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Abstract. A new annually resolved sedimentary record of Southern Hemisphere mid-latitude hydroclimate was

recovered from Lake Ohau, South Island, New Zealand, in March 2016. The Lake Ohau Climate History (LOCH)

project acquired cores from two sites (LOCH-1 and -2) that preserve sequences of laminated mud that accumu-

lated since the lake formed ∼ 17 000 years ago. Cores were recovered using a purpose-built barge and drilling

system designed to recover soft sediment from thick sedimentary sequences in lake systems up to 150 m deep.

This system can be transported in two to three 40 ft long shipping containers and is suitable for use in a range

of geographic locations. A comprehensive suite of data has been collected from the sedimentary sequence using

state-of-the-art analytical equipment and techniques. These new observations of past environmental variability

augment the historical instrumental record and are currently being integrated with regional climate and hydro-

logical modelling studies to explore causes of variability in extreme/flood events over the past several millennia.
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1 Introduction

The Lake Ohau Climate History (LOCH) project is an in-

ternational initiative involving scientists, engineers, drilling

professionals, and students from New Zealand, Italy, Repub-

lic of Korea, United States of America, and Australia. Be-

tween 12 February and 5 March 2016 our drilling opera-

tions team completed a field expedition that recovered core

from an 80 m thick sedimentary sequence of laminated mud

that lies beneath the floor of Lake Ohau, South Island, New

Zealand (Fig. 1). This sequence accumulated after glacial ice

retreated from the lake basin approximately 17 900 years ago

(Putnam et al., 2013). Four holes at two sites (LOCH-1 and

LOCH-2, Fig. 1) were drilled during this operation and a to-

tal of 229 m of sediment was recovered. This new sedimen-

tary record offers a high-resolution (annual to decadal) cli-

mate record for the Southern Hemisphere. This progress re-

port provides an overview of the scientific objectives of the

LOCH project, summarizes drilling operations, highlights

the new lake drilling capability that was developed and uti-

lized for the project, and provides an update on the status of

scientific work.

1.1 Scientific rationale

Inter-annual climate variability around New Zealand and the

south-western Pacific is primarily driven by the position and

intensity of Southern Hemisphere westerly winds (SWW)

which are sensitive to changes in the Southern Annular Mode

(SAM) (Ummenhofer and England, 2007; Ummenhofer et

al., 2009; Wang and Cai, 2013), the influence of El Niño–

Southern Oscillation (ENSO) (Ummenhofer and England,

2007; Wang and Cai, 2013) and the Interdecadal Pacific Os-

cillation (IPO) (Folland et al., 2002; Salinger et al., 2001).

These climate phenomena have a considerable influence on

New Zealand rainfall, which is clearly illustrated by a reduc-

tion in South Island summer precipitation of up to 40 % over

the past 30 years in response to a trend towards a high posi-

tive phase of SAM (Ummenhofer et al., 2009). Concomitant

southward migration and strengthening of the SWW have

been driven by increasing atmospheric CO2 concentrations

(Shindell and Schmidt, 2004) and ozone depletion (Thomp-

son and Solomon, 2002). Leading hypotheses and modelling

results suggest that the SWW will continue to shift south and

intensify as climate warms (Toggweiler and Russell, 2008;

Chang et al., 2012; Barnes and Polvani, 2013), with a sig-

nificant impact on precipitation at the mid-latitudes of the

Southern Hemisphere (Garreaud, 2007; Lim et al., 2016).

However, our ability to interrogate these hypotheses and cli-

mate simulations with empirical data is limited by the rel-

atively short duration of instrumental records. High-fidelity

climate archives that span millennia, including intervals of

past warmth, are required to place current anthropogenic cli-

mate change into a longer-term perspective and allow a more

Figure 1. Location of Lake Ohau, South Island, New Zealand. Or-

ange circles: monitoring sites 1–4; red dots: LOCH drill sites; line

X–X′: location of the seismic line illustrated in Fig. 3. Gravel ac-

cess road indicated by the dashed line in the bottom panel. The rose

diagram shows that the dominant wind direction is from the north-

north-east.

robust assessment of climate dynamics at the southern mid-

latitudes.

The Lake Ohau basin (44◦10′ S, 169◦49′ E) contains

a thick sedimentary sequence that accumulated following

glacial retreat that began 17 900 years before present (BP)

(Schaefer et al., 2006; Barrell et al., 2011; Putnam et al.,

2013). The study area is located at the northern boundary

of the westerly wind belt and offers a unique location to

examine the hydrologic response to changes in the SWW.

Moorings fitted with instruments to measure currents, tur-

bidity, and water temperature have been deployed in the lake

since 2012. Data obtained from these instruments have been

integrated with local weather station data, outflow measure-

ments, and sediment trap data. Results show that sediment

transport and deposition in the lake reflect seasonal varia-

tions in regional hydroclimate (Roop et al., 2015a, b). The

6 m long cores that were recovered from beneath the lake
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Figure 2. Line scan image from a 6 m long Mackereth core recov-

ered from the sedimentary section near site MS-3. A petrographic

thin section from the same core highlights sedimentary couplets that

include lighter (summer) and dark (winter) layers.

bed near LOCH-2 (Fig. 1) using a Mackereth coring system

(Mackereth, 1958) revealed a sedimentary sequence com-

prising mm-scale couplets of light and dark layers (Fig. 2).

A detailed chronology for this sequence has been established

by combining well-defined 137Cs and 210Pb profiles, layer

counts, and 14C dates (Roop et al., 2015a; Vandergoes et al.,

2018). The age model allows us to correlate the sedimen-

tary sequence with hydroclimate data and shows that sedi-

mentary couplets exhibit strong correspondence with lake in-

flow and outflow. Specifically, deposition of thin dense lay-

ers that are composed of the finest particle fraction occurs

during winter. Less dense coarser layers are deposited dur-

ing spring and summer and are generally thicker than the

winter layers (Roop et al., 2015a). Measured annual out-

flow from Lake Ohau correlates with annual precipitation

measured over most of the South Island (Ummenhofer and

England, 2007). These data suggest that the package of sed-

iment preserved beneath Lake Ohau offers an unprecedented

opportunity to reconstruct South Island hydrology at annual

timescales over the Holocene and at high resolution since the

LGM. This record is of major global significance as simi-

lar high-resolution paleoclimate data series are exceptionally

rare at the Southern Hemisphere mid-latitudes.

1.2 Regional setting

Lake Ohau occupies an intermontane basin that formed as

ice advanced across the Mackenzie Basin during Late Qua-

ternary glaciations (Golledge et al., 2012; Putnam et al.,

2011, 2013). Terminal glacial moraines were deposited at the

southernmost end of the basin 17 900 years ago and form

a natural dam (see Fig. 11 in Putnam et al., 2013). Today,

the lake is fed by the Dobson and Hopkins rivers, which

flow from the continental divide, draining a combined area

of 924 km2, and converging just upstream of the lake delta.

These two rivers contribute ∼ 85 % of the total annual in-

flow (Woods et al., 2006). The lake has a mean depth of 74 m

and reaches 129 m at its deepest point (Irwin, 1978). Wa-

ter levels typically fluctuate by < 0.3 m throughout the year

and are controlled via hydroelectric power infrastructure that

was built in the 1970s and comprises a control gate and weir

that cut the terminal moraine. Prior to construction, lake lev-

els varied naturally by ∼ 0.5 m, as determined by near-daily

measurements dating to 1926.

Lake Ohau sits at the northern edge of the westerly wind

system that dominates zonal air flow at the southern mid-

latitudes. The north–south alignment of the Hopkins and

Dobson valleys means the predominant wind flow over the

lake is from the north, with a secondary south easterly mode.

The highest wind speeds (up to 160 km h−1) come from the

north and occur most frequently in spring and early summer

when the westerly wind belt is located at its northernmost

extent. During this period gusts over 100 km h−1 are com-

mon. There is a marked diurnal wind cycle in summer, with

the calmest conditions in the morning and windiest in the late

afternoon. Air temperature around the lake margin ranges be-

tween a winter mean of 6.2 ◦C, although it frequently drops

below freezing at night, and summer mean of 14.3 ◦C and

decrease at a rate of ∼ 0.5 ◦C/100 m increase in elevation.

Mean rainfall increases from ∼ 640 mm year−1 at Twizel (el-

evation 470 m) to over 2800 mm year−1 at Elcho flats (eleva-

tion 739 m) in the Hopkins Valley (Fig. 1).

1.3 Lake hydrodynamics

We initiated a hydrologic monitoring programme in 2009

that was expanded in 2012 to examine the physical processes

that influence lake sedimentation and to help identify an opti-

mal location to recover a long climate record. Moorings with

temperature loggers and turbidity meters were deployed at

monitoring sites (MS) −1 and −2 near the large delta at

the northern end of the lake and MS-3 at the distal end of

the lake (Fig. 1). Water current velocity data were collected

at the delta between January 2012 and January 2013 using

a RDI 1200 kHz, four-beam acoustic Doppler current pro-

filer (ADCP) moored on the lake bottom at a depth of 25 m

(Fig. 1, MS-1) and a RDI 600 kHz, four-beam ADCP at depth

of 50 m (Fig. 1, MS-2). These instruments captured a series

of major summer inflow events that occurred between 31 De-

cember 2012 and 15 January 2013, during which period one

of the instruments was lost (Cossu et al., 2016). A Sontek

250 kHz ADCP was deployed in September 2013 in the cen-

tral basin in 129 m of water (Fig. 1, MS-4). This instrument

samples water velocity and signal amplitude (∼ particle con-

centration) over the entire water column in 2 m depth incre-
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Figure 3. Seismic (boomer) reflection profile and sonar data from Lake Ohau showing the progressive thickening of the post-glacial sequence

toward the central lake basin. The inset map shows the location of profile X–X′, LOCH drill sites (red dots), and bathymetric surveys

(coloured squares correspond to data shown at the right of the figure).

ments. Several types of sediment trap have been deployed

over the monitoring period, including simple centrifuge tubes

attached at discrete intervals along mooring lines at MS-1, -

2, and -3 (Fig. 1), a 46 cm diameter single cone trap (first

deployed in May 2009), and a NiGK Corporation SMD-13S-

6000 carousel trap system with a 36 cm diameter cone and

set up with fortnightly rotations of sample bottles (first de-

ployed in August 2014). Both large sediment traps are lo-

cated at MS-3 near the distal end of the lake in 68 m of water

(Fig. 1).

Results of this monitoring programme indicate that Lake

Ohau is isothermal in winter when water column temperature

decreases to ∼ 8 ◦C. The lake becomes thermally stratified in

November and surface temperatures reach maximum values

of ∼ 18 ◦C between January and March. Large inflow events

(Q ≥ 500 m3 s−1) that follow strong summer rainstorms trig-

ger high-concentration turbidity currents, which are the main

agents for sediment delivery and deposition. During winter,

smaller turbidity currents also occur after rain events but typ-

ically flow along the lake bottom as the temperature of the

inflowing river water is below that of the lake. A concep-

tual hydrologic sedimentation model was developed from

regional climatic and monitoring data (Cossu et al., 2016).

In this model, hydrodynamic processes, which are primarily

controlled by changes in lake temperature, produce the sea-

sonal signal that is preserved in sediments at the distal end

of the lake. Inflow events between late spring and early au-

tumn generally transport sediment in interflows and disperse

clastic particles across the entire lake basin. In contrast, cold,

dense winter inflow events generally plunge and flow across

the basin near the floor of the lake. These bottom flows can-

not carry sand-sized sediment into shallower regions at the

distal end of the lake. Fine grained silt and clay that remain

suspended from spring to autumn inflow events settle out at

the distal end of the lake during winter. This seasonal contrast

produces a distinct winter layer of very fine silt (Fig. 2). In

contrast, sediment layers at the delta and central basin record

a complex event stratigraphy, including dm thick sandy tur-

bidites.

2 Drill site selection and characterization

2.1 Acoustic surveys

Sub-bottom profile (3.5 kHz “Chirp”) and high-resolution

seismic reflection (boomer) data were collected during sev-

eral surveys between 2011 and 2015. The seismic sequence

(Fig. 3) is characterized by an acoustically opaque unit with

an undulating surface (acoustic basement) that is overlain by

a unit with indistinct parallel reflections (Seismic Unit 1) and

a unit with strong parallel reflections (Seismic Unit 2). Re-

flections in Seismic Unit 2 can be traced across the basin and

acoustic layers thicken toward the centre of the basin where

the total post-glacial sequence is at least 150 m thick. We in-

ferred that the basal unit (acoustic basement) was composed

of diamicton deposited as glacial moraine and sub-glacial till

that accumulated as ice last retreated from the lake basin. In

contrast, the layered sequences (Seismic Units 1 and 2) ac-

cumulated once the lake had formed. Seismic Unit 1 was ini-

tially interpreted as a sequence of proglacial sediments and

homogeneous muds that accumulated during glacial retreat.

Seismic Unit 2 was interpreted as a Holocene sequence of

well-stratified, laminated sedimentary couplets which repre-

sented a continuation of the stratigraphy observed in short

cores recovered from the upper 6 m of sediment fill. A high-

frequency bathymetric sonar and side scan survey was con-

ducted over targeted regions across the delta system and at

the distal end of the lake using a Geoswath Plus 500 kHz

phase-measuring bathymetric sonar mounted on a Teledyne

Gavia autonomous underwater vehicle. Measurements col-

lected from this untethered vehicle produce bathymetry with

better than 20 cm spatial resolution that reveals the subaque-

ous geomorphology of the lake floor in exceptional detail. In

total eight ∼ 1 × 1 km grids were surveyed around the lake

from the inflow at the northern end to the outflow weir at
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the southern end (Fig. 3). These data demonstrated a wide

range of geomorphic features within the lake, including ev-

idence of sidewall slumping, delta foreset morphology, and

long runout sediment flows from sidewall mass movement.

These data were also used to examine lake floor morphol-

ogy at the chosen drill sites and evaluate their suitability as

drilling targets.

2.2 Sediment distribution

Whereas the central basin offers the greatest potential to re-

cover the thickest/highest temporal resolution paleoclimate

record, analysis of short cores from the deepest regions of

the lake reveal a complex sequence of layers that include

three primary sedimentary lithofacies: (1) 5–10 mm thick

dark grey very fine sandy silt and light grey medium silt cou-

plets; (2) 10–100 mm thick beds of dark grey fine sand that

normally grade into grey medium silt; and (3) up to 1 m thick

graded beds characterized by a medium to fine sand base,

very fine sandy silt unit, and fine silt cap. The two thinner

units likely formed during inflow events of different magni-

tudes, whereas the thick units formed during flows generated

by mass-wasting on the basin margins, possibly following

seismic events. This complex event stratigraphy precludes

our ability to identify a clear annual signal – a key require-

ment for paleoclimate research objectives. In contrast, dis-

tinct summer–winter layers accumulate at the distal end of

the lake and make the region the best target to resolve an an-

nual stratigraphy (Roop et al., 2015a). These annual layers

form in response to changes in sediment input and hydrody-

namics through the year. Sediment trap data from MS-3 indi-

cate that accumulation at the distal end of the lake generally

ranges between 0.7 and 4.0 mg cm−2 day−1 between Novem-

ber and May but drops below 0.5 mg cm−2 day−1 between

June and October. This seasonal variability in sediment dis-

persal and accumulation rate produces sedimentary couplets

that reflect an annual cycle and make the distal end of the

lake a primary target for an annually resolvable paleoclimate

record.

2.3 Environmental factors

Environmental conditions also factored into site selection.

Wind speeds up to 160 km h−1 have been recorded at the

head of the lake and air flow can be consistently strong in

spring and early summer. The prevailing northerly and north-

westerly winds funnel down the 10 km length of the lake

and can produce short-period (∼ 4 s) waves at least 2 m high.

Drilling in these conditions is not possible. The south-eastern

end of the lake is generally sheltered from these prevailing

winds and wave heights are less than in the central basin,

which meant that the south-eastern location was likely to pro-

vide calmer conditions for drilling.

3 Drill system design

Operating requirements for the LOCH project were unlike

any encountered during previous scientific drilling activi-

ties in New Zealand. The project needed a drill system that

could operate in deep water (at least 100 m) and recover near-

continuous high-quality core through a sequence of soft sed-

iment (sand and mud) ∼ 80 m thick. Furthermore, wind and

wave conditions at Lake Ohau can be extreme, so the ability

to quickly mobilize the drilling system and move it to shel-

ter in the event of high winds and rough water conditions,

and relocate the rig above the site and re-enter the hole once

conditions improved, was a key operation capability design

requirement.

A fit-for-purpose drilling system was built in 2015 to meet

LOCH project requirements, but the potential for deploy-

ment in a range of hard to access locations around the world

has been considered in the design and build. Major compo-

nents include a state-of-the-art barge; a riser system; soft sed-

iment coring tools; and a drill rig. The initial barge concept

was developed by Marine Surveyors (Mtech Ltd) and Web-

ster Drilling and Exploration Ltd in collaboration with engi-

neers at Victoria University of Wellington. The barge com-

prises two 11.8 m long pontoons that are constructed of a

6 mm steel plate and are connected by threaded Ishibek bars

that run through steel transverse frames. It has an unloaded

weight of 13 t and can be disassembled for transport and fit

into one standard 40 ft long shipping container. A Webster

Drilling HPP 600 rig was chosen for the LOCH operation.

This rig is a through the head drive diamond coring rig capa-

ble of 13 t pull-back, although the barge system in its current

drilling operational configuration can only support a pull-

back of 8 t. The operational load included the rig and power

pack (4000 kg), 108 m of PWT casing (2315 kg), 200 m of

HWT drill string (3498 kg), and 600 L of fuel (600 kg), which

provided the capability to complete the LOCH objectives.

The system can support a larger load if a self-supporting riser

is used, which would allow deployment of up to 400 m of PQ

string and bring targets up to 400 m beneath the barge floor

within reach.

A self-supporting riser was included in drill system design

specifications to allow circulation of drilling mud to enhance

core recovery and quality. A riser would also allow deploy-

ment of HWT drill string in “deep” water drilling environ-

ments and hole re-entry capability if required. An airbag sys-

tem was designed to tension the riser and keep it separated

from the barge so that, in the event of inclement weather,

the platform and rig could be removed from the drill site,

towed to sheltered anchorage, and subsequently repositioned

over the riser once weather improved. If a disconnect was re-

quired, HWT drill string would be clamped above the slips

and hung off the top of the PWT casing. Additional weight

of the drill rod to the lake floor would be compensated for

by increasing the buoyancy in the air bag. The four mooring

www.sci-dril.net/24/41/2018/ Sci. Dril., 24, 41–50, 2018
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lines would be tied off on the self-buoyant riser and the barge

could then be towed off site.

4 Field operations

Drilling in winter, which is the calmest period, was consid-

ered impractical due to the short number of daylight hours

(∼ 8.5 per day in July vs. ∼ 13.5 in February) and temper-

atures that frequently drop below 0 ◦C. Environmental con-

ditions in February–March are generally more settled than

earlier in the summer. Wind speeds rarely exceed 60 km h−1

and typically range between 0 and 15 km h−1, and average

day–night temperatures range from 8.5 to 24 ◦C. This period

was selected for drilling to mitigate risks associated with ad-

verse weather.

Primary access to the lake was via a gravel road that tra-

verses the eastern margin of the lake (Fig. 1). A concrete boat

ramp and jetty located at Port Bryson at the southeastern end

of the lake are accessible from the road. The barge and drill

system were delivered to the lake edge on two articulated

trucks and lifted into position with a 30 t crane. Barge assem-

bly and rig fit-out was completed in ∼ 1/2 day. An 11.09 m

Seacraft alloy research vessel, the Beryl Brewin, was also de-

livered to Port Bryson on a tractor trailer unit and lifted into

the lake with the crane. This vessel was used to manoeu-

vre the barge, deploy anchors, and serve as a support ten-

der and core processing platform during drilling operations

(Fig. 4). The barge was four-point-anchored to the lake bed

using standard plough anchors and chain attached to 400 m

of low stretch 12 mm Dyneema® 12 strand braided rope. An-

chor lines were tensioned off four hydraulic winches on the

deck of the barge and powered off the rig’s hydraulic power

unit (Fig. 4). This system allows the rig to be repositioned to

drill multiple offset holes without having to reset the anchors.

PWT casing (139.7 mm (5.5′′) external diame-

ter/127.0 mm (5.0′′) internal diameter) was used as a

riser and was deployed with the main rig winch. The riser

was clamped with a bullring and slips installed below the

barge deck and in front of the drill mast. A 1.3 m3 concrete

block weighing 1.3 t (in air) was connected to the bottom of

the riser and used as a lake floor anchor. A 2 m long length

of PWT casing with a flange at its top end was embedded in

the concrete block to provide a “stinger” that extended 1 m

into the sediment below the base of the block. Ports in the

flange allowed wash-in cuttings to vent on top of the anchor

block.

An airbag system comprising a 5 t wrap around air bag

was shackled to 203 mm (8′′) internal diameter flanged pipe

(Fig. 4) and was connected to the riser so that the top of

the air bag sat ∼ 2.8 m below the lake water surface. Moor-

ing lines were connected to four points at the bottom of

the airbag pipe with blocks (and pulleys). However, once

deployed, the drilling crew recognized that the top of the

airbag system was mounted too close to the water surface and

Figure 4. (a, b) – Photographs of the drill system deployed at Lake

Ohau shown from stern view (note LGM terminal moraine in dis-

tance) and from above. A – alloy support vessel used to transport

core to shore; B – RV Beryl Brewin; C – core curation area; D –

coring tool work area; E – Webster Drilling HPP 600 rig; F – dou-

ble lined 350 L rig fuel tank; G – drill pipe; H – anchor lines. (c,

d) – air bag attached to flanged pipe in pre-deployment configura-

tion lying beside tender vessel; schematic diagram of barge and air

bag in deployed configuration.

that the airbag volume/buoyancy was fluctuating in response

to pressure changes caused by low-amplitude lake surface

waves. The airbag system’s automated pressure control was

unable to maintain constant buoyancy during these short-

period pressure changes, so the system was disconnected.

Future deployments could include a riser buoyancy system

that utilizes a light rigid shell cylindrical tank, instead of an

inflatable air bag, which should mitigate buoyancy issues en-

countered during LOCH project operations. Drill crew mem-

bers would control the volume of water or air in the tank to

manage buoyancy and maintain a small positive air pressure

in the tank to ensure it did not collapse. This system should

be unaffected by variable pressure created by wave motion

and the barge-riser disconnect capability could then be uti-

lized if required.

A QD Tech, Inc wireline retrievable hydraulic piston corer

(HPC) that recovers a 66.3 mm diameter core inside a plastic

(Ocean Drilling Program; ODP) core liner was latched into

the core barrel deployed in an HWT drill string (114.3 mm

(4.5′′) external diameter/101.6 mm (4′′) internal diameter)

within the PWT casing. Lake water was pumped into the

drill string until a pressure of 4.14 MPa (600 psi) was reached

and shear pins holding the corer in place failed, allowing it

to “fire” into the sediment. The sample tube could extend a

Sci. Dril., 24, 41–50, 2018 www.sci-dril.net/24/41/2018/
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Table 1. Drill site location data and core information.

Site Latitude Longitude Water depth (m) Number of core runs Max. sediment depth (m)

LOCH-1A 44◦16.844′ S 169◦54.036′ E 101 20 60.2

LOCH-1B 44◦16.872′ S 169◦54.027′ E 101 29 82.3

LOCH-2A 44◦16.789′ S 169◦55.430′ E 68 14 43.0

LOCH-2B 44◦16.790′ S 169◦55.440′ E 68 14 43.6

maximum 3 m ahead of the bit. An integrated bypass head

was used to indicate when full stroke was achieved. The drill

string was then pulled back 3 m, lifting the sample tube out of

the sediment and into the borehole. The entire inner assem-

bly was then retrieved via wireline to the deck of the barge

where the core tube was removed. While the HPC was being

reset, the core barrel was advanced to the depth reached by

the piston corer on its previous stroke. The HPC was rede-

ployed and the process repeated. Each 3 m coring run took

between 30 and 45 min and drilling operations were carried

out around the clock.

Core liner containing recovered sediment was removed

from the HPC and transferred to the tender (RV Beryl

Brewin), where it was cut into two 1.5 m sections and capped.

Sections that contained significant biogenic gas (methane)

were perforated with a hand-held electric drill. Cores were

left to rest for up to 10 min, were placed in custom plywood

boxes, and were transported to the jetty at Port Bryson on-

board a 4.4 m alloy support vessel (Fig. 4). Shore-based staff

collected the core from the jetty and drove it to a temporary

field facility located above the control gate at the outlet to the

Ohau canal (Fig. 1). The field facility included a refrigerated

shipping container and portable office/lab. X-ray images of

each core section were collected using a Ectotron portable

system with a digital radiography plate. Images were used to

examine core quality and results were reported via very high-

frequency (VHF) radio to the tender vessel and passed to the

head driller. Finally, core sections were placed into a storage

rack system in the refrigerated shipping container.

The coring system performed exceptionally well and

achieved near-complete sediment recovery in all four holes.

Loss of up to 10 cm between coring runs occurred in each

hole, but these gaps were covered via a two-hole offset coring

at each site (Fig. 5). A splice for each site will be established

using X-ray CT data. Recovery of diamicton at the base of

the targeted sedimentary section was achieved at LOCH-1

and -2. Basic drill site information and coring outcomes are

listed in Table 1. Full recovery of offset cores was achieved

at LOCH-2. While we were unable to penetrate a stiff in-

terval at 60 m below the lake floor in LOCH-1A, recovery

of the full 80 m thick sedimentary sequence was achieved in

LOCH-1B.

Figure 5. X-ray images showing 10 cm core loss at run break

in LOCH-2A and recovery of the missing section in offset hole

LOCH-2B (up to right). Distinct layers can be correlated between

cores at mm scale from each site using visual and statistical tech-

niques.

5 Post drilling analysis and preliminary results

5.1 Non-destructive continuous measurements

Core was transported in a refrigerated shipping container

to a core facility located in the Geology Department at the

University of Otago, Dunedin, New Zealand. Physical prop-

erties data including gamma-attenuation density, compres-

sional (P)-wave velocity, and volume-specific magnetic sus-

ceptibility were collected on whole core using a Geotek

multi-sensor core logger. X-ray computed tomography (X-

ray CT) scans were obtained on whole cores at the Innervi-

sion Ltd CT facility at AgResearch, Mosgiel, New Zealand,

using a GE Brightspeed medical X-ray CT scanner. We

used these high-resolution data to establish a near-continuous

(600 µm resolution) density data series through regions of the

core that were distorted due to biogenic gas bubbles. These

data series are required to establish an annual layer count for

the sedimentary record. Additional data including resistiv-

ity, high-resolution infinite volume magnetic susceptibility,

colour spectrophotometry, and RGB line scan images were

collected from the Geotek system once the cores were split.

U-channel samples were then taken from one half and natu-

ral remanent magnetization intensity, inclination and relative

declination and anhysteretic remanent magnetization were

acquired every 1 cm using a 2G Enterprises superconducting

rock magnetometer at the University of Otago. Continuous

µXRF data are also being collected from the u-channels at

mm-scale resolution using an ITRAX housed at the Korea

Polar Research Institute.
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Figure 6. X-ray CT images of three primary facies recovered at LOCH-1 and -2. Seismic facies, basic stratigraphic column, and smoothed

wet bulk density data from LOCH-1. Density minima every 1.5–3 m indicate core/section breaks. Pollen changes observed in core catcher

samples from LOCH-1 showing a LGM to Holocene vegetation transition consistent with that observed at other sites in New Zealand.

Preliminary 14C samples (black dots) and associated age data align well with the age distribution inferred from pollen biostratigraphy.

5.2 Sedimentology, stratigraphy, paleontology, and

geochemistry

Diamicton occurs at the base of the sedimentary sequences

recovered at LOCH Sites 1 and 2 (Fig. 6) and likely repre-

sents subglacial or grounding zone proximal till deposited at

the Last Glacial Maximum or during a phase of rapid retreat

of the Ohau Valley glacier between 17 900 and 17 500 years

ago (Putnam et al., 2013). Laminated sediments with occa-

sional lone stones occur up to 4 m above the basal diamicton

at LOCH Site 2 and 9 m at the LOCH Site 1 (Fig. 6). Lam-

inated muds dominate the remaining sedimentary section at

each site and offer potential for an unprecedented record of

climate variability from the late glacial through the Holocene

at decadal to annual resolution. Lithologic data from LOCH-

1 indicate that the transition between seismic units 1 (lay-

ered) and 2 (opaque) at 30 m below the lake floor does not

coincide with a change in facies or significant environmen-

tal transition (Fig. 6). However, an increase in core distur-

bance due to biogenic gas escape occurs at and below this

depth and suggests that the change in seismic character cor-

responds to the depth at which in situ biogenic activity, and

related methane gas production, increase.

Preliminary micropaleontological analyses have been

completed on core catcher material from both drill sites. The

lowermost laminated sediments contain a typical late glacial

pollen assemblage, which transitions up core through a typ-

ical New Zealand deglacial sequence (Fig. 6) (e.g. Vander-

goes et al., 2008, 2013). Diatom concentration is very low

at the base of the sedimentary sequence, but increases in

the Holocene interval. Sixty-nine species from several gen-

era, including Discostella, Cyclotella, Fragilaria, Achnan-

thidium, and Lindavia, have been identified so far. Twenty-

six radiocarbon dates have been generated from terrestrial

and aquatic macrofossils and indicate ages that are consistent

with our preliminary pollen biostratigraphy and layer counts

(Fig. 6).

5.3 Future work

A core workshop was held at GNS Science on October 2016

and analysis of data continues today. Our team is developing

plans to establish a latitudinal transect along New Zealand to

core several lake systems in the North and northern South

islands to examine environmental response to changes in

the position of the westerlies and the impact on rainfall
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distribution. A major goal is to integrate these new high-

resolution datasets from New Zealand with ice core and sed-

iment records from the south-western Pacific and Ross Sea

sectors of Antarctica (e.g. Bertler et al., 2018; Escutia et al.,

2003) to reveal details regarding climate system evolution in

the Southern Hemisphere as Earth’s surface temperatures in-

creased over the past 20 000 years.

Data availability. Preliminary data outlined in this progress report

are not publicly available as they are still being evaluated by the

LOCH project team. Fully vetted datasets from the LOCH cores will

be made available when scientific papers and reports are published.
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