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Abstract

Autonomous underwaterehicles were used to conduct a high-resolution water column survey of
Lake Rotomahana usingrhperature, pH, turbiditgnd oxidation-reduction potential (ORP) to
identify active hydrothermal discharge zones within the lake. &&as with active sublacustrine
venting were identified: (1) the area of the historic Pink Terraceagd(@%ent to the western
shoreline subaerial “Steaming CIiffs”, boiling springs and geyser; (3) along the northern
shoreline to the east of the Pink Terrace site; (4) the newly discovered Patiti hydrothermal
system along the south margin of the 1886 Tarawera eruption rift zone; and (5) a location in the
east basin (northeast of Palgiand). The Pink Terrace hydrothermal system was active prior to
the 1886 eruption of Mount Tarawera, but venting alongwstern shoreline, in the east basin,
and the Patiti hydrothermal system appear to haea initiated in the aftermath of the eruption,
similar to Waimangu Valley to the southwest. Different combinations of turbidity, pH anomalies
(both positive and negative) and ORP responses suggest vent fluid compositions vary over short
distances within the lake. The seasonal period of stratification limits vertical transport of heat to
the surface layer and thgpolimnion temperature dfake Rotomahana consequently increases
with an average warming rate of ~0.60C@ay due to both convective hydrothermal discharge

and conductivgeothermal heating. A sudden temperature increase occurred during our 2011

survey, and was likely the response to an earthquake swarm just 11 days prior.

Key words: Lake Rotomahandyydrothermal venting; pH; turbidity; oxidation-reduction

potential; freshwater lakes
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1. Introduction

Hydrothermal venting in deep freshwater lakes has been discovered and studied in detail at only
a few locations worldwide, including-ake Baikal, Siberia (Crane, et al., 1991), Crdteke,

Oregon, USA (Dymond, et al., 1989), Yellowstdrake, Wyoming, USARemsen, et al., 1990;
Morgan, et al., 2003), Lake Tanganyika, East Africa (Tiercelial.e1993) and Lake Taupo,

North Island, NewZealand (de Ronde, et al., 2002). In each of these cases, the tectonic and
volcanic setting of the lakes, areas of high heat flow through the sediments, observations of
water temperature anomalies, and/or presenga®bubble plumes were the basis for SCUBA,
ROV or manned submersible explorations to locate individual sites of active venting on the lake

beds.

Lake Rotomahana liegt the southern edge of thiaroharo caldera within the Okataina Volcanic
Center as part of the larger Taupo Volcatone, North Island, Newealand (Fig. 1) and was
significantly modified by the violent phreatomagmatic phase oéthption of Mount Tarawera

on June 10, 1886. Prior to the 1886 eruption, Rotomahana (or “warm laked)smzal, shallow

lake with numerougeothermal featurealong itsshorelines, including thieot springs and

geysers of théamed Pink and White Terraces. Lake Rotomakariri (“cold lakely located

nearby. Volcanic and hydrothermal explosions along the 17-km-loupgien fissure left a large
steaming crater in plac# lakes Rotomaharend Rotomakariri (Keam, this issue), and created a
newgeothermal field, Waimangu Valley, to the southwest. The Rotomahana crater re-filled with
water during thdollowing 15 years forming one larger, deeper lake that is presentadaey L

Rotomahana. Waimangu Valley has provided a unique opportunity to observe and monitor the
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post-eruption evolution of both the geothermal features and the ecology of the area. However,
unlike Waimangu Valley, the post-eruption evolution of the area submerdeakby

Rotomahana has been hidden from view.

Hydrothermal input into Lake Rotomahana has been inferreddltevated sediment

temperatures and heat flow measurements (Whiteford and GrahamW\i®8§prd and

Graham, 1994), and from observations that the bottom water (hypolimnibak@Rotomahana

is on average 3-% warmer than the bottom water of nearby lakes of similar depth and size
(Jolly, 1968;Irwin, 1968). While one study measured much warmer temperatures within 1 meter
of the lake floor(~80 mwater depth) in a limited area southwest of Pkigind (Irwin, 1968),

and discolored water and bubbles have been observed at the atidde® near-shore locations
(Nairn, 1989), the distribution of active hydrothermal venting beneath Lake Rotomahana
remained unknown. A systematic survey in Jan@adyl using echo sounding equipment

identified over 100 locations where bubble plumes could be seen rising from the lake bed
(Mazot, et al., 2014; de Ronde, et al., this issue). Gas composition indicated a magmatic origin,
however this survey did not determine how mahthese bubble plumes were accompanied by

warm water.

This study is part of a larger multidisciplinary program to understancuiinent state of the
Waimangu-Rotomahargeothermal system and the impact the 1886 Tarasvapion had on

it. We describe here the results of a detailed watkeimn survey that mapped the distribution of
temperature, pH, oxidation-reduction potential (ORP) and turbidity to identify currently active

hydrothermal discharge zones in Lake Rotomahana. These physical and chemical parameters
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have been used extensively to explore for sitextive hydrothermal activity on the seafloor
(Baker, etal., 2008; Baker, et al., 2012; de Ronde, et al., 2001; de Ronde, et al., 2007; German,
et al., 2008), but this is the first time these water column sensors have been integrated with
autonomous underwateehicles (AUV) to measure key hydrothermal tracosg closely-

spaced tracklines to spatially define areas of active hydrothermal veritinig avdeep volcanic

lake.

2. Regional setting

2.1 Thermal structure of Lake Rotomahana

The thermal and densistructure in Lake Rotomahana follows a warm monomictic pattern
(Hutchinson, 1957): the lake never freezes amdwsays warmer than’€; cooling and vertical
mixing create an isothermal water column ongea during thevinter months (June through
August); and a thermallstratified water column forms from September through Mdly a
thermocline (region of rapidly decreasing temperature) dembait 25 m (Jolly, 1968twin,

1968). During periods dftratification, temperature below the thermoclieereases more

slowly with depth (0.02C/m) to a depth of about 50-60 m and is nearly isothermal (decrease by
<0.002C/m) between 60 m depth and the lake bottom. The maximum delpakef

Rotomahana is 118 m (de Ronde, et al., this issue).

Lake Rotomahana is sampled regularlyBay of Plenty Regional Council to monitor water

guality and determine ecosystem management requirements. Full-depth temperature profiles



116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

from 1990-2008 are available fronake Ecosystem Restoration N&saland (LERNZ;

http://www.lernz.co.nz/research-themes/lakes/rotorua-lakes-dajaadegrovide nearly two

decades of historic context for the temperatir@nges observed during this study.

The annual and seasowaliability of temperature in the surface (epilimnion) and deep
(hypolimnion) water of.ake Rotomahanare shown in Figure 2 (LERNdatabase, 1990-2008).
Surfacewater temperature varies with air temperature throughowtetievith maximum
temperatures occurring around February. Temperature in the hypolimnion begins increasing
when the lake stratifies in late August/early September and continues warming through the end

of May when thevater column becomes isothermal again.

A comparison between Lake Rotomahand nearby.ake Tarawera (LERNZ database, 1990-
2002) demonstrates the significancggebthermal heating to Lake Rotomahana (Fig. 2B). Lake
Rotomahana is warmer than Lake Tarawera throughoyetire with a maximum difference
between surface temperatures ofG-8uring thewinter and a maximum difference of
temperatures in their hypolimnions of ~%=5by the end of May. Lineaegression of the multi-
year data returng seasonal warming rate for ttheep waters dfake Rotomahana of
0.009C/day with a high correlation coefficienf£0.90) compared to 0.08@/dayand very low
correlation coefficient =0.08) forLake Tarawera. When each season (September-May)
between 1990 and 2008 is analyzed separatelyaike Rotomahana, the averagarming rate

is 0.016C/day +0.00PC (Table 1). Changes in temperature of this magnitude are noticeable
over the course of several days. For example, Whiteford and Bibby (E@)ed a warming

rate of 0.011 + 0.00€/day observed during a 9-day sampling period in October 1992.
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2.2 Thermal springsin Waimangu Valley

The hot springs, geyseasnd mud pools of Waimangu Valley have been characterized as near-
neutral pH high chlorid@uids in most places, with steam-heated adildicls atinferno Crater

and Cathedral Rocks mud pools (Sheppard, 1986; Timaed\Brown, 1986; Simmons, et al.,

1993). Prior to the 1886 Tarawezruption, the Pink Terraces wdesl by large chloride springs,

and other featuremround the origindlake Rotomahana included boiling chloride springs,

steaming gound and acid mud pools (Sheppard, 1986). Today, geothermal manifestations such
as geysers, boiling springs and fumaroles oatang the lakeshore, especially on the western

end of the lakéKeywood, et al., 1992). Chemical analyses indicate that the Slouribaids

venting at the Rotomahana shoreline features and Waimangu Valley hot springs is the same deep
geothermal reservoir having an estimated temperature between 200 and 230°C, with different
surface characteristics attributed to different pathways, dilution factors and residence times
between the deep souraed the surfacéStucker, et al., this issue). A similar range of fluid
compositions and venting styles can be expected for sublacustrine hydrothermal discharge within

Lake Rotomahana.

3. Methods

The high-resolution water column surveylaike Rotomahana was completed from 24 January

to 02 February 2011, with follow-up sampling from 22 February to 07 March 2014. Two

REMUS-100 autonomous underwater vehi¢gVs) completed 18 missions during the 2011



162  survey. Each AUV was equipped with a pH sensor (Seabird Electronics, Inc. Model 18,

163  resolution 0.003 pH units), and a PMEL Miniature Autonomous Plume Recorder (MAPR) to
164 measure temperature (0.6Qlresolution), pressure, turbidity and ORP. The AUVs covered a
165 total linear distance of ~250 km along lines spaced 20-50 m apart while maintaining an altitude
166  of 10-15 m above the lake bed (Fig. 3A). Average AUV velocity was 1.4 m/s resulting in a pH
167 measuremergvery 1.4 m (sample ratel s) and temperature, turbidity and ORP measurements
168 every 7 m (sampleate=5 s). Turbidity is reported in nephelometric turbidity units (NTU,;

169  American Public Health Association, 1985).

170

171 The AUV missions wersupplemented with 14 CTD (conductivity-temperature-depth) profiles
172 in 2011 and 17 profiles in 2014 (Fig. 3B). Specific conductance is related to the total dissolved
173  ions of a fluid, and is derived from conductivity normalized tdC25he CTD also included

174  sensors to measure turbidity (optical backscatter) and ORP. Niskin battiesttached to the

175  cable to collect water samples at up to 4 discrete, pre-determined depthssduhmyofile (see

176  Stucker, et al., this issue).

177

178  The lake temperature was also monitored at seven depths (3, 13, 20, 38, 58, 78, 98 m) for 9 days
179  during our 2014 survey using an argfitemperature sensors (MTR; resolution = 0.GQ0&t

180  15°C) moored near the southwest end of the lake (Fig. 3B; Tivey, et al., this issue).

181

182 4. ldentification of anomalies

183

184 4.1 Identifying temperature anomalies:
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The vertical and temporal variability of temperature in Lake Rotomaimakas identifying
temperature anomalies associated with hydrothermal input challenging due to constantly-
changing “backgroundvalues. Lake-floor discharge of hydrothermal fluids (i.e., vents) may
occur atany depth (0-118 m) into the verticalipd seasonally variable thermal structure of the
lake, and dilution of vented fluids within a short distance from the soulicegnificantly

reduce temperatugradients that define anomalies. The densityeathermal fluids is

determined by the opposing effects of warmer water, which lowers density, plus added dissolved
solids (salinity), which increases density, so above-bottom plumes will only be present when the
density difference between vented fluids and ambient lake water is sufficient to ganerate
noticeable rise height (i.e., the fluids are buoyant). Using sewsthriigh resolution allows us

to identify localchangesn temperature on the order of millidegrees. Anomalies are quantified
relative to temperatures immediately before and after an anomalous signal at a constant depth.
Given the factors noted above, temperature anomalies, when present, constrain locations of

active venting to nearbgources.

4.2 ldentifying chemical and turbidity anomalies:

Based on the fluid composition of geothermal features in Waimangu Valley, and some limited
data from hot springs prior to the 1886 Tarawexigtion (Sheppard, 1996; Simmons, et al.,
1994), characteristics of fluids enteringde Rotomahana may ranigem neutral or alkaline
chloride waters to acidisteam. As with temperature, pH varies with depth. Surface layer values

range from 7.6 to 8, then decrease through the thermocline to average hypolimnion values of 6.5
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to 6.7 due to high levelsf dissolved CQ(Timperly and Brown, 1986; Mazot, et al., 2014;
Stucker, et al., this issue). IdentifyingaanalousgpH also relies on comparing valuegative to

other values at similar locations and depths ratiar assigning orfeackground” value.

The ORP sensor is highgensitive to reduced chemical spe@esmmon in hydrothermal fluids
such as Fe(ll), k86, and H and responds to the presence of these speittes decrease in
potential AE = negative; Walker, 2007). These species are reauty®ften short-lived, so
ORP anomalies indicatgounger” more reduced fluids close to a source. The sensor also
responds to dissolved G@ith a slight increase in potential ( E = positive; S. L. Walker,
unpublished data). Because absolute values dR¥e sensor (E, mv) are subject to
instrumental drift and hysteresis, we use the total change of the sesianseAE) or the time

derivative (dE/dt) to quantify anomali@dakamura et al., 2000; Walker, et al., 2008).

The epilimnion ofLake Rotomahana has increased turbidityl.5 NTU) relative to the
hypolimnion, which has fairly constant value 6f0.3 NTU below the thermocline. Increases in
turbidity above these background valua®TU) can be due to resuspension, runoff, increased
biological productivity or other causes. However, a local increase in turbidity that is also
correlated with temperature, pH and@RP anomalies is a strong indicator of nearby active
hydrothermal venting adource fluids that are enriched in dissolved minerals that precipitate

upon mixing with coldeambient water.

5. Results
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The average surface and deep water temperatwasured during our 2011 and 2014 surveys
are included in Figure 2B. The hypolimnion was warmer in 2014 than 2011, howewaiuie
fall within the seasonal temperature pattern forddues of our surveys. Data from the surface (3
m) and deep (78 m) moored temperature sensors in 2014 are shown in Figure 2C. Surface
temperaturgenerally varied with daily maximum air temperature (NI\@KFlo database,
Rotorua Aero AWS, station no. 1770), and decreased froMi@&32PC between 22 February
and 03 March 2014. Meanwhile, temperature in the hypolimnion increased 6¢,0a08te of
0.009C/day(r’=0.90), consistent with the multi-year average seasonal warming rate.
Hypolimnion warming during thearly part of our 2011 survey was also consistent with the
multi-year warming rate, but a greater, and sudden, increase was notaedhateuary 29, 2011,

which will be discussed in detail below.

Five areas with active hydrothermal discharge were identified from these surveys (Figure 3B)
including: (a) the area de historic Pink Terraces; (b) adjacent to the western shoreline
“Steaming Cliffs”, boiling springs and geyser; &dng the northern shoreline to the east of the

Pink Terrace site; (d) theewly identified Patiti hydrothermal system alohg southern margin

of the 1886 Tarawera eruption rift zone (see de Ronde, et al., this issue); and (e) a location in the

east basin (i.e., northeatPatiti Island).

5.1 Pink Terracearea

Figure 4A shows pH along the trackline“Dfarter” mission MSNOO7-D. Water depth in this

arearanges from 23m (the lower edge of the thermocline) in the SW cornergrdie over
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100 m in the SE corner of the grid. Both positive and negative pH anomalies are present in this
area(Fig. 4). The positive anomalies (+0.12 pH units at 55 m) are located at@yggean the
northeast side of this survey box. The negative anomalies (-0.06 pHauaitsfated at multiple

depths (78, 50 and 25-30 m) along thaee of the steep cliff on the south west side of the box.

There was a significant turbidity layexNN'TU > 0.5) below ~70 m during TD casts located
adjacent to the base of the cliff (Figure 4B). A strong ORP sigiak(-74 mv) and temperature

increase of up to 0.082 was associated with this particle layer (Fig. 5).

There was a slight turbidity anomalyNTU = 0.04) at 60 m water depth during one cast (CTD-
25) located at the southern tip of the ridge. A slight ORP increase was seen at this depth in all

casts in this area (Fig. 4B).

5.2 Adjacent to western shoreline subaerial geothermal features

CTD casts done 150 to 200 meters offshoregmhermal features on theestern shoreline of
Lake Rotomahana show that the boiling springs, “Steaming Cliffs” and geysers impact the
surface waters of the lake (see Stuakeal., this issue). Surface temperatures generally vary
with air temperature, and during the time of both our 2011 and 2014 surveys decreased from
~23C to 22PC (Fig. 6). Compared to the average surface tempergseehere in the lake for

the day each of these casts wesepleted, surface temperatures in the areas of the western
shoreline activéeaturesverewarmer by 1.2-1.7C (Fig. 6). Warmer temperatures were limited

to the uppermost 1-3 m.
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Warm water is venting into Lake Rotomahaalepths of 20-30 m in the embayments near the
“Angel Wing” boiling springs and thgeyser (Fig. 7 and 8; see Stuckeal., this issue), areas

where numerougas plumes weralso rising fom the lake bed (de Ronde, et al., this issue).
Temperature anomalies of 0.5-C2were seen 3-5 m above bottom (wakepth = 16-20 m)

along with an increase in turbididNTU = 1.7)and decrease in specitonductance near the

Angel Wing spring. Théemperature was warmby 0.1°C within 1-2 m of the lake bed (water

depth = 27-30 m) offshore tlgeyser, and was associated with a decrease in specific
conductance and a very slight (1 mv) increase in ORP. Occasional large particles (e.g., bubbles)
can affect the optical backscatter sensor, and the large spike in tufBidit8B) is likely due to

the large amount of bubbles observed orettt®sounder during the cast.

5.3 North lakeshore

There is an active hydrothermal discharge zone along the north lakeshore between the historic
Pink and White Terrace sites. Temperature, ORP and turhidiyalies4 T = 4°C; ANTU =

2.5; AE = -27 mv) were located at 15-30 m watepth (Fig. 9). pHvas also elevated (+0.14 pH
units) within this depth range. A negative pH anomaly (-0.08 pH units) was seen further

downslope at a depth 68-55 m.

5.4 Patiti hydrothermal system
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Warmer temperaturedT = ~ 0.05C), lower pH(-0.08 pH units, not shown), and bubble

plumes characterize venting across a broadaoss the southern margin of the 1886 Tarawera
eruption rift west of Patitisland (Fig. 10A), nowiamed the Patiti hydrothermal system (de
Ronde, this issue). The temperature sensor (Mii®&)ring was located at the western end of this
areaand several CTD profiles weoempleted to monitor temporal changes at this site during

our survey. A prominerturbidity layer(ANTU = 0.5) was present between 50-80 m for all casts,
with an ORP signalAE = -25 mv) correlated with this lay&sr only the first pass through it.

The CTD was moved from one position to another while the CTD was held at a depth of 77m (7-
10 m above the bottom) during cast CTD-15 (CTD-15a to CTD-15b; see Fig. 3B). Two distinct
temperature anomalieaT = 0.09 and 0.1°€) were encountered along this line (Fig. 11). ORP
decreases accompanied each of these tempesatningalies AE = -28 and -47 mv respectively).
The magnitude of the temperatamed ORP anomalies this high above the lake bed, and the
limited horizontal extent, suggest the CTD intercepted rising (buoyantutdst relativelyclose

to their source.

Figure 12 shows warméemperature E 0.06C) and decreasing ORRE = -46 mv)at a
depth of 92-93 m, within 1 m of the lake bottom, during GZESt CTD-26, also located near the
MTR mooring. This is the only instance encountered during our suwiaegte specific

conductance increased in association with temperature and ORP anomalies.

5.5 East basin
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Lake Rotomahaneast of Patiti Island is shallower (max depth ~75 m) with cooler water
temperatures in the hypolimnion and significambhyer heaflux than the deeper portions of the
main basin north and west of Patdiand (Whiteford and Bibby, 1995; Tivey, et al., this issue).
Our survey identified a hydrothermal discharge zone northeast ofiBlatidl (Fig. 13) with
decreased pKt0.17 pHunits), increased ORRAE = +4 mv) and near-bottom (altitude ~ 1-2 m)
temperature anomalies up to ~®Q5at water depths of 42-46 m and 62 m at stations CTD-04
and CTD-30 respectively (Figs. 14 and 15). Tdrisa is along a steep ridgear a maacrater

(named Smith crater, d@onde, et al., this issue) and is overlying the margin of an inferred basalt

dike (Caratori Tontini, et al., this issue).

The pH of deep water in the east part of the lake is about 0.12 pH units higher than the western
portion (main basin) of the lake (Fig 13), and along with generally lower temperatures (not

shown) suggest limited mixing of the hypolimnion along the SW-NE axis of the lake.

5.6 Star Hill Crater

Star Hill Crater is a steep-sided explosion crater formed during the 1886 eruption. It is located on
the north shore dfake Rotomahana north of Patlsland (Fig. 3B). The crater has a bottom

depth of 25 m and is separated from the main bodyaké Rotomahana ke sill with a

maximum depth of 8-10 m (see de Ronde, et al., this issue; Keam, this issue). Two profiles were
completed within Star Hill Crater (CTD-12 in 2011, and a camera lowering with a MAPR in
2014). During both profiles, the water below the sill depth had increased tudndithe ORP

dropped sharply to negative valuag&(= -200 to -300 mv). The temperature below 10 m water
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depth was cooler than water at similar depths in the main body of the 18KeS5¢ in 2011 and
~1.25°C in 2014. The cooler temperature and strongly negative ORP values indicate this crater is
not currently hydrothermally active, but that circulation with the rest ob#tesis impeded by

the sill and conditions are anoxic below sill depth during summer.

5.7 Event response?

The seasonalarming rate ot.ake Rotomahana hypolimnion during the period of stratification
has been remarkabtpnstant for the past two decades. The warming rates observed during our
2014 survey and thigst several days of our 2011 survey were consistent with the historical
warming ate of 0.018C/day +0.00C. However, there was sudden and much greater increase
in hypolimnion temperature on the fifth day into our 2011 survey (29 January). This jump in
temperature was observed in both MAPR instruments on the AUVs, and was most pronounced in
water depth > 60 m in the main basin (i.e., not observed east ofiffatit). Figure 16 shows

the temperature profildselow 60 m for all AUVdescents and ascents through the full water
column. Due to a slight offset between individual MAPRs (<CQ8ee Fig 16), the temperature
increase was analyzed separately for each instrument and is summarized in Tabkv/2rage
temperature offset between the predicted temperatureaterat 80 m based on the warming

trend in the early part of the survey vs the measured temperatures after 28 January 2011 was

+0.025C (Table 2).

The energy required for this temperature increasebeestimated following Tivey, et al. (this

issue):



367 (1) E = pvcpg
368

369  whereV is volume ofater below 60 m for the main basin only (0.128%rand assuming

370  standard valuer fresh water density(= 999.1 kg/nmi @ 15°C) and specific heat capacity

371 (C, = 4186 J/kg K). This temperature increase required the sudden addition of'1 B160

372 MW over the course of one day), which is approximagejyal to the “steady-state” total energy
373  input to the entire lake calculated by Tivey, et al. (this issue).

374

375 6. Discussion

376

377  Our survey has discovered five active hydrothermal discharge zones in Lake Rotomahana,
378 including the area of theistoric Pink Terraces where hot springs that pre-dated the 1886

379  Taraweraeruption appear to have survived #raption and continue to laetive today (see

380 Keam, this issue; de Ronde, et al., this issue; Caratori Tontini, et al., this issuehtigt,

381  active venting in the eabasin (northeast of Patiti Island), the Patiti hydrothermal system (along
382 the southern margin of the 1886 rift zone wedRaititi Island), along the northern lakeshore, and
383 adjacent to the subaerfaglatures on the western shoreline appears to e initiated by the

384  eruption, along wh the activity in Waimangu Valley (see Keam, et al., this issue; de Ronde, et
385 al., this issue). All areasf active venting, excepor the east basin site, are correlated with areas
386  of the highest conductive heat flux mapped by Tivey, et al. (this issue).

387

388  Geophysical studies indicate a deep geothermal reservoir under Waimangu Valley that extends

389  eastward to thevestern portion okake Rotomahana (see de Ronde, et al., this issue; Caratori
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Tontini, et al., this issudieise, et al., this issue; Bannister, et al., this issue; Stucker, et al., this
issue). The strongly demagnetized anomaly under the west end of tisedgiests significant
subsurface hydrothermal alteration must have pre-dated the 1886 Tasaweian despite the
absence of surface verftee Caratori Tontini, et al., this issue, Keam, this issue). The Pink
Terracearea, western shoreline and northern shoreline hydrothermal discharge zones are
correlated with this magnetic anomaly, as is the westernmost end of the Patiti hydrothermal
system where the MTRiooring was located. However, tresnainder of the Patiti hydrothermal
discharge zone has no demagnetization anomaly associated with it, and there is no history of
geothermal activity in this area prior to the 1886 eruption. The wabemn data shows this new
Patiti hydrothermal system has similar characteristics (i.e., the magnitude of temperature, pH and
turbidity anomaliesps the Pink Terrace site, implying similar fluid types and venting intensity,
which supports the interpretation of Caratori Tontini, et al. (this issue) that the reason
demagnetization through most of this zone is absent is because it has not been active long

enough to alter the magnetic signature of the rozHs.

Hydrothermal discharge in the basin east of Platdind is located ~2.5 km east of the historic

Pink Terraces site in the approximate location of the eastern shore of old “cold lake”
Rotomakariri. This location is also coincident with a line of craters formed during the 1886
eruption (see de Ronde, et al., this issue), is near the boundaryndérred basalt dike (see
Caratori Tontini, et al., this issue), and lies just to the eamst afea of slightly elevated hdaix

(see Tivey, et al., this issue); all indicative of dramatic changes to local subsurface permeability
caused by theruption resulting in new conduits for deep fluids and gas to escape. It is worth

noting that the northern shoreline and western shoreline vent sites also occur near the boundaries
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of basalt dikes identified by Caratori Tontini, et al. (this issue) as possibly emplaced during the

1886 eruption.

The characteristics of active venting on the lake floor are variable. Warm water was found at
each of these five hydrothermal discharge zones, however there were differences between sites
with respect to pH, turbidity, ORP and specdanductancanomalies, sometimes within short
distances. For example, in the Pink Terrace area, pH anomalies with both increased and
decreased values relative to the local background were located about 200 m apart indicating fluid
pathways and subsurface conditions are variable across short distances. Discharge zones where
increased turbidity correlates stronghth negative ORP anomalies suggest more reduced fluids
that maycontain higher concentrations of sulfidesd dissolved metals, and were seen at the

Pink Terrace, northern shoreline and Patiti hydrothermal system (near the MTR mooring) sites.
The northern shoreline site is located, in part, in shallow wdtere biological productivity

might also potentiallgontribute to increased turbiditygeothermal inputs enhance primary
productivity in the photic zone through the addition of otherwise limiting micronutrients, or
stimulate the growth athemoautosynthetic microbes in the watgumn (Cuhel, et al., 2002).

The eastern basin site is characterized by lovapttslightlyelevated ORP anomalies, a pattern
consistent with high concentrations of dissolved,@@minating these fluids (S. L. Walker,
unpublished data). This variability mirrors the diversity seen among Waimangu Valley
geothermal features, and is consistent with a vaoesybsurface conditions and pathways for

fluids leading to vents on the lake floor, similar to what has been inferred for Waimangu Valley

and the subaerial Rotomahana shoreline hot springs (Sheppard, 1986; Stucker, et al., this issue).
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The geothermal fluids of the Waimangu-Rotomahana hydrothermal system are enriched in
dissolved solids, both ionic (e.g., sodium chloride, which will increase specific conductance),
and non-ionic (e.g., silica species, which will not affect specditductance; McManus and
Collier, 1992), and LakRotomahana has higher specific conductance than other Rotorua area
lakes due to thgeothermal fluid input (i.e., 1100-1400 foake Rotomahana compared to 400-
500 forLake Taraweral ERNZ database). However, specific conductance was of limited value
as a tracefor active hydrothermal venting during ostudy with only one instance (CTD-26;

Fig. 12) where increased temperature was correlated with increased specific conductance.

The sudden increase in hypolimnic temperature during our 2011 survey required a pulse of
1.3x10°J of added energy to the lake & extra ~150 MW during a single day). According to
Bannister, et al. (this issue), a seismic swarm of 15 eventsa@gan of 4 hours (~\2)

occurred on January 16-17, just 11 days prior to this sudden temperature increase. These events
werefocused near the western shoreline and Pink Terrace dischargsesst@®@annister, etl.,

this issue) and probabiyodified the permeabilitglong the inferred subsurface fault to allow a
sudden release of heat (i.e., hot fluids) to migrate into the lake. The temperature of the deep
geothermal source fluids estimated to be 200-2%D (Stucker, et al., this issue). Rearranging
equation (1), the volumef 200°C waterrequired to carry this much energythe lake is

~15.5x16 m®, about 0.01% of the affected lake volume (i.e., below 60 m and excluding the area
east of Patitlsland). Similar short-lived increasgsvent temperature following seismic swarms

and in response to volcanic events have been observed at mid-ocean ridge hydrothermal systems

(Baker, etal., 1989; Sohn, et al., 1999; Johnson, et al., 2000).



459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

At least one other instance of a sudden increase in hypolimnion temperature can be identified in
the historical temperature profile data (LERNZ data bimsd)ake Rotomahana (see Table 1):
temperature at 66 m increased by’G.5etween 12 December 1996 and 07 January 1997 (26
days) foran averagavarming rate during this period of 0.0C3Jday, double the historic average
seasonal warmingte. A burst of seismic activityccurred just 3 days before the January profile
with 50 events in less than 6.5 hours (Bannister, et al., this issue). The warmingnnate
September-December 1996, determined from 3 profiles taken in September, October and
December, was 0.008@/day. If weassume this warmingte was constanip to the 04 January
event, the actual temperature increase following the earthquake swarm W&s @t28h is ~10

times higher than the 2011 event.

Ongoing seismic activity will contribute to the maintenaand/or alteration of subsurface
permeabilityaround theeommon deep geothermal fluid source for Waimangu-Rotomahana
geothermal features. Because the seismic actaitys to occur in bursts along localized

sections of the underlying fault (Bannister, et al., this issue), the impact on Lake Rotomahana

will likely be intermittent pulses of increased heat, fluid, and gas.

7. Conclusions

Five areas oéctive sublacustrine hydrothermal venting occur within LR&omahana. Four of
these are located in teestern part of the lakend are correlated with areas of the highest
conductive heat flux as mapped by Tivey et al. (this issue) includinginkelerrace area;

adjacent to the subaerggothermal featuremong the western shoreline; along the northern
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shoreline; and in a broad aralang the southern margin of the 1886 eruption rift (Patiti
hydrothermal system). The Pink Terrace site was active prior to the 1886 Taeawdian. The
four new(post-1886) areas of venting include tie@thern and western shoreline sites, the Patiti
hydrothermal system and the east basin vent site; each of these zonas thecuicinity of

basalt dikes that were likegmplaced during th#886 eruption (Caratofiontini, et al., this

issue), disturbing an apparently long-lived geothermal reseaadiopening new pathways to
provide fluids to an extended region of surface venting including Waimangu Valley and the

discharge zones beneath Lake Rotomahana.

The seasonal period of water column stratification in Lake Rotomahana (September through
May) allows heat to accumulate below the thermocline at a rate signifitastiy than nearby

Lake Tarawera, which has only limited geothermal input. The average seasonal warming rate has
been 0.01%C/day +0.007 C for the past two decades. Periodically, asseas in the January

1997 LERNZ data and during our 2011 survey, sudden increases in tempapaeaeto be the

result of seismic activitglong faults near the deep geothermal fluid reservoir that alter the

subsurface permeabilignd provide a mechanism for pulses of excess heat to reach the lake.
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676 Table 1. Seasonal (September through May) warming rates in Lake Rotomahana hypolimnion
677 (1990 — 2008)

Date °C/day
1990-1991  0.009
1991-1992  0.010
1992-1993  0.012
1993-1994  0.008
1994-1995  0.010
1995-1996 nd
1996-1997  0.013
1997-1998  0.007
1998-1999 nd'
1999-2000 nd'
2000-2001  0.010
2001-2002 nd'
2002-2003  0.010
2003-2004  0.010
2004-2005  0.010
2005-2006  0.009
2006-2007  0.010
2007-2008  0.009

Ave = 0.010
Stdev= 0.001
678

679 'nd = not enough data to determine warming trend for the season



680 Table 2. Predicted and measured temperaf@eat 80 m after 28 January 2011

Predicted M easured AT

Vehicle Date Temperature  Temperature (°C)
"Darter" 29-Jan-2011 14.667 14.692 0.025
30-Jan-2011 14.675 14.694 0.019
"Gudgeon" 31-Jan-2011 14.560 14.593 0.033

averageAT =  0.026
681
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Figure captions

Figurel. Area map showing the location lbhke Rotomahana along the line of craters created
during the 1886 eruption of Mount Tarawera. Toeations of the pre-1886 lakes and Pink and
White Terraces (white circles with “P” and “W” labels, respectively) are also shown. Inset
shows the region of thorth Island, NewZealand where Mt Tarawera and Lake Rotomahana

are located (white box) within the approximate boundaries of the Taupo Volzare¢TVZ).

Figure 2. A. Annual variability of surface and deep temperatures in Lake Rotomahana from

1990 to 2008 (LERNZ data). Breaks in the seasonal record occur due to limited sampling during
1995, 1998 through 2000, and 2001-2002. B. Seasonal temperature patterns at the surface and in
deep water okake Rotomahana plotted versus ad&yheyear, with theyear beginning August 1

when the lakeare isothermal (LERNZ data, 1990-2008); temperatures of neéakeyTarawera

are also included faxomparison (LERNZ data, 1990-2002). Tdrey bars and stars are the

average surface and deep temperatures, respectively, during our 2011 and 2014 surveys. Average
annual warming rates for the hypolimnion of both Lake Rotomahadad ake Tarawerare

calculated by linear regression of the multi-year data between August 30 and Mays8dface

(3 m) and deep (78 m) water temperatuoen moored sensors during tB@14 survey period;

air temperature from meteorological records (NIWA, CliFlo database, Rotorua Aero AWS,

station no. 1770).

Figure 3. A. Autonomous underwater vehi@l®UV) mission tracklines completed during our
January 2011 survey. Two AUVs completed 9 missions each. Boxes in the west amdigast

the lake outline the ared maps shown in figures 4 and 13, respectiveiliow block highlights
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area of MSNOO1-D and MSNOO3-D (northern shoreline anomalies, see FigL@taions of

CTD casts in 2011 and 2014 along with the location of the 2014 temperature(8&HRpr

mooring. Unfilled shapes outline general arealsulifble plumes (see de Ronde, et al., this
issue); shaded shapes indicate hydrothermal discharge zones discussed in the text; the white
letters (a-e) labelingaeh shape identify the Pink Terrgeg, western shoreline (b), northern

shoreline (c), Patiti (d), and east basin (e) hydrothermal zones.

Figure4. A. Map showing pH values along the trackline of AUV mission MSNOO7-D over the
area of the historic Pink Terraces (location shown in Fig. 3A).afé& with positive pH
anomalies is highlighted with a black-dashed oval; theaitsanegative pH anomalies is
highlighted with a white-dashed oval. B. 3D vieWtracklineand pH values shown in A; 3x
vertical exaggeration. @rofiles of pH, turbidityand dE/dt (time derivative of ORP) from
MSNOO7-D and three CTD casts to show the depth range of the anoamaliesrrelations

between variables.

Figure5. A. CTD depth, bottom depth and temperature for CTD-19 (location shown in Fig 4A

and Fig 3B). B. Near-bottom turbidity, ORP and specific conductanc@fbr19.

Figure 6. A. Daily maximum air temperatur®@( NIWA, CliFlo database, Rotorua Aero AWS,
station no. 1770) compared to CTD surface temperatures for stations offshore the Steaming
Cliffs, geyser and boiling spring€X), and all other casts) during the 2011 survey. B. Daily
maximum air temperatur@®@( NIWA, CliFlo database, Rotorua Aero AWS, station no. 1770)

compared to the moored temperature sensor at 3 m (MTR), CTD surface temperatures for
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stations offshore the Steaming Cliffs, geyaed boiling spring$<), and all other casts-)

during the 2014 survey.

Figure7. A. CTD depth, bottom depth and temperature for CTD-11 offshore the “Angel Wing”
boiling spring (ocation shown in Fig 3B). B. Near-bottom turbidity, ORP and specific

conductance for CTD-11.

Figure 8. A. CTD depth, bottom depth and temperature for CTD-10 offshore negeyker
(location shown in Fig 3B). B. Near-bottom turbidity, ORP and speoifitiuctancéor CTD-

10.

Figure 9. A. Temperature profile for select lines from MSN003-D along the north slasteof

the Pink Terrace ardaee Fig. 3Aompared to background (i.e., the finglcast of MSN0OO3-

D). B. Turbidity and ORP profile for select lines from MSNOO3-D along the north slasteof

the Pink Terrace arammpared to a background profile. C. pH profile $etect lines from
MSNO0O03-D along the north shore east of the Pink Termaea compared to a background

profile. D. pH profile forselect lines from MSN0O01-D (see Fig. 3&8png the north shoreast of

the Pink Terrace arammpared to the background profile. Note the increased pH from 15-22 m

depth and the deepanomaly at 55 m with a decrease in pH.

Figure 10. A. Map showing temperatusdong AUV tracklinesat depths > 80 m. Temperatures
are measurably warmacross a broad arganerally following the 1886 rift west of Patiti

Island. The location of the temperature serfsbFR) mooring and CTxasts are shown. B.
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Turbidity and ORP profiles from CTD casts in the area of the temperature sensor mooring

(locations shown in Fig 10A and Fig 3B).

Figure1l. A. CTD depth, bottom depth and temperature for CTD-15 (while transiting between
15a and 15b; location shown in Fig 10A and 38)Near-bottom turbidity, ORP and specific

conductance for CTD-15.

Figure 12. A. CTD depth, bottom depth and temperature for CTD-26 (location shown in Fig

10A and 3B). B. Near-bottom turbidity, ORP and specific conductanceTbr26.

Figure 13. A. Map showing pH values along the tracklineAafV mission MSNOO6-G in the

east basin (location shown in Fig. 3A). B. 3D view of tracklind pH values shown in A; 3x
vertical exaggeration. @rofiles of pH for select lines from MSNO006-G showing the depths and
magnitude of pH anomalies. The pH distribution with depth bifurcates below ~60 m. The higher
pH values occur throughout the east basin, the lower pH values occur at the west side which

sampled deep water from the main basin.

Figure 14. A. CTD depth, bottom depth and temperature for CTD-04 (location shown in Fig

13A and 3B). B. Near-bottom turbidity, ORP and specific conductanceTbr04.

Figure 15. A. CTD depth, bottom depth and temperature for CTD-30 (location shown in Fig

13A and 3B). B. Near-bottom turbidity, ORP and specific conductanceTbr30.
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Figure 16. A. Temperature profiles from AUVGudgeon” missions showing temperature jump
after January 28, 2011. B. Temperature profilesn AUV “Darter” missions showing

temperature jump after January 28, 2011. Note that there is an offset JIC-bed@een the
individual instruments but the range for each temperature axis is the same. The actual values
differ due to the instruments having been calibrated at different times and the length of time
between the most recetdlibration and oufield survey. The high resolution capability

(0.001C) of the sensors is not affected.
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