (b) uniform shortening
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(rare), (c) systematic increased shortening (common), (d+e) mixed pattern shortening

(VEFY COMIMON). ..ottt ettt et ettt e e ebeeetaeeaseeeeseeseeesseenseesnseenseeeaneens 53

Figure 2. 4 Interval (%) and cumulative (cm) shortening of individual sediment cores

taken during this STUAY. .......c.eocuiiieieeceeee et 54

Figure 2. 5 Flowchart illustrating the methodology that was implemented in this study.
Abbreviations for analytical methods as follows: AMS = Accelerator Mass
Spectrometry, X-ray = X-radiography, XRD = X-ray diffraction, LPA = Laser Particle
Analyser, EPMA = Electron Probe Micro-Analyser, XRF = X-ray fluorescence
spectrometry, LA-ICP-MS = laser ablation—inductively coupled plasma-mass

SPECETOMELIY. ...ttt 55

Figure 3. 1 Age-depth models for lake and peat sediment cores, produced using a
piecewise cubic Hermite interpolating polynomial fit (Fritsch and Carlson, 1980).
Individual **C ages are shown as calibrated median probability ages with 15 errors
output by OxCal Version 4.2 (Bronk Ramsey, 2013) (Table 3.1). The s.depths are shown
as event-free” depths. Sediment accumulation rates are given as mm/yr. Brief
lithologies are also shown. The red star indicates an accumulation increase around 5-
5.5 cal ka BP within Lake Richmond and Lake Umutekai. Three Taupo volcano tephra
layers are recognised and dated: (1) Stent Tephra (mean age from Lake Richmond:
4279147 cal yr BP, age from Lake Umutekai: 4296+92 cal yr BP; age from Lake
Rotokare: abnormal), (2) Kawakawa Tephra (age from Eltham Swamp: 25,447+125 cal
yr BP) and (3) Okaia Tephra (age from Eltham Swamp: 28,735+143 cal yr BP). ........ 82

Figure 3. 2 Lake Richmond sediment cores recovered during this study (R1-R3) and the
composite record. Images show prominent tephra layers and their juvenile clast
assemblages. Key correlations are marked with dotted red lines and are based on
physical characteristics and age. Reworked tephras are abbreviated as ‘rew.’. Ages are

shown as calibrated ages with 1o errors (Table 3.1). ....ccocovooieiieiicieeeeeeeeee, 84

Figure 3. 3 Tariki Swamp sediment cores recovered during this study (T1-T2) and the

composite record. Images show prominent tephra layers and their juvenile clast
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assemblages. Key correlations are marked with dotted red lines and are based on
physical characteristics and age, while dotted purple correlation-lines are additionally
based on geochemical characteristics. Reworked tephras are abbreviated as ‘rew.’.

Ages are shown as calibrated ages with 1o errors (Table 3.1). ....ccccoovevveiiiieieieee 86

Figure 3. 4 Ngaere Swamp sediment cores recovered during this study (N1-N2) and the
composite record. Images show prominent tephra layers and their juvenile clast
assemblages. Key correlations are marked with dotted red lines and are based on
physical characteristics and age, while dotted purple correlation-lines are additionally
based on geochemical characteristics. Reworked tephras are abbreviated as ‘rew.’

Ages are shown as calibrated ages with 1o errors (Table 3.1). ....ccooevvieeieeiiccieeeene. 88

Figure 3. 5 Eltham Swamp sediment cores recovered during this study (E1-E2) and the
composite record. Images show prominent tephra layers and their juvenile clast
assemblages. Key correlations are marked with dotted red lines and are based on
physical characteristics and age, while dotted purple correlation-lines are additionally
based on geochemical characteristics. Reworked tephras are abbreviated as ‘rew.’

Ages are shown as calibrated ages with 1o errors (Table 3.1). ......cccoeovieiiiieciieiene. 90

Figure 3. 6 Compositions of titanomagnetite phenocrysts recognised in lake and peat
deposits of Mt. Taranaki (Appendix 2). Each point is the average =1 standard deviation
for each tephra layer (left) and for each titanomagnetite group (right). Twelve
individual titanomagnetite groups are represented by colours, with empty diamonds
indicating variable titanomagnetite compositions that could not be classified to any
group. Bimodal titanomagnetite compositions are represented as filled triangles.
Analyses in weight percent (wt%) and cation proportion (cat. prop.) calculated on the
basis of four oxygen atoms as in Carmichael (1966). Major and minor element

compositions of each titanomagnetite group are summarised in Table 3.2. .................. 92

Figure 3. 7 Glass major element compositions of Tephra Sequences A-F defined in lake
and peat sediment cores from Mt. Taranaki (Appendix 3). Normalised analyses are
plotted as total alkalis vs. silica with compositional fields of basalt-andesite (bA),
basalt-trachyandesite (bTA), trachyandesite (TA), trachydacite (TD) and rhyolite (R).
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Colours represent the dominant titanomagnetite group of each tephra sequence (refer to
FIOS. 3.6, 3.9). ittt eateereeeans 95

Figure 3. 8 All glass compositional data from Tephra Sequence A-F summarised on
plots of total alkali, FeOa, CaO vs. SiO,. The Taupo volcano-tephras (i.e., Stent,
Kawakawa, Okaia) are also shown. Colours represent the dominant titanomagnetite

group of each tephra sequences (refer to Figs. 3.6, 3.9). cccevveviirieiieecieeeeeeeen 96

Figure 3. 9 Summary of sediment cores taken during this study and previous studies of
Turner (2008) showing individual tephra layers (thickness and depth of tephra
indicated by horizontal bars; titanomagnetite group of each analysed tephra indicated
by coloured bars (refer Fig. 3.6, Table 3.2); reworked tephras are abbreviated as
‘rew.’), and radiocarbon dating points given in calibrated ages (Table 3.2 and Turner,
2008). The nomenclature of individual tephra layers is based on their stratigraphic
order within the composite core (refer also to Figs. 3.2 to 3.5). Tephra Sequences A-F
are indicated by coloured shaded fields. Correlation of individual members and/or
groups of members is indicated by black dashed lines and/or described in text. Tephra
layers characterised by a bimodal titanomagnetite composition are denoted with an
asterisk (refer also to Fig. 3.6). Tephra layers characterised by variable

titanomagnetite compositions are denoted with brackets (refer also to Fig. 3.6). ......... 99

Figure 3. 10 Lake and peat composite tephra record encompassing at least 228 tephra
layers from Mt. Taranaki spanning the last 30 cal ka BP. The composite record has
been constructed using the best-preserved and most-complete tephra sequences from
single sites (TS = Tephra Sequence presented as colour, refer also to Figs. 3.6, 3.9) and

temporal distinct tephra groups, which could be linked to the main sequence. ........... 109

Figure 4. 1 Brief summary of previous tephrostratigraphic work relating to eruptives of
Mt. Taranaki and first correlation attempts solely based on stratigraphic position and
physical properties of the deposits. The wide columns represent soil sequence records,
whereas the narrow columns represent lake and peatland records. For more detailed
information on the relevant tephra correlations (red shaded fields) and minor tephra

correlations (dotted grey lines), as well the nomenclature of each deposit, refer to
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denoted publications. The published ages are re-calibrated using SHCal13 (Hogg et al.,
2013), see text and Table 4.1 for details. Ages with asterisks derived from a key section
of Alloway et al. (1995) (section 23). PDC = pyroclastic density current, NPA&BS =
New Plymouth ashes and buried soils, N = north, S = south, NW = north-west, NE =

NOItN-ASt, SE = SOULN=CAST. ...ttt e e ea e 133

Figure 4. 2 Compositions of titanomagnetite phenocrysts from flank and ring-plain
tephra deposits analysed in the current study. Each point is the average +1 standard
deviation for each tephra unit. Each dotted field (numbered from 1-12) and colour
represent an individual titanomagnetite group defined by Damaschke et al. (2017) and
summarised in Table 4.3. Bi- and multi-modal titanomagnetite compositions are
indicated by additional letters ““-b” and ““-c” after the sample name. *E1-Konini and
Mahoe (Franks et al., 1991) = Kaponga and Konini (Alloway et al., 1995) (refer to text.
Analyses in weight percent (wt%) and cation proportion (cat. prop.) calculated on the

basis of four oxygen atoms as in Carmichael (1966). All data summarized in Appendix

Figure 4. 3 Glass chemistry of the flank and ring-plain tephra deposits analysed in the
current study. Normalised analyses are plotted as total alkalis, FeOa, and CaO vs.
silica. The compositional fields (after Le Bas et al., 1986) of basalt-andesite (bA),
basalt-trachyandesite (bTA), trachyandesite (TA), trachydacite (TD) and rhyolite (R)
are also shown. Each point is the average +1 standard deviation for each tephra unit.
Colours represent the titanomagnetite composition of each sample (refer to Fig. 4.3,
Table 4.3). *E1-Konini and Mahoe (Franks et al., 1991) = Kaponga and Konini
(Alloway et al., 1995) (refer to text). All data summarized in Appendix 6. .................. 143

Figure 4. 4 Electron microprobe-determined titanomagnetite composition of the
Manganui tephra units (MA-MF) and single Manganui tephra unit (M) from the
Mangatoki Stream section shown as compositional fields and correlative lake and peat
tephra layers shown as average points with £1 standard deviation. Note the large

compositional variability of Manganui D..............cccoccveiieiiieiiiieeceeeee e 144
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Figure 4. 5 Electron microprobe-determined compositions of titanomagnetite
phenocrysts from the pyroclastic deposits at the Onaero Beach section (section-23;
Alloway et al., 1995). Each dotted field (1-12) and colour represent an individual
titanomagnetite group defined by Damaschke et al. (2017) summarised in Table 4.3. 145

Figure 4. 6 Representation of the links between lake and peat tephra sequences, and
proximal and medial tephra successions on Mt. Taranaki. Each coloured line in the lake
and peat column and coloured names in the medial and proximal column indicate the
titanomagnetite composition (i.e., group) of the respective tephra deposit (refer to Fig.
4.3, Table 4.3). Asterisks indicate bi- or multimodal titanomagnetite compositions. The
coloured bands that link the columns indicate Tephra Sequences (TS A-F) characterised
by their dominant titanomagnetite group. Dotted lines highlight specific correlations
(refer to text). Age references are according to Table 4.1 and ages for the lake-and-peat
composite record after Damaschke et al. (2017). Note the previous stratigraphy of
Alloway et al. (1995) at the Onaero Beach section (grey-coloured names), which has

been revised in the CUrTeNt STUAY. ........coeoviiieieieececceceeeee e 157

Figure 5. 1 Location map of the tephra deposition sites (pv = previous studied sites by
Turner et al. 2008, 2009), Cape Egmont, western North Island, New Zealand. TVZ =

TAUPO VOICANIC ZONE ...ttt ettt eae v ereeeaeensan 177

Figure 5. 2 (A) The rates of deposition of tephras within lake and peat sequences
recovered from six different localities at Mt. Taranaki (age data from Damaschke et al.
2017a) presented as histograms of tephras deposited over 500 year intervals (left axis,
grey columns), and annual tephra deposition rates generated using a Gaussian kernel
smoother (Silverman 1984, 1986; Wand and Jones 1994, 1995) with a 100-year
bandwidth (right axis, red line). Numbers indicate intervals during which particularly
high rates of tephra deposition occurred. (B) Cumulative deposition of the same tephra
units. Letters indicate periods of low rates of tephra deposition and/or no deposition.

Yellow coloured fields represent disturbed or oxidised/dried sediment horizons. ....... 181

Figure 5. 3 Variation in the deposition rate of tephra layers across all sites analysed

presented as histograms of tephras deposited over 500 year intervals (left axis,
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columns), and annual tephra deposition rates generated using a Gaussian kernel
smoother (Silverman 1984, 1986; Wand and Jones 1994) with a 100-year bandwidth
(right axis, red line). Cumulative deposition rates are also shown. Two different
matching models are presented: (A) A manually-merged composite record with
conservative traditional stratigraphic matching, based on tephra appearance
(individual and patterns) and geochemical matches; and (B) a statistically-combined
record developed using a matching algorithm (following the approach of Green et al.
2014). Numbers indicate periods of high rates of tephra deposition and letters indicate
periods where tephra deposition rates were low including two quiescence periods (A
and H; marked as red-shaded fields) (refer to text). Note: HRTD intervals-3 and -4 may
indicate one long-lasting high-frequency interval, since no repose times >200 years are
recorded within this particular period (dotted line). LRk = Lake Rotokare, LRi = Lake
Richmond, LU = Lake Umutekai, NS = Ngaere Swamp, ES = Eltham Swamp, TS =
TAFTKE SWAIMP. .« ettt ettt et et eeaeeeae et e ereeeteeneens 183

Figure 5. 4 Annual tephra deposition rates of each single record in comparison with the
statistically-combined record. Rates are generated using a Gaussian kernel smoother
(Silverman 1984, 1986; Wand and Jones 1994) with a 100-year bandwidth. Note the

offset Of the Lake ROTOKAIE BVENTS. .......oeeeeeeeeeeeeeeeeeee et 187

Figure 5. 5 Histogram of 19,900 sampled inter-event times based on Monte Carlo
simulations of the new statistically-merged Mt. Taranaki eruption record. Curves show
the different densities fitted for this data set with AD1785 (red) and AD1820 (blue) as

last vOICaNIC ACtIVILY BVENES. .......ccviiiieieieceeeeeeee ettt 192

Figure 5. 6 (A) Probabilities of no eruption of Mt. Taranaki occurring over future time
periods, based on three models of inter-event distributions with AD1785 (red) and
AD1820 (blue) as last volcanic activity events. (B) Annual eruption probabilities
estimated for Mt. Taranaki, assuming the last volcanic activity event was at AD1785
(red) and AD1820 (blue). Note: The Weibull renewal distribution is similar to a simple

POISSON PIOCESS. .....etieieieeeteete ettt ettt ettt ettt e et e te et e eae e teeateesseaeenseeaseeseenseesseseennas 194
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Figure 5. 7 (A) Probabilities of no eruption at Mt. Taranaki occurring over future time
periods, based on the inter-event distribution constructed in each previous paper and
for the statistically-combined record built in this study, with AD1800 (compromise date
between AD1785 and AD1820) as last volcanic activity events. (B) Annual eruption
probabilities of Mt. Taranaki estimated for different records proposed in previous
studies and for the statistically-combined record built in this study, assuming the last

volcanic activity event was at AD1800.. .......c.coveriierieeiereieieeiere e 195

Figure 6. 1 Total Alkalis vs. Silica (TAS) diagram (Le Bas et al., 1986) for the Mt.
Taranaki whole-lapilli samples analysed from lake and peatland tephras recovered in
this study (Appendix 7). Compositional fields are basalt (B), basalt-andesite (bA),
andesite (A), trachybasalt (TB), basalt-trachyandesite (bTA), and trachyandesite (TA).
All analyses are on a water-free basis. Colours represent the titanomagnetite group of
each tephra sample (refer also to Fig. 6.8 and Chapter 3). Dotted line represents the

alkaline/subalkaline compositional boundary. ...........c.cccoeeeeieiiecicieeececeeeee e 216

Figure 6. 2 Total Alkalis vs. Silica (TAS) diagram (Le Bas et al., 1986) and selected
SiO, variation diagrams (with K,O v.s SiO, after LeMaitre et al., 2002) illustrating
variation in the whole-lapilli major and trace elements for the Mt. Taranaki tephra
sequences (A-F) from the lake and peat cores (Chapter 3). Whole-rock analyses of lava
flows, pyroclastic flows and fall deposits (references as in figure) are also shown for
comparison. All analyses are on a water-free basis with total iron presented as Fe,Os.
Compositional fields are basalt (B), basalt-andesite (bA), andesite (A), dacite (D),
trachybasalt (TB), basalt-trachyandesite (bTA), trachyandesite (TA), and trachydacite
(TD). Dotted ellipsoids indicate contrasting whole-lapilli sample compositions (referred
T TN TN TEXL). oottt ettt ettt ettt eneen 217

Figure 6. 3 Normalised trace element diagrams for the Mt. Taranaki whole-lapilli
samples with the normalised values from Sun and McDonough (1989). Individual
tephra samples are classified within their tephra sequence (A-F) represented by

different colours (See Chapter 3). .......ocviiuieiicieeee et 219
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Figure 6. 4 Glass compositional variations of the alkalis, Al,O3;, CaO, MgO, FeO, and
TiO, vs. SiO, abundances for the Mt. Taranaki distal and proximal tephras (compiled in
Chapters 3 and 4; Damaschke et al. 2017a, 2017b) compared with model fractional
crystallisation paths represented by the series of black spots, which mark 5%
crystallisation steps (see Table 6.2). All analyses are normalised to 100% and each
point is the average +1 standard deviation for each tephra sample. FeO is determined
as total iron. Also shown are the compositions of common mineral phases (plag =
plagioclase, amph = amphibole, cpx = clinopyroxene) in Mt. Taranaki volcanic rocks
(Turner et al., 2008a) and xenoliths (coloured shaded fields that correspond to their

respective minerals; Gruender, 2006, Gruender et al., 2010)..........ccceevvevvevieeiennnnnee. 223

Figure 6. 5 Titanomagnetite compositional variations of MgO and Fe*" vs. TiO,, Fe**
vs. Fe**, and Al,O; vs. MgO abundances for the Mt. Taranaki distal and proximal
tephras (compiled in Chapters 3 and 4; Damaschke et al. 2017a, 2017b). All analyses
are in weight percent and the cation proportion (cat. prop.) is calculated on the basis of
four oxygen atoms as in Carmichael (1966). Each point is the average +1 standard
deviation for each tephra sample. Two compositional trends are highlighted by solid
arrows alongside the plotted trends, and secondary trends are indicated by dotted
arrows (refer t0 teXt, 6.5.3.2). . .cuioriiiieiiceeee ettt 224

Figure 6. 6 Minor and trace element titanomagnetite variation as function of Mg
abundances (latter is based on microprobe data) for Mt. Taranaki lake and peatland
tephra layers. All analyses are in parts per million (ppm) with Mg as cation proportion
(cat. prop.) calculated on the basis of four oxygen atoms as in Carmichael (1966).
Colours represent different tephra sequences and their respective dominant

titanomagnetite group (See Chapter 3). .......ccociiiiiiiieeeeieeeee e 225

Figure 6. 7 Time-series glass (gl) and whole-lapilli (wl) compositional trends observed
within distal and proximal tephra deposits of Mt. Taranaki. Bulk-analyses of young lava
flows, including the Summit and Fanthams Peak lavas (Stewart et al., 1996; Price et al.,
1999), are also shown so as to complete the youngest time-frame of emplacement. All
analyses are on a water-free basis with total iron as Fe,O3 in bk, and FeO in gl. Each

point is the average #1 standard deviation for each tephra layer within the gl. Note:
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Tephra Sequence F is stratigraphically separated from the rest of the tephra sequences

by a ~6000 cal yr BP depositional hiatus (for more information see Chapter 3). ....... 228

Figure 6. 8 Time-series titanomagnetite compositional trends observed within distal
and proximal tephra deposits of Mt. Taranaki. All analyses are weight percent and
cation proportion (cat. prop.) is calculated on the basis of four oxygen atoms as in
Carmichael (1966). Each tephra (each point = average +1 standard deviation) is
indicated by its respective tm-group (see colour). Only tephras from the composite
record are shown (Chapter 3 and 4). Triangles represent tephras with bimodal
compositions. (sub-population is indicated by ellipsoid; referred to in text). Note:
Tephra Sequence F is stratigraphically separated from the rest of the tephra sequences

by a ~6000 cal yr BP depositional hiatus (for more information see Chapter 3). ....... 230

Figure 6. 9 Major element glass (gl) vs. titanomagnetite (tm) abundances, and MgO
whole-lapilli (wl) vs. MgO titanomagnetite (tm) abundances for Mt. Taranaki tephras.
Diamonds represent lake and peat tephras (Damaschke et al., 2017a) and circles

represent proximal tephra deposits (Damaschke et al., 2017b). ........c.cccveevveeveeeenennen. 237








