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Recent quarrying and active faulting at Mangatete, Taupo Volcanic Zone (TVZ), New Zealand, illuminate a rare
spatial and temporal window on a dynamic Late Quaternary geothermal system. Detailed geological mapping,
stratigraphic logging, AMS '“C dating, and textural and mineralogical analyses were used to construct a complex
history of hydrothermal, volcanological and tectonic activity from ~36 to 2 ka. Extinct, surface hydrothermal
manifestations occur over a ~2 km? area, and include in situ siliceous sinters distributed on normal fault terraces,
an inferred hydrothermal eruption breccia (HEB) containing acid-etched sinter blocks, another probable HEB
that was bathed in silicifying thermal fluids, and sinter clasts that were entrained in a debris flow associated
with a volcanic ash event. Preserved sinter textures typical of near-neutral pH, alkali chloride spring discharge
channels, aprons, terraces and affiliated marshes comprise plant-rich, palisade, tufted bubble mat, and domal
stromatolitic fabrics. In addition, a packed fragmental sinter facies is shown herein to constitute silicified micro-
bial mats that were broken, transported and deposited as point bar deposits in thermal spring-fed streams. More-
over, four unusual siliceous sinter fabrics—vuggy, globular spongy, scalloped, and arcuate wavy layered—are
interpreted to have formed from local acid-sulfate-chloride thermal springs, possibly associated with paleo-
fumaroles. The reconstructed history of paleo-hydrothermal activity indicates that the oldest sinters (~36 ka)
at Mangatete developed in alkali chloride hot springs, but then underwent post-depositional alterion/
overprinting by acid-sulfate steam condensate and were dismembered, possibly by a hydrothermal eruption.
Low pH hot-spring discharges forming the unusual, inferred acid sinter fabrics were localized in the same area.
A shift in paleo-hydrology is evidenced by unaltered, alkali chloride sinters dated between ~22 and 3 ka. A cluster
of sinter dates between 22.7 and 20.7 ka denote thermal fluid emissions around the time of the Okareka eruption
(~22.1ka). An ~11 kyr gap in sinter ages followed, which overlaps with a time of relative quiescence in local fault
movement in between the Rotorua and Rotoma eruptions, as determined from previous paleo-seismicity studies
on the Whirinaki Fault in the Mangatete area. At ~9.4 ka, hot spring activity in thermally fed streams slightly post-
dated the Rotoma eruption (~9.5 ka). The locations and ages of the youngest (post-9.4 ka) alkali chloride sinters
and silicified paleosols in relation to Whirinaki Fault movements indicate an overall westward migration of sili-
ceous spring discharge. Dated charcoal (~1.8 kyr) in ash at the base of a locally extensive, volcaniclastic debris
flow, containing sinter blocks of a range of ages and mineralogical maturity, suggests its affiliation with the
Taupo eruption. Mangatete sinters occur along SW-NE striking faults parallel to the regional trend of the TVZ,
which dissect the topography into stepped terraces. Inferred basement cross-faults in the study area, i.e. structur-
al lineaments orthogonal to this trend, may have served as fluid pathways at depth, initiating and maintaining
hydrothermal activity at Mangatete for more than 30 kyr. Within the larger Ngakuru Graben (~150 km?), the
ages and distributions of sinters and hydrothermal eruption breccias, including those at Mangatete, show that
significant hydrothermal activity occurred for more than 60 kyr, in an area lacking such activity today. Thus,
Mangatete retains a rare stratigraphic record within the TVZ sinter archive of changing geothermal fluids,
resulting from shifts in paleo-phreatic water levels. Moreover, although limited, the presented age data imply
arelationship among seismic activity, volcanic ash fall events, and the occurrence of permeable pathways for up-
ward migration of thermal fluids. Finally, whereas currently active TVZ geothermal fields appear to be stable over
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tens of thousands of years or more, the fossil hydrothermal systems in the wider Mangatete area demonstrate the
possibility of much greater temporal variability in the lateral expression of local surface manifestations of thermal

fluid discharge through time.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Active high-temperature geothermal systems in continental settings
result from large-scale, coupled transfer of heat and mass within the
shallow crust, and can manifest subaerially as diverse hot springs and
vapor discharges. Such systems indicate potential energy resources at
depth (Lynne, 2012), and can have a close spatial relationship with
epithermal mineralization (e.g., Fournier and Rowe, 1965; Krupp and
Seward, 1987; Sillitoe, 1993; Guido and Campbell, 2011). Moreover,
their surface manifestations serve as analog “extreme environments”
for settings where life may have taken hold on early Earth and possibly
other planets (e.g., Farmer and Des Marais, 1999; Farmer, 2000;
Konhauser et al., 2003; Ruff et al., 2011). Fossil geothermal systems
also provide evidence for the locations of past magmatism and thermal
fluid flow in zones of crustal weakness. In this paper, we ascertain the
changing paleo-hydrology of a well-exposed fossil geothermal system,
the Mangatete sinter and associated deposits, Taupo Volcanic Zone
(TVZ), New Zealand, which is preserved in an area that is today
regarded as hydrothermally extinct. Our results provide new insights
on the time-scales and variable fluid histories of the local surface
manifestations of hydrothermal convection systems.

More than 20 major, active, high-temperature (>250 °C) geother-
mal systems occur within the TVZ (Fig. 1), an 18,000 km? region of
active crustal extension (~10 mm/yr; e.g., Villamor and Berryman,
2001), typified by largely rhyolitic volcanism, and present-day high
crustal heat flow (2600 MW/100 km) along the length of the rift axis
(Bibby et al., 1995; Hochstein, 1995). High-temperature geothermal
systems are recharged by meteoric water descending to depths of
7-8 km, where they are heated and rise to sustain large-scale hydro-
thermal convection plumes (Giggenbach, 1984; Hedenquist, 1986;
Rowland and Sibson, 2004). The shallow boundaries of the geothermal
systems are approximated by domains of low resistivity marking rising
thermal fluids (Bibby et al., 1995). These fluids migrate through pre-
volcanic basement in the TVZ to reach laterally extensive, near flat-
lying, permeable, Quaternary volcaniclastic deposits (<1.6 Ma; Wilson
et al., 1995), with local thicknesses of up to 3 km (e.g., Ngatamariki geo-
thermal field; Boseley et al., 2010). The surface expression of a geother-
mal system can be offset laterally from its upflow by several kilometers
(Hedenquist, 1986; Bertrand et al., 2012).

Most geothermal fluids may be categorized by three end-member,
major anion-based compositions (Jones and Renaut, 2003; Renaut and
Jones, 2011). First, bicarbonate springs generally produce travertine
(CaCO0s3) deposits, which result from dissolution of ascending CO,
into shallow groundwater that later degasses, although travertine
deposition also may be influenced by cyanobacteria (Farmer, 2000;
Pentecost, 2003). Second, alkali chloride springs of nearly neutral pH
originate from magmatically heated, deep reservoir-derived chloride
waters saturated with amorphous silica, and typically form siliceous
sinter (opal-A: SiO,.nH,0) deposits (White et al., 1956, 1964). Third,
acid-sulfate waters develop where ascending H,S oxidizes above the pi-
ezometric surface to cause dissolution of country rock, with some local
precipitation of vapor phase (e.g., sulfur) and hydrothermal alteration
minerals (e.g., kaolin, alunite and silica residue; Rodgers et al., 2004;
Jones and Renaut, 2012). Where acid-sulfate waters mix with deep
reservoir-derived chloride fluids (Ellis and Wilson, 1961; Krupp and
Seward, 1987; Hedenquist and Browne, 1989), acid sinters may form
(Jones et al., 1999a,b; 2000; Mountain et al., 2003; Schinteie et al.,
2007). Such deposits are termed acid sinters because the silica origi-
nates from the deep, hot (>250 °C), chloride fluid reservoir, rather

than leaching from surface country rock to form silica residue
(Rodgers et al., 2002, 2004). Alkali chloride sinters and acid sinters are
distinguished from one another based on differences in deposit thick-
nesses and textures, the latter of which are at least partly controlled
by particular biotic compositions. In particular, near-neutral pH, alkali
chloride springs deposit sinter of up to tens of meters in thickness,
and sustain distinctive organism communities distributed over a
temperature gradient (100 °C to ambient) from vent to distal apron
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Fig. 1. Electrical resistivity map of the Taupo Volcanic Zone (TVZ), with nominal array
spacing at 500 m (after Stagpoole and Bibby, 1998) in relation to rift segments, accommo-
dation zones, interpreted basement structures (after Wan and Hedenquist, 1981; Rowland
and Sibson, 2004), and inferred and active caldera boundaries (TA, Taupo; OK, Okataina;
after Nairn, 2002). TFB = Taupo Fault Belt. Geothermal fields, indicated by low resistivity
(color-coded red), are labeled as: Kw, Kawerau; Mo, Mokai; Or, Orakeikorako; Ro,
Rotorua; Th, Tauhara; Tk, Te Kopia; Wm, Waimangu; Wr, Wairakei. Igneous composition
of young (<61 kyr old) volcanic vents includes basalt (red squares), rhyolite (white
circles), and andesite (orange circles). Rift axes are defined by changes in polarity of
fault-facing directions, shown by white lines and annotated with extension direction as
delineated by the pattern of active fault traces (Rowland and Sibson, 2001). The Mangatete
study area (star) is situated in the Ngakuru tectonic segment. Inset shows submarine ex-
tension of the TVZ into the Havre Trough (HT), and position of the back arc rift system of
the TVZ in relation to the active subduction margin of eastern North Island, New Zealand.
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discharge areas (e.g., Walter, 1976; Cady and Farmer, 1996; Jones et al.,
1997, 1998; Lowe et al., 2001; Handley and Campbell, 2011; Renaut and
Jones, 2011; Lynne, 2012). In particular, non-photosynthetic microbial
biofilms (Bacteria, Archaea) occur in very high temperature (>73 °C)
vent pools and geyser mounds (Blank et al., 2002; Lowe and
Braunstein, 2003). Luxuriant, colorful mats of photosynthetic bacteria
readily silicify an array of fabrics within relatively high to moderate
temperature (~65-40 °C), mid-apron terrace pools and outflow
channels (Walter, 1976; Walter et al., 1976; Cady and Farmer, 1996).
Clotted, encrusting and vertically pillared (palisade) microbial growths,
entombed plants and various eukaryotes flourish in warm (~40-30 °C)
to ambient temperatures on distal sinter apron terraces, as well as in
adjacent, thermally influenced wetlands (e.g., Walter, 1976; Cady and
Farmer, 1996; Farmer, 2000; Channing et al., 2004; Channing and
Edwards, 2009; Guido and Campbell, 2011; Handley and Campbell,
2011). In contrast, low pH-tolerant algae (members of Cyanidiophyceae),
fungi and diatoms are common biotic constituents in acid-sulfate
geothermal areas today, and may become entombed in relatively thin
(centimeters to ~decimeters thickness) acid sinter deposits occurring
as sheets, ledges, ramparts, oncoids or spicules that reflect low silica
accumulation rates and local environmental variability associated
with mixed acid-sulfate-chloride springs (e.g., Jones et al., 1999a,b;
Mountain et al., 2003; Schinteie et al., 2007; Jones and Renaut, 2012).
Jarosite and clays also may be affiliated with acid sinter deposits
(Jones et al., 1999a,b; Jones and Renaut, 2012). Thus, the biota, textures
and mineralogy preserved in hot spring sinters may archive a record of
shifting (paleo)temperature, (paleo)hydrodynamics and (paleo)fluid
composition for a given site (Cady and Farmer, 1996; Jones and
Renaut, 2007, 2012; Guido and Campbell, 2011; Handley and
Campbell, 2011; Tewari and Seckbach, 2011; Tice et al., 2011; Jones
and Renaut, 2012; Lynne, 2012).

Siliceous sinter facies and silica diagenesis have been investigated
extensively in both active and fossil alkali chloride geothermal sys-
tems (e.g., Walter, 1976; Walter et al., 1976; Walter et al., 1996;
Campbell et al.,, 2001; Jones et al., 2001, 2003; Guidry and Chafetz,
2003a,b; Lowe and Braunstein, 2003; Lynne and Campbell, 2003,
2004; Trewin et al., 2003; Rodgers et al., 2004; Lynne et al., 2005,
2006, 2007; Campbell and Lynne, 2006; Jones and Renaut, 2007;
Guido and Campbell, 2011; Lynne, 2012). In comparison, less atten-
tion has been paid to: (1) facies signatures of mixed acid-sulfate-
chloride springs; (2) the effects of falling ground water levels and
subsequent alteration of sinter deposits by acid steam condensate;
and (3) the complex interplay of changing spatial and temporal con-
ditions in the shallow subsurface that place alkali chloride springs in
close juxtaposition with acid springs in many geothermal areas
(Jones et al., 1999a, 2000; Mountain et al., 2003; Rodgers et al.,
2004; Campbell and Lynne, 2006; Lynne et al., 2006; Schinteie
et al., 2007; Jones and Renaut, 2012; Rowland and Simmons, 2012;
Murphy, 2013). Results of this study indicate that the Mangatete
site preserves evidence of the former presence of alkali chloride
and acid-sulfate-chloride fluids manifest in surface geothermal
paleoenvironments, as detailed further below.

Within the TVZ, the Mangatete area of the Ngakuru tectonic segment
(Figs. 1-5) constitutes an unusually well-exposed fossil hydrothermal
system, where active normal faulting and quarrying for zeolites in
underlying lacustrine tuffs (Brathwaite, 2003) have exposed a record
of sinter deposition, paleosol formation, acid alteration, fault movement,
and hydrothermal eruptions over ~30 kyr. In this study, the broad
evolution of the paleo-geothermal field was determined via mapping
of sinters, breccias, volcaniclastic deposits, and faults. Mineralogical
and textural observations (Figs. 6-9) revealed paleoenvironmental
and diagenetic signatures within the Mangatete sinters. Sinter and
charcoal dates (Table 1) were integrated with respect to previously
determined fault rupture events, calibrated with tephra dates, to
reconstruct the relative timing of paleo-seismic, volcanic, and paleo-
hydrologic events for the Mangatete area (Fig. 10). The Mangatete

hydrothermal system also was evaluated in relation to past hydrother-
mal activity within the greater Ngakuru Graben area.

2. Geological context
2.1. Regional geology

The “young” TVZ (<340 ka) comprises a magmatically and structur-
ally segmented rift system driven by subduction of the Pacific Plate be-
neath North Island (Australian Plate), which was initiated ~2 Ma atop
Mesozoic metasedimentary basement rocks (Fig. 1; Wilson et al.,
1995; Rowland and Sibson, 2001). Cone-building eruptions of andesite
occur to the north and south of a central rhyolitic segment (Fig. 1)
that is affected by explosive eruptions infilling calderas and rift basins
with more than 15,000 km? of air-fall deposits, ignimbrites and lavas
(Houghton et al., 1995; Wilson et al., 1995). The central segment also
hosts rhyolitic dome complexes resulting from effusive volcanism.
Basalts are rare at the surface (<1% total volume of exposed volcanic
rocks) and in the explored subsurface, but may contribute to the
enormous natural heat flow through the central TVZ (Bibby et al.,, 1995;
Hochstein, 1995; Wilson et al., 1995). About 10 mm/yr of NW-SE exten-
sion across the central TVZ (Darby and Meertens, 1995; Wallace et al.,
2004) is accommodated by ~20-km-long arrays of sub-parallel normal
faults, vertical extension fractures and dike intrusions (Rowland and
Sibson, 2001; Seebeck and Nicol, 2009; Rowland et al.,, 2010). Seismicity
is dominated by widespread swarm activity with occasional moderate
to large earthquakes (ML < 6.5; Bryan et al., 1999) defining a seismogenic
zone 6 to 8 km deep that is presumably commensurate with maximum
depths of the convecting hydrothermal fluids (Bibby et al., 1995).

Resistivity surveys mark the locations and dimensions of the active
geothermal systems (Stagpoole and Bibby, 1998). Fig. 1 illustrates the
spatial relationships among the geophysically delineated geothermal
systems, accommodation zones, and rift segments. The geothermal
fields occur in two SW-NE oriented, elongate zones of low resistivity
that extend from the Taupo caldera to the Okataina volcanic center, par-
allel to the tectonic grain of the TVZ and separated from one another by
the Taupo Fault Belt (Rowland and Sibson, 2004). The mean spacing be-
tween fields is 10-15 km. Several inferred basement structures trend
perpendicular to the rift axis, coinciding spatially with transfer zones
between adjacent rift segments and inferred NW-striking structures in
the underlying graywackes (Wan and Hedenquist, 1981; Rowland and
Sibson, 2004).

The Taupo Fault Belt (TFB, Fig. 1) is notably devoid of present day
geothermal activity, although fossilized and relatively young sinters tes-
tify to activity in the recent past. For example, the Mangatete paleo-
geothermal field (~2 km?) occurs in the Ngakuru Graben (~150 km?;
Grindley, 1959), a ~9-km-wide subsiding basin of Quaternary pumice
terraces and stratified lake sediments, situated between the Paeroa
Fault to the east, and the Ngakuru Fault to the west (Fig. 2). The densely
faulted axial zone of the Ngakuru tectonic segment (Fig. 1) is one of sev-
eral rift sections that accommodate extension within the TVZ. Detailed
mapping within the Ngakuru Graben (Rowland and Sibson, 2001;
Villamor and Berryman, 2001; Canora-Catalan et al., 2008) has delineat-
ed a complex fault system of 10-15 parallel, SW-NE trending structural
features, dipping both NW and SE and, in places, with parallel fault
strands only 400 m apart. Fault trace-lengths vary from a few hundred
meters to tens of kilometers, with splays making it difficult to distinguish
separate faults. No NNW-striking faults were mapped by Villamor and
Berryman (2001); whereas, we recorded NW-SE lineaments within
the study area (Figs. 2 and 3), consistent with other reported NNW-
oriented structures of the TVZ described in Rowland et al. (2010) and
Downs et al. (2014a,b). Furthermore, Grindley (1959) mapped a
~1.5-km-gap in the Tahorakuri Formation (formerly known as the
Ohakuri Formation; Gravley et al., 2006) horst at the location of the
Mangatete quarries (Fig. 2), which suggests that a major NW-SE
trending structure may be present at depth. Within the TFB, inferred
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cross-faults likely enhance permeability, allowing descending cold
meteoric waters to recharge the paleo-hydrothermal convection system
(cf. Bibby et al., 1995; Rowland and Sibson, 2004; Kissling and Weir,
2005; Dempsey et al., 2011). At Mangatete and within the Ngakuru
Graben, such inferred cross-faults appear to have been locations of
enhanced permeability, encouraging upward fluid flow and localized
hydrothermal activity. Cross-faults are associated with hydrothermal
activity elsewhere, including at Te Kopia on the Paeroa Fault (Fig. 2;
Bignall and Browne, 1994), and affiliated with Jurassic epithermal
mineralization sites of economic significance in Argentinean Patagonia
(Guido and Campbell, 2011).

Extensive Quaternary lakes within the TVZ formed within calderas,
becoming catchments for volcanic-derived sediments (Manville, 2001).
They occur throughout the Ngakuru Graben as lacustrine volcaniclastic
sandstones, siltstones and diatomite beds which are horizontal to
sub-horizontal, thinly stratified, and poorly to moderately indurated
(Villamor and Berryman, 2001; Brathwaite, 2003). Lake sediments of
Late Pleistocene age at Mangatete, zeolitized by conductively heated
groundwater (Brathwaite, 2003), are paraconformable with the overly-
ing paleo-hydrothermal system described herein, which includes sinters,
breccias and debris flow deposits (Figs. 3-5).

2.2. Mangatete study area

The Mangatete study site is located approximately 20 km south of
Rotorua (Fig. 1), within the axial zone of the Ngakuru Graben (Fig. 2).
Here, sinter and commercially valuable aggregates and zeolitized lake
sediments are exposed in a 25-m-high scarp, the western strand of
the Whirinaki Fault, including two small quarries that have been exca-
vated into the footwall of this structure (Figs. 3-5). Thus, the Mangatete
area hosts unusually good exposures of the local stratigraphy, including
evidence of paleo-hydrothermal activity, volcanic ash fall events, and
paleo-seismicity, discussed below.

The 21-km-long and up to 2-km-wide Whirinaki Fault Zone is a
major NW-dipping normal fault comprising two fault strands, west
and east (Figs. 2 and 3; Canora-Catalan et al., 2008). Paleo-seismic stud-
ies based on trench mapping of the two fault strands (Matthews Trench,
Fig. 2; Fitzpatrick Trench, Fig. 3), regional fault mapping, and geomor-
phic analyses have revealed that the Whirinaki Fault Zone ruptured
through to the surface at least eight times during the past 25 kyr, with
single-event displacements ranging from decimeters to perhaps >2.5
m (Canora-Catalan et al., 2008, and references therein). Relevant here
are the paleo-seismic results deduced from the Fitzpatrick Trench on
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the West Whirinaki Fault (Fig. 3) located within the study area; these
are discussed further in Section 7.3.

At Mangatete, the West Whirinaki Fault displays three major
branches, as well as several shorter, parallel and sub-parallel lineaments
(Fig. 3A), presumably fault splays. Four major fault-bound terraces
(T1-T4) are transected by NW-SE trending lineaments associated
with minor breaks in the terraces, and which channel two streams
across the fault block (Fig. 3A). These lineaments suggest subsurface
faulting orthogonal to the trend of the Ngakuru Graben. Sinters exposed
on the terraces are designated high, intermediate and low according to
their elevation (Fig. 3A).

The North Quarry (Fig. 4A) provides conglomerate for local road fill.
The site is also littered with cobbles and boulders of sinters and silicified
tree fragments, many of which are hydrothermally altered (limonite-,
hematite-stained). The South Quarry (Figs. 4A and 5A) lies ~10-15 m
stratigraphically below the North Quarry, and ~100 m to the SSW, and
is positioned upon a 25-m-high exposure of Late Quaternary lacustrine
strata that has been thermally altered to zeolite (Brathwaite, 2003;
discussed further in Section 7.2). Above the paraconformable top of
the lacustrine deposits are outcrops of conglomerate, paleosols

(Fig.5B), and a sinter (Fig. 5C) comprising a distinctive packed fragmen-
tal texture (detailed in Section 5.2).

Approximately 450 m south of the South Quarry, the West Whirinaki
Fault exposes a ~100-m-long sinter deposit (Fig. 3A, Southern sinter)
consisting primarily of sinter blocks dislodged from the footwall of the
fault. It also contains limited exposures of in situ sinter deposited
unconformably upon a silicified paleosol. About 170 m S of the Southern
sinter, the major splay of the Whirinaki Fault terminates at an orthogo-
nal, NW-SE lineament (Fig. 3A), evident as a narrow valley with a
normally dry watercourse at its base, discharging to the NW. Fifty me-
ters NW of the junction of the lineament with the fault is the Deep
South sinter (Fig. 3A), which comprises a 5-m-high vertical succession
of interbedded clays, silicified paleosols and sinter. Surface exposures
of sub-horizontal, laterally discontinuous deposits of silicified paleosols
and sinters occur over an area some 80 m long x 60 m wide, with an
extended distribution east beneath a debris flow deposit, toward the
footwall. Specifically the siliceous deposits are partly overlain by a wide-
spread, unconsolidated, matrix-supported, heterogeneous association
of loose blocks, cobbles and small boulders of lacustrine, volcaniclastic
and conglomeratic lithologies, forming a debris flow deposit (Fig. 3A),
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upthrown side of the West Whirinaki Fault, a prominent local structure (Villamor and Berryman, 2001) oriented parallel to the SW-NE tectonic grain of the TVZ rift axis. Fault terraces
expose Mangatete sinters and paleosols at high, intermediate and low elevations (Fig. 3). These deposits overlie zeolitized lake sediments visible in the South Quarry. (B) Detail of
unsilicified, poorly sorted breccia exposed in the North Quarry. (C) Indurated breccia block positioned near the South Quarry, displaying a sinuous, conduit-like, “negative” feature.

A thin (few millimeters), mammelated, iron/silica cement lines the conduit.

the source of which is unknown. The debris deposit contains numerous
sinter boulders and cobbles, and within its basal portion contains ash,
charred tree branches, and charcoal (Fig. 3B).

3. Laboratory methods

Representative samples of Mangatete rock types, including sinters,
were collected throughout the study area for further examination at
the University of Auckland using optical microscopy, X-ray powder
diffraction (XRD), and environmental scanning electron microscopy
(ESEM). XRD analysis followed procedures outlined in Herdianita et al.
(2000a). In brief, untreated samples were ground with a mortar and
pestle, and the powder mounted in standard 20 x 10 x 1 mm aluminum
holders. A Phillips PW1130 X-ray diffractometer was operated at 40 kV
and 20 mA, using CuKo radiation (N = 1.5405), with a Phillips
PW1050/25 goniometer fitted with a PW1752 curved graphite crystal
monochromator and a PW1965 proportional detector. Samples were
scanned at 0.6°26/min, with a step size of 0.01°, from 10-40°26. ESEM
samples were examined using a FEI Quanta 200 F field emission gun
with a SiLi (Lithium drifted) EDS detector and a Super Ultra Thin
Window. Data acquisition was controlled by Sietronics (1993) VisXRD
computer software.

Representative samples of sinters containing organic matter and a
piece of charred wood were sent to the Rafter Radiocarbon Laboratory,
National Isotope Centre, GNS Science, Lower Hutt, New Zealand, for ac-
celerator mass spectrometry (AMS) '“C dating. Possible organic con-
tamination of sinter samples was minimized by soaking in hydrogen
peroxide solution to remove exterior weathered surfaces. Subsequently
the samples were cut, washed in dH,0, dried, and crushed in a ring mill
to ~5 mm size. Crushed sinter was treated with hot 10% HCl, and dH,0
washes. Samples were then digested in 50% HF, and allowed to sit for
several days, adding fresh HF as required. The residue was washed
with 3 x hot 10% HCI, then 2 x dH,0. Floating plant fragments were

collected, and the residue filtered at 150 pm. The >150 pm fraction
was predominantly mineral or sinter fragments. The <150 pm fraction
was sieved at 6 um. Microscopic examination showed that the dark 6
<X <150 pm fraction had plant fragments and a few palynomorphs
mixed into the mineral layer, and thus was chosen for dating. The sam-
ple fraction was transferred to a 6 mm combustion tube, converted to
graphite by reduction with hydrogen over an iron catalyst, and the
graphite was then measured on a tandem accelerator. The reported
age is the conventional radiocarbon age before present (BP), calibrated
on OxCal 4.2 (https://c14.arch.oc.ac.uk/oxcal/OxCal.html) using the
SHCal13 dataset (Hogg et al., 2013). Calibrated ages are presented as
mean ages with 2 sigma (95%) confidence limits (Table 1).

4. Mineralogy

Previous work has identified a consistent diagenetic progression of
silica phase minerals within sinters, from noncrystalline opal-A to mi-
crocrystalline quartz (e.g., Herdianita et al., 2000a,b; Campbell et al.,
2001; Lynne and Campbell, 2003, 2004; Jones and Renaut, 2007;
Lynne et al., 2007). Herdianita et al. (2000b), their Fig. 8, p. 59) sug-
gested that when the full width of the ~4 A X-ray band at half maximum
intensity (FWHM) is plotted against the age of a sample, two diagenetic
pathways are apparent, with those sinters containing minerals other
than silica or with high organic content converting more rapidly to
quartz. Sinters at Otamakokore (also known as Whirinaki, Holland,
2000) and at Tahunaatara (Buddle, 2002; Campbell et al., 2004), both
situated in the Ngakuru Graben (Fig. 2), follow the trend noted by
Herdianita et al. (2000b) for a range of sinter ages from several loca-
tions. However, the Mangatete sinters plot outside this grouping
(~18 ka to ~8 ka, and FWHM from 7.01 to 10.47; Fig. 6A), suggesting
there is no consistent temporal trend in silica phase diagenesis in rela-
tion to the FWHM of the opal-A sinter trace.


https://c14.arch.oc.ac.uk/oxcal/OxCal.html
image of Fig.�4

B.D. Drake et al. / Journal of Volcanology and Geothermal Research 282 (2014) 19-35

25
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Fig. 5. Detail of the field stratigraphy of the South Quarry at Mangatete. (A) Zeolitized lake sediments disconformably overlain by a fluvial conglomerate, a silicified paleosol with root
molds (B), and sinter near the top of the hill. Person circled to indicate scale. The in situ sinter above the South Quarry comprises a packed fragmental texture (C) described in Section 5.2,
and its origin discussed in Section 7.1.
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Fig. 6. X-ray powder diffraction data for selected Mangatete sinter samples. (A) Full width at half maximum intensity of the ~4 A line as a proxy for crystallinity versus estimated ages of
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Most of the 29 sinter samples collected from Mangatete for this
study constituted noncrystalline opal-A (Fig. 6B). Exceptions include
three samples exhibiting incipient transformation to opal CT (Fig. 6C),
and two sinter blocks — a stromatolite (Fig. 7A) and a conical tufted sin-
ter — composed of microcrystalline quartz (e.g., Fig. 6D). Therefore, sil-
ica phase maturation at Mangatete is largely nascent, in strong contrast,
for example, to Sinter Island in Lake Ohakuri (Fig. 2; Campbell and Lynne,
2006) situated approximately 18 km SW of Mangatete, where matura-
tion to microcrystalline quartz took place in less than 500 years. Hence,
we are reminded that the factors influencing the rate of silica
diagenesis in sinters remain unclear.

Mineral products of hydrothermal alteration (hematite, wairakite,
wiistite and kaolin) were present in the XRD traces in only minor
amounts. Wairakite may derive from lithologies that were originally
more deeply buried and then ejected in a hydrothermal eruption, as
this mineral is not known to form below a temperature of 210 °C (e.g.,
Giggenbach, 1984). Kaolinite and wiistite most likely formed as alter-
ation products of near-surface acid steam condensate (e.g., Browne,
1978).

5. Lithofacies of hydrothermally related deposits at Mangatete

Two types of hydrothermal eruption breccias—unconsolidated and
silicified—are inferred from localized, coarse volcaniclastic deposits
that occur within the study area (Section 5.1). In addition, nine
sedimentary facies were identified in Mangatete sinters (Sections 5.2-
5.4; Figs. 7 and 8). Five imply typical mid- to low-temperature
(~55-30 °C), near-neutral pH, alkali chloride discharge apron, terrace
pool, or thermal stream conditions (Fig. 7), as described in Section 5.2
and discussed further in Section 7. Some interpreted alkali chloride sin-
ters, in particular highly porous, wavy tufted, network and bubble mat
textures, show signs of post-depositional acid steam condensate
overprinting (Fig. 8A-C) in the North Quarry area, as described in
Section 5.3 and discussed in Section 7. Moreover, four unusual siliceous
fabrics (globular, vuggy, scalloped and arcuate layered; Fig. 8D-G) are
texturally unlike sinters deposited under alkali chloride conditions.
They instead appear to be related to mixed acid-sulfate-chloride ther-
mal fluids, possibly associated with fossil fumaroles also situated in
the North Quarry area, as described in Section 5.4 and discussed further
in Section 7.

5.1. Hydrothermal eruption breccias

Coarse volcaniclastic deposits, both unconsolidated and silicified,
occur in the northern and southern parts of the Mangatete study area.
No vents have been identified in the field area, and the extent of these
breccias cannot be determined because of widespread cover by overly-
ing deposits and pastureland. However, the breccias that are exposed
possess textural and compositional characteristics akin to the products
of hydrothermal eruptions. The North Quarry breccia (Fig. 4B) is a
matrix-supported mixture of unsilicified, poorly sorted, mainly sub-
rounded to sub-angular cobbles and pebbles of mixed compositions
(clays, various volcanics, volcaniclastics and reworked conglomerates),
in an unconsolidated matrix of clay and sand. Poorly defined, horizontal
to sub-horizontal bedding planes separate vague layers of alternating
coarse cobbles and pebbly sands, some of which pinch out laterally.
The beds are not graded, and there is no overall nor repeated strati-
graphic pattern evident in the quarry face.

The rounding of pebbles could indicate abrasion due to fluvial trans-
port, but the degree of rounding is also consistent with milling in the
funnel of a hydrothermal eruption vent (Browne and Lawless, 2001).
We identify this deposit as a hydrothermal eruption breccia (HEB)
because of its very poor sorting, the presence of matrix-supported clasts
of heterogeneous lithology, and its position in an active geothermal
zone. The breccia also lacks typical fluvial features such as cross-
bedding/lamination, foresets, strong sorting or graded bedding, as

occur associated with the nearby Tahunaatara and Otamakokore sinters
(Holland, 2000; Buddle, 2002; Campbell et al., 2004). Moreover, the
Mangatete paleo-hydrothermal system is situated in a region typified
by extensive hydrothermal eruption deposits (Fig. 2). However, it
differs from known HEBs in the Ngakuru Graben area (e.g., Parsons
Road HEB, Frying Pan Lake HEB at Waimungu; Fig. 2), which contain
much larger clasts (up to boulder size, and thus indicate vent
proximity) and matrix sediments that are up to ~80% clay in compo-
sition. The lack of cementation of the clasts in the North Quarry de-
posit indicates that silica-saturated thermal fluids did not later
infiltrate the breccia. The indistinct bedding implies a succession of
surges or eruptions (cf. Waimungu hydrothermal eruption of 1917,
as described in Simmons, 1995). At Mangatete, an out-of-place,
1.8-m-long boulder near the South Quarry preserves a probable
HEB conduit structure (Fig. 4C).

The Southern HEB (Fig. 3C) constitutes a partly clast-supported,
poorly sorted, silicified breccia of sub-angular pebbles (5-40 mm),
with the cement showing swirly, irregular patches of red and yellow
alteration, indicative of post-depositional alteration by acidic fluids de-
positing hematite and jarosite, respectively. The larger clasts them-
selves contain some matrix-supported conglomerates with mme-sized,
angular to sub-rounded grains of mixed lithology (e.g., volcanics,
volcaniclastics). Strong cementation implies the eruption was accompa-
nied or succeeded by infiltration of silica-saturated thermal fluids.

5.2. Siliceous sinter facies formed in alkali chloride springs

The five inferred alkali chloride sinter facies at Mangatete are
described briefly below.

(1) Domal stromatolitic. A wavy laminated to domal stromatolitic tex-
ture (Fig. 7A, B) occurs in scattered, ex situ sinter clasts in the
southern portion of the study area. It likely formed in relatively
deep (>1 m), quiescent, mid-temperature (~45-55 °C), mid-
apron pools (compare to Fig. 9A). One sample (Fig. 7A) yielded
an AMS '*C date of 3730 = 50 cal yr BP. It is one of the youngest
sinters dated at Mangatete, and yet is one of only two samples
analyzed where diagenesis has progressed to microcrystalline
quartz (Fig. 6D; Section 4). Some cobbles of wavy laminated to
domal stromatolites contain numerous small fenestrae (Fig. 7B),
inferred to represent photosynthetic degassing of subaqueous
microbial mats (cf. Hinman and Lindstrom, 1996). Conical tufts
and fine wavy laminae (Fig. 7C) are evident at the microscale.
Tufted sinter with lenticular voids. Strongly wave-form, large (up to
20 cm vertical relief) conical tufts with lenticular voids (“bubble
mats”) and network fabrics occur in the North Quarry area
(Fig. 7D). Such features are common in mid-temperature
(~45-55 °C), mid-apron pools in modern hot springs, reflecting
cyanobacterial (e.g. Leptolyngbya) phototaxis and trapped oxygen
bubbles derived from photosynthetic mat exudates (cf. Lynne,
2012; her Fig. 6A, p. 11).

Packed fragmental sinter was sampled from the top of the South
Quarry (Figs. 5C and 7E), and also was found in several locations
in the Deep South sinter. Initially observed in Jurassic sinters in
Patagonia (Guido and Campbell, 2011, their Fig. 5D, p. 43),
at Mangatete the facies comprises a pale brown, porous
siliceous matrix bristling with prominent white sinter flakes up
to 12 x 6 mm in diameter. The flakes are angular, irregular in out-
line, but approximately rectangular to polygonal in shape, and
stacked in moderately abundant to dense arrays. They are paper
thin but moderately strong. The matrix consists of small pale
brown sinter flakes decreasing in size, set in a groundmass of
sub-millimeter silica spheres. During the course of this study, a
modern analog was identified in the point bars of Hot Water
Creek, Waimangu Volcanic Valley (Figs. 2 and 9B-G), as discussed
in detail in Section 7.1.

(2
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Fig. 7. Siliceous sinter fabrics at Mangatete characteristic of near-neutral pH, alkali chloride thermal discharge. All rock slabs were photographed in vertical orientation unless otherwise
noted. (A) Wavy to broadly domal stromatolitic; ex situ block collected adjacent to southern silicified hydrothermal eruption breccia (Fig. 3), and '“C dated at 3.7 ka. (B) Curved domal
stromatolite with numerous small fenestrae; ex situ cobble collected on eastern parallel splay of Whirinaki Fault (Fig. 3A). (C) Detail of (B) showing both clotted (dark) and wavy lami-
nated, conical tufted fabric (arrows indicate tuft tips). (D) Large amplitude wavy tufts, network fabric and lenticular voids (i.e. flattened bubbles trapping photosynthetically produced
gas), typical of mid-temperature (~55-45 °C) apron discharge channels. (E) Oblique plan view detail of packed fragmental sinter texture collected from the top of the South Quarry
(Fig. 5A, C) illustrating stacked nature of the white, thin, indurated sinter flakes and their angular shapes. (F) Coarsely filamentous palisade fabric comprising layers (~1 cm thick) of
silicified, shrubby, vertical micro-pillar structures, shown in modern hot springs to represent cyanobacterial (Calothrix) mats growing in warm (~40-30 °C), shallow terracette pools
(e.g. Walter, 1976; Cady and Farmer, 1996; Guido and Campbell, 2011; Lynne, 2012). (G) Plan view of palisade terracette exhibiting a pustular, vaguely mammelated relief on its top
surface, surrounded by a terracette rim. Sample collected as ex situ clast on West Whirinaki Fault adjacent to the Southern sinter (Fig. 3A). (H) Silicified reeds and reed molds, broadly
aligned, showing primary porosity in some stems; preserved in a dark gray, porous, siliceous matrix. This is a common fabric in thermally influenced wetlands (Guido and Campbell,
2011, and references therein).

(4) Coarsely filamentous palisade sinter (Fig. 7F), with individual temperatures (<45 °C) on distal sinter apron terraces (Cady and
stacked horizons of vertical pillars on the order of ~1 cm thick- Farmer, 1996; Guido and Campbell, 2011).
ness, is common along the trace of the West Whirinaki Fault in (5) Plant-rich sinters (Fig. 7H) are very common at Mangatete; AMS
southern Mangatete, with one ex situ clast dated by AMS *C 14C dating yielded a range in sample ages from 36.3 ka to
methods at ~3 ka. Some bedding plane-oriented samples display 20.7 ka. They are packed with randomly to parallel-oriented, silic-
pustular fabric in arcuate terracettes (Fig. 7G), typical features ified reeds (to 4-cm-long) set in a fine-grained, porous, siliceous

formed by modern cyanobacterial mats of Calothrix at low matrix, and they commonly overlie or are otherwise associated
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with silicified paleosols (Fig. 5A, B). Plant-rich sinters form today
at the limit of influence of thermal fluids, in close spatial
association with thermal marsh or fen habitats (Channing et al.,
2004; Channing and Edwards, 2009).

5.3. Acid thermal fluid overprinting of pre-existing alkali chloride siliceous
sinter

Evidence for acid overprinting of sinter at Mangatete is found in
ex situ blocks of the North Quarry (Fig. 7D), where extensive red- and
yellow-staining (hematite and jarosite, respectively) permeates the
previously formed sinter textures that are indicative of near-neutral
pH, alkali chloride, mid-temperature, apron terrace conditions, namely
wavy conical tufts with bubble mats and network fabrics (Fig. 8A). Pre-
sumably the originally high porosity of the primary sinter fabric made it
especially susceptible to alteration by acid steam condensate filtering
through the local strata. Cavernous secondary porosity developed in
the tufted/network fabrics (Fig. 8B), and acid-etching formed innumer-
able dissolution pits at the micron scale (Fig. 8C). Similar dissolution of
primary sinter fabrics is evident in Subrecent geyserites exposed around
inactive geyser vents at the Whakarewarewa (now Te Puia) thermal
area, Rotorua, which are being subjected to fumarolic overprinting
today (Jones and Renaut, 2003, their Figs. 11 and 12, pp. 1599-1601).
While rapid conversion of noncrystalline opal to microcrystalline quartz
has been reported in sinters from some areas undergoing acidic steam
overprinting (e.g., Campbell and Lynne, 2006; Lynne et al., 2006), all
analyzed North Quarry sinters showed only opal-A or opal-A/CT silica
mineral phase signatures (Section 4).

5.4. Siliceous sinters formed in association with acidic springs

Locally restricted (meters to up to a few tens of meters in extent)
and thin (a few centimeters to decimeters thick), acid sinter deposits
have been described from a few modern acid-sulfate-chloride hot
springs in the TVZ (Jones et al., 1999a,b, 2000; Mountain et al., 2003;
Letelier, 2004; Schinteie et al., 2007; Jones and Renaut, 2012).
They are characterized by markedly lower silica precipitation rates
(Mountain et al., 2003) than the better known alkali chloride sinters
of generally greater areal extent and thickness (up to several square
kilometers in area and up to tens of meters thick). Texturally in outcrop
and hand samples, modern acid sinters are characterized by broadly
wavy and layered silicified pavements, ledges and ramparts, as well as
by spicular textures within siliceous rims around hot pools or atop pum-
ice clasts (e.g., Letelier, 2004; Schinteie et al., 2007; Jones and Renaut,
2012). Oncoids also develop in very shallow (few centimeters depth),
acid-sulfate-chloride spring discharges, and may be distinguished
from alkali chloride spring-derived oncoids by their biotic content
(Jones et al., 1999a,b). At the microscale, acid sinters precipitate smaller
and more irregular opaline silica spheres, with primary and secondary
corrosion and pitting common at all scales (Rodgers et al., 2004;
Schinteie et al., 2007). Similar dissolution features to these modern
TVZ examples also were observed at Mangatete. Although modern
acid sinters could potentially be confused with silica residue, the latter
are very thin (millimeters to few centimeters thick), and constitute
spatially very patchy, irregular deposits that originate from largely
destructional processes, specifically remobilization and reprecipitation
of silica derived from the dissolution of country rock in areas of
steaming ground and fumaroles (Rodgers et al., 2002, 2004). Acid sin-
ters have gone virtually unrecognized in the geological record (White
et al.,, 1964; Murphy, 2013), but are likely to be far more common
than is currently known. To date, their obscurity may be attributed to
a paucity of clear criteria for their recognition. Moreover, the overall
acidic environmental conditions under which they form may create an
inherent taphonomic bias hindering the long-term preservation poten-
tial of acid sinters. At Tikitere (Hell's Gate) geothermal field, NE of
Rotorua, TVZ, we have observed dried (inactive/Subrecent), relatively

thin deposits of acid sinters breaking up and eroding on exposed
surfaces, or “rotting” near active fumaroles.

In boulders and clasts of the North Quarry at Mangatete, four unusual
primary sinter fabrics (Fig. 8D-G) are attributed herein to parent paleo-
thermal fluids of mixed acid-sulfate-chloride composition. These acid
sinter textures are described below, and their paleoenvironmental signif-
icance discussed further in Section 7.1.

(1) Vuggy fabric. Sinuous channels (centimeters wide x tens of
centimeters long) and large vugs (Fig. 8D) meander through a
heterolithic, pebble-sized breccia cemented by silica and, in
places, stained black in thin linings around vug interiors, inferred
to have been formed from escaping sulfur-laden gases in fossil
fumaroles. Tikitere hosts numerous fumaroles and black sulfur
mound deposits (Letelier, 2004; personal observations) that
may serve as modern analog settings for the formation of similar
fossil features at Mangatete.

Globular sponge fabric. A globular, spongy, dark gray, siliceous

sinter fabric with subrounded vugs is lined with yellowish to or-

ange iron-stained silica, or partly filled with fine-grained, light
gray siliceous geopetals (Fig. 8E). There are more solid silica
areas than pores in this fabric type. The vugs are irregular in
size and orientation; the walls (~3 mm thick) are bulbous, giving
an overall globular appearance. The bluish gray matrix consists of
non-crystalline opal-A. While we know of no modern analog for
this fabric, we suggest it may be the result of alternating emana-
tions of vapor and silica-charged liquid immersion, with the
overall vuggy and dissolved appearance (cf. Schinteie et al.,

2007) suggestive of formation in an acidic setting.

Scalloped fabric. This fabric (Fig. 8F) constitutes an overall irregu-

larly scalloped texture in plan view (~4 cm diameter) comprising

wavy, stacked siliceous laminae in cross-sectional view (up to

15 cm thick).

(4) Arcuate, wavy layered fabric. Arcuate, wavy, thinly layered, dark
gray to reddish stained, fine-grained siliceous deposits (Fig. 8G)
traverse volcaniclastic sands in sinuous bands throughout North
Quarry ex situ boulders.

—
\S]
—
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6. Dated sinter sample characteristics, locations and ages

One piece of charred wood and seven sinter samples were chosen
for AMS “C dating to represent typical deposits from the four terraces
(T1-T4) in the Mangatete study area (Fig. 3A, Table 1). In addition,
Brathwaite (2003) reported a radiocarbon date (recalibrated to 9.4 kyr
BP; see Section 3) for a packed fragmental sinter (PFS) sample (54,
Table 1), termed the Intermediate sinter herein, which is located
above the South Quarry on T2 (Figs. 3A and 5A). The dated charcoal
sample (1.8 ka) was entombed in ash at the base of the Holocene debris
flow deposit on T1 (Fig. 3B). The age determinations, terrace position,
lithofacies, mineralogy and inferred setting of the analyzed samples
are summarized in Table 1. Sample locations and ages also are marked
on the geological map of the study site (Fig. 3A). A brief descriptive sum-
mary of relevant aspects of the dated sinter samples follows here.

The oldest sinter date was obtained from a float block of dark,
plant-rich sinter collected on T3, from the summit above the North
Quarry (S8, 36.3 ka). All North Quarry sinter samples occur as float
blocks and most have undergone post-depositional hydrothermal alter-
ation, but their original paleoenvironmentally significant textures re-
main intact (Section 5). In addition, one ex situ and two in situ sinter
samples were collected from widely scattered locations in the study
area (S5-S7; Fig. 3A, Table 1), but are of similar age (22.7-20.7 ka)
and facies type. They are characterized by layered, fine-grained, dark
gray sinter with plant reeds and molds and occasional thin (~1 cm
thick), white silicified ash horizons. At Mangatete, plant-rich sinters
typically are associated with sub-horizontal, laterally discontinuous ex-
posures of silicified paleosols. Packed fragmental sinter was sampled
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Fig. 8. Siliceous fabrics preserved in ex situ blocks in the North Quarry at Mangatete, suggestive of acid-overprinting of originally alkali chloride spring-deposited sinters (A-C), or
interpreted to have formed as primary deposits in acid-sulfate-chloride thermal springs (D-G). (A) Vertical section of wavy, tufted, siliceous sinter, with lenticular voids somewhat
enlarged by dissolution and stained by hematite (red) and jarosite (yellow). (B) Detail of (A) in a cut slab showing wavy network fabric with etched voids. Vertical section view. (C) Scan-
ning electron micrograph of (B) revealing silicified filaments (~2 pm diameter) in vitreous siliceous matrix containing rough, corroded, naturally acid-etched patches. (D) Plan view of
hand sample preserving an inferred, small fumarole (i.e. the central, sinuous, reddish gray vug), surrounded by white, botryoidal, massive silica. (E) Globular sponge fabric in vertical sec-
tion view, comprising a dark gray siliceous matrix with numerous small, irregular vugs partially filled, in places, by light gray siliceous geopetal sediments. Fabric implies both dissolution
and precipitation, possibly in a setting where acidic vapor phases alternated with hot silica-charged liquids passing through the porous deposit. (F) Plan view of distinctly but irregularly
scalloped siliceous fabric, aggraded in mm-thick layers, suggesting a pool margin setting (compare to Fig. 9H). (G) Oblique plan view of broadly and irregularly arcuate, layered silica
(gray), meandering through massive, white to orange, iron-stained silica (compare to Fig. 9I).
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atop a paleosol above the South Quarry (Fig. 5) and dated at 9.4 ka; the
same texture also was found in the Deep South sinter deposit.
Moreover, the Southern HEB (Section 5.1) is positioned on T1 and is
strongly silicified (Fig. 3C), indicating infusion with silica-saturated
fluids concomitant with or subsequent to the hydrothermal eruption,
the timing of which is unknown. An ~11 kyr duration break in sinter
ages (Table 1) may be the product of incomplete sampling, signify
erosion of the sinter record from this time interval, or demarcate
temporary cessation of hydrothermal activity in the Mangatete area.
Subsequently the youngest, unaltered sinter record from T2 to T4
(6.3-3.1 ka, Table 1) constitutes a variety of in situ and ex situ sinter
textural types representing mid- to low-temperature hot spring pools,
hot-water streams or discharge aprons (Sections 5.2, 7.1).

7. Discussion
7.1. Paleoenvironmental significance of Mangatete sinter fabrics

Very high temperature geothermal facies—geyser vent, proximal
slope and upper channel (Cady and Farmer, 1996; Lowe et al., 2001;

Lynne, 2012)—are not exposed in the Mangatete paleo-geothermal sys-
tem, and may have eroded after faulting occurred. The preserved alkali
chloride sinters contain fossil microbial fabrics and plants (Fig. 7), sim-
ilar to those reported from Jurassic sinters in Patagonia (Guido et al.,
2010; Guido and Campbell, 2011), Quaternary Yellowstone hot-spring
systems (Hinman and Lindstrom, 1996; Guidry and Chafetz, 2003b),
and of Quaternary sinters elsewhere in the TVZ (Campbell et al., 2001,
2004). Fossil plants and microbial fabrics also are well represented in
Devonian sinters of Australia and Scotland (Walter et al., 1996; Trewin
et al., 2003). These sinter fabrics—domal stromatolitic (e.g. cf. Figs. 7A,
B and 9A), conical tufted/network, palisade, and silicified reeds—are
typical of mid- to low-temperature pools of near-neutral pH, alkali chlo-
ride spring discharge aprons and terraces, as well as of surrounding
thermally influenced wetlands (Section 5.2). One sinter facies type
from Mangatete—packed fragmental—is new and warrants further
analysis.

Packed fragmental sinter (PFS) was recognized recently in Jurassic
sinters of Argentinean Patagonia and there inferred as broken, silicified
microbial mats, transported in thermal spring-fed streams, and ulti-
mately deposited in point bars (Guido and Campbell, 2011). In a search

Fig. 9. Modern analog textures and geothermal settings for selected Mangatete sinter facies: (A-G) alkali chloride sinter fabrics; (H-I) sinter fabrics from acid geothermal areas. (A) Domal
to columnar, subaqueous stromatolites comprising green and orange cyanobacterial mats; from Map of Africa hot pool, Orakei Korako, TVZ, in moderately warm alkali chloride spring-fed
pool (cf. Fig. 7B). (B) Hot Water Creek, Waimangu, flowing downstream to the right, showing thick mats of green (subaqueous) and orange (wet subaerial) cyanobacteria, fed by moderate
temperature, alkali chloride springs discharging within and along the stream. Field of view 10 m. (C) Silicifying, drying orange cyanobacterial mat growing from the streambank as a sheet
over the top of Hot Water Creek. (D) Torn green and orange bacterial mats clinging to ripped up, indurated sinter clasts floating downstream in Hot Water Creek after a storm. (E) Detail of
flaky, white sinter “floater” (cf. Fig. 7E). (F) Close-up of Hot Water Creek floor in a still area, where the green subaqueous microbial mat has been eroded, and white sinter flakes subse-
quently have settled onto the bottom. (G) Light colored point bar along Hot Water Creek, one of many situated within 200 m of its outflow from Frying Pan Lake, constituting uncemented,
densely packed, dried, white siliceous sinter flakes. (H) Circular and scalloped siliceous sinter layers along the margin of an inactive acid spring, Tikitere, TVZ (cf. Fig. 8F). Coin, 2 cm
diameter. (I) Arcuate, wavy, siliceous sinter layers at the margin of an inactive fumarole, Rotokawa geothermal area (cf. Fig. 8G). Hand lens 3 cm wide.
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Dates and locations of sinter samples. Sample S4 was dated by Brathwaite (2003 ); others from this study are as described in Section 6. Conventional radiocarbon dates have been calibrated
as described in Section 3, and are presented here as mean ages with 2 sigma (95%) confidence limits. Terrace numbers (tied to the geological and geographic map of Fig. 3A), and sample
collection locations and ages also are shown in this table. “Figure” refers to representative sinter texture photographs presented in this paper. Minimal diagenesis has occurred in the oldest
sinters (which also appear visually to be the most hydrothermally altered), and maximum diagenesis in the youngest. Hence, there is no consistent rate of silica maturation in Mangatete
sinters with age. Sinter lithofacies indicate paleo-environmental settings from mid-apron slopes to distal terraces in relation to hot spring vents, with likely post-depositional erosion of

proximal (vent) facies.

Field Cal yr BP Error + cal yr BP in situ Terrace Lithofacies Figure Silica phase mineral Inferred setting

w 1845 30 Y T1 Charred wood in volcanic ash 3B _ burnt forest

S1 3150 55 Y T3 Curved domal stromatolite with 6B opal-A monocrystaline deep mid-apron pool
numerous fenestrae

S2 3730 50 N T3 Wavy to broadly domal stromatolite 6A quartz deep mid-apron pool

S3 6345 45 N T4 Palisade sinter 6 F opal-A distal terracette pool

S4 9420 60 Y T2 Packed fragmental sinter 6E opal-A point bar on turbulent

hot-water stream

S5 20,680 110 N Tl Plant-rich sinter cf. 6H opal-A distal apron

S6 21,625 125 Y T4(T1%) Plant-rich sinter cf. 6H opal-A distal apron

S7 22,665 120 N T3 Plant-rich sinter cf. 6H opal-A distal apron

S8 36,320 490 N T3 Plant-rich sinter cf. 6H opal-A distal apron

for a modern analog throughout the TVZ, we located the formation pro-
cess (Fig. 9B-G) of this distinctive texture at present day Hot Water
Creek, Waimangu Volcanic Valley, ~18 km NE of Mangatete (Fig. 2). Fry-
ing Pan Lake (300 m x 200 m, 48-52 °C, pH 5.6-5.8; Jones et al., 2005)
contains sublacustrine springs, bankside subaerial alkali chloride hot
springs, and hosts cyanobacterial stromatolites growing upward from
the shallow lake bottom to form living microbial “lilypads” at the surface
(Jones et al., 2005). The 1.8-km-long outflow from Frying Pan Lake to Lake
Rotomahana is via Hot Water Creek (Fig. 9B, ~2.4 m wide 200 m down-
stream from the lake outlet). Hot Water Creek is a fast flowing (average
110 I/s; Jones et al.,, 2005), warm stream fed by numerous hot springs
mainly distributed along its northern banks. These thermal inputs ensure
that the creek maintains temperatures of 51-67 °Cand a pH of 3-8 (Jones
etal, 2005). Thus, Hot Water Creek provides suitable conditions, especial-
ly in summer months, for luxuriant green and orange cyanobacterial mats
to encrust its margins, to extend into the channel flow in long (up to 1 m)
microbial streamers (Fig. 9B), and to grow outward over the creek surface
in thin microbial sheets (Fig. 9C). Under relatively calm and dry condi-
tions, white siliceous sinter forms at the basal portions of the streamers
and within the floating sheets (Fig. 9C). Thick green and orange microbial
mats, with pustules and trapped bubbles, line the channel sides and bot-
tom. A white sinter armor of unknown thickness coats the subaqueous
channel floor and bank margin areas beneath the mats, and is exposed
in places where rapid turbulent flow has scoured out the mat-lined
stream bed. Following heavy rainfall with increased flow in the channel,
rip-up clasts of white silica flakes covered with dark microbial mats
float down the creek (Fig. 9D). Silica flakes collected from these creek
“floaters” (Fig. 9E) are identical in size and shape to the flakes in the fossil
packed fragmental sinter facies of Patagonia and Mangatete. At
Waimangu, we observed sinter flakes that had settled onto the creek bot-
tom during quiet intervals, where it had been scoured and the mats re-
moved (Fig. 9F). For several hundred meters along the channel from the
lake outlet, the white flakes are densely packed vertically and horizontally
to build up streamside point bar deposits (Fig. 9H). Thus, we verify that
PFS signifies a narrow facies range—fast flowing, moderately hot
(~50 °C), alkali chloride spring-fed streams sustaining cyanobacterial
communities—and therefore this texture is useful in interpreting the
paleo-hydrology of fossil geothermal systems.

The four other previously undescribed sinter fabrics reported herein
from Mangatete—vuggy, globular spongy, scalloped and arcuate layered
(Fig. 8D-G)—were found only in ex situ siliceous blocks of the North
Quarry. They are similar to silica residue (Rodgers et al., 2002, 2004)
in that they show dissolution features; however, unlike silica residue
the texturally unusual Mangatete siliceous deposits are volumetrically
significant, occurring as boulders and cobbles, and display distinctive
physical sedimentary structures. Modern siliceous and sulfur/silica

mounds of low relief (<0.5 m high) are common in parts of the Tikitere
Thermal Area, TVZ, which is dominated by acid thermal manifestations.
Similar, recently inactive, black S/Si features at Ngapouri (Fig. 2) display
internal tortuous conduit channels of the same size and shape as the
preserved Mangatete fabrics (personal observations). While we are
unable to offer further insights at present with respect to the origin of
the globular spongy fabric (Fig. 8E; Section 5.4) at Mangatete, a search
of modern acid-dominated geothermal areas at Rotokawa and Tikitere
revealed convincing modern analogs for the scalloped (compare
Figs. 8F to 9H) and arcuate wavy layered (compare Figs. 8G to 9I) fabrics
preserved at Mangatete. The close spatial affiliation of all four new
fabrics within the North Quarry, and their inferred mixed acid-sulfate-
chloride and/or fumarolic association, suggest a drop in the water
table and introduction of acidic conditions at this location (cf. Jones
and Renaut, 2012; discussed further in Section 7.2). This event also
may have caused acid alteration overprinting of previously formed
alkali chloride sinters (~36 kyr old; Section 5.3; Fig. 8A-C), and local for-
mation of kaolin.

7.2. History of the Mangatete paleo-hydrothermal system

Prior to onset of surface paleo-hot spring activity at Mangatete, an
extensive Quaternary lake system formed a catchment for airfall pyro-
clastics (Brathwaite, 2003). Following the period marked by the discon-
formity atop the lacustrine-reworked volcaniclastics, the overlying
Mangatete hydrothermal system was subaerially active from at least
36 ka, and was punctuated by two hydrothermal eruption events of un-
known age. Scattered, North Quarry sinter float blocks represent the
earliest activity (~36 ka). These sinters were hydrothermally altered
and then dismembered (Section 5.3), possibly in association with the
Northern HEB event (Section 5.1). Unusual, inferred acid sinter textures
also are located in the North Quarry area, thus implying a drop in the
local water table (Sections 5.4, 7.1). Traces of kaolin, wiistite, and hema-
tite were found in these sinters, which are known to be products of
alteration by steam condensates (e.g., Browne, 1978). Close spatial
and temporal association of neutral/alkaline springs with acid springs
has been reported from other geothermal settings, such as at the margin
of Lake Roto-a-Tamaheke, TVZ (Jones and Renaut, 2012).

Beginning around 22 ka, alkali chloride waters again deposited
sinter in areas now positioned on both the highest (T1) and lowest
(T4) of the fault terraces (Fig. 3A), with at least 45 m of vertical separa-
tion between them today. The silicified Southern HEB (Section 5.1) on
T1 may delineate the throat of a paleo-vent that emitted geothermal
fluids discharging toward the NW, along a lineament-controlled water-
course fed, in part, by hot springs. Both the thermal stream-derived
packed fragmental sinter (PFS) and a plant-rich distal apron terrace



32 B.D. Drake et al. / Journal of Volcanology and Geothermal Research 282 (2014) 19-35

(Sections 5.2, 7.1) may have developed in the Deep South area (T4) in
relation to this discharge (Fig. 3A). The Late Jurassic La Marciana sinter
in Patagonia, Argentina, also was interpreted to have been sourced
from a vent area affiliated with a hydrothermal breccia in an overall
fluvial setting. While the interpreted paleo-hydrologic flow direction
at Mangatete (T1 HEB to T4 Deep South sinter) may have been fault-
controlled ~21 ka, the possibility of later topographic inversion and dif-
ferential exhumation of indurated sinter in the study area (cf. Campbell
etal, 2001, 2004) cannot be discounted. Therefore, use of present-day
elevations of hydrothermal deposits to infer aspects of their history
must be applied with caution.

After a~11 kyr gap in the record of hydrothermal activity (Sections 6
and 7.3), alkali chloride waters again discharged in the Mangatete area.
Dated sinter samples indicate geothermal activity at ~9.4, 6.3, 3.7 and
3.1 ka (Table 1, Fig. 3A). In particular in the South Quarry area, ground-
water within the underlying lacustrine strata was heated by conduction,
which extensively altered the pyroclastics to generate zeolites
(mordenite, clinoptilolite) and diatomites with a cristobalite matrix
(Brathwaite, 2003). This rock assemblage indicates alteration by fluids
<110 °C at shallow subsurface depths of 25 to <100 m, most likely by
the same fluids that the fed surface thermal spring discharges ~9.4 ka,
now exposed as PFS above the present quarry level (Fig. 3A;
Brathwaite, 2003). Neither the South Quarry PFS nor the other younger
sinters sampled throughout the study area display features of acid-
sulfate hydrothermal alteration (Section 5.2). In other words, there is
no indication of extended exposure to acid steam condensate during
this youngest interval (~9.4-3.1 ka) of paleo-geothermal manifesta-
tions. Thus, the history of surface hydrothermal activity at Mangatete
was dynamic, and geothermal fluid compositions alternated from alkali
chloride to acidic to alkali chloride conditions.

Several models (Bibby et al., 1995; Kissling and Weir, 2005;
Dempsey et al., 2011; Dempsey, 2012; Rowland and Simmons, 2012)
imply that the heat sources for geothermal systems in the TVZ remain
stable over tens of thousands of years. However, as demonstrated
herein, their surface expression varies over much shorter periods in
response to events such as changes in shallow subsurface plumbing, dis-
tribution of porous host lithologies, variations in rainfall, or hydrother-
mal eruptions that affect the position of the piezometric surface. At
Mangatete, geothermal activity lasted at least 20 kyr, but also had pe-
riods of quiescence. Ash with charcoal and charred wood at the base
of a debris flow records hot temperatures locally, likely affiliated with
the Taupo eruption event (~1.7 ka). The debris flow redistributed
once more extensive, young (6.3-3.1 kyr old) sinter throughout the
western portion of the field area.

7.3. The Mangatete paleo-hydrothermal system in relation to local
tectonism

Because exposures of in situ sinter are discontinuous at
Mangatete, any interpretation in relation to present-day spatial and
temporal distribution of paleo-thermal features must be viewed
with caution. Bearing this in mind, a relationship between tectonism
and hydrothermal fluid flow (Fig. 10) may be speculated based on a
comparison of sinter ages and their current geographic distributions
in relation to timing of fault rupture through to the surface, as de-
duced by local paleo-seismic analysis (Canora-Catalan et al., 2008).
Post-22 ka in the study area, the west strand of the Whirinaki Fault
ruptured through to the surface at least five times (F1-F5 of
Canora-Catalan et al., 2008; Fig. 10), incrementally increasing the el-
evation difference between T1 and T3 by at least 45 m. According to
Canora-Catalan et al. (2008), the oldest (F5) fault rupture exposed in
the Fitzpatrick trench took place sometime between ca. 21.8 ka and
15.4 ka, somewhat overlapping with the 22.7-20.7 ka sinter age
grouping (S5-S7) of our study and Okareka tephra (22.1 ka) deposi-
tion. Thus the F5 event, associated with a poorly constrained dip-slip
displacement of ca. 0.7 & 0.6 m, may have been affiliated with a
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Fig. 10. Temporal correlation of paleo-seismic and paleo-hydrothermal activity at
Mangatete. Radiocarbon ages of tephras identified from TVZ eruptions are indicated in re-
lation to fault ruptures (relative timing indicated by thin gray vertical bars) derived from
study of the Fitzpatrick Trench (Fig. 3A) on the west strand of the Whirinaki Fault, with the
estimated amount of single-event (dip-slip) displacement (SED, in m) shown for each
event (adapted from Canora-Catalan et al., 2008). Dated carbon-bearing samples from
Mangatete include charred wood (W) and plant-rich sinter (S), in relation to their position
on fault-controlled terraces (T1-T4) (Table 1). Triangles mark in situ sinter samples. Star
symbol indicates that sample S6 is located on T4, but that the fluid was potentially sourced
from T1 (see Fig. 3; discussed in Section 5). The paleo-hydrology column indicates tempo-
ral and compositional variation in geothermal fluids (liquid, vapor), i.e., representing alkali
chloride (now acid-overprinted) to acid-sulfate-chloride to alkali chloride derived fluid
discharge intervals. Relevant tephra layers (Canora-Catalan et al., 2008) are labeled with
radiocarbon dates reported in Vandergoes et al. (2013) for Kawakawa/Oruanui, and
from Lowe et al. (2013) for the other tephras. The reported conventional radiocarbon
dates of the tephras have been calibrated herein (cf. Section 3), and presented here as
mean ages with 2 sigma (95%) confidence limits, as follows: Kawakawa/Oruanui,
25,360 4 160 cal yr BP; Okareka, 22,145 4 117 cal yr BP; Rotorua, 15,604 4 126 cal yr
BP; Rotoma, 9502 4 16 cal yr BP; Mamaku, 8016 4+ 42 cal yr BP; Whakatane, 5542 +
48 cal yr BP; Taupo, 1710 + 10 cal yr BP.
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volcanically active period accompanied by paleo-geothermal activi-
ty. More than 6000 years of tectonic quiescence on this strand of
the Whirinaki Fault followed until a similar scale rupture occurred
at 9.5 ka (F4 event; Canora-Catalan et al., 2008), contemporaneous
with rhyolitic volcanism in the Okataina Volcanic Center (Fig. 1;
Leonard et al., 2010; Rotoma tephra). Hydrothermal discharge at
Mangatete, perhaps renewed, followed the F4 rupture event and is
recorded by the presence of a ~9.4 kyr old sinter on T2. Sometime be-
tween 9.4 ka and 6.3 ka, the F3 event occurred and elevated the foot-
wall, in a relative sense, another 0.9 4+ 0.6 m. Hydrothermal
discharge after this F3 event appears to have been limited to the T3
terrace.

It is unknown whether the parallel fault strands mapped in the study
area were active during movements on the West Whirinaki Fault.
Certainly the east strand of the Whirinaki Fault experienced two large
dip-slip displacement ruptures (4.0 m 4+ 0.1 between 25.3 and
22.1 ka; and 2.0 £ 0.1 m between 15.6 and 9.5 ka; Canora-Catalan
et al., 2008). Combining data from both the west and east fault strands,
Canora-Catalan et al. (2008) determined a 0.3 + 0.1 mm/yr dip-slip dis-
placement rate across the Whirinaki Fault Zone for the period from 25.3
to 2 ka. Thus, elevation changes associated with regional tectonism at
that time were small but nonetheless may have been sufficient to uplift
shallow parts of the thermal system above the paleo-water table,
resulting in a westward migration of the now-extinct, Mangatete area
hot springs.

7.4. Regional paleo-hydrothermal activity in relation to TVZ structure and
magmatism

The Ngakuru tectonic segment (Fig. 1) today is a thermally inactive
area. However, normal faults of the Taupo Fault Belt (TFB) presently
allow meteoric waters to recharge regional circulation systems. The
paleo-geothermal system at Mangatete, together with other fossil
surface expressions of hydrothermal activity preserved in the greater
Ngakuru Graben (Fig. 2), contrast with the current inactivity. Sinters
and hydrothermal eruption breccias extend NE of Mangatete for
~5 km, and some 7 km to the NW another zone of paleo-hydrothermal
activity extends from Parsons Road through to the Tahunaatara sinter
(Campbell et al., 2004) and to Waikaukau (Fig. 2). These sub-parallel
zones, following the regional trend of the TVZ, preserve a record of ther-
mal activity from at least 60 ka to 3 ka. In places, orthogonal, NW-SE
trending lineaments suggest cross-faulting to great depths in the
graywacke basement, potentially creating pipe-like conduits in the oth-
erwise impermeable host rocks (Rowland and Sibson, 2004). Hence, a
hydrothermal system may have been present at Mangatete because of
enhanced permeability in a cross-fault zone. This situation is evident
in the Te Kopia geothermal area, 10 km to the SSE (Bignall and
Browne, 1994), and also in the Late Jurassic Deseado Massif epithermal
district in Argentina (Guido and Campbell, 2011). Even allowing for
quiescent periods, heat flow was probably high at Mangatete for at
least 30 kyr.

Evidence for past hydrothermal eruptions in the greater Ngakuru
Graben area (Fig. 2) includes not only the inferred HEBs at Mangatete
but also other HEBs located 900 m to the south and 1200 m to the
southeast of the North Quarry. Other local HEBs are associated with
large rhyolitic boulders preserving slickensides at two sites, one orient-
ed parallel to the Whirinaki Fault, and another 700 m to the east of T1.
Two additional HEBs occur on Hossack Road, and on Corbett Road
(at 1700 m and 3800 m NE of the North Quarry, respectively), and be-
tween them is the Otamakakore sinter (Holland, 2000) estimated to
be ~60-120 kyr old. A parallel suite of paleo-hydrothermal activity is
evident ~8 km to the northwest of Mangatete, from Parsons Road to
Waikaukau (Fig. 2). Collectively these deposits follow the trend of the
TFB, and suggest that they may be associated with a common regional
structural weakness.

8. Conclusions

The wider Ngakuru Graben underwent significant hydrothermal
activity from at least 60 ka and, at Mangatete, from ~36 ka to 3 ka.
There are no proximal (i.e., very high temperature) sinters evident at
Mangatete, probably owing to erosion along active faults. The North
Quarry (T3) exposes ex situ alkali chloride sinter with typical microbial
and plant fossils as old as ~36 kyr. A fall in the phreatic water level re-
sulted in subsequent acid steam condensate overprinting of the sinter
and then its dismemberment, possibly in the inferred northern HEB
event. Unusual siliceous textures—vuggy, globular sponge, scalloped, ar-
cuate wavy layered—also localized as float blocks in the North Quarry
area, are inferred as acid spring sinters formed in relation to the local
change in paleo-hydrology of the system. A subsequent interval of alkali
chloride spring discharge (~23-21 ka) is broadly associated with West
Whirinaki Fault movement (~21.8-15.4 ka) and the Okareka tephra
event (~22.1 ka). The silicified Southern HEB, positioned on T1, may
mark the location of paleo-thermal upflow of unknown age, along
which a fault-controlled, hot spring/hot water creek may have flowed
to the NW to form the Deep South Sinter on lower T4. There is a notable
lack of evidence for thermal spring activity in the interval between the
Rotorua and Rotoma eruptions (duration of ~6.1 kyr), during which
time there was no recorded movement on the Mangatete section of
the Whirinaki Fault. Following the Rotoma tephra event (~9.5 ka), alkali
chloride spring deposits (<9.4 kyr old) reappear in the stratigraphy
(T2-T4). These constitute unaltered, ex situ and in situ sinters of varied
textures and mineralogical maturity. Overall, the stratigraphy, geo-
graphic positions and ages of the Mangatete sinters suggest westward
movement of geothermal activity until its cessation at ~3 ka. Disruption
of some of the young, hydrothermally unaltered sinter (<9.5-3 kyr old)
occurred in association with the Taupo eruption event ~1.8 ka, which
distributed sinter blocks in a debris flow deposit that is widespread
across the field area. Mangatete and the Ngakuru Graben are currently
positioned in a meteoric recharge zone, with magmatism necessary
during the past ~60 kyr to provide the requisite heat to sustain paleo-
hydrothermal activity in the region.
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