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Locating Relict Sinter Terrace Sites
at Lake Rotomahana, New Zealand,
With Ferdinand von Hochstetter's
Legacy Cartography, Historic Maps,
and LIDAR

Andrew Martin Lorrey * and John-Mark Woolley

Climate Atmosphere and Hazards Centre, National Institutef@ater and Atmospheric Research (NIWA), Auckland, New
Zealand

Te Otukapuarangi (the Pink Terrace), Te Tarata (the White fi@re) and Te N@awha a Te
Tuhi (the Black Terrace) were massive siliceous sinter foations at Lake Rotomahana,
New Zealand, that were ostensibly lost in the catastrophic 886 Tarawera eruption.
Previous work using an unpublished watercolor map and notesby Ferdinand von
Hochstetter (b. 1829-d. 1884) has recently supported clais that the former Pink
and White Terraces survived the 1886 eruption, and that they ay be located under
tephra adjacent to the modern lake margin. Divergent perspeives about the fate of
Lake Rotomahana’s former sinter terraces suggest the recastruction of New Zealand's
largest historic volcanic eruption is incomplete. The undealued approach of pairing
modern geomorphic techniqgues with extant historic resoures and geophysical data
can help resolve this controversy. We harnessed a wider amatt of unique historic
data recorded during Hochstetter's (1859) survey than preously reported to locate
the sites of Lake Rotomahana's former sinter terraces. Voamnic landforms, the physical
geography of the countryside, and former settlements are ¢d together via common
sightings between sequential survey datums. Light deteatn and ranging (LIDAR) data
supported the reconstruction of Hochstetter's (1859) surey. Of signi cance, shared
landmarks between the survey stations increased the con dace for resecting the 1859
datum position on the southern margin of former Lake Rotomaéina. Hochstetter's survey
watercolor maps are part of a series drafted prior to a nal vesion being professionally
printed, and they do not portray a spatially accurate depiéon of how sinter terraces
and geothermal features around former Lake Rotomahana werarranged. As such,
assertions of their superior cartographic nature are not wiefounded, and application
of them to provide former Terrace locations is compromisedThe published pre-eruption
map of Lake Rotomahana validates well against Hochstettex' eld diary measurements.
When Hochstetter's published map is orientated using recongucted survey datum
positions at Lake Rotomahana, the former locations of the Wte and Pink Terraces lie
entirely within the modern boundaries of the lake and not orahd. The Black Terrace may
have been destroyed and/or converted to an eruption craterbut may still exist on land
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(intact or in-part) west of Lake Rotomahana’s modern shoréie. This study demonstrates
the value of historic cartography to improve understandingf volcanic processes, and
the potential to apply similar approaches to volcanic enndnments elsewhere that hold
a range of pre-instrumental observations.

Keywords: paleogeography, geomorphology, Rotomahana, terr aces, cartography, LIDAR, Tarawera eruption

INTRODUCTION appraisal of map reliability, which was then used as a basis to
ascertain the former site locations and preservation poteati

Environmental observations focused on monitoring voleani sinter terraces, geothermal features, and pre-1886 boigslaf

landscapes provide our society with a basis for early warninggake Rotomahana. The outcome of our work demonstrates the

disaster preparation plans, and response strategies for a rang€curacy and utility of historic documents that describéeaaic

of eruption types. However, the limitation of detailed and|andscapes, and supports the conclusion that the former Pidk an

continuous monitoring outside the last half-century higdtits  \white Terrace sites now lie beneath the modern lake.
the importance of historic information for outlining past

volcanism—especially explosive episodes that caused widdspre
damage. Recent reconstructions show the potential of comgini BACKGROUND
historic information with geomorphology, stratigraphy and

geochronology to delineate explosive volcanic episodes au%egmnal Setting and Lake Rotomahana

landscape processes (e.garatson et al., 20)8 As such, Modern Lake _Rotomahana was produced from th_e 1886
many yet-to-be harnessed written sources that capturectigst 1arawera eruption and it is one of many volcanogenic lakes
eruption details and pre-eruption landscapes are an importancated within the TVZ, sitting astride the southern margf
resource for the volcanic research community. For New"€ Okataina Volcanic CentreN@irn, 1981, 2002; Cole et al.,
Zealand, Late Quaternary volcanic and geothermal activitg010: Leonard et al., 201Bigure 1). Prior to the twentieth
within the Taupo Volcanic Zone (TVZFigure 1) has profoundly century, major siliceous sinter formations adjacent tonfier

shaped the physical geography of New Zealands centrhftke Rotomahanq, callefle Otukapuarangi(fountain of the
North Island region (Vilson et al., 1984, 1995, 2009: | oweclouded skythe Pink Terrace) andTe Tarata (the tattooed

et al, 2008, 2013: Wilson and Rowland, 201@any New rock the White Terrace), along with a smaller feature known
Zealand cities, towns and settlements lie within or nea@S T€ N@wha a Te Tuhi(Tuhis spring the Black Terrace),
active and recently dormant volcanic centers both withinconstituted ataonga(treasure) to Mori (all three terraces are
and around the TVZ Cox and Hayward, 1999 Given hereafter referred to as “The Terraces”). Like contemporary
this risk. historic evidence related to the 1886 Tarawer§ounterparts elsewhere that contribute to global volcano and
eruption—one of the most signi cant in the history of New geothermal tourism, The TerraceBigure 2) were vital to the

Zealand—is important nationally for guiding hazard assessm 9rowth of the edgling colonial era economy and commercial
(MCDEM, 2015. interests ofAotearoaNew Zealand {eam, 1988; Cooper, 2010;

We present a signi cant example, using Lake Rotomahande Ronde et al., 201k hese collective geothermal features were
in the central North Island of New Zealand, of how historical Parochially termed “the eighth wonder of the World” due to the
observations and maps, in conjunction with geomorphicC¢lose arrangement, overwhelming beauty of macro-to-micates
analysis that applies high-resolution light detection andgiag ~ ¢ascading thermal basins, and great size with respect ta othe
(LIDAR) topographic data and GIS techniques, can help de n&nown sinter terraces located in the Northern Hemisphere
consequences of explosive volcanism on civil infrastregtur (Keam, 2015
economic interests, subsistence networks and life. Oudystu
focuses on information about Lake Rotomahana before the 188Bhe 1886 Tarawera Eruption
Tarawera eruption, which we use to relocate the sites of th€he multi-stage Tarawera eruption on 10 June 1886 (inclusive
former sinter terraces (including the Pink and White Terea¢ of Mount Tarawera and Rotomahana basin eruptive sites) was
Figure 2) with respect to the modern landscape. We interrogatedhe biggest and most destructive event in New Zealand since
Ferdinand von Hochstetter's (1859) eld diary and sketchesuropeans arrived in the early nineteenth centueam, 1988;
to ascertain contemporary positions of former survey datums owe et al., 2002 Despite being a basaltic rather than rhyolitic
linked to his pre-1886 Lake Rotomahana maps. To aid our e ortevent, the 1886 Tarawera eruption was highly explosive and
we engaged a larger set of Hochstetter's survey data than wasgs one of a handful of examples globally that included a
previously employed by other researchers, including taledlat plinian-style eruption of scoria from a ssure sourceVélker
bearings made at several sites northwest of the Lake Rotoraahaet al., 198% The initial sequence of explosions on 10 June
basin. Available high-resolution LIDAR topographic data and1886 gouged out a series of craters through Mount Tarawera's
historic maps for the Rotorua region helped to de ne theantecedent rhyolitic domes, depositing the Tarawera Scoria
locations of Hochstetter's (1859) survey station datunie fle-  Member of the Tarawera Tephra FormatioRrpggatt and Lowe,
assessment of Hochstetter's survey datum locations sugparnte 1990 over a substantial area extending at lea$io km from
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FIGURE 1 | (Top) Location map of Lake Rotomahana and surrounding area in Rotoa, including places mentioned in the text (> Mount Edgecumbe/Putauaki; SD
Reverend Spencer's parsonage at Te Wairoa (Te Mu); B Makatiti Dome; PD Pukeahua; TVZD modern Taupo Volcanic Zone boundary; OVM® Okataina Volcanic
Centre; 18-20 are Ferdinand von Hochstetter's survey stabtins (described and located in text)(Bottom) Simpli ed geologic map of the Lake Rotomahana region for
the red box in the top panel (From GNS Science); VD Waimangu; red dashed line inset is LIDAR coverage shown Bupplementary Figure 1 .

source. While the plinian-style activity on Mount Tarawerathe Rotomahana-Waimangu rift extension generated a series
continued, there was further propagation of rift-aligneduses  of phreatomagmatic explosions that catastrophically evacdjat
beneath the Lake Rotomahana basin to Waimangu valleyr(  deepened and enlarged the former Rotomahana lake basin (along
and Cole, 1981; Walker et al., 1984; Keam, 1988, ;266€ with other smaller lakes within that area). Volcanic prodact
Figure 1 for location and geology details). Eruptions alongfrom this phreatomagmatic phase include “muddy” deposits
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and photography from the late nineteenth century suggested
Lake Rotomahanas Pink and White Terrac&sg(re 2) were
destroyed and/or buried during this severe evefin(th, 1886,
1887; Valentine, 1886; Thomas, 1R8@espite persistence of

a minority opinion of their survival (ikora, 193§. Popular
perspectives about the destruction and loss of The Terraces
became solidi ed in the literature and entrenched in public
sentiment after survivors passed awByiin and Nolden, 2016

Controversy About the Former Site

Locations and Survival of the Terraces

Renewed interest in the fate of relic massive siliceous rsinte
terraces at Lake Rotomahana was primed in the last decade by
two independent research initiatives. Remote geologic gimge

of the Rotomahana basin has revealed new insights about
bathymetry, geomagnetism, lake water geothermal compositi
and hydrographic properties that enrich our understanding
of the TVZ and Okataina Volcanic Centre (e.gle Ronde

et al., 2016a,b; Walker et al., 2D1f addition, a series of
historic watercolor manuscript maps and related notes ford_ak
Rotomahana from Ferdinand von Hochstetter's eld diarieseve
discovered in Basel, Switzerlangb(inston and Nolden, 2011;
Nolden, 2013 Hochstetter, who is considered the “Father of New
Zealand Geology,” produced the Lake Rotomahana watercolor
maps (ohnston and Nolden, 20} 8during his time at the lake
and also after he left that site in 1859 (Sascha Nolden, persona
communication, 2018).

Hochstetter's (1859) survey bearingsSupplementary
Figure 2 and watercolor map sketches document Lake
Rotomahana and the Rotorua landscapeh(nston and Nolden,
2011; Bunn, 2016; Bunn and Nolden, 2016, 20TAey contain
details about The Terraces, small geothermal featureettisitied
FIGURE 2 | Photograph “The Pink Terrace Rotomahana{Top) by Mundy around Lake Rotomahana, and even some distant landmarks that
(1826-1881)and “White Terraces, Rotomahana”Bottom ; photographer were within eyesight (see landmarks E'rgure 1)- Hochstetter's

Unknown, 1870-1886€) prior to the eruption of Mount Tarawera and the .
surrounding region during 10 June 1886. Reproduced with penission from Lake Rotomahana survey was the only one formally pUb“ShEd

Alexander Turnbull Library. View toward the Pink Terrace feom the former in map form prior to the 1886 Tarawera eruption. In addition,
western lake shore looking west up the terrace, while the vie of the White his watercolor depiction of Lake Rotomahana in 1859 (a
Terrace is looking approximately to the east-southeast frm the northern lake version including thermal details: seen Bunn and Nolden

shore.

2019 is intriguing because it appears di erent from published
versions that were released starting in 18&2g(res 3A,B,
including several iterations in dierent language#/grshall,
(Rotomahana Mud Member of the Tarawera Tephra Formation1999.
Froggatt and Lowe, 19%Ghat rained out over much of the Some of Hochstetter's eld observations were evaluated in
Bay of Plenty region and beyond. Near Rotomahana, there weraultiple phases across two peer-reviewed papénrsn( and
violently-emplaced hot, fast-moving turbulent pyroclasticges Nolden, 2016, 20)8via a novel “cartographic resection” of a
that swept outward and laid waste to the local countrysideaip tprimary 1859 survey datum at Lake Rotomahana. The latter
6 km from source [{lairn, 1979; Keam, 1988, 2016 of the two papers (which we term BN18 henceforth) produced
Up to 120 people were killed, either directly from explosivea projection for former Lake Rotomahana based on the 1859
energy released during the pyroclastic surge event of theatercolor map over the current landscape. The orientatiod a
Rotomahana eruption sequence, or from impacts of tephra falicaling of the 1859 map in BN18 was then used to support claims
and collapse of buildings under the weight of tephra falloutthat all or parts of The Terraces were not destroyed, but cailld s
(Lowe et al., 2001; Keam, 201@he destruction of former be on land (in-whole or in-part) buried beneath the Rotomahana
Lake Rotomahana and regional devastation from the Tarawerdud.
eruption had profound and long-lasting impacts on the local Since that assertion was published, a re-assessment of
iwi (tribe) Thhourangi, theirhapu (subtribe(s)), as well as the Hochstetter's tabulated bearings at Lake Rotomahana has
edgling British colony (owe et al., 2002 Eyewitness reports suggested conclusions BN18 drew from their projection of
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FIGURE 3 | (Left) Lake Rotomahana map from Justus Perthes of GothaH{ochstetter and Petermann, 1863 and (Right) Hochstetter's watercolor map of Lake
Rotomahana based on his notes from the 1859 eld survey. -Thedtter was recently used byBunn (2016)and Bunn and Nolden (2016, 2018)to suggest the former
sites of Te Tarata, Otukapuarangi, and Ngwha a te Tuhi (the White, Pink, and Black Terraces) were locatgghrtly or wholly on land.

the 1859 watercolor map may not be reliablée{r, 201). The Terraces, can help connect the past landscape to modern
A team of geoscientists involved in surveying modern Lakdéake-bottom geological surveys (e.de Ronde et al., 201pa
Rotomahana have refuted the assertions about the former Pirlk addition, re ning Lake Rotomahana's former sinter tereac
and White Terrace locations on landl¢ Ronde et al., 20).8 con gurations before and after the 1886 eruption can enribh t
The work of BN18 has recently been updated, with adjustmentsegional Quaternary volcanic history of New Zealariteém,

to the orientation and scaling of the 1859 watercolor map201g, and add value to TVZ contemporary volcanogenic
that push the White Terrace former site location entirelyprocesses (see referencesdim Ronde et al., 2016a, 201y
onto land adjacent to the northern shore of modern Lakeo ering new insights about how magma plumbing systems
Rotomahana Bunn et al., 2018 Thus, an alleged controversy operate.

exists about the former Terraces site locations within the

modern landscape, and whether or not they could have

survived the 1886 Tarawera eruption (either partly or wholyDATA AND METHODS

intact).

Few sites as unique and dramatic as Lake Rotomaharitigh-resolution digital surrogate copies for several of
existed, where the rst written historic accounts of geathal ~ Hochstetter's watercolor maps and bearings from his eld
features are constrained to the last phase of their presenirurnal that were found in the Hochstetter Collection Basere
prior to obliteration from a highly destructive eruption. A kindly supplied by Dr. Sascha Nolden and Sandy Nolden (shown
comprehensive cartographic view of the Lake Rotomahani& the text andSupplementary Figures43). Bearings used to
landscape did not exist prior to the 1886 Tarawera eruptionfeconstruct Hochstetter's survey between Te Wairoa (tHage
Despite nineteenth century narratives that included primarywith Reverend Charles Spencer's parsonage where Hochstetter
geological descriptions with early photographs, the 185stayed) and Lake Rotomahana are catalogedlable 1 In
survey of Lake Rotomahana by Ferdinand von Hochstettefddition, the Lake Rotomahana geothermal feature map dating
was essentially undertaken in cartographic isolation. A% 1863 (from the German version of the New Zealand Geoldgica
such, improved context for that pioneering survey andand Topographic Atlas that was published by Justus Perthes of
better de nition of how former geothermal features at Gotha;Hochstetter and Petermann, 18@gure 3A) was used
Rotomahana were arranged, including the whereabouts df a direct comparison to the 1859 watercolor version seen in
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BN18 Figure 3B). Other map versions in watercolor and printed those magnetic compass bearings relative to north-southsgrid
form are used in the discussion. used in modern cartographic map projections. For declination in
An objective classi cation scheme was applied to bearing&859, we considered historic Admiralty maps (termed Adntyral
Hochstetter took at four survey sites. It was used to ranlDeclination; Se&upplementary Figure §, geomagnetic survey
and ascribe condence for reconstructing former datums,measurements from the scienti c report of the “Novara” (whic
considering the following details: Hochstetter contributed to undertakingMuller, 1862—1865

Supplementary Figure J, and the International Geomagnetic

whether each landmark CO.U|d actually be seen from th? da_tunheference Field (IGRF) model (version IGRF 12) available online
whether landmarks constituted a primary topographic hlghfrom the National Oceanic and Atmospheric Administration

\?vct)wlg':rggéglér?dsrgglgtzgould be uniauelv located on a moderrfNOAA) National Centers for Environmental Information.
quely RF12 allows historic declination calculations for land and

topographic map (e.g., a secondary peak or via a named place .
whether or not landmarks were potentially altered in a majorS a back to 1590CE (https://www.ngdc.noaa.govigeomagiweb

; : declination).
way during the 1886 eruption, and . .
- . New Zealand grid maps were sourced from Land Information
whether or not the bearing may be erroneous or contain error,

(e.0., i it is a “proxy line of site” for a place that cannot beNew Zealand (LINZ) Topo50 series (https://www.linz.govt.

. - o : nz/land/maps/topographic-maps/topo50-maps), which are
directly seen, or if transposition, notational data, or wgon .
projected on a New Zealand Transverse Mercator 2000
numbers altogether may be present).

(NZTM2000) grid. The horizontal datum is New Zealand
If a bearing to a target landmark positively satis ed all ve Geodetic Datum 2000 (NZGD) and the vertical datum is
categories, it would receive a rating of “5” and should bénlyig mean sea level. All regional maps used were downloaded at
valuable for a datum resection (especially if it is nearby). A:50,000 scale with 20-meter vertical contour spacing. &hes
landmark with a rating of “0” would mean that it satis ed nowé  were imported to Adobe lllustrator to allow precise plotting of
the criteria and should be rejected due to unreliabilitysB&on bearings and azimuths, and to accommodate overlays ofrfgsto
a scale of 0 to 5, we ascribed relative con dence in the bgarinand contemporary maps of Lake Rotomahana. Subsequent
to each landmark using a scaling method applied in consensugearing checks were performed in ArcGIS and using autocad
decision-making for earth science modeling @unreliable, 1  software.
D very low, 2D low, 3D medium, 4D high, 5D very high; To plot bearings from non-adjustable compasses like the
Mastrandrea et al., 20).(Historic photographs and Hochstetter's one Hochstetter likely used (e.g., azimuth compé&ssin and
sketch maps also support general locations for some of thgolden, 201% over Topo50 maps, bearings needed to be
landmarks—e.g., Te Ariki and Reverend Spencer's parsonagedarrected by adding the magnetic bearingalfle ) and the
the settlement of Te Wairoa), which follows similar approache magnetic declination for 1859. This correction amount igisar
employed by BN18 to ascribe initial locations for old surveyfor survey sites at and NW of Lake Rotomahana (within 0.6f1
landmarks. arc; 14.03-14.04). The small variation between the survey sites
Three datum sites were along the journey from Te Wairods well within the precision of the compass Hochstetter empioye
to Lake Rotomahana (Stations 18—Z2@ple 1) and one site is A convergence angle correction (di erence between grid
at the former southern lake margin (Station ZIables 2 3). north and true north) also requires consideration (previgusl
Hochstetter's bearings for Lake Rotomahana at Station 2& wenoted as important byKeir, 2017). The central meridian for
divided into two categories, external and internal landksar the NZTM2000 grid is 173V longitude, where both grid north
For Station 21 bearings taken at Lake Rotomahana, the exterrand true north are aligned. Across the area where Hochstette
bearing category Table 2 includes all landmarks positioned stations analyzed in this study were located, the convemenc
beyond Lake Rotomahana that could have potentially survivedngle increases from2.08E to 2.12E (increasing 0.01for
the 1886 Tarawera eruption. The internal bearing categorgvery minute of longitude traveled west to east).
(Table 3 were classi ed as landmarks at and around the lake that We grouped bearings by survey station and then applied the
were directly impacted and/or partially or completely modi ed 1859 magnetic declination, then convergence angle caorect
or destroyed by the 1886 Tarawera eruption. For Stations 18vas added to that sum to produce a grid-north bearing
20, some landmarks were omitted from usage because they wéseeTable 1 for declination and convergence angle corrections
potentially lost via lake level changes after 1886, or bectiey applied at di erent stations).
could not be located with enough certainty on a modern map. Relative positions for each of Hochstetter's survey stations
Azimuths drawn from each landmark Hochstetter surveyedrom his relic eld maps (lolden and Nolden, 20%)3allowed
produced intersection points that can be used to evaluaten initial assignment of declination and convergence angle
potential locations for his former survey datums. Bearimgsf  corrections. Sensitivity of convergence angle correstisimows
each surveyed landmark projected back to a datum is refeored similar intersection points for bearings when the correntis
as a reciprocal bearing or back bearing. Previous work itiéita changed byC/ 0.01. As expected, intersections of reciprocal
that an azimuth compass was used for Hochstetter's (185®earings based on landmarks far from each survey datum
survey, consisting of magnetic bearingsi(in and Nolden, 2016, shows the greatest change when slightly altering the cgevee
2019. Declination corrections are therefore required to aligncorrection.
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TABLE 3 | Tabulated bearings with corrections for Hochstetter's surey of internal landmarks at Lake Rotomahana from Station 2and all landmarks shot in from Puai
Island.

Lake Rotomahana Number in Original edits Hochstetter's Corrected Convergence  Comment

internal landmarks (from Hochstetter's and notes bearing bearing (14.04) angle (2.12)

Station 21) notes

Te Tarata 5 (The White 8.17 22.21 24.33 Aligns to eastern edge of central vent.
Terrace)

Ngahapu 6 5.33 19.37 21.49 Aligns to central vent.

Te Takapo 7 7.5 21.54 23.66 Aligns to central vent.

Te Ruakiwi 8 11.17 25.21 27.33 Aligns to eastern edge of cenél vent.

Ngawhana 9 17 31.04 33.16 Aligns just west of central vent.

Otukapuarangi 10 (The Pink Terrace) 322.33 336.37 338.49 Ans to central vent.

Solfatara Otukapuarangi 11 336 350.04 352.16 Aligns in the middle of crescentic vent

Whakataratara feature.

Te Mamaku 12 349.33 3.37 5.49 Aligns to edge of central vent.

Solfatara Te Rangipakaru 13 (struck out 65.67) 43.17 57.21 %33 Aligns to central vent.

Whakaehu 14 17.83 31.87 33.99 Aligns just west of central ven

Puai (Ctr) 15 (struck out a “1” 7.0 21.04 23.16 Bearing from datum bisects center of
prior to “7.0” island

Pukura (Ctr) 16 14.33 28.37 30.49 Bearing from datum bisectsenter of

island
Kaiwaka entrance 17 357 11.04 13.16 Aligns to beginning of greatest
channel constriction at Te Poroporo
Waiahinekahu Stream 18 65.67 79.71 81.83 Bearing touches sathernmost extent

of this stream
LANDMARKS FROM PUAI ISLAND
Te Poroporo 347.5 1.54 3.66 Azimuth locked to map creates

intersection with Te Kumete back
bearing (location of Puai Island datum)

Te Kumete 298.17 312.21 314.33 Likely Peak “A"; see LIDAR pro les in
Supplementary Figure 5 .

Te Kumete (highest point) 313 327.04 329.16 543m Trig. LIDAR con rms
co-location of highest point and the
trig.

Mount Tarawera 48.87 62.91 65.03 Use of summit proxy per BN18 does

not provide uni ed convergence with
other bearings

All of Hochstetter's compass bearings end in a round number Many of Hochstetter's bearings to volcanic landforms intgdu
at the nearest 10-min interval, which indicates internalgis®@n  mountain edges, gullies, or slope transitions that are open
for surveyed landmarks was no better th&@i 0.17 degrees. to subjective interpretation, and some landmarks are no
Precision error for these bearings greatly exceeds thertaiocty  longer seen on modern maps. For “lost” sites, we utilized
for the convergence angle correction. For plotting Hochist&s  Hochstetter's sketch maps to ascribe as close a location as
bearings, a conservative error margin@f 0.50 encapsulates possible in the modern cartography, but penalized back bearing
twice the range of compass measurement accuracy and precisiantersections that utilized those landmarks. We discounted
declination, and convergence angle adjustments combined.  bearings where de nition of a precise location was lacking.(e.

Some volcanic landforms that Hochstetter surveyed (e.ga subjective landform, including some non-descript edges of
Mount Edgecumbe-Putauaki) were within eyesight but locatedlount Tarawera).
at great distance (exceeding 25km). This means those surveyGoogle Earth was previously used to indicate geomorphic
bearings could arti cially in ate error when resecting atdan  details of the Lake Rotomahana pre-1886 landscape (see BN18
based on back bearings. As such, landmar®&5km away for details). LIDAR provides a clearer assessment of the
from Hochstetter's survey stations were not used for primarytopography around Lake Rotomahana and the Rotorua region
datum resection. However, those landforms were assessad irthat conventional geodetic maps with 20-meter vertical cons
subsequent survey validation step to determine whetherair n and the Google Earth digital elevation model (DEM) cannot
Hochstetter's reconstructed datum locations containeedi of clarify. LIDAR topographic details allowed us to ascertain
sight that reasonably captured the wider (and deeper) vista. ~ whether Hochstetter was sighting well-de ned topographidisig
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that were visible from afar (trigonometric stations) or &c further analysis, and set aside the 1859 watercolor map for
high points. We processed LIDAR data to depict the studyiscussion.
region, collected by NZ Aerial Mapping and sourced from the
Bay of Plenty Regional Council. This LIDAR dataset was post- . ..
processed to remove non-ground points, and when compareE\’alualtlon of Landmarks Constraining von
with independently surveyed eld points, vertical accuraéshe ~ Hochstetter's (1859) Survey Datums
dataset approaches0.50m (within 68% con dence bounds). Survey Datums Leading Up to Lake Rotomahana
Hundreds of thousands of LIDAR data points provided a one{Stations 18-20)
meter resolution DEM, and two-meter topographic contoursHochstetter established three datums at Stations 18, 192an
were generated for the study area using tools provided in A8cG as he traveled between Reverend Spencer's missionary station
v10.4. This topographic detail is an order of magnitude neath at Te Wairoa (Te Mu block) and Lake Rotomahana. His
the geodetic maps publically available for the area north &eLa detailed sketch maps indicate the approximate locations of
Rotomahana. This data resource was also used in geomorplgach datum Figure 4), and a brief description in his eld
interpretations. notes indicates that Station 19 was situated about half a
mile east-southeast of Station 18 (sEigure 4 and bearing
notes in Supplementary Figure 4. Stations 18-20 were all
located on high ground south of Lake Tarawera (Station 18 is
RESULTS referred to, in part, as the Papawera plateau). Each location
. oered clear lines of sight to prominent landforms, lake-
Evallflatlon of 1859 WaterCOIOr and 1863 shore settlements and points (small promontories), some of
Published Map Versions of Lake which can be identied on modern maps. All three of these
Rotomahana stations had common landmark bearings to Maungawhakamana,
Fourteen bearings in Hochstetter's notes document (indé#yn Putauaki, and Mount TaraweraTéble ). Some landmarks
landmarks around or close to Lake Rotomahanas shoreline inlochstetter surveyed include a fewalki settlements along
1859 [Table 3. We evaluated these bearings relative to the 185%he former Lake Tarawera shorelind=igure 4) that were
watercolor map presented in BN18 and the 1863 map publisheidundated by rising water after the 1886 eruption. We were
by Justus Perthes of GothEdchstetter and Petermann, 1863 able to ascertain positions for some of those sites (see
Checks for map orientation, internal accuracy and precisiorable 1).
were made identically for both products using Hochstetter's Landmarks surveyed from Stations 18, 19, and Rible 1)
uncorrected bearings. All Station 21 internal bearin§able )  produced convergent back bearings that clustered, for thet mos
aligned to the 1863 map landmarks with consistent precisiopart, within a radius of 150m. A 50 m grid covering 1 knd
(Supplementary Figure 8A and within the range of compass over each datum area shows back bearing intersection desisiti
error. We noted a subtle left-hand o set between each landma (Figure 5). Based on the greatest density of intersecting points,
and main point of convergence for these bearings at the datuwe identi ed the most likely location for Hochstetter's Stats
symbol. This o set suggests the datum symbol on the 1863 map8, 19, and 20 (withit€/ 50 m). The reconstructed location for
may not be in the correct position, and that it should insteadStation 19 shows it was115 and 800 m distant from Station
be placed southeast of where it is located. Overall, this shift8 (Figure 5. This reconstruction ts well with Hochstetter's
does not change the conclusion that the 1863 Justus Perthesraftes that state an approximate direction of ESE and a distance
Gotha map Hochstetter and Petermann, 186i8 a projection of half a mile between those two sites.
of the Lake Rotomahana area relative to magnetic north Stations 18 and 19 contain bearings to Makatiti Dome,
in 1859. which is an external landmark in common with Station 21. By
The same landmark bearings plotted against the 1858constructing Station 18 and 19 datums, and their convergen
watercolor map achieve moderate agreement with Hochsgetteon Makatiti Dome, we gain con dence about the location
survey, but only after they are corrected for declinatiomeéNof =~ Hochstetter shot to from Station 21. Back bearings from the
14 features arguably have a correct alignment after acamyint mast/tower symbol on Makatiti Dome cut across a swarm
for declination Supplementary Figure 8B Five landmarks in of intersections for landmarks shot from Stations 18 and
the watercolor map do not correspond to corrected bearingd9. A world-wide web search using the phrase “tower on
(seeTable 3, and include Whakaehu, Te Otukapuarangi (theMakatiti Dome” revealed documentation of a very larngga
Pink Terrace) and Te Whakataratara solfatara, the Kaiwak@Metrosiderospp), 45m tall, once stood near that location,
River entrance, and Te Tarata (the White Terrace). This tesupotentially growing as a parasite o the tallest tree in theaare
is similar to the rst re-assessment of Hochstetter's begsi (https://register.notabletrees.org.nz/tree/view/134% the very
for the 1859 watercolor map (undertaken Hyeir, 2017. least, this relict rata tree indicates the canopy height abov
Because only about half of the landmarks on the watercolathe ground surface that Hochstetter would have observed in
are positioned with accuracy relative to the tabulated beg;i 1859 (Matt McGlone, personal communication, 2018). Geadeti
we consider the published 1863 map is a superior depictiomaps and LIDAR shows the mast site is not located on
of how geothermal features (including The Terraces) weréhe highest point for Makatiti Dome, but there is local high
arranged at Lake Rotomahana. We use the 1863 map point close by (38.138375; 176.46696&) that was clearly
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FIGURE 4 | Detailed sketch map of Rotorua penned by Ferdinand von Hoclistter that encapsulates major landforms in the region andib survey station transect
(18-20) en route from Mr Spencer's parsonage at Te Wairoa todke Rotomahana (where Station 21 was located). Reproduceddm (Nolden and Nolden, 2013 and
modi ed with permission from those authors.

visible from both Station 18 and 19. That local high spot wa®asis for Hochstetter's Station 21 in the modern landscape.
chosen as the back bearing origin for Makatiti Dome in ourAn interim reconstructed datum location for Station 21 bdse

study. on those three points is 38.271028 latitude; 176.42726&4
longitude (NB: not nal location choice), which lies withia

Station 21 and Puai Island Datums at Lake tightly constrained area close to the middle reach of eadtake

Rotomahana Rotomahana Kigure 6). LIDAR-based pro les for Te Kumete

Hochstetter shot eleven external landmarks from Station 2Ridge and Makatiti Dome taken from this location are shown in
at Lake RotomahanaF{gure 3 Table 2. Just over half (six) Supplementary Figure 5We discuss use of landmarks along this

achieved qualitative scores of medium, high or very higtPro 1€ forre ning the Station 21 location in more detail betn

con dence, and just under half (ve) were very low or low Hochstetter estaphshed a minor survey site on Pua|_lsland at
con dence (Table 2. LIDAR near Te Kumete highest point and L@ke Rotomahana in 1859 that was not formally ascribed as a
Te Kumete fourth peak shows Te Kumete's true highest point angain observation station. Itis also not Station 22, as asddry

the trig for that peak are co-located. The “515m” point on TeBN18, as that station was assigned and located in the Rotogaa a
Kumete peak “D” and the true highest point for that sub-peakdy Hochstetter after he left Rotomahana. Puai Island provided
are not co-located. When the highest points for both landnsark 900d access to the lake from local accommodation, and cfess li
were selected, a near-uni ed convergence with the beaning tOf Slght to Rotomahana's prominent geothermal features. BN18
Makatiti Dome emerges. When the locations for three mediunfluly noted di culties in resecting the benchmark on Puai ingh
con dence external landmarks (Te Kumete “Peak A “Peak Babsence of a reciprocal bearing back to Station 21. One iatern
and Mount Tarawera highest point) were used according to th@nd three external landmarks were shot by Hochstetter from
sites chosen by BN18, they had poor convergence with the datuR/ai Island. Based on the point of origin locations selectgd b
locus provided by high-very high landmarks used in this studyBN18, back bearings for the external landmarks do not cogeer
This demonstrates the choices by BN18 may have been swigjection a single locationRigure €). As such, multiple solutions with
Consequently, we reject the locations BN18 selected fasethorespect to positioning Puai relative to Station 21 emerged. We
medium con dence sites, and rely on intersections of begsin addressed the validity of some of those solutions in the map
from high-to-very high con dence landmarks as the primary orientation and scaling exercise (see section Map Oriesriatnd
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FIGURE 5 | Back bearing intersections from landmarks that were survesd by
Ferdinand von Hochstetter at three datum leading up to (Statn 18—20)
overlain on New Zealand Topo50 (version 2009). Spatial deitg plots along
with LIDAR-based contours at 2 m vertical intervals are supppsitioned on the

standard topographic map,

and show where two or more landmak back

bearing intersections are located within a 50 A grid cell. Only bearings that
scored medium-very high scores were used (excluding landntés in excess of
25km from the survey site).

Scaling Using Station 21 and Puai Island Datums as Anchors),
and via a re-assessment of non-convergent landmarks from
Station 21 and Puai Island (section Reconciling Non-conestg
Bearings Shot From Hochstetter's Rotomahana Datums).

Reconciling Non-convergent Bearings Shot From
Hochstetter's Rotomahana Datums

Several of the very low, low, and medium con dence bearings
for landmarks with uncertain locations may be reconcileldtige

to an initial resected datum location founded on high-veiighn
con dence bearings (see previous section). Inevitablyiuekug
lower con dence bearings has little in uence on de ning the
main datum locations at Rotomahana (inclusive of error) based
on by high-very high con dence bearing&igure 5. However,
those lesser quality bearings can help to re ne the constsaint
of the datum within the error bounds of the highest quality
landmarks, so they are worth examining. Determining the poin
of origin for these back bearings is highly critical for this
exercise.

Reverend Spencer®dble 1) may have been able to be viewed
from Station 18, or possibly Station 19, as evidenced by lmtati
of Te Wairoa buildings on archaeological mags(imons, 1991
However, any direct line of sight bearing from Station 21 at
Lake Rotomahana to this location was interrupted by high
hills (Figure 1); hence, even though we know where Reverend
Spencer's wasS(mmons, 1991 we discarded the Station 21
bearing to that landmark because itis only a proxy as viewed fr
Rotomahana.

Peak A, B, and E on Te Kumete
reconciled wusing an obligue digital elevation model
view  (Supplementary Figure 54  from  the initial
reconstructed position for Station 21 that is based on
stronger bearings (see previous section). The rst two
peaks are prominent along the ridgeline to the southwest
of Te Kumete's main summit. The bearing for “Pt am
Tarawerasee” or Punkt am Tarawerasee; Point on the
Tarawera lake; interpreted by BN18 as Mataneho Point)
is vague for a discrete location on the lake edge; however,
that bearing aligns to the shoulder of the Te Kumete
ridge before it descends eastward into Lake Tarawera
(Supplementary Figure 5A.

The bearing for “Te Ariki north point on the river
entrance” does not align to where Te Ariki settlement
was potentially located. However, extension of that bearing
from Station 21 further aeld shows that it intersects the
narrowest part of Lake Tarawera located between the Te
Ariki arm of the lake and the larger connected body of
water to the north. Examination of Hochstetter's historic
sketch Figure 4) shows dierent portions of Lake Tarawera
were formerly referred to as three distinct but connected
entities (Ohorongo, Tarawera and Te Arilitigure 4). The lake
level in 1859 was much lower than today, and constriction
between Te Ariki and Tarawera may have appeared even
more narrow, much like a river owing from one body of
water (Te Ariki) to another (Tarawera). Perhaps this is what
Hochstetter perceived from Station 21, but in absence of

ridge can be
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certainty, we did not use this landmark for the nal datum the left of Te Kumete's main summit, and Mount Tarawera
reconstruction. highest point) appear unrealistic, because the associatédgsca

We initially put aside the bearings to Mount Taraweraof the 1863 map would place Te Tarata too far north and into
high point from Station 21 and from Puai Island becauseor beyond the modern Kaiwaka River valley. The only viable
that mountain top was altered from the 1886 eruption. Oneoption was to initially work with the intersection of the Te
reconciliation is the highest point Hochstetter may haveKumete ridge summit back bearing to Puai Island and Station
perceived for Mount Tarawera from both Rotomahana datums1 bearing to Puai IslandF{gure 6). We then attempted to
was the southwestern edge of Tarawera Dome near Koa trigcorporate lower con dence bearings reassessed using newly
(1024 m). Reconciliation of these two incongruent points asscribed points of origin (see section Reconciling non-cogeet
plotted in the nal datum resection does not change the resulbearings shot from 456 Hochstetter's Rotomahana datums),
of where Puai Island or Station 21 could be positioned, or thavhich achieved much better success for obtaining mutuakbac
scaling that was applied to the 1863 map. bearing intersections.

One bearing for a corner of the Tarawera platedal{e 2 The map was scaled so the Station 21-to-Puai Island bearing
had SW (southwest) and SO overwritten (D east; SOD  bisected the middle of Puai island. The error bounds for the
southeast); we do not know which of these is correct, so wkighest quality bearings and reconciled low quality beasiage
tested both. If SW is taken as Tarawera Dome (the SW cornéargely convergent, and they yield locations for both theaiPu
of the upper plateau), the bearing ts the northern edge of thelsland datum near the northeast edge of the island (38.26583
SW part of the massif, similar to other bearings that Hochistet 176.43115%) and a re ned location for Station 21 (38.2721%50
used to de ne the edge of that landform at stations prior t0176.42777%) where both the high con dence and most of the
Rotomahana. Hochstetter could not see the NW face of Tarawetawer con dence bearings overlap. The results of this mapirsga
from the southern shore of Lake Rotomahana; so, perhapsnd orientation are addressed further in the discussion.
he meant to correct “NW” to “NO” (northeast), instead of
correcting “SW” to “SO” (southeast) in his bearing tablethit . . .
reasoning is accepted, then opposite edges of Tarawera Dofdojected Locations for the Former Pink,
are bracketed. He made similar bracketing bearings to othdNhite, and Black Terraces
volcanic landforms from Stations 18-20. These Mount TarawerQOrientation and scaling of the 1863 map within modern
landmarks were not used in the nal solution for reconstringg  cartographic space (see section Map Orientation and Scaling

Station 21. Using Station 21 and Puai Island Datums as Anchors) allowed
. . . . . us to evaluate the location of Lake Rotomahanas former isinte

Map Orientation and Scaling Using Station terrace sites. We emphasize here that locations that ar¢iieién

21 and Puai Island Datums as Anchors for these features are highly dependent on Hochstetter and

Station 21 and the Puai Island datums provide two anchors anBetermann's cartography in the 1863 map version, and these
an associated scaling mechanism for Hochstetter's (18@®), m results could di er from other solutions that opt to use other ma
presuming the spatial positioning of each site on that map aréerations and data sources.
sound. Two things need to be achieved to satisfy Hochstetter Central vent coordinates for geothermal features localkedg
observations when scaling the 1863 map based on the twbe former Rotomahana lake edge (including Te Tarata and
datum locations. First, the Station 21 bearing to Puai Idlan Otukapuarangi) are listed iBupplementary Table 1The White
needs to bisect the island center. Second, the intersectfon Terrace and Pink Terrace former sites are located well within
bearings for Te Poroporo (a hot spring seen on the map) anthe boundaries of modern Lake Rotomahana. Based on the
Te Kumete summit need to intersect Puai Island, because theyojection of Hochstetter's (1863) map in this study, thedBla
were taken from the same spot on that island. We locked th&errace is depicted in a side valley o the northwest end of
back bearing for Te Poroporo to that feature on the 1863 map,ake RotomahanaFgure 3B), and is positioned (based on
then orientated the map (originally drawn relative to magjoe results in Section Map Orientation and Scaling Using Statio
north) for declination and convergence (14.84C 2.12ED 21 and Puai Island Datums as Anchors) at 38.260683nd
16.16E). This created an intersection with Te Kumete summit176.41970@&. While this result places the Black Terrace within
bearing. small west-east trending valley, the stream on Hochststter
Hochstetter shot a bearing through the center of Puai{1863) map that connects the Black Terrace to Lake Rotomahana
Island from Station 21, and three bearings from Puai Islandtuts through a blu along the modern western lake margin.
to surrounding landmarks, including Te Kumete's highestrgoi  This result appears visually unappealing, and is addressecin th
(“Peak C”), a peak he observed to the left of the main Teliscussion.
Kumete summit, and Mount Tarawera highest point (assumed Historic topographic maps for Lake Rotomahana show the
to be the summit 200 yards east of Ruawahia 8igith, 1886 Black Terrace site changed dramatically after 1886. Sni&psho
by BN18). The Puai Island back bearings from these extern&br 1893 (published inSmith, 189} and 1895 (published in
landmarks, following previous work (BN18), did not mutually Cadell, 189y less than a decade post-eruption show a feature
intersect and initially gave multiple solutions for the Pdaitum  called “Black Terrace Crater” in a side valley northwest akd-
location. In the rst instance, two of these solutions (bdse Rotomahanas shoreF{gure 7). The crater is depicted in the
on BN18 point of origins for a peak Hochstetter observed tanmiddle of an east-west trending valley (locate®8.258554S

Frontiers in Earth Science | www.frontiersin.org 19 November 2018 | Volume 6 | Article 205


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Lorrey and Woolley Locating Rotomahana’s Relict Sinter Terraces

FIGURE 6 | Hochstetter and Petermann (1863published map scaled and plotted over New Zealand Topo 50 vesion 2009 based resection of Station 21 and Puai
Island datum. Purple lines are bearings taken from Station 2tb internal landmarks (sinter terraces and springs) that we impacted by the eruption (destroyed,

modi ed and or buried by tephra). Solid black lines are high ad very high quality landmarks external to Rotomahana used teesect Station 21. Red dashed lines are
bearings taken from Puai Island. Solid purple lines with ames show survey bearings from Station 21 bisecting Puai and Fawra islands. The 1863 map is orientated
relative to grid north. Red shading indicates error envelas based on all high quality and reconciled bearings (see disssion). True north grid lines (WGS84) are
shown in gray, while NZG2000 grid is in dark blue. Black bar uerimposed along the linear map scale corresponds to 468 medrs (1/4 nautical mile).

and 176.42029E) with multiple inlet streams and a single LIDAR (Figure 8), and it is south of where the Black Terrace
outlet running east. In the 1895 map (fromadell, 189), Lake Crater is drawn on a map from the same repo&n{ith, 189).
Rotomahana is shown extending west into a valley over the&kBlad his nding lends to at least three potential solutions for &h
Terrace Crater site (where dry land currently exists), &stjgg Black Terrace former site location (addressed further ie th
it may have been submerged for a time. In the mid-twentiethdiscussion).
century, when the next useful topographic maps are available,
the valley where Black Terrace Crater was located is inWétthk  DISCUSSION
alluvium (Figure 7). . .

A view of Lake Rotomahana looking toward Mount TaraweraAgreement and Divergence From Previous
from Te Hape-O-Toroa Hill in 1893 from a lithograph gives Work
yet another perspective about The Terraces, including th&reatment of Hochstetter's Compass Bearings
former Black Terrace locatior5(nith, 189). A system of cross- We evaluated Hochstetter's (1859) eld notes and compass
hairs superimposed on that lithograptFigure 8 guided by bearings, dividing Lake Rotomahana's Station 21 data into tw
detailed descriptionsgmith, 189) suggests the former Black categories: landmarks positioned well outside of the formiez la
Terrace was located southwest of the position indicatedgisinedge, and therefore could have survived the 1886 eruption,
Hochstetter's (1863) map (see Section Map Orientation an@r features located around the lake fringe that were likely to
Scaling Using Station 21 and Puai Island Datums as Anchotisave been partially or completely modi ed (or destroyed) by
Results;Figure 6). This alternative location (38.2623%3 and direct or associated impacts of volcanism. The same clasisirca
176.41609%) was ascribed from a perspective generated frorscheme was applied for other datums established en route to
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FIGURE 7 | Historic topographic maps showing equivalent spatial areaf
southern Lake Tarawera, Lake Rotomahana and the Waimangu ifay area,
depicting the evolution of the Black Terrace Crater site soe 1893. The 1893
map (Smith, 1894) shows Black Terrace Crater in a valley located off the
northwest corner of Lake Rotomahana (dashed circle, with glicating arrow)
that is carried through to the other maps. The 1895 map (fronCadell, 1897)
contains pre-1886 eruption Lake Rotomahana outline, sinteterrace locations,
and stream locations similar to what is shown in the 1893 mapersion.
Dashed line inset is area covered by LIDAR shown in

Supplementary Figure 1 .

the lake. Hochstetter's bearings were corrected for 1868l lo

convergence angle to be ascribed and applied to those bearings,
which is needed because of our choice to use Topo50 maps
for this reconstruction. Convergence corrections are isig

for improving resection of datum from tabulated bearings,
and particularly for verication using far aeld landmarks
(as with Putauaki/Mount Edgecumbe; see section Evaluating
Hochstetter's Survey Datums).

The basis for our declination choices (Lake Rotomahana,
14.04E; survey sites NW of the lake, 14.83 comes from
IGRF12 model results for 1859. Results from this model for
Auckland in the same year agree with published geomagnetic
eld survey tables that come from the scienti c report of the
“Novara.” Hochstetter took part in that magnetic survey, and
he is mentioned by name in the rst paragraph in the chapter
on land-based magnetic measuremenigifer, 1862—-186p
Replicated geomagnetic eld measurements from tNevara’
(Supplementary Figure Y are consistent with published
Admiralty Declination charts of the mid-nineteenth cenyur
(Supplementary Figure §. It would seem that Hochstetter, if
he was so predisposed, would have been capable of accurate
corrections to his magnetic bearings for declination of trey d
with resources at-hand and been able to achieve a similattres
as we have for testing his bearings.

BN18 previously assessed two di erent magnetic declination
corrections at Lake Rotomahana, including one termed “Redvise
Admiralty” (11.98E; used) and IGRF (14.0&; not used; see
their Supplementary Figure  BN18 chose to use “Revised
Admiralty” corrected bearings in combination with a tienst
equation and other corrections (stated as Lehmann's method
but not cited) to ascribe a location for Station 21 and Puai
station datums. We nd no basis for that choice of declination
application or use of othead hoccorrections presented by
BN18 in light of reviewing the information that was on o er
to Hochstetter. Recent updates to BN1Bu(in et al., 2018
have continued to use a modi ed declination correction that i
di erent from that in BN18, but which is still not consistent with
the IGRF model.

Beyond the main point of dierence for declination
correction, there are other assertions BN18 made about
landmark locations in addition to selective corrections apgli
to Hochstetter's primary data. Some choices were pragmatic
and based on post-eruption eyewitness accounts for landscape
changes (e.g., the possible location of Tarawera summit)uin o
study, we also identi ed similar issues with Hochstettegkl
notes containing potential errors (e.g., a few bearings imaridy
up to some of the features for either map version, or some
not aligning to a common datum). However, that should not
be interpreted as a critique of Hochstetter's survey. Ratiner
assertions and choices of BN18 for selecting origins of many
landmarks follow on from a declination correction that was too
low. Decisions of this type made by any researcher would only
amplify any di erences from the results presented in our study.

magnetic declination to align them to true north. A eld skétc Evaluating Hochstetter's Survey Datums

of Hochstetter's track en route to Lake Rotomahana provideSpatial density plots of back bearing intersections allowed u
basic locations for his former benchmarks. This sketch mapo ascribe locations for Hochstetter's (1859) datums legdi

is a metadata source that allows an additional correction foup to and at Lake Rotomahana. The approach we employed
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FIGURE 8 | (Top) Lithograph from Smith (1894)“Mount Tarawera and Lake Rotomahana (the scene of the eruptn, 10th June 1886) from Te Hape-O-Toroa Hill, 29th
March, 1893” showing an oblique view capturing northeastd-east vistas over the Rotomahana basin and hinterland (gepaphical north is to the left). A system of
cross-hairs drawn on the lithograph are referred to irsmith's (1894)report that provide estimated locations for the Black Terree (B), the Kaiwaka River outlet (K), the
White Terrace (W), and the Pink Terrace (RBottom) Digital elevation model perspective using LIDAR from Te-HapO-Toroa Hill from a similar vantage point as the
lithograph, which was used to reconcile estimated locatios for the Kaiwaka River outlet and the Terraces. Note, lakeVel is higher in this view than the late 1800s.

used a conservative error estimatgé/( 0.50 degrees) applied  Hochstetter's bearings to distant landforms Z5km away)
to non-adjustable compass measurements recorded at tethat we initially excluded support the e cacy of our survey
minute intervals. This error has a basis in instrument prieeis  datum reconstructions based only on high quality landmarks.
accounting for palaeo-declination correction, and grid tier ~ All bearings shot to Putauaki (a nearly-symmetric cone) from
true north o set (convergence angle) correction. Colleeterror  coordinates we established for his datums appear reasortiaye;
estimates and bearing corrections are requisite for plgttin ank or bisect that volcanic landform as Hochstetter stathdy
Hochstetter's bearings over NZ Topo maps, which use ahould (Table 1). Bearings to Putauaki's center from Station 18,
cartographic projection that is equidistant in both the X and Y19, and 20 align to the middle of that landform (near the surymi
planes. and within the range of expected compass and convergence angle
Back bearings from multiple landmarks producederror (Supplementary Figure 9. Additional bearings along the
intersections that show possible locations for Hochststtersides of Putauaki from Station 18 and 19 overlap (within begar
survey datums Kigure 5). Tight clustering of intersections, error margins) for the northern ank of that volcano, and
cataloged in 50 rhgrid cells, were further assessed with LIDARare close to overlapping along the southern margin. Other
data. This approach allowed us to examine physical traits dfites>25km away that Hochstetter surveyed include a high
small areas with the greatest density of back bearing iet¢iens  point on Pukeahua (spelled “Puke Hue”) from Station 18. The
and to ascribe locations for Stations 18-20. Hochstetteriargin of error for bearings shot to these landmarks areteda
survey sites correspond to small knolls or shelves alonghnort within tens of meters of the target Hochstetter intended to
facing hillslopes at>450m elevation. These vantage pointshit.
often situated up to and exceeding 100 m above surrounding Hochstetter also produced a detailed watercolor landscape
lakes and valleys, gave him wide views across the Rotorpainting that illustrated the prole of Mount Tarawera from
landscape. Station 20 Figure 9). It compares favorably to a DEM pro le
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for the modern Tarawera mountainside taken from the locatio bearings was undertaken. Our work has done that task using
we identi ed as Station 20, which supports our datum resectiordata from Rotomahana and several other stations. Resection
results. Stations 18 and 19 bearings were also accompanied Hochstetter's datums shows he made accurate compass
by a rudimentary Mount Tarawera prole and bearings to measurements.
topographic slope break points. When we project those bearings While some features shown on Hochstetter's (1859)
out from reconstructed datum locations, they ank Mount watercolor may not be able to be precisely positioned using
Tarawera with reasonable accuracy. Station 21 bearings, cartographic sources like it could headé

The Makatiti Dome focal point was independently de ned for re ning the geomorphology around the former lake. In fact
from mutual intersection of bearings from Station 18 and 19some sinter formations seen in a di erent watercolor iteoati
which are well outside of pre-1886 Lake Rotomahana boundarielsy Hochstetter Figure 10 can be reconciled in photographs,
Bearing convergence from that point on Makatiti Dome with but not in published versions of the pre-1886 Rotomahana
Te Kumete highest point and a secondary high point (Peaknap. This is particularly evident near the toe slope of Te
D) on Te Kumete ridge provides a tightly constrained locationTarata where shallow sinter formations were aligned pdralle
for Station 21. Selection of the two latter high points wago the former Lake Rotomahana shorEigure 10. As such,
supported by LIDAR. Points of origin for several other lowerHochstetter's watercolor maps can demarcate relative pasitio
quality reciprocal bearings from Te Kumete ridge were assessof former geothermal features (i.e., sinter is north of,teafs
from this constrained locatiorSupplementary Figure Jandwe  downstream of, etc.) and they provide a powerful complement
demonstrate they converge close to the spot (within the erroand counterpart to limited historic photographic evidence.
bounds) of the three high quality survey bearings. This aley One consideration is that Hochstetter's (1859) watercolor
con dence for Station 21 being located within the middle paft maps may represent work-in-progress, constituting an

eastern (modern) Lake Rotomaharkadure 6 Table 3. incomplete transformation of his survey data to a projection
that accounted for declination and with proportional scales

Evaluating Hochstetter's Mapping Accuracy and for a wide range of landforms. We observe from Hochstetter's

Precision for Rotomahana eld notes and sketches that there was a process of cartographic

Compass bearings shot to former geothermal and volcaniprogression that involved continued improvement, re nemgnt
landforms around former Lake Rotomahana allowed us tand simplication of landscape depiction through iterative
assess accuracy and precision for Hochstetter's watercolorap making Figure 10. He reconsidered how to draw certain
(Hochstetter, 1859; version with thermal details) and psitid  objects located far from his survey datums even within theesa
(1863) maps. Hochstetter's bearingsupplementary Figure 2 map iteration (e.g., scale and orientation of Lake Rotomiakar
Table 1) plotted over the 1863 maBS{pplementary Figure 83  sketched on the 1859 thermal detail map; deégure 3B).
indicate that geothermal and volcanic features are posiibn Hochstetter also progressively simpli ed the Rotomahana map
from a datum relative to magnetic north (also identi ed by well after the rst o cial version of it was published. Evidee
Bunn, 201%. The 1863 map is internally consistent with of this process is shown in a similar iteration as the 1863
eld survey data, but the 1859 watercolor used by BN18nap that was used in one of Hochstetter's last publications on
does not have the same level of consistency. Only wheRotomahana that depicts only basic labels for manpwigs
bearings are corrected for magnetic declination (relatovérue  (thermal springs), puias (geysers), mud pools and geothermal
north) do some features in the 1859 watercolor align to eldfeaturesFigure 1Q Hochstetter, 1882
bearings. Well-demarcated hot springs along the northera (T
Mamaku) and eastern lake shore perimeter (Ngahapu, Te Takapo, .. . . .
Ruakiwi, Ngawhana, Whakaehu) were internally Consistentwheval'datIon of the Map Orientation, Scale,
a declination correction is applied to Hochstetter's beasing and Suggested Location of the Terraces
However, ve geothermal landmarks (including main geotimat ~ Former locations for Station 21 and Puai Island datums provide
features of Te Tarata and Te Otukapuarangi) did not align teanchors for orientation and scaling of Hochstetter's map in
corrected bearings. This misalignment suggests use of868 1 this study. BN18 indicated that the Puai Island survey site
watercolor map for locating the former sites of the Terraces may have been positioned on the western end of the island
compromised. because of a wide range of unimpeded views. We recognize
Keir (2017)assessed bearings for a portion of Hochstetterthat assertion as being valid, but also consider the northern
watercolor map, but achieved slightly dierent results fromside of Puai Island would have provided unimpeded views
those we have presented here. Bearings in Keir's study weti@ many of Lake Rotomahanas geothermal landmarks. Based
rounded to the nearest whole number and a blanket convergenon the Station 21 datum location and that of Puai Island,
angle correction of 2 was applied, which is dierent from a projection for the 1863 map (orientation and scaling) that
the correction we used (2.1Rat Rotomahana. Together with satis ed Hochstetter's data (see section Results) gave andatu
manual plotting of bearingsKeir (2017) may have attained position on the northeast side of Puai Island. High points there
a dierent level of plotting precision relative to our work. can be seen in several historic photographs, including a barre
Nevertheless, assertions made Kgir (2017) that some of at platform that existed when Hochstetter journeyed to Lake
Hochstetter's bearings did not align to features in the 185%Rotomahana Kigure 11, photo from Bruno Hamel 2.7.22 in
watercolor are upheld; however, no evaluation of the externalolden and Nolden, 20)3 More important, our scaling using
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FIGURE 9 | (Top) Digital elevation oblique view of Mount Tarawera and the stgunding landscape near Lake Tarawera from the reconstruet! position for Station 20
based on Hochstetter's (1859) survey notes showing an oblige view capturing northeast-to-southeast vistas over Lak§arawera (geographical north is to the left).
(Bottom) Watercolor and pencil sketch of the same view from Station 2@s crafted by Ferdinand von Hochstetter April 1859 (modi edrbm Nolden and Nolden,
2013). Volcanic peaks of Maungawhakamana, Putauaki (Mount Edgembe) and Mount Tarawera (noting domes Te Wahanga, Ruawahji Tarawera) along with other
landmarks are noted in the watercolor.

the northeast end of Puai as the datum location produces a BN18 applied spatial distortion techniques to the 1859
result that is consistent with the linear bar scale on the3L86watercolor map via stretching and shearing the main map axes
map (1/4 nautical mileD 468 m;Figure 6). We note that when in that historic document. We do not address that issue here,
the 1863 map is orientated and scaled according to our studpecause we have elected the 1863 map instead of the 1859 map
there is a parallel alignment of the former Waikanapanapa and Tas a superior cartographic product. However, we emphasize that
Rangipakaru solfatara sinter terraces with the main 1886&@fe results o ered in our study have not relied on alteration ofyewf
(Smith, 1886, 1894hat connects the northeast end of modern Hochstetter's primary survey data, and we did not distort thegam
Lake Rotomahana to Haumi Stream at the mouth of Waimanguwvhen it was placed into modern cartographic spdeig\re 6).
Valley. The former locations of the Pink and White Terraces
Several landforms and geothermal features seen on 18@Bigure 2), using Hochstetter's resected datums and 1863 map,
map support the ecacy of our geolocation, scaling andare entirely situated within the connes of modern Lake
orientation of Lake Rotomahana depicted in that documentRotomahana. The Pink Terrace is located close to where other
First, the length of Waikanapanapa valley on the 1863 mapmvestigators have placed it, and this location is hemmed in
is validated by Hochstetter's account (stated as about % miby volcanic ridges where current hydrothermal activity sti
long; Hochstetter, 1867 see Supplementary Text. Second, (de Ronde et al., 201EbThe location and orientation of the
early photographs show the gap between Puai Island anéink Terrace we have ascribed nests that former site within a
Pukura Island was narrowHgure 11). Separation between subtly reduced region of heat uxT(vey et al., 201)¢relative to
Puai and Pukura on Hochstetter's (1863) map, as scaleglevated values in the Pink Terrace hydrothermal systerth Bo
in our study, suggests a distance of about 12-15m (40-38e Pink and White Terrace former site locations we identi,e
feet) between the islands. Third, the width and length ofvia orientating and scaling the 1863 map, are very close to
Puai sketched by Hochstetter is consistent with dimensionsemains of sinter terrace seen in underwater camera footage
he mentioned in his writings (250'° (76 m) and 100" (de Ronde et al., 201parhe White Terrace location is situated
( 30m), respectively; se&upplementary Tex}). Last, the west of “Pinnacle Ridge” on the 1863 map. We also note that
dimensions and orientation of the Pink and White Terracesbubble plume presencel¢ Ronde et al., 201pbircumscribes a
using the projection and scaling made in our study appealarge part of the western and southern perimeter of the former
consistent with Hochstetter's accountsHdchstetter, 1864, lake margin according to our orientation and scaling of the
1867. 1863 map Figure 12. There is a SW-NE orientated gap in the
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FIGURE 10 | (Left) Skizze des Rotomahana den 29 April F.HNatercolor, ink and pencil on paper (extracted and magni edrbm plate 3.5.4 inNolden and Nolden,
2013) showing Lake Rotomahana in 1859 as sketched by HochstettefThis rendition shows labels for main sinter terrace and gebermal features similar to the other
1859 watercolor (dated 30 April 1859;Figure 3). Temperature measurements and details of many springs ansinter formations along the Kaiwaka River are absent
on this watercolor version, however it contains details foswamp areas, lakes, and sub-linear shallow relief sinter fmations along the toe slope of Te Tarata not seen
in the other watercolor or the published map(Right) “Rotomahana oder der Warme See mit seinen heissen Quellen gghommen von Ferdinand v. Hochstetter
1859,” which is slightly modi ed relative to the Justus Perthes of Gtha versions produced in 1862—65 Figure 3). This map is contained in one of Hochsetter's last
contributions (Hochstetter, 1882). Labels for many of the minor springs (particularly alongné¢ northern edge of the lake and in the Kaiwaka River valleyhd small
lakes east of Rotomahana and Rotomakariri were removed on i last version.

bubble plume eld where Haumi Stream was formerly locatedwas located just a bit further south (and possibly alignedrove
The orientation of sinter terrace features such as Waikanapa Te Tarata Peninsula). Interpretations we can assert frors thi
and Te Rangipakaru solfatara sinter terraces align to @37 observation based on our study suggest explosive energgeelea
(the same as the main Tarawera Rift trace), while the northeralong the Te Aka Manuka vent line during the 1886 eruption may
and southern bounds of the White Terrace align with en echelo have catastrophically decapitated part of “Pinnacle Ridge” and
basalt dikes orientated at 074252 (de Ronde et al., 201}b “Pinnacle Peak” above and to the east of Te Tarata. If a cellaps
Based on our results, “The Pinnacle” post-eruption fumarolef that peak and ridge occurred, it could have contributed te th
feature Gmith, 189) intersects the “Pinnacle Ridge” featureruin (and/or destruction) of the White Terrace situated bei.
seen on the 1863 magigure 12. “The Pinnacle” post-eruption This hypothesis expands on and agrees with recent thoughts
feature is located between and above where Waikanapanapbout how “Pinnacle Ridge” and subsequent exposure of “The
valley and Te Tarata were located (in a place previouslRinnacle” may have evolved and emerged from the 1886 eruption
suggested by othersie Ronde et al., 2016a; Keam, 2016 (seede Ronde et al., 20).8
addition, the distance of “The Pinnacle” from the locatioh o  Photographic comparisons undertaken Kyir (2017)were
the Black Terrace Crater and the Black Terrace is congruenised to reject assertions of BN18 based on the 1859 watercolo
with eld measurements after the eruptio®s(nith, 188% despite  map. Although photogrammetry has also been employed for re-
uncertainty as to whether or not those two sites are one in thevaluating pre-1886 Lake Rotomahana features using historic
same. The spatial scale and orientation of the 1863 map placgsotos Keam, 201)f the techniques and methods applied in
“Pinnacle Peak”™—a high topographic feature that is obsermed isome of that work have not been clearly stated in the litematur
many historic photographs—just north of Te Tarata PeninsulaVe cannot gauge how much distortion may exist in older
on the edge of a prominent bay. A spring called Te Aka Manukghotographic evidence and therefore what related alignment
that was embedded in the hillside north of “Pinnacle Pedkji\g error is inherent to those results. As such, we do not draw on
with several other aligned hot springs/vents just to the hesst, thatevidence here, but recognize its corroboration vaherate
lie within the bay north of Te Tarata Peninsul&igure 12. that it can be compared with our ndings in the future (and
Again, positions of these features are highly dependent on thgossibly re ne the results o ered here). We recognizeam's
cartography in the 1863 map, and perhaps “Pinnacle Peak?016and other references there in) long-term e orts to re ne
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FIGURE 11 | (Top) Photograph “White Terraces and Lake Rotomahana” by George @bson Valentine (1852-1890) prior to the 1886 Mount Tarawereruption with a
view toward Te Tarata. It shows the narrow gap between Pukurdgft) and Puai (right) islands in the distance. Vantage paifor this photograph was likely the northern
escarpment of the Kaiwaka River looking south across the lak(see Supplementary Table 1 ). Bottom , left) Photograph “Puai Island from Pukura Island,
Rotomahana. Te Hapeotoroa Mountain and Otukapuarangi beyal” by John Kinder (1819-1903) which shows a narrow gap between the two islands. Thevaka
(canoe) and the person sitting in front of thevhare (house) suggest a scale of about 10-15 meters between the shds. An elevated platform on the NE end of the
island can be seen to the right of that house.Bottom , right) Photograph “Neu-Seeland, Prov. Auckland. Otukaparangi am Rotomahana” mounted with caption by
Hochstetter (item 2.7.21 inNolden and Nolden, 2012 taken by Bruno Lancel Hamel, showing a high, at platform onhe northeast end of Puai Island. This spot, in
addition to where this photograph was taken from, could haveprovided vistas on the northeast end of Puai Island for a compss bearing survey. Photographs used
with permission from the Alexander Turnbull Library, Otagbniversity Research Heritage (Hocken Library), and SaschNolden, respectively. Both photographs that
include Puai Island show views that are looking toward the wesrn lake shoreline.

the former Lake Rotomahana boundaries using photographs, arldwer altitude). If it really was Lake Rotomahana rather tiia

nd support for his assertions that parts of the former lake mayswamp/basin next to it that Hochstetter sighted from Statid)
have extended east of where it is depicted on the 1863 majhe implications are that his eld of view for distant landmark

A single bearing from Station 18 suggests Hochstetter s@ght he drew and mapped at Rotomahana may have been distorted
Rotomahana through a slot within intervening hillgble ).  due to lack of relative scale. Alternatively, the cartogsaptay
When this bearing is plotted over LIDAR, the western most pointhave intentionally condensed the wider landscape around a
for Rotomahana he could have seen (based on today's lakg levelore spatially accurate view of Rotomahana as a page size
lies just to the east of where all of the reconstructed scagteen accommodation tactic. We feel the former perspective is more
lake boundaries are presently markddgure 12. A lower lake realistic. Renewed e orts using old photographs with modern
level by 10 m would have limited that eld of view of the lake photogrammetry approaches and Hochstetter's historic sigvey
by up to 400m (and so on, if the former lake surface was ato reconstruct the pre-1886 Rotomahana landscape, building on
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FIGURE 12 | Projection of Lake Rotomahana (blue shaded) based on the 1&Justus Perthes of Gotha map positioned, orientated and scied according to
reconstruction of Hochstetter's 1859 survey. Locations fo the terraces and geothermal features sighted by Hochstegtr in Supplementary Table 1 are plotted
alongside other estimated locations for former stream andiver positions, lake margins and the locations for the PinkiVhite and Black Terraces Keam (2016)features
are adjusted positions based onde Ronde et al. (2018) Geologic formations on land correspond to Figure 1, and buble plume outline is fromde Ronde et al.
(2016b). LIDAR overlay has a 2m contour. Thin blue lines for pre-1886dwaka and Te Awa Porohe follow LIDAR channels (best estimapmsition).
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Keam's (2016g orts, clearly deserve further attention and can surveys state the former Kaiwaka River channel was completely
help address these outstanding issues. plugged Emith, 1886, 1887, 18p4This view is consistent with
The Black Terrace was not surveyed from any of Hochstetteri®corded depths for volcanic products overlying the areamoft
Rotomahana datums, but is depicted northwest of the Pinknodern lake Pittari et al., 2015 which greatly altered the Lake
Terrace up a valley away from the lakgdure 7). Historic maps Rotomahana outlet and the Kaiwaka River geomorphology down
indicate the Black Terrace Crater was in a valley extending oto Lake Tarawera.
the northwest corner of Lake Rotomahaniidure 7), not far Further evidence for altered uvial and lacustrine featyres
from where BN18 estimated the position for the Black Terracewhich are depicted at the map margins, are observed in the
Maps from 1893 to 1895 suggest Lake Rotomahana expandkdiwaka River catchment north of Lake Rotomahana. Two
rapidly in the post eruption period, and water may have beermprominent fan deltas currently exist in the southern Te Ariki
over the Black Terrace Crater. Then after half a century elédps arm of Lake Tarawera, but oblique photography from 1886
alluvial sedimentation had in- lled the valley oor and obsred shows a very di erent post-eruption landscape. In 1886, there
any features it contained. From this evidence, we cannakdis was a lake-edge scarp fronted by a fan delta at the former
whether the Black Terrace and the Black Terrace Crater viiere t Kaiwaka River outletQupplementary Figure 1R The shoreline
same feature, and we cannot identify any historic photographshift for Lake Tarawera and clear lake-edge progradationesinc
for these features either. At the very least, the valley hgidt 1886 demonstrates that the former Kaiwaka River rapidly
and forestry roads on the western side of Lake Rotomahanzhanged. From LIDAR, there is no ground surface signature
suggests a crater (and/or terrace) of considerable sizkl dmu of the pre-eruption lake shoreline or the post-1886 delta.
accommodated at several locations. Geomorphic interpiatati This supports the notion that, initially, Lake Tarawera was
of LIDAR indicate former crater rim may be preserved adjacentower than what is seen in photographs taken just after the
to the Black Terrace Crater site. Nevertheless, it is débata eruption (Supplementary Figure 1)) and it rose after that
whether the Black Terrace Crater and the Black Terrace wemvent. Notes from the meteorological register from Rotorua
distinct features located in close proximity, or whether Black  corroborate this change, documenting rapid local base level
Terrace Crater was created as a result of the Black Terradse of C18 inches at Lake Rotorua after the 10 June 1886
erupting. All the evidence suggests the former Black Terraceruption (Supplementary Figure 1) Continuation of that trend
site was on land o of the northwest corner of modern Lakefor other lakes nearby (such as Lake Tarawera) may have meant
Rotomahana, supporting Hochstetter's general placement of théhe pre-eruption Kaiwaka outlet of 1886 was buried beneath
feature on his 1863 map, details #mith (1894)and assertions alluvium from local base level being raised rapidly. Thermefor
of BN18 (despite their use of a di erent map and method). the palaeo-delta for the Kaiwaka river may be situated a few
While post-eruption oblique views of Rotomahana (like thehundred meters inland from the present river mouth (see LIDAR
one inFigure 8) have tried to incorporate estimated positions forin Supplementary Figure . Upstream, the Kaiwaka River
The Terraces, remarks from parties that surveyed the detstruc  channel, and major branches o of it, would have responded to
place caveats on those assertions. base level changes and an excessive sediment supply.
The former Lake Rotomahana outlet and Kaiwaka channel as
“The whole con guration of the place was so completely altered, mapped bySmith (1894 )are positioned partly over a prominent
that those who were most familiar with its features hesitated in uvial incision into tephra and alluvium (seen in LIDAR north
locating the site of the Pink Terrace.&ys, 1887 of Te Tarata Peninsul&igure 7, 12; Supplementary Figure L
The position for Te Awa Porohe, based on the same report,
This statement could be equally applicable to the Black Tefracunrealistically aligns to high grounddunn and Nolden(2018
and locations estimated for the other terraces based onigyess  their Supplementary Figure 9 placed Te Awa Porohe over

accounts after the eruption. where Smith (1894)suggested the former Kaiwaka channel
o . , owed, and they also suggested the former Kaiwaka Riveratign

Reconciling the Margins of Hochstetter's to where the modern Kaiwaka course is located, based on their

Maps With Modern Geomorphology recti cation of the 1859 watercolor map. The location of the

Fluvial and lacustrine features on the 1863 map outsiderofiés  former Kaiwaka River channel based on our orientation and
Lake Rotomahana unsatisfactorily align to modern geomorphiscaling of the 1863 map is situated close to whigreth (1894)
indicators shown in LIDAR, based on the orientation and Bl positioned it, and aligns with the location indicated Bynith

we provided in this study. We recognize that the former Kaisvak (1894)in an oblique view from Te-Hape-o-Toroa HilF{gure 8).
River channel may not be depicted in the correct location in The Kaiwaka River and Te Awa Porohe geomorphology in
historic post-eruption maps §mith, 1894; Cadell, 18R7In  the 1863 map, including (a) the shape of their junction, (b)
addition, Te Awa Porohe (The Porohe River) in the 1859 andunneling into rapids, and (c) a dog-leg turn to the north afte
1863 maps Kigures 3 10) may also not be in the correct the junction, agrees best with LIDAR features seetDOm to
position, drawn to the correct scale, or orientated corngctl the southeast of where our scaling and orientation of the3186
Taken at face value, however, the most obvious discrepaai@es map positions both riversHigure 12. It is likely part of the
relative positions for the former Kaiwaka River (includingeth relic Kaiwaka River downstream from Rotomahana is located just
junction with Te Awa Porohe) and the orientation and position west of the narrow constriction leading onto Te Tarata Psuoia,

of Lake Rotomakariri. Field observations from post-eruptionwith part of the former Te Awa Porohe channel located to
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the east Figure 12. This interpretation ts with conventional survey sight lines, landscape pro les, and landforms that he
understanding of contemporary lake bathymetry that suggestviewed in 1859. Detailed perspectives that Hochstetter péinte
Star Hill crater and other subaqueous craters to the easteof Tor sketched, when compared with oblique near-ground 3-D
Tarata Peninsula overlie the former Lake Rotomakariri bésin  digital elevation model perspectiveSidure 9), verify locations
Ronde et al., 2016b we identi ed for Stations 20 and 21. Independent veri cation
Changes in the Lake Tarawera/Kaiwaka/Rotomahana Basaf some former datum locations was undertaken by sighting
mentioned above may have averted the Kaiwaka River from itandforms >25km away that were held out of the initial
former main northeast- owing channel (plugged with tephra) reconstructions $upplementary Figure 9. In addition, use of
to occupy a more northerly branch after the 1886 eruptionbearings with stronger con dence to identify a datum locexj
This point supports the assertion that, for the most part, formerthen shooting bearings to landmarks with poor location metid
Lake Rotomahana geothermal features in Hochstetter's (18680om those datum, provides a way to nd sites that are presently
map have factually-based spatial constraints in the caafolyy. not labeled in the modern cartograph$pplementary Table 1
However, the depth of eld that dictated their exact position In essence, this process allowed us to serendipitously lotase s
on the 1863 map may require a re-evaluation (i.e., theynentioned by Hochstetter that were surveyed from Statidis 1
might slide closer to or away from the survey datums). In20 that were formerly located along Lake Tarawetay(re 4),
addition, geothermal features and landforms farther awaynf  but were drowned by rising lake levels after 1886 {sdxe 2.
Hochstetter's survey datums (e.g., the Black Terrace, fiauma The choice of Hochstetter's magrigure 3) for evaluating
Rangipakaru), parts of the lake margin (the southeast arnwhere former sites of the Terraces are located is a criticdl pa
of the former lake), uvial channels and lacustrine bodiesof this re-evaluation. Our map choice was guided by an irgérn
(e.g., Rotomakariri, orientation of the Kaiwaka River) tha¢ a precision test Supplementary Figure § which shows the 1863
seen at the map edges may be subject to potential revisioversion published by Justus Perthes of Gotha is internally
Notwithstanding, the uvial geomorphic signatures we haveconsistent with the survey data contained in Hochstettaiesy
identi ed in the LIDAR and linked to the 1863 map indicate the (Table 2. The 1859 watercolor map (thermal detail version used
former location of the White Terrace as asserted by BN18 (andy Bunn, 201$ BN18) is not internally consistent with the
subsequently iBunn et al., 201)ds positioned on the wrong side survey bearings, and therefore it does not accurately atdibhow
of the relict Kaiwaka River. This is yet another reason toateje sinter terraces and geothermal features around Lake Rotansh
assertions that the White Terrace is positioned on land nafth were juxtaposed prior to 1886. There is evidence from the

the modern Lake Rotomahana shoreline. series of maps Hochstetter made for Lake Rotomahana that
shows cartographic progressiofrigure 10. Suggestions that
Summary can be made from Hochstetter's map sequence would imply

We have demonstrated how combining historic survey andhe watercolor versions were initial drafts generated dhefa
cartographic resources with contemporary geological datpublished versions. We conclude the 1859 watercolor map
can help reconstruct New Zealand early historic volcani¢employed by BN18) is contained within a series Hochstetter
landscapes. Our work builds on previous e orts that havecrafted prior to a nal version being professionally printed.
re-evaluated Ferdinand von Hochstetter's historic surdeya As such, the assertions that Hochstetter's (1859) watarcol
as they have become availabl8upplementary Figures2 map (thermal detail version) is a superior cartographic praduc
3). A wider set of compass bearings than previouslyelative to the 1863 published mapynn, 2016and references
employed Bunn, 2016and subsequent studies) and objectiveafter), and application of that 1859 map to locate former
evaluation of Hochstetter's survey landmarks allowed rsg¢ve Terrace sites, are untenable. We temper these points by
datum locations to be reconstructedFigures4 7). The suggesting that the 1863 map has known issues that others
declination correction we applied to Hochstetter's bearingdave attempted to reconcile using photograpked{m, 201}
conforms with internationally distributed admiralty char and that dramatic environmental changes since the eruption
(Supplementary Figure § and the IGRF12 declination model. (Supplementary Figure 1pmake some reconciliations with the
Declination for 1859 was corroborated by historic magneticcurrent landscape di cult.
measurements taken by Hochstetter's expedition party in New outcomes for Hochstetter's datum locations at Lake
Auckland Supplementary FigureJ. Use of Hochstetter's Rotomahana and on Puai Island are provided in this study.
compass bearings with contemporary New Zealand topographidsing those two datums as anchors produced a projection for the
maps required an iterative convergence angle correction t®863 map that depicts geothermal features and landformsnvith
account for survey stations spaced west-to-east across ttiee former Rotomahana environmenitgble 3. The geothermal
landscape Kigure 4). Landmarks that were shared betweenfeature arrangement (e.g., sinter terraces, springs, heagt
dierent survey datums Tables1 2) provided a common orientation of The Terraces and Waikanapanapa valley, length
solution for Hochstetter's wider compass survey datasettlagy  and width of Puai Island) conforms with Hochstetter's dégdli
show that his bearings were accurate (witldh 0.50 degrees) descriptions, bearings and photographic evidenEggre 11).
relative to mid-nineteenth century equipment he employed. The 1863 map orientation and associated scale, based on the
Application of LIDAR with Hochstetter's survey data anchoring datum coordinates, is consistent with the published
(Figure 5) helped to evaluate the realism for reconstructions ofcale on that map (1/4 nautical mile). Spatial evidence é¢oath
his former datum locationsjupplementary Figure §, including  in historic photographs that capture landmarks at the formésela
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supports placement, orientation and scaling for the 1863 map iaddition, the identi cation of former settlement locatisrusing
our study; however, features on the 1863 map at the margins, &ochstetter's bearings and noteEaple 1) is an important part
well as landscape elements that were notincluded in Hodlestet of revitalizing regional history and the historic Terradesirist
survey, may be subject to repositioning using other approachesroute. Future research focused in this area is highly relefa

Based on our positioning and orientation of Hochstetter'sTdhourangi hapu and their expression ofino rangatiratanga
(1863) map, former locations for Te Tarata (The White Terjace(self-determination), their identication and protectionof
and Te Otukapuarangi (the Pink Terrace) are located weltulturally signi cant sites), and their responsibilities kaitiaki
within the con nes of modern Lake Rotomahana. This nding (guardians; Tuhourangi Tribal Authority, 201). The wider
is consistent with three other (independent) published s&sdi relevance of approaches that are demonstrated in our work are
(Smith, 1894; Keam, 20%ahd references there igeir, 201)  also applicable to the reconstruction of socio-environmental
that suggested those two former terrace sites are locatiihwi histories across cultural landscapes of importance &mh—and
the bounds of the modern lake={gures 8 12). Our locations potentially in other places where indigenous cultures hananst
for the former Pink and White Terraces sites and lake margirinkages to volcanic ecosystems.
outline derived from the 1863 map are congruent with evidenc
(including proposed locations of sinter terrace remains with AUTHOR CONTRIBUTIONS
the lake) from recent Rotomahana investigations (see sectio
Reconciling the Margins of Hochstetter's Maps With ModernAL and J-MW worked on the data analyses together. AL wrote
Geomorphology). We suggest additional links can be madthe manuscript and drafted the gures with input from J-MW.
between relict physical geography and post-eruption geolbgica-MW generated geologic maps, all digital elevation pro les and
evidence for Rotomahana. oblique digital landscape perspectives.
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Terrace) former location is likely on lanéigure 7), as originaly ACKNOWLEDGMENTS
asserted bysmith (1894) However, that site may have been
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