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ABSTRACT OF THE THESIS
New Zealandemperatur@ndaridity since the Last Glacial Maximum from biomass
burning biomarkers

By LAUREN MEREDITH WEISEL

Thesis director:
Dr. Elisabeth Sikes

Aridity is an important component of climate chany¢ildfires linked to dry
conditionscan drastically alter the biomass oflaadscapeDiagnostic nolecules created
in these fires during the incomplete combustion of plaats be used to estimate past
biomass burningvents Biomass burning marker8BM) were isolatedrom three sites
from the South Island of New Zealgrahd quantified using GCMS analysisrécordof
fire occurrence based on these BBMealed gatternof increasearidity in the pastThe
central South Islan@vas characterized by persistent dryness in the glaciatioreased
wetterperiods markethe Younger Dryas and Antarctic Cold Reversal, followed by drier
cycleswith fewer periods of wetnessto the early Holocenand persistent wetting toward
thelate HoloceneThe southern end of the South Island showed consistent wétoess
the midHolocene to the moderrDrynesschanging in longer vs. shorter and wetter vs.
drier is a pattern seefiom the glaciéion through the early Holocendollenbased
temperaturereconstructionsn the study sites do not agree with reconstructions from
elsewhere ilNew ZealandThese new results documenting burninghe glaciation and

through the early deglaciation are a plausible explanation for bias in these temperature



reconstructionslue tolocal aridity inthe study areas of the South Isla@dhanges in this
local ariditywere likely dueto the Southern Westerly Winds, which shifted north during

the glaciation, then overall shifted southward toward the Holocene.
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[. INTRODUCTION

1.1 Thesis context

In order to understand the future of climate change, first we destribe and
understand pasthangesThe determination of past climate generally reliesnoincators,
or proxies that preservdetailsof physical parameterghich hold the record gfast events
that can leado understanohg of howthose eventsay have occurre@Meyers, 199Y. To
create a reconstruction efich important climate indicators &snperature, aridity, biota,
or any host of other factotsat makeumg g i v e n a rpexded musthioundread e
their relationships to these factaraliably calibratedin order to make sense of what

happened in the past.

Reconstructions cfome othefactors of theclimate of New Zealand since the Last
Glacial Maximum (LGM)17.8 thousand years ago (k&ist, such agollen proxies of
temperature(Wilmshurst et al., 2007 plankton proxies of sea surface temperature
(Samson et al., 2005ikes etal., 2003, chironomid proxies of seasonal{fyandergoes et
al., 200§, and spelethem proxies of precipitatiofHellstrom and McCulloch, 20Q0
McGlone et al., 200AWilmshurst et al., 2007 However,theseproxy reconstructions are
preseny not fully consistent with each otheFemperatureas reconstructedy pollen
assemblage@Vilmshurst et al., 2007 for examplesuggests a different history lodbw the
transition from theLGM to the present climatprogressed irNew Zealandfrom that
derivedby the changing position @jiacial moraine¢Putnam et al., 20)0Pollen records
a main source of climate data fibre rest of this thesisely on the presences of pollen in
the sediment record tmfer by t he representative ftheéantso

temperatur@ange preseratthe time the plant grew in the padiowever, this may not be



anaccurateepresentatioif the temperaturgin fact remainedhe samganda pastshift in

plant abundancesas drivennsteadby a concurrent change in precipitativhich caused
certain plants to thrive and others to migrate elsewfdrere are indications thatoxies

that represent temperature often are also affected by aridity in this way, yielding proxy
records that can be either questionable or wi@vidgmshurst et al., 2007 To teaseapart

these intertwined factorand get a better grasp of both temperature aigityg what is
needed is @ independenteasure of aridity to inform the pollen record of temperature.
Distinguishingwhich plant type abundance shifts were caused by changes in temperature
and whichmay have been causdyy changes in precipitation &n important stepto

painting a clearer picture tifie climatechangesn New Zealand since the LGM.

Although single site reconstructions are useful, a complete picture of climate needs
multiple records from multiple time periodSomparing poxy records froma variety of
sites can providenformation that is important to regional and laigmale climate
interpretation. mterpreting poxy data fromseveralsites allowsnterpretation of regional
climate eventamaking itpossible tglace thes in a global contexfAn importantsouthern
hemispherelimate factor ighe southern westerly wingBWW) atmospheric circulation
pattern. Thiss a climatic wind belt around 38thatfluctuates in positionon a northsouth
basison the order of 3 degreeof latitude (Shulmeister et al., 20041t has been
hypothesized that SWW shifts influenced deglacial climate chawge the southern
hemispheréLamy et al., 2010Toggweiler et al., 2005 and @idence for thesshiftssuch
astemperature change interpreted fr@outhern Alps glacial retre@asshown that the
SWW have a definite impact dhe climate of New Zealan@utnam et al., 2030In order

tounderstandhis effect |ocationssituated along the norsouth breadth of that fluctuation



are important to studyNew Zealand is one of the few landmasses thatsattrthat path,
and t is for this reason that this thesis makes uselafitudinal transect of sedent cores

from New Zealand bogs$n addition to cores in the same regiowartyinglongitudes

Work towards this thesis attempts to establish an anditprd to add t@xisting
temperature recosdrom the South Islan@Alloway et al., 2007 Newnham et al., 2012
Wilmshurst et al., 2007 Aridity is recorded through proxy recordof marker compounds
produced byiomass burningl heproductionof theseébiomass burningnarkers is affected
by the fuel and intenty of the fires in which they we createdElias et al., 200}, which
are in turn affected bgycles ofboth local temperature ampdecipitation(Westerling et al.,
2003. This direct correlatiomakesthese proxies ideal for comparing to existing records
of temperature, aridity, and plant biomagsreate an overall more robust climate record.
In combinationthesefactorscan be correlated wifferencesn the positionof the SWW
by the climate signal proxiethis circulation patterrhasleft behind in the terrestrial

records.Thisin turn shedlight on global atmospheric fluctuations since the LGM.

1.2 Overviewof the study area
New Zealand i® subcontinenin the southwest Pacific Ocedhigure1-1), with
its northern portion in the subtropical south Pacific asdsouthern half in the polar
Southern OcearThis creates moderntemperature and precipitatigmadient between the
warmer subtropicalnorth, and the colet, more temperatesouth which is under polar

influencegTable :1). On the South Islandhé Southern Alps line the wesbast
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Figure :1: (left) Map of modern New Zealand, indicating tbedtions of the three study

sites featured in this thesis. (right) Map of modern surface water masses surrounding New
Zealand: Subtropical Front (STF) in green, subtropical water (STW) in red, subpolar water
(SPW) in blue, and the Tasman Front (TF) in pei{tevens and Chiswell, 2013 The

shape and seafloor topography of New Zealand play a largenpidm positions of the
ocean fronts, and hence the climate, of New Zealand.



leading to a rairshadow in the warm, dry center of tsdandand a consistently wet west
coast(McGlone et al.,, 2004 While both the northern and southern portions of New
Zealand receive large amounts of rain over the course of thetlgeasubtropical north
experiences highy seasonal gradient in monthly precipitatigflWA, 2013). Though
gradients of temperature and precipitationlarthpresent in each of these areas over the
course of a year, the temperature charage noparticularlydistinct from region to regian

It is the difference inannual change in precipitatidretween these aredlsat is more
notable.The combination o&bsolutetemperaturend range of precipitatiotogetherset

the defining characteriss®f the microclimates of New Zealand.

A major force impacting these temperature and precipitation differences is the
position of the oceanifronts just offshore from New Zealand. Today, the océamt
dividing subtropical waters from subpolar water ma$sesown as the Subtropical Front
(STF) 1 traverses the Pacific Oceaastwardaround 40S, until it cuts south just before
Tasmania and wraps around the southern tip of New Zealand at arotidA\#8r this,
the STFflows northwardto approximately 425 along the Southsl| a n @&térrs coas a
eventually makingts way northward back up to 28(Figure 11). North of the STF sits

warm, saltySubtropical water (STW), while south of it lieslder, fresher Sulogarctic

Temperature°C) Precipitation (mm)

Summer Winter Amount Season

Avg | Avg | Avg | Avg | fC | Avg | Avg | P | Total | Wettest | Driest
max | min | max | min max | min month | month

Auckland 23 |14 [15 |7 8.5 [ 146 | 65 |81 | 1240 | July Feb
Christchurch| 23 11 12 2 11 | 79 49 30 | 630 | July Feb
Te Anau 19 9 9 2 8 80 60 20 | 1200 | May, Aug,
Jan Feb
Table 21: Summaryf modern New Zealand temperature and precipitation from sites near
core locations in this thesis.




surface waters (SAW). Farthengh the southern boundaof the SAW is the Antarctic
Circumpolar Current (ACC), the global currenat circles Antarcticand connectall the

wor | doé gSokomeaadRsntoul, 2009

The position of the STBn the west coastf New Zealandrarieslittle seasoally,
moving just south of the Soutkland during the austral summeith a slight northward

shift during the winterOn the eastern coast of the island the 8Tdgeographically

constrained around the Chatham Raselshifts very littleon a yeaitto-year basigBelkin

and Gordon, 19960verall whilethe STF hashanged positions over the timescale of the
last deglaciationit has moved onla reported 3 south from its glacial positiom the
southwest offasmanido its modern locatigrandits location to the south of New Zealand
andon the Chatham Rise has heaelatively unchangeduring this timgSikes et al., 2002
Sikes et al., 2009aVeaver et al., 1998Thisimplies that the influence of water masses
ontemperature and precipitation chargje New Zealandhas remained relatively constant
during this time. land adjacent to STW is more likely to have a warm, wet climate, while

theland adjacent t& AW will be cool and we{Table1-1).

1.3New Zealand deglacidlistory
The climate of New Zealand has changed dramatically since the end of the last ice
age.Evidence from planktoniforaminiferal assemblages aalttenones shows that overall
temperatures were cooler at the end of thedkstial terminationthan themodernby as
much as 46°C (Samson et al., 200Sikes et al., 2002According to pollen recordsGM
plant cover inthe South Islandonsisted mainly of grasses and podocaspsll conifer

trees, which could survive the cahddry conditions present at the time. As the climate



grew overall warmer and wetter, tahgiosperntreessuch asNothofagusandDacrydium
became more dominargnd spread southward to lmlv the more habitable climate
(McGlone et al., 2004Wilmshurst et al., 2002 While this pattern fluctuated somewhat
during the deglaciationhtis distributioncharacterizedhe Holocenguntil the settlement

of New Zealand by the Maori peomeound 1280ADwhen the cutting and burning of tall
trees for lumber and land management altered the local ecology, transforming large

amounts of forest into grassla@dcWethy et al., 2009

Much of the reconstruction of New Zealand climate has been focused on the North
Island and northern South Island due to plentiéglionalvolcanic eruptions allowing for
reliable age reconstructions from tephfaAdoway et al., 2007Sikes et al., 201)3Several
lines d evidence suggedhat approximately 19,000 years before presentk§].9the
climate of New Zealand gradualyegan to warnf{Alloway et al., 200} andterrestrial
glaciers legan to retrea{Kaplan et al., 2010during what is calledhe Last Glacial
Interglacial Transition (LGIT)This period of warming continued into a time period from
17.814.7ka known asleinrich Stadial 1 (HS1 The locations and isotopic compositions
of glacial moraines in the Southern Alps show tlinegt Antarcic Cold Reversa{ACR) in
New Zealandepresente@ short cooling perioffom 14.%ato 12.%a, interruptingthe
warming of HS1 (Blunier et al., 1997Putnam et al.,, 20)0The ACRwasimmediately
followed by the period of rapid southern hemisphere warming known as the Younger
Dryas, whch lasted until about 11.K& (Newnham et al., 20)2and led to a saalled
climate optimum, in which temperatures were warmer thamibaern period, until at last
temperatures cooled to their current state arokadA8lloway et al., 2007 Wilmshurst et

al., 2007.



Some key detail®f climate reconstructigrsuch as the timing and strength of the
effects of the ACR across New Zealand, are still unclear due to conflicting evidence.
climateeventssuch as the LGITACR, and early and miHolocene warming events are
presentin northern New Zealand temperegureconstructionsegardless of location and
proxy (Alloway et al., 2007Sikes et al., 20))3However, theseecordgsypically disagree
on t h e specifietimhgsv@rying in some cases by 38000 years. In addition, the
extent of warming or cooling during a given time period seems to differ from proxy to
proxy, with, for example, speleothem apldnktonic foraminifera Globigerinabulloides
(0 showng a distinct coolingof sea surface temperature (SSfom 13.511.6ka
(Alloway et d., 2007, pollen records shawg only the slightest temperature effect on
pollen percentage ratio, aather planktonic foraminifera not showing it at @ligurel-

2). More climate reconstructions across the deglaciation are needed to gain a better

understanding of the timing and overall climate change during these events.

Globally, these climatic trends wequite different. Theénitial warming to ACR
cooling toYounger Dryas warming pattern seen in New Zealand is charactemsyiof
the southernhemisphere. fie northern hemisphere experiencaal opposite climate
pattern in what is known as the oceartigpolar seesaw hypothegiBroecker, 1998
According to this hypothesishe bipolar seeav systemin fact likely originated in the
northern hemisphereith Heinrich Event I(HE1) at 17.5ka in which alargeamount of
ice broke away from northern glaciers, drifted sotdfwards key locations of North
Atlantic Deep Water (NADW) formatignand melted. This resulted in a large pool of

anomalous coldfreshwater thatdue to being more buoyant than theisaivater
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Figure £2: Three different paleoclimate proxies for temperature in New Zealand. Letft:
%0 record from planktonic foraminifer@lobigerina inflata ruber, andbulloidesin a
sediment core from off the east coast of the North Island. Center: pollen record of relative
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northern South Island. Note how the different proxies react during the supposed cooling of
the Lateglacial Reversal (LGR, grey bar in the figure) (Modified from Alloway et al. 2007)
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aroundit, essentially capped those downwelling sites. Since water could no longer sink
below the freshwater cap, downwelling dodmation of NADWwas reduced or possibly
stopped completelywhich greatly slowedhermohaline circulatiofrom 17.514.7ka, a

time periodknown as Heinrich Stadial(HS1). While this cooled the northern hemisphere
by preventing southward cold water transpéie subsequentack of cold water being
brought to the southern hemisphere led togdmtyinitial warming of theLGIT (Broecker,
1998 Denton et al., 2010Once this meltwater cap subsided, however, normal meridional
overturning circulation waableto resumeanda period ofwarming occurred in the north,
known in the northern hemisphere as ®Belling-Allerad (BA), while the southern
hemisphere cooled, resulting in the ACR subsequent large meltwater pubel2.7ka
caused thend of the ACR and thenset of thé&¥ounger Dryasstadia) bringing cold water
and a climatic cooling back to the northern hemisplagréhe same time asouthern

hemisphere warmin{Denton et al., 2010

Oceanic water massese capable of transporting large volumes of heat between
the hemispheres, but thkeousaneyeartimescale ofthe thermohaline circulation means
that a lag between hemispheres should be evidetite hemispheric heat budgdhe
gladal melting characteristic of HiSoccurredat 17.8ka, while the southern hemisphere
warmingbelieved to bessociated with theubgquentack of cold water inpubhas been
established from the EPICA Dome C ice core as occuatrdpout 17.5keonly 300 years
after HE1. Thisis a much shortertime framethan the millennial timescale of the
thermohaline circulatiofDenton et al., 2010 A faster mode of heat transport has been
hypothesized to explain the suddenness of the onset of this southespliem® warming

(Toggweiler et al., 2006 As circulationchanged and shifteduring this time sea surface
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temperaturevidenceas recorded bgedimenmolecules called alkenones shthatso too
did the atmosphere above thébamy et al., 200¥. The Intertropical Convergence Zone
(ITCZ), a band of warm moist air typically found north of the equator in modern times due
to the heat balance between the narirend southern hemispherdms been shown to
migrate on the order d3-10 degreesof latitude over the 3ky of the HSIduring large
climate events such as thgpothesized lpolar seesawlLee et al., 2011 Likewise, the
SWW above the New Zealandrea are believed to have shifteduring the LGIT
(Shulmeister et al., 2004A seesawled change in the coupled oceatmosphere system
of the ACC and the southern westerly wind thels been suggestedhave provided the
necessary heatd in order togimpstart the LGITat the northern margin of the westerlies
and the ACAn South AmericgLamy et al., 200). Since New Zealand is in the Pacific
Ocean at a similar latitude to the South American study siteikelg that the subcontinent

was affected by the SWW in a similar way.

1.4 Proxy calibration

In New Zealandyregionatscaleeffects varyby locationand proxy(Figure 1-2),
leading to confgion overthe accurate reconstruction dfew Zealandclimate For
example, one earlemperature reconstructidrom the North Islandwas obtained through
pollen recordsthendated intime usingtephrachronologyLowe and Newnham, 1999
Newnham and Lowe, 2000This recordseemedo show an anomalous cooling event
overlgping both the ACR andhe Younger Dryas, which did not agree with other
terrestrial New Zealand records from thmei(Denton and Hendy, 1994&inger et al.,
1998. Redating this sam core and obtainingmore accurate datinglarified that this

cooling wasmorelikely to have been assiated with the ACRHajdas et al., 2006 This
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is a case in which a proxy record wasrected by the application oew, more accurate

dating showingthe possibility of inaccurate interpretations of proxy records

Wherea proxy is being utilizedorrectly, it may not le enough to accurately reflect
expectedesuls. Model reconstructiosiof pre-deforestation pollen records since the LGM
using the modern analog technigesulted in 7 mean annual temperature recéods
different locations (Wilmshurst et al., 2007 that adheré poorly to the current
understandingf the progress of New Zealand ldokne climatéFigurel-3). Theproxies
discussed so far suggebft a latitudinal transect of New Zealamwdould indicate cold
temperatures in theouth andlightly warmer but still colder thanaedern temperatures in
the north starting at the beginninfithe deglaciatioifiNewnham et al., 20)2All of New
Zealand shouldespondsimilarly to thedeglacialclimatic shifts described aboyaith
warming during HS1, cooling during the ACR, warming again during the YD and
optimum, and eventlig cooling towards the moderiAlloway et al., 2007 Newnham et
al., 2013. However, onlytwo ofNi | ms hur st OrscortsR00p)ia twa diffarene
parts of the countryWairehu and Longwoodsgven appear téollow this trend Most of
the Wilmshurstrecords showwemperatures consistently higher than modern eweging
the modern itselfwith the Ajax Bog and Clarks Junction reconstructions indicating that
temperatures were aetily higher at the LGIT than todayhe Cass Basitemperature
reconstructionwhich is the same location as Kettlehole Bog studied in this tHessa
tenuousconnection to nearby temperature recordsich will be explored in more detalil

in later sectiondNewnham et al., 202 2Vilmshurst et al., 2007
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represents Eweburn Bog. (Bottom) MAT reconstructions for the seven fossilasibve.
Vertical grey lines represent modern MAT for each site. These temperature reconstructions
likely do not reflect actual temperatures for these times. (Modified from Wilmshurst et al.
2007)
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Temperaturas not the only factor affecting where plantgl grow. Records of
ecosystems over time that are based on pollen are subject to the location and abundance of
the plants that produce the pollen, which is a response to both temperature and moisture.
Conifers, for example, requirecartainamount of noisture to grow, while grasses tend to
proliferate in drier climategAugustinus et al., 20)1The disparity between expected and
simulated MAT, therefore, is a conundrum that can be addressed by obtaining a measure
of moisturechanges. Obtaining these measurements is the motivation behind thi§ thesis
changes in ariditynay be responsible for inaccurate temperature reconstrudients the
model 6s assumption that pl ant abundance
Ewelurn, Kettlehole, and Lake Te Aroha Bogiee ombrogenous, which means that they
all subsist on precipitation with water flowing only outwards from the bogs, sotemge
in the precipitation local to the bog would have a direct effect on the ecosystesim ther
(McGlone et al., 2004Wilmshurst et al., 2002 This makes these locations ideal for

investigating the effects of precipitation on temperature reconstructions in New Zealand

1.5 Study sites

The study sites selected for thig#ns are in the center and south of New Zealand,
covering a latitudinal range of 2.3 degrees (Fidut¢. These sites complement and extend
the latitudinal range of previous terrestrial and marine studies from the North Island at
Onepoto Maar and the Sou€Chatham RiséSikes et al., 2003 and the South Island at
Okarito Bog(Newnham et al., 20)2TheNorth Islandterrestrial site is in the far north of
the subcontinenthe South Island terrestrial site is on teantralwest coast of the island,
and the marine sitesioffshore of the country to the eastabout the same latitude as the

Kettleholeand OkaritoBog sites. Sitesfarther south on a latitudinal transexft New
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Zealand were selected¢atend the analysisf climatic shiftsin the deglaciatiopsince the
SW\W are believed to have varieéada northsouth directior{(Kohfeld et al., 2013Lamy et
al., 201QMcGlone et al., 20101t is important to understand not only how climate changed

in specific locations, but also how it changed over time over the subcontinentatea

1.51 Te Anau

Two sites chosen for this studgweburn BogEB) andLakeTe Aroha(LTA), are
located in thefar southwestern tip of the South Island of New Zeal@Ridure 1-1).
Situatedn Southlandhear Lake Te Anau, these two sis#tsatop a glacial morainelhat
about 300m elevatiofFigure 1-4). Radiocarbon dates on the cores from EB and LTA
suggest that they extendack to 6.5 and 26.9ka respectivelJhe two sitesare
ombrotrophicbogs which are bogs that receive their only watqruinfrom rain and only
relesse water through runoff and slow infiltration of the underlying bedroldke local
vegetation within the boghas been dominated b$phagnummoss throughout the
Holocene and other plant life thereurrently is primarily broadleaf trees such as
Fucosporawith some hertaceous groundcoverAs is characteristic of thevest and
southwesBouth IslandbroadleaNothofagudrees arelominant at this elevatigalthough

the aredhas largely been deforestsitice being settleWilmshurst et al., 2003

Eweburn and Te Aroha Bogs lie approximately 10km east of the Murchison
Mountains,which divide the south of the South Island into two distinct climate regions:
the westcoast which is cool and wet with low variability in temperature and precipitation
and the seasorigl drier east.The sampling sites are locatgdst at this boundary

(Wilmshurst et al., 2002 The southerly location of this site is useful tterminingthe
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influenceof latitudinal fluctuation of the SWVén southern New Zealand he Eweburn

Bog core dates back only to 6.5kaut can give us a perspective

Core site i} EB LTA
Native forest & scrub [_|

Open water .
Bog (%]
Pasture |:|

Contour line  ~—_300 m.-—

Figure 14: Location map for Eweburn Bog (outlined in red) and Lake Te Aroha, as well
as sampling sites for both cores. (Edited from Wilmshurst et al., 2002)

on late Holocene changes in ariditjhe Lake Te Aroha core has a much longer time scale
overall but with 16 points sampledand only 12of thoseplaced since 18kats resolution

is relativelylow onthedeglacialtimescale
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Ombrotrophic bogs such as Eweburn Bog areg/ wensitive to surface moisture.
Since precipitation is theonly moisture inputthese kinds of bogareideal for tracking
precipitationthrough the soil moisture present becatlsge areno competing influences
of inflow. Soil moisture habeenmeasuredby identifyingthetests left behind bygifferent
species otestate amoebae thlive in the surface soilSurface moisture and water table
depth can be determined from the amoeba species in a given sample. ¢Yipea the
tests of moistur¢olerant amoeba were found, the climate was likely wetter, and drought
tolerant amoeba im@d drier conditions(Wilmshurst et al., 2003 However this
reconstructions based on the number of tests found in the soilf significant quantities
of tests from one species or another did not last in the soil, the reconstruction could be
wrong. This thesis uses the same casethe Wilmshurst papers, buethew proxy of

biomass burning biomarkeisneeded in order toorroboratehe currentrecord

There were no humans living on New Zealand prior to approximately 1280AD
(McWethy et al., 2009 when the first Maori settlersarrived followed by European
colonists in the 19 century.These settlerBegan altering their local environment by large
scaleforest clearing and burning, vastly altering geosystemsver a large area of New
Zealand in ways that have petsi$to today. Tall trees, whid¢tad been the dominant plant
type in and around EwebuBog(Figure 15), suddenly and sharply decreased arolitd 2
300ya,coincidentto the time of European colonizati¢wards, 1976Wilmshurst et al.,
2002. Climate at that time was similar to the modern climate, so any changes in ecology
are attributedo actions by the settle(McWethy et al., 2000 Charcoalwas also present

in the soil,documentinghe widespread burning.
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15.2 Cass Basin
The third site for this studyKettlehole Bog(KB), located in the Cass Basin of
Canterbury, New Zealand, is a small bog at approximately 600m ele\estsinof the
Southern AlpgFigure1-6). This bog lay beneath the maximum extent of the Poulter Ice
Advanceduringthe LGM, sats sediment record begiimsthe earlydeglaciatiorat 17.ka.
The modern weather influencing the biegharacteristic of the subtropical climate to the
north, with relatively warm summer temperatures cold winter, and very seasonal

precipitation(McGlone et al., 2004 This location isusefulto this thesiglue to

EB pollen vs. age
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Figure 15: Pollen percentage diagrams of the Eweburn Bog(®gilenshurst et al., 2002

After coming to an equilibrium aftéhe climate optimum, plant abundance ratios remained
relatively stable until European colonization and land clearing. Colors for pollen types, as
well as for all future data series, will remain consistent throughout this thesis.
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Figure 16: Location magor Kettlehole Bog. (Taken from McGlone et al., 2004)

its clearrecordingof the ACRIn its vegetationwhich matches some records in timing
(Turney et al., 2008while differing from othergAlloway et al., 2007. Currently, the
vegetation inside the bog consists mainlySphagnunmoss, in addition to a few other
mosses and sedges; grasses, shrubs, and thpregentNothofags beechesrelocated
nearby despite deforestatiwithin the past 800 yeals anthropogenic fire@McGlone et

al., 2009.

The record ofvegetation has changed gigasince the glacial terminatiorA

climaterecordbased orthe pollenrecord from this core has been previously published
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(McGlone et al., 2004 Thepollen typegioninating the ecosystem at various pointghe
corefluctuates betweetrees,shrubs, andyrasseswhich reflectsthe changingclimate of

New ZealandFigurel-7). Adding an aridityrecord tathe existing climate reconstructions

for this site(McGlone et al., 2004Wilmshurst et al., 2007may explainthe unexpected

pollen abundance trends, such as why tall tree abundance dips at 11.6 and 9.7ka, and why
the tall trees prevalent during the HS1 are different kinds of trees as tAbapykear during

the Younger Dryas and beyo(lcGlone et al., 2004

1.6 Biomass burning biomarkers
The primaryprocesso be examined irhis thesis is aridity. Theroxiesapplied in this
thesisto examine this processemolecules that are produced during the burning of natural
plantbiomass such aeees, shrubs, and grassékseburningderivedmoleculesof interest

to this thesi$ levoglucosan, dehydroabieticid (DHAA), and vanillic acid

KB pollen vs. age
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Figure £7: Pollen percentage diagrams of the Cass Basinktm@&lone et al., 2004 The
ACR is denoted between about 14.7.5ka by thesudden increase in shrubs and small
trees, with a corresponding decrease in tall trees.
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are this particlar class of burningnarker, which is created whemn natural molecule
synthesized by plant is pyrolyzedburned)in a fire(Oros and Simoneit, 20Q.1Biomass
burningmarkersBBM) have been employdd study manyenvironments worldwidé€Bi

et al., 2008Elias et al., 200IMedeiros et al., 20)2Someare created durindpe burning

of all plants(Elias et al., 20011 and somarespecificto the molecules produced by certain
kinds of plants such as conife(SaizJimenez and Leeuw, 1986Nhere hesebiomass
burning markers areletected, they providevidence that not only were the plants that
created the original molecules present or nearby, botthkt fires occurred where the

plantswere found.

The biomass burningnarkersDHAA, vanillic acid, and levoglucosacan be
utilized to create their own record of fire prevalence, which in turn caudldbed to existing
proxy records to synthesize a more robust climate r¢&keés et al., 201)3Levoglucosan
is a productof the pyrolysis of cellulos€Figure 1-8), a complex molecule present in all
kinds ofplants(Simoneit et al., 1999Moleculessuch as levoglucosare usefubiomass
burningbiomarkersbecause thegre not created dumy any othedecompositiorprocess
but incompletecombustion which is the typical condition ofatural fires(Kuo et al.,
2008. In addition, these pleculesare typicallyrelatively inert allowing them tosurvive
in the atmospherantil they arepreserved in sailwhere theycan serve as qualitative
proxies of total plant biomagElias et al., 200l Mannosan and galactosatereoisomers
of levoglucosan, are th@yrolysis products of another ubitpus plant molecule,
hemicellulose. Due to the lower concentration of hemicellulose than cellulos®estplant
biomass, however, mannosan and galactasarexpected thave correspondingly lower

concentrations than levoglucosamd thus
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Cellulose, n = 7-12x10° D-glucose monomers
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Figure 18: The chemical decomposition of cellulose into levoglucosan, galactosan,
and mannosan during pyrolysis. (Taken from Elias et al. 2001.)

are generally not included in the realm of important biomass burning biomarkers

(Shafizadeh, 1984However, they will still be investigated in this thesis.

Vanillic acid and DHAA, which are ceged exclusively during the burning of
conifers (SaizJimenez and Leeuw, 1986sharewith levoglucosanthe propertiesof
synthesis solely duringiomass burnings well as inert soil chemistronifers such as
those of thePodocarpusgenus which are gymnosperms, atmloadleaftrees such as
Nothofagusspecies which are angiosperms, contain approximately the same relative

amounts of celluloséhemicellulose, and lignin in their woody structsirélowever, the
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lignin of gymnosperms is enriched in coniferyl alcohol, which is a precursor to vanillic
acid in the pyrolysis process, and leads to a high concentration of vanillic acid in conifer
smoke(Grimshaw, 1976Shafizadeh, 1984The lignin of angiosperms, however, contains
very little of this precursoin favor of sinapyl alcohglwhich is what makes vanillic acid

an indicator of conifers specifically. Vanillic acid is produced in the combustion of lignin,

while DHAA is produced in the combustion of conifer resads(Simoneit, 2002.

Levoglucosan levelpresent in a given soil sgne have beertorrelated with the
amount of plant biomass burned at the time that soil was depd¢Sitedizadeh, 1984
However, dfferent biomarkers are created in varying proportions based on the temperature
of the source firand species of wood burned, making these proxies qualitative rather than
guantitative Levoglucosan is produced in its highest concentration at relatively low flame
temperature§l50-350°C) (Figurel-9), which implies that the fireig which it is prevalat
are low and smolderin¢Kuo et al., 2008 A smoldering fire is a wet fire, which means
that the environment around theefwas wet and likely experienced precipitat{@obert
and Warnatz, 1993In this way its record serves asdistinct biomarker froncharcoal
which is generally produced duringiomass burningrom dry, hot fires ((850°C)
Charcoalis typically employedas a burning marken cores due to its visibilityo the
microscope and naked eye, lending toedse of quantificatio{Clark, 1983. However,
since not all fires produce charcpilis important toalso take levoglucosan into account
to havea measuref both temperature ranges of fir@sorder to take a closer look at the

aridity conditionsat the times othose fires
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Figure 19: The temperature ranges of fire needed to create different species of
black carbon. Levoglucosan and charcoal share very little temperature overlap, so it is
likely that they are created in very different kinds of fifikgo et al., 2008

DHAA and vanillic acidpresence in the soil also increaseth increased conifer
abundancéAbas et al., 1995 and like levoglucosan they are also produced in smialgle
fires (Oros and Simoneit, 2001The varying concentrationof these moleculesshen
compared tahe levoglucosan concentration of the same sample provides a means of
tracking conifer presenaes a function of plant biomass, since fire will burn conifers at the
same time as other plants in the same locafitwe.typical assumption igshat thehotter
and drierthe climate becomes in a given area, the more fires occur in thdEtieeset al.,
2001). By finding these biomarkers in soil coraad comparingheir burningrecord to the
pollen temperature reconstructioios these coreq record of aridity can be addedthe
existingtemperatureand charcoatecords. Theremay becores with measured charcoal
abundanceshat contain agyet undiscoverecevidence of past fires if the fire waget
enough to only produce levogucosan. This could cast new light on any existing aridity

proxies that do not currently include levoglucosan in their analysis.
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1.7 Aridity and fre prevalence
An importantpoint in reconstructing fire intensity from compounds that indicate

smoldering burning is to consider not only the temperature at which the fuel burned, but
also the ecological factors that contributed to the growth of thatThelassumption o&
dired correlation between a drlgpt climateandmore fires hasecentlybeen showo be
not entirely correctn the western United Statéd/esterling et al., 2003In the western
US, wildfire frequency and size is directly dependent ongghee vi ous y@&@ar 6s
temperatur@s deviations from the averadéis is due to the two most important factors
behind fire ignition and termination: fuavailability and flammability. Fuel availability is
an important factoto fire ignition and fequencyin places like grasslands that avarm,
arid, and sparselyvegetated, because an abundance ofthaiimg oneor morewinterscan
cause a boom in biomass whithen quickly driesout and becomes easy tinder for
subsequent dry seasons. Flammabildg the other hands more importanto in cool,
moist, denselyvegetated systems, because the moisture in the area actively suppresses fire
until adry year hasnade the alreadplentiful fuel available for burning. Thus,fae in
one particular year ay not be directly due to an increase in temperature or aridity, but
rather a particularly anomalousprevious yearor yearsin terms of the amount of
precipitation which promoted suitable fire conditions for the fut & esterling, 200%
Absolute temprature angreciptation numberglo not seem to be as importamhigh or
low fire season severitysdeviations fronthe meanin this way, evidence dire can show
not simply that it was dry, buhore importantlyhow aridity changed over timés the

modern climate of the South Island is similar to that of the western United States, and as



26

their climates changed in relatively similar ways since thdadegion, thiswildfire

analysis is relevant to the climate of study in this thi@sstlein et al., 1998

1.8New Zealand context

Prior to mass deforestation during European colonizati@tonstructions of
overall biomass show mearly completdorest cover along the northern, westeand
southern shores of the Soustand, and mainly grassland along the easteast and the
interior (Wards, 197% This indicatesthat flammability may have been major factor
behind wildfiresin the regionslominated by foregincludingthe EB and LTA study sites)
andfuel availabilityasan important factobehind firein theregions dominated by grasses
(including the KB study sitat the LGM). This means from first principles that at times
whenBBMOs are present in grassland areas, sm
aboveaverage wetness for that tiremyd whenBBM s ar e pr esentimes n f or
of aboveaverage drgess are indicatedithin already wet conditiond his is one way in

which aridity can be shown to have changed in New Zealand since the LGM.

BBM prevalencevaried in magnitude at specific points in timeailh threestudy
sites. The ecosystemof the saming locationsalso experienced large shifts in the
abundance of certain plant types since the LGM, both at similar and differentdimlesn
the BBM6 s ¢ hia pragence and magnitudsince plants can be influenced by both
temperature and aridity, M@ BBM6 s ar e s o | relity,ythe BBMrecaedcariey a

used to tease apart the effects of aridity from the pollen record

1.9 Proposed work and study sites
The aim of this thesis was to create a record of South Island burning using biomass

burning markers, which can be used as a proxy of aridity. This aridity record was then
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compared tgublishedcharcoal and pollen records from the same cores, in adtitiero

other terrestrial cores as well ase marine corgo providecorrelating aridity records to

existing records of temperatuend burning In this way, climate variationfom the
deglaciation to the Holocerean be investigated over time. This isiarportant research
focus due to New Zealiapogtionsd benedthcthe eange ofchat i o n
Southern Westerly Wind belt. i$ likely thatthe cause omany ofthe changes in New

Zeal andds cl i maastle infuenteoé norttsoueh varigdidms in the SWW

(Lamy et al., 2010Putnam et al., 2030In addition, changing aridity witkhe changing

climate may have affected reconstructions of temperature during thigWitmeshurst et

al., 2007.

The questions thihesisseeks to anser are:

1. What was the overall pattern of biomass burning in the South Island since the LGM?
2. Howdoes this burning record inform hate aridity of the South Island chamgnce
the LGM?
3. Did changes in aridity affect terrestrial pollbasedeconstructionsf temperature?
4. Can we usearidity and temperaturgéo track climatic changessince the last
deglaciation?

5. Are thesechangeshe result of atmospheric reorganization?

The new informatiomrreated irthis paper consists of biomarker concentration data
for the three sampling sites over the times spanned by the respective core déphs.
thesiswill employthe three major biomass burning biomarkers found in the @ords
assess how they perforas proxies of aridityising previously published records froneth

North and South Islands and the Chatham Rise as context for tempeg&iireharcoal,
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and ecosystem changes. Together, these records have been interpreted to intfestigate
potential of aridity to reconcile temperature and plaomiass location recds that do nb
match up to edctother or to expected outcomes. This has been accomplished by looking
at how the North and South Islands compare climatically, how marine sea surface
temperature records compare to pollen land surface temperature reanddepw
temperature and aridity work together to form the coherent climate signal that influenced

New Zealand since the LGM.
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. METHODS

2.1 Core samping

Three sediment cores were taken from Eweburn Bog (EB), Kettlehole Bog (KB),
and a bog nedrake TeAroha (LTA) (Figure 11). The 550cm EB core was taken1997
with a D-section corer for the top 500cm, and a Hiller borer for the bottom 5Tbmn.
410cmKB core was takem 199720m from the northeastern edge of the btspusing a
D-section corerandthe LTA core was taken in 2007 with a-d&ction corer as well
Immediately after sampling, coraraples werd¢ransferred to plastic drainpipes and sealed
into polythene bags esite. They were then stored in a cotbm at 4C, cut into 1cm
segmentsfransferred toairtight plastic containersand frozen at20°C until ready for
analysis.Pollen was counted and identified for the KB and EB cores, and has been
published previouslyMcGlone et al., 2004Wilmshurst et al., 2002 The segments
analyzed for this thesis weP@ samplesrom 45-485 cmdepth(EB), 35 samplefom 32-
404 cmdepth(KB), and16 samples fronb5-199 cmdepth (LTA). These samples were

analyzed at Rutgers University between June 2013 and May 2015.

2.2 Radiocarbordating and satigraphy
The 14C dates reported for the EBB, and LTA cores(McGlone et al., 2004
Wilmshurst et al., 2002 Table 2)were input into the Calib Rev 7.0.4 Caladiocarbon
Calibration Program using the SHCal13 2013 southern hemisphere calil{fttiorer et
al., 2013 in order to obtain calendar ages Bfal yr BP) Ageswere interpolatedetween
and extrapolated out frothese radiocarbon datés actualbiomarker samping depths

using Matlab (Figur@-1). These calendar dates were calculated using a newer
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KB, EB, LTA Age vs. depth
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Figure 21: Calendar ages BP for each biomarker sample depth in KB, EB, and LTA cores.
LTA extends back through the LGIT into the glaciation, while KB &Bdbegin after the
start of the deglaciation.

calibration than what appeared in the original literafteGlone et al., 200AWilmshurst

et al., 2002, and hence areonsidered to beore accurate.

Kettlehole Bog experienced slovediment deposition from thep of the coreat
2.%a until about 1@a, the approximate beginning of the Holoceaewhich point there
was a large increase in deposition rate until abbkig,Iwhich is close to the beginning of
the ACR The deposition ratinendecreased approximately backHolocendevels until
the baseof the core Eweburn Bog began with a higher deposition rate thBnaKthe
beginning of its core Ok&a, which dereasedlightly around 45ka and continued unabated
to thebase Only 4 samples werelatedfrom LTA, so its age vs. depth reconstruction is

essentiallyconstant.

2.2.1 Eweburn Bog corgescription
Wilmshurst et al. (2002) cored and described the Eweburn Bog core as containing

four distinctzones Basal sedinents were not sampled, but consisted of fine silts and
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clays.The rest of the core is composed of p&ae first zone (55@95cm, ca. 1100@000
cal. yr BP) consisted of highly humified peats does the second zone (42®cm, ca.
70003400 cal. yrBP). Zone 3 (315cm, ca3400400 cal. yr BP) fluctuateetween
highly and poorly humified peaand in zone 4 (7Bcm, ca. 400 cal. yr BP to present)
humification becomes increasingly poorer towards the surfaoeore detailed analysis

core contets, paraphrased from the original publication, can be found in Appendix A3.

2.2.2 Kettlehole Bog corgescription

McGlone et al. (2004) cored and described the Kettlehole Bog core as containing
four distinctzonesas well. The basal sediments were not dethpbut consisted of stiff
grey clays atop which lay a layer of brown silty lake mud (4340cm ca. 1650013500
cal. yr BB, one of olive grey silty clay (34R95cm; ca. 135012600 cal. yr B, another
lake mud layer 295-220cm ca. 1260010000 cal. yBP), and a thick sedg8phagnum
peat layer on top (220cm,ca. 10000 cal. yr BP present)Three radiocarbon dates have
been taken from nearby coréBurrows, 1983 Moar, 1973, which agreewith the
radiocarbon datetaken throughouthis core(Table 21) based on lithology, pollen, and
fossil assemlages The percent of the core made up of organic matter, measured by loss
on ignition (LOI), begins at <20% in the basal clays, increasing gradually to approximately
40% by the base of the peat layer, then sharply rises-8®80up to about 100cm depth.
After that, less organic matter is recorded-G&®b6), and some silt layers are present

(McGlone et al., 2004



Core | Depth (cm)| 14C Age + Uncertainty C a | B P | Material
EB |70 287 + 68 275330 Plant fragments
113 966 + 30 859905 Sphagnum
121 1076 £ 30 926958 Sphagnum
123 1367 £ 60 12571297 Sphagnum
138 1304 + 30 12061268 Sphagnum
140 1251 + 30 10571186 Sphagnum
142 1289 + 30 10721192 Sphagnum
145 1271 + 30 10881181 Sphagnum
148 1347 £ 30 11851219 Sphagnum
151 1313+ 30 12031269 Sphagnum
156 1573 + 30 13641432 Sphagnum
260 2778 £ 73 27602887 Woody stems
425 4158 £ 60 45294653 Fibrous peat
498 6119+ 70 68427017 Fibrous peat
515 8021 £ 67 67767161 Peat
KB |80 6460 + 60 73037419 Pollen
95 877075 95559789 Pollen
114 9220+ 70 1024410417 Wood
114 9270 £ 60 10290610439 Wood
143 9460 £ 60 1057610727 Plant fragments
193 9970+ 70 1123611407 Plant fragments
295 10540 + 60 1239912559 Pollen
340 11510+ 70 1324313406 Plant fragments
375 12325+ 70 1406214378 Pollen
395 13580 + 65 1617716418 Pollen
LTA | 47 510+ 15 504518 Wood
77 2606 + 80 24922600 Wood
107 8116 + 60 87909093 Peat
120 10092 £ 75 1139711723 Peat

32

Table 21: Radiocarbon{C) dates taken from the three cores in this thesis recalculated
from McGlone and Wilmshurst with the Calib 2013 southern hemisphere calibration
(McGlone et al., 2004Stuiver et al., 201,3Wilmshurst et al., 2002 Bolded dates were
omitted due to conflicts in calculating calibrated ages.
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2.2.3 Lake Te Aroha comescription

Like Eweburn Bog, Lake Téroha was likely a glacial lake in the moraine hill
where the two sample sites are locaeld\Wethy et al., 200 The bottom 35cm of this
core is made up of clays from this time period, with the top 5cm beginning téltrated
by peat fom its bog phase. From 8385cm(1.3-12.4ka) depth the core is entirely dark
brown welthumified peat, witta large wood piece at 77qi@.8ka)andlayers of banding
from 102135cm(7.2-12.4ka) At 58-59cm(1.3ka)is a thick band of charcoal, above which
the peat switches to partialhumified and slighyf decomposed from 388cm(0.7-1.3ka)
then to unhumified yellovbrown peat from 388cm(0.7ka) The next layer up is a brown
partially-humified peat layer from 234cm (0.5-0.7ka) containing many fibrous roots
The section from 125cm (0.3-0.5ka) is missing, but the A5cm (0-0.3ka) segment

containsSphagnunmoss that was alive and growing at the time of core sampling.

2.3 Extraction and wet chemistry
Upon arrival at Rutgersr 2011, samples werdrozen at-20°C until processing.

First, thesamples werdreezedried, then individually homogenized with a mortar and

pestle After this samples werlwaded intoDionexAccelerated Solvent Extractor (ASE)

cells according to the following orded:. 7 ¢ m G F(25mm)f ~500mg CN sorbent
(SupelcodD scovery SPE nor mal -~CNm Qttawasaed)(Fished . 7 € m
Scientific), sediment sampl&cL internal recovery standard (nonadecanone), with the
remaining top space filled with Ottawa sglRtigure 22). The internal standard was added

on top of he sample so as to based through the sample andsubjected to the
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Figure 22: An illustrated diagram of the contents of an ASE cell, used for the total lipid
extraction process.

same conditions as tlsamplewithin, and therefore hypothetically have a similar percent

recovery as the extractéiomarkers

Once the samples and standard were loaded into the ASE cells, the next step was
solvent extractionT helipids were ASE extracted usingnaethodfrom the literaturgSikes
et al, 2009h Eight samples per core were first raxdted in 2:1 vv
dichloromethane:methanol (DCM:MeOH) fmitial testing purposesvith the addition of
6L per sample of an internal standard, nonadecanone, for quantitation pubgtesebe
initial run of samplesthis solvent mix was determined tmt fully extract the target
biomarkers, so the same samphesse extractecgainin 4:1 DCM:MeOHplus standard
Theremainder of thesamples were extracted usitigg4:1 solvent mixplus standardas it
extraced a much larger quantity ahe desired comgunds A new portion of unused
sediment fronl0 sampleselected from KB and EB, some of which had bedrnacted in

the initial inferior solvent mixwere later processed using the correct solvent mix from the
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start,in order to provide a measure of gutaitve biomarker extraction; the process is
detailed belowAll sampleswere extracted usindpe sameéASE method consistingof two
tenminute cycles at 15C and 10@0psj to obtain a total lipid extract (TLEYOnce
extracted, th& LEs were concentrated via vacuum evaporation using a RapidVapakind h

of each TLE was archived.

In order to best resolve polar cooymds for identificatioron a nonpolar column
derivatization using bis(trimethylsilyl)trifluoroacetamide (BSTFA9 a sandard process
BSTFA substitutes a silyl group in place of the polar group, sucBs of many organic
compoundsthe general reaction of which is pictured bel@igure 23). For analysis in
this study, &% fraction of each TLE was takearfderivdization and quantificatioby
blowing down the whole TLE to dryness under uliigh purity nitrogen (Airgas
UN21066),redissolvingthe TLE in 500uL of DCM, and then taking 5% (25ufo) further
analysis Each5% fraction wasagainblown to dryness under nitrogeand 50uLBSTFA
+ 1% TMCS (Thermo Scientific T-88831)plus two drops of pyridin€Fisher Scientific
P368500) were added to each. The samples were then incubatedGfatOtwo hours,
blown downa final time andredissolvedn 25, 50, or 100uL of toluene depending on the

desired concentration of the samglée endvolumewas

+ ROH —)= R—0—Si
Si Si S5j——
~ \‘“0 \\N’/ ™~ \\N’/ ™~

N.O-Bis(tnmethylsilyDtrifluoroacetanude

Figure 23: The general chemical reaction for the derivatization process using BSTFA.
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varied tomatchthe detection limits of the GCM&nd to optimizepeak height and shape
asan overly concentratedampleoverloadsthe column anddetectorwhich precludes

accurate quantification

2.4Instrumentabnalysisand data
Instrumental analysis was conducted by gas chromatogragis spectrometry

(GCMS).1uL of eachderivatizedsample was injected into and analyzed by a Shimadzu

GCMS-QP2010 gas chromatograph/mass spectrometerder to identify and quantify
biomarkers Samples were inged onto a Shimadzu SHR5XLB ®0column witha
0.25mm internal diameter ah 0 . 2 5 ¢ m, withhelwrk asetle €arrier gaBor all
biomarker analyses, tf&CMS was in splitless mode with an injector starting temperature
of 60°C held for one minute after which it increased by 5°C per minute ungéiaching
320°C, which it therheld for 40 minutesThe MS ion source was set to 240i€ scan
mode with 106.4kPa column pressure, 8.4mL/min total flow, 1.67mL/min column flow,
and a linear velocity of 47.2cm/seBiomarkers were identifiecdby retention time,
molecular ion, and othenajor ion fragments (Table-2), and quantified using Shadzu

providedsoftware (Figure 24).

Calibration and quantification of the data was performed as it was acquired, in
order todetermine whethexdjustments to the sample concentration or to thiadguof the
GCMS were requiredThe GCMS was tuned periodically in order to ensure optimal
performance and consistent data quality, and respfacs®@swere found for the internal
standard and for levoglucosan to allow for accurate comparison of ré&dts the tuning
was completed, pure samples of levoglucosaoMded by collaboratoPatricia Medeiros

and2-nonadeanoneg(Thermo Scientificywere injected into the GCMS at three
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Molecule Retention Time (min)| Molecular lon (m/z) | Major lons (m/z)
Galactosan 22.4 333 73,204, 217
Mannosan 22.9 333 73,204, 217
Levoglucosan| 23.3 333 73,204, 217
Vanillic Acid | 25.3 312 267,297, 312
Nonadecanon¢ 32.3 282 43,57, 71
DHAA 37.3 372 239 357,372

Table 22: The biomarkers investigated in this thesis, in addition to the internal recovery
standard Zhonadecanone, in order of retention time. Retention times and characteristic
ions for biomarkers are for the derivatized molecules. Bolded ions ar®@8é relative
intensity ions(Simoneit, 2002

to five different concentratioresach ranging from 4 to 80ng/pL. The concentrations were
then plotted against the integrated areas of the res@thgpectrum peaks, and the slope
of the line created in this way became the response factor for that comf@aidtime
the GCMS was tunediesponse dctors were recalculated,to account for instrument

calibration drift

Calibration of biomarkersfor percent recoveryvas calculatedaccording to the

following equation:

z

YQOE U Qe " _zpmmp

An is the integrated area under thenadecanone peak, RFEs the nonadecanone
response factor, V is the total volume the 5% fraction was brought up in before injection,
%ot IS the fraction of the TLE the sample represented (5%), and Y is the theoretical yield
of nonadecanone in the samplg®. A similar calclation was performed in order to

quantify the amount of each biomarker present in each sample:
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Ag is the integrated area under the peak of the biomarker in questiens Rfe
biomarker response factdy,is the total volume the 5% fraction was brought up in before
injection, %ot is the fraction of the TLE the sample represented (5%), and S is the mass of
the dry weight of the original sediment samjahe grams The levoglucosarspecific
response factor wassed to calculate responsés® the stereoisomers levoglucosan,
mannosan, and galactosamd used in the quantifications of all three biomarkéasiillic
acid and DHAA weralso quantified using thisesponse factor, as it was assumed to be
more accuratéhan the response factor for nonadecandue toa greatersimilarity in

chemical compositioof vanillic acid and DHAA to levoglucosan than to nonadecanone

2.5Nonadecanone
Nonadecanone was added to each sample to provide a quantitative marker for
surrayaterecovery. Between the steps of ASE, nitrogen blowdown, and GCMS, it was
possible that some sample could be lost or diluted along the way. Adding a known quantity
of an independent molecule that was highly unlikely to be in the sample from the start

povi ded a means to track any change to the

Upon quantification of the biomarkers and the internal recovery standard in each
sample, it became clear that the standard had not performed according to expectations.
Nonadecanoneoncentrationn GC spectraaried greatly between samples, ebetween
samples that had been ASE extracted, diried, and GCMS analyzed on the same day
under the same condition¥he calculatedpercent recoveries of thstandard across
samplesvariedan unacceptable amouritom zero to one hundred percent (Fig-8).

No correlation could be found between standard concentration and any laboratory method

or sediment typeFor this reasonpercent recovery was not calculatedthe compounds



39

of interest. Compound laundances are reported esncentrationscalculated from dry

weight of the original sediment assuming consistent recoveries across all samples.

2.6 Compound identification
After injection of the compound into the GCMS, the results were displan a

format that required interpretation. The GC spectrum displayed relative amounts of all
compounds detected by the GC, andrisss spectrurshowed concurrent mass ions that
were picked up by the ihsr ument 6 s | on -4).elheeapproximateadCFi gur e
retention times of the compounds of interestre known froninitial analysis(Medeiros
and Simoneit, 2008imoneit et al., 199%f the sampleg 2013, prior to the start of this
thesiswork, and each peak near a givetativeretention time was checked for the presence
of its associated biomarker. Biomarker presence was confirmed throughaskepectrum
in which characteristic patterns of masssaould be used to identify specific compoynds
at times with help from the software compound libravgnillic acid for examplewas
easily identifiable by its pattern of five mass ions from-332 m/z (mass to charge ratio)
in a specific ration themass spectrur(Figure 24E), including the major mass ions 267,
297, and 312 m/z (Table IPHAA was also easily recognizable by its own characteristic

mass ion pattern, when it was present.

As stereoisomersevoglucosan, mannosan, and galactosan weyesuailar both
in retention tine andmass spectruiiingerprint.Levoglucosan and mannosan have a higher
abundance of the 204 m/z mass ion than the 217 m/z ion, but in galactosan this is reversed,
making itrelatively easyto distinguishfrom its stereoismers In addition the sample of
pure levoglucosaprovided by Patricia Medeirgzrovided a confirmation of the typical

retention time and maspectrurmeeded to definitively identify levoglucosan in the bog
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samplesThe 333 mass ion has been reporteldg@ne that all three stereoisomers have in

common(Simoneit et al., 1999 however it was only identified in some of tbemples.

Nonadecanone wafficult to identify in the bog samplel was oftemot present
at the expected retention time, whilausible breakdowpeaks containingimilar mass
ionswere present at other timdsis likely that the nonadecanone added to the samples
chemically reacted in some way witlthesesamples, despite nonadecanonegabeen
used successfully as an inert internal standasthiilar previous applicationéSikes et al.,

2013. The mechanism behind th®tential reactioms not known.

2.7 Reextraction of samples
To examine reproducibility of results in these bog sediméftsub-sampledrom

the aiginal suitewere selecteds duplicates and run as indepeartdmalyseshrough the
data collection proces3.his assisted in determininguantitative reproducibility of the
procedure, and to analyze the differences in surrcagadebiomarkerecovery between
using the 2:1 and 4:1 solvent mixdavo KB and three EB samples selected had been
previously ASE extracted in the 2:1 solvent mix, and the remaining five samples had been
previouslyASE extracted in the 4:1 solvent mi&.new portion of sediment was taken
from the original 10 core samplesand the samefreezedrying, BSTFA, and GCMS
processsas the first portionvereperformedon the new portion. Each new sample portion
was ASE extracted in the 4:1 DCM:MeOH solvent mix regardless «fdlvent mix used

to extract the first sample portion

The initial and duplicateoncentrations for each biomarker in each core sample
(Figure 26) were averaged, and the standard deviadiosh standard error were calculated

from this (Table 23). Each sindarderrorand standardeviationper compound per core
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were then averaged in order to calculate an estimate of how well each compound was
extracted in each cofei mean err or 06 and A &hemeamerroramig e o
error rangeof the sampleoriginally extracted in 2:1 vs. 4:1 DCM:MeOH were also
calculatedseparately, in order to investigdtew the two approaches differed in compound

extraction.

Overall, EB samples had higher error than KB samples, but relative compound error
was different between the two cores. Vanillic acid had the lowest overall error in EB and
mannosan the highest, while in KB levoglucosan was recovered with the least error an
galactosan the modEB had a higher 4:1 error than 2:1, while in KB the 2:1 error was

higher than the 4:1.
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Figure 24E: Vanillic acid GC spectrum and M8ass spectrum
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Figure 24G: DHAA GC spectrum and MBass spectrum

A typical GC spectrum for the bog samples analyzed in this thesis, with the region of
interest magnified in the ie$ (Figure 24A). Following this are both GC spectra and MS

mass spectréor each biomarker and standard, in order of retention time (RabjeAll

graphs shown in this figure are from one sample, EB 165cm. Biomarkers were identified

as peaks in GC traces by identifying key mass ions in thensl& spectrum
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Figure2-5: The tiree graphs all represent data from Kettlehole Bog.

Top: Percentrecovery of KB samples as a function of core depth. While clusters of similar recoveries are
evident (020%, 2560%, 70100%),these clusters are evenly split over the length of the Ghexe is no
correlation betweerecoveryand core depth.

Center Percent recovery of KB samples as a function of the date they were run on thiMA8HEe
recoveries are reported every day ASE extraction was performed, and recoveries are evenly distributed over
each dayThere is no correlation between ASE date s very.

Bottom Percent recovery of KB samples dsiaction of biomass burningiarker BBM) mass per gram dry

weight of sample, without percent recovery applied. Levoglucosan and vanillic acid are featured. Recoveries
are evenly spread over the mostmmoon range ofBBM concentrations. The outlying higBBM
concentrations also have no commonality of percent recovery. There is no correlation B&Weamounts

and recovery.





































































































































































