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ABSTRACT

Following a period of unusually strong winds and high seas in the spring of 2014,
a blanket peat bog formerly covered by a beach comprised of fine sand and large

rocks was uncovered at a coastal site in Spiddal, Co. Galway, Ireland. The



surface of the bog was littered with standing tree stumps, the remnants of a
Holocene forest that had succumbed to a relatively sudden drowning. A
combination of inorganic and organic geochemical techniques was applied to
determine the cause of this rapid submersion and to glean palaeoclimatic
information from the preserved record within the peat. The study represents the
first use of a multiproxy lipid biomarker approach to investigate palaeoclimate
conditions from a peat bog in Ireland. The results provide evidence of climatic
variation throughout a ca. 3400 yr timeframe during the mid-Holocene.
Biomarker proxies displaying the relative contribution of Sphagnum spp. vs.
higher plants were used to show changes in precipitation and temperature
during peat formation. The data correlate with described events, including the
4.2 ka event and the Subboreal-Subatlantic transition and show the benefit of a
lipid biomarker method for investigating Ireland’s peatland resources. In
particular, the indication of colder/wetter conditions coinciding with the 4.2 ka
event implies the possibility that its effects were felt in Ireland, contrary to some
reports. The results suggest that a combination of warm and dry conditions
followed by a rapid rise in sea level led to the growth and subsequent drowning

of the ancient forest landscape.

Keywords

Holocene; Palaeoclimate; Climate change; Lipid biomarkers; Compound specific

stable isotope analysis; Peat; Ireland; Drowned forest



1. Introduction

Peat bogs are important sites for palaeoclimate investigation. They contain
a natural archive of past environmental change (Chambers et al., 2012) which, in
ombrotrophic mires, has a direct relationship with precipitation. Ombrotrophic
or ‘cloud-fed’ peat bogs are not influenced by ground water and surface water,
being affected solely by precipitation and evaporation (Nichols et al., 2006;
Bingham et al., 2010; Zhang et al., 2014). This results in vegetation and organic
matter (OM) which is well preserved in an anoxic environment and which is
particularly sensitive to variation in local climate conditions (Blackford and
Chambers, 1991; Pancost et al., 2002; McClymont et al., 2010).

Ireland has an abundance of ombrotrophic peat bogs representing an
important resource of palaeoclimate information in Northwestern Europe. As
such, the majority of Irish Holoeene records derive from data from peat
(Swindles et al., 2013). Researchers have applied several techniques, including
testate amoebae, plant macrofossils, degree of humification and isotopic
variation in cellulose to investigate fluctuation in Irish climate (e.g. Barber et al.,
2000, 2003; Plunkett, 2006; Blundell et al., 2008; Swindles et al., 2010; Roland et
al.,; 2014, 2015). Evidence for large climatic events has been reported using these
approaches. For example, the Subboreal-Subatlantic transition is evidenced by
widespread climatic deterioration in both hemispheres. Using data from peat

bogs, a shift to wetter/cooler conditions associated with this period in Ireland



was attributed to a delayed response to solar forcing at 2800 cal. yr BP (Plunkett
et al., 2004; Swindles et al., 2007).

Another such event is a period of global climatic change at ca. 4200 yr BP
(4.2 ka event) which saw high temperature at lower latitudes leading to severe
drought, with serious implications for human civilizations in these areas (Weiss
et al., 1993). Higher latitudes are known to have experienced colder conditions
during this time (Bond et al., 2001). Previous studies have obtained evidence of
the impact of this event in Ireland from the peat record (Barber et al., 2003,
2007); however, more recent investigations using multiple proxies and multiple
datasets have suggested that there is no compelling evidence (Swindles et al.,
2013; Roland et al., 2014).

Due to the organic-rich nature of peat, lipid biomarkers offer a powerful
approach for palaeoclimate investigation, particularly in settings where
decomposition may hinder the use of these other techniques (Pancost et al.,
2002). Analysis of lipid biomarkers provides an insight into the source of OM on
a molecular level (Eganhouse, 1997; Pancost and Boot, 2004; Simoneit, 2004;
Peters et al.; 2005). The development and refinement of multiple biomarker
proxies play an important role in the investigation of past climatic change from
the peat record ( Nott et al., 2000; Pancost et al., 2002; Nichols et al., 2006;
Nichols and Huang, 2007; Zheng et al., 2007; Bingham et al., 2010; Zhang et al.,
2014; Schellekens et al., 2015). Many of the proxies involve comparison of
compounds derived from peat-forming species of Sphagnum and vascular plants.

Sphagnum plants favour colder and wetter conditions and thus thrive during



periods of lower temperature and increased precipitation, which is reflected in
the contribution of mid-chain n-alkanes (C,, and C,,), dominant in Sphagnum
lipid profiles (Baas et al., 2000; Nott et al., 2000). Conversely, during times of
increased temperature and drier conditions, long chain n-alkanes (C,, and C,))
dominant in vascular plants, provide increased water retention and protection
from higher temperature, which is reflected in the peat record (McClymont et al.,
2010; Zhang et al., 2014).

Other lipid classes and proxies can be used to study the input and relative
changes in vegetation type on a broad taxonomic level. The n-alkanol average
chain length (ACL) has been in an attempt to differentiate between relative
inputs of Ericaceae and Sphagnum (Poynter and Eglinton, 1990; Pancost et al.,
2002). This proxy may also provide insight into preservation state. C,, to C,, n-
alkan-2-ones have been suggested as specific markers for Sphagnum (Nichols
and Huang, 2007), whilst abundances of certain steroids and terpenoids have
also been linked to change in vegetation (Pancost et al., 2002). The combination
of these geochemical indicators has provided a toolkit for palaeoclimate studies
in peat forming environments.

Pancost et al. (2011) investigated the use of the lipids derived from
methanogenic archaea, archaeol and sn-2-hydroxyarchaeol, as potential
biomarkers in ombrotrophic bogs, including Ballyduff Bog in Ireland. However,
the work here represents the first comprehensive palaeoclimate study of an Irish
peat bog utilizing lipid biomarker proxies. The aim was to investigate changes in

local vegetation and climate over a 3400 yr period during the mid-Holocene by



providing a new Irish palaeoclimate dataset within this period, and identifying

the events that led to the flooding of this forested landscape.

2. Material and methods

2.1. Sampling and location

Samples were taken from a recently exposed coastal peat bog in Spiddal,
Co. Galway, Ireland (Fig. 1). The bog is characteristic of an ombrotrophic
Atlantic blanket bog, in keeping with the surrounding peatland landscape
(Connolly and Holden, 2009). However, due to its unique coastal setting and
previous submersion it is a relatively unique site. The limestone bedrock at the
base of the peat could potentially allow groundwater to penetrate the bog during
times of heavy rainfall. The bog isin a tidal zone and was previously submerged
beneath a layer of sand. Due to a period of stormy weather and rough sea
conditions (February 2014) the sand was removed, revealing the peat bog,
complete with protruding tree stumps of Pinus and Quercus origin (Williams and
Doyle, 2014). The only living plant life on the peat surface was the marine alga
Cladophora rupestris.

Sand and rock were cleared from the surface of the peat. A ca. 1 m trench
was dug into the bog and samples taken from the trench wall every ca. 5 cm. The
entire profile was homogenous dark brown in colour, containing yellowish-brown

plant fragments throughout. There was no apparent fluctuation in colouration or



mineralogy. Material was removed with a clean stainless steel spatula washed
with MeOH and dichloromethane (DCM) and stored in furnaced Al foil. Samples

were subsequently stored at -20 °C prior to analysis.

2.2. Sample preparation

All samples were freeze-dried, homogenized and passed through an 850
um mesh sieve, yielding a single < 850 um fraction prior to extraction. All
glassware was washed thoroughly, solvent washed with MeOH and CHCI, and
furnaced for 8 h at 480 °C in a Lenton box furnace. All Teflon equipment was
sonicated in CHCI, prior to use. Stainless steel equipment was washed with

CHCL,

2.83. Radiocarbon dating

Seven samples of bulk material were dated at the Radiocarbon Dating
Facility in Queens University, Belfast. Samples analysed were from 0-5, 20-25,
35-40, 55-60, 75-80, 85-90 and 105-110 cm. The results were calibrated using
0OxCal 4.2 software employing the IntCal13 curve (Ramsey, 2009; Reimer et al.,
2013). Age values for the non-dated layers were calculated from linear

interpolation.

2.4. X-ray fluorescence analysis (XRF)



XRF measurements were taken using a handheld Thermo Scientific Niton
XL3t device following the procedure of Radu and Diamond (2009). Samples were
placed in 32 mm double open-ended sample cups, secured in place with polyester
stuffing, and covered with polypropylene X-ray film (Premier Lab Supply, FL,
USA). A sample cup assembly without sample was measured as a blank. All
measurements were performed in triplicate using bulk mode for soil samples. An

internal instrument calibration was performed prior to analysis.

2.5. Total organic carbon (TOC) and total nitrogen (TIN)

Elemental analysis was performed in triplicate using a Fisons NCS 1500
NA elemental analyser. Samples were treated with 1N HCI in Ag capsules
following the procedure of Verardo et al. (1990) to remove carbonate. After
drying overnight, the capsules were wrapped in Sn boats and combusted in the
presence of O,. The CO, evolved was measured and the TOC content (%)
calculated by comparison with a certified reference standard (acetanilide), which

was analysed in conjunction with the samples.

2.6. Lipid extraction

Lipids were extracted using ultrasonically assisted extraction (Otto et al.,

2005). Each sample (1-3 g) was sonicated for 15 min with 10 ml MeOH and



centrifuged for 15 min at 6000 rpm. The supernatant was filtered through a
Whatman GF/A glass fibre filter. The procedure was repeated with solvent of
decreasing polarity (10 ml 1:1 MeOH:DCM, followed by 10 ml DCM). The
combined filtrate was concentrated by way of rotary evaporation, and
quantitatively transferred to a 2 ml glass vial.

Neutral lipids were separated from the total lipid extract (TLE) following
the method of Pinkart et al. (1998). A custom-made Bond-Elut solid phase
extraction (SPE) column packed with an aminopropylsilica solid phase (5 mm
diam., PE, 500mg Ultra-Clean NH2, Agilent Technologies) was used. The
cartridge was washed with 5 ml hexane, 5 ml CHCl,, 5 ml Me,CO, and 5 ml 6:1
MeOH:CHCI, prior to use. The dried TLE was suspended in 500 ul CHCI,,
transferred to a cartridge, and pulled onto the stationary phase under vacuum.
The neutral fraction was eluted with 5 ml CHCI,. A glycolipid fraction was eluted
next with 5 ml Me,CO, followed by a polar fraction eluted with 2.5 ml 6:1
MeOH:CHCI, and 2.5 ml 6:1 MeOH:CHCI, containing 0.2 M NaOAc. All fractions
were concentrated under anhydrous N, to a minimum volume and each
transferred to a 2 ml glass vial. The glycolipid and polar lipid fractions were
stored at -20 °C for future analysis.

The neutral lipid fraction was silylated with N,O-bis-
(trimethylsilyDtrifluoroacetamide (BSTFA) prior to gas chromatography-mass
spectrometry (GC-MS) analysis. 5 -Cholestane (100 ul, 100 ppm) was added to

as internal standard and the solvent removed under N,. BSTFA (50 ul) was



added to the dried fraction along with 50 ul pyridine as catalyst and the mixture

heated at 70 °C for 2.5 h.

2.7. GC-MS

An aliquot (1 pl) of sample was immediately analysed in triplicate with an
Agilent model 7890N gas chromatograph equipped with a 7683 autosampler
according to the conditions of Otto et al. (2006). The GC instrument was coupled
to an Agilent 5973N mass spectrometer operating in electron impact mode at 70
eV. The column was a 30 m HP-5MS column (0.25 mm i.d., 1 ym film thickness).
The sample (1 pul) was injected with a 2:1 split ratio. The GC inlet temperature
was 280 °C and the oven programme: 65 °C (held 2 min) to 300 °C (held 20 min)
at 6 °C/min.

Compounds were assigned from comparison with mass spectral library
databases (NIST and Wiley) and comparison of MS patterns with published
spectra and authentic standards. Analytes were quantified from total ion peak
area using multiple-point calibration curves of representative standards (i.e.
nonadecane for n-alkanes and n-alkan-2-ones, hexadecanol for n-alkanols,
stigmasterol for sterols and -amyrin for terpenoids). Recovery (%) was
measured using an internal standard added prior to extraction and was found to

be > 95%. Procedural blanks were run to monitor background interference.



The odd over even preference (OEP) was determined by calculating the
carbon preference index (CPI) of the n-alkanes from C,, to C,, using the following

equation (Bray and Evans, 1961):

CPIL, ., = 0.5 x [(C,+C,,+C,+C, +C,)/(C,,+C,+C,+C, +C,)] +

[(C25+CZ7+C29+CSI+C33)/(C26+C28+C30+C32+CS4)]

Values > 1 denote an OEP whereas values < 1 indicate an even over
odd (EOP) predominance.

The P-aquatic (P,) ratio (Ficken et al., 2000), originally proposed to
examine the input of algae to lake sediments, has been applied to measure the
input of Sphagnum species to peat deposits (Nichols et al., 2006; Zhang et al.,
2014; Inglis et al., 2015). It involves comparison of medium to long chain n-
alkanes, as the former are predominant in both Sphagnum and aquatic

macrophytes:

Pézq = (C23+025)/Cz3+025+029+C31)

The average chain length (ACL; Eglinton and Hamilton, 1967; Poynter
and Eglinton, 1990) for the n-alkanes from C,, to C,, was calculated for each

sample.



ACL,, ,,= ((23(C,,) + 25(C,,) + 27(C,,) + 29(C,,) + 31(C,,) + 33(C,)/(C,, + C,, + C,, +

ng + C31 + Css)

ACL for n-alkanols was calculated from the even homologues from C,, to
C,,- The n-alkanol to n-alkane ratio (Poynter and Eglinton, 1990) was employed
as a measure of degradation due to the assumed higher degradation rate for n-

alkanols due to the presence of the OH group.

(alc/alc+alk) = (C,, + C,, + C,,n-alkanols)/(C,, + C,, + C,,n-alkanols) + (C,, + C,, +

C,,n-alkanes)

2.8. GC — isotope ratio MS (GC-IRMS)

All samples were analysed in triplicate using continuous flow IRMS and
the same GC conditions as above. The GC instrument was coupled to an
IsoPrime IRMS instrument (IsoPrime100) via a combustion furnace (GC5, CuO,
Pt 650). The C values were measured against a CO, reference gas of known

“C value and are reported vs. a stable isotope reference standard (n-alkanes
mixture B2, Indiana University, USA). Reproducibility was better than + 0.5%0
The results were corrected for the addition of carbon during derivatization and

only well resolved major analytes are reported.

2.9. Statistical analysis



Elemental, biomarker proxy, 8°C measurements, and individual sterol and

terpenoid compound data were tested for any statistically significant correlation
(Table Al) by calculating Pearson correlation coefficients (r) using PAST 3.10
software (Hammer et al., 2001). Pvalues < 0.05 were considered to be

statistically significant.

3. Results

3.1. Chronology of peat profile

“C age values obtained for the seven bulk samples are shown in Fig. 3.

Calculated age values from linear interpolation for the dated and non-dated

samples are listed in Table 1. These are the dates referred to throughout. The

total timespan of the peat profile is ca. 3377 yr.

3.2. Elemental composition

321 TOC and TN

TOC ranged from 17.5% to 39.9% (avg. 31.7%; Fig. 4). The highest value

was at ca. 3205 cal. yr BP and the lowest at ca. 2240 cal. yr BP. The top two

layers, spanning ca. 2079 cal. yr BP to 2240 cal. yr BP, contained the lowest



amount of TOC, with a sharp increase occurring at 2561 cal. yr BP. From this
sample to the bottom of the profile, values fluctuated relatively less and
displayed a gentle decreasing trend.

The profile had an average TN value of 1.3%. The minimum of 0.7% was
at ca. 5456 cal. yr. BP. Values increased over time to a maximum of 1.9% at ca.
3526 cal. yr. BP. This was followed by a steady decrease to 0.8% at ca. 2240 cal.
yr. BP and a slight increase to 1.1% in the most recent material dated to ca. 2079
cal. yr. BP.

Average C/N values were 24.4, with a maximum of 39.7 and a minimum of
17.6. Overall, the results followed a similar trend to TOC (Fig. 4). There was,
however, a sharp increase to the maximum in the deepest layer, which was

opposite to the decrease in TOC in this sample, indicating a lower N input.

3.2.2 Total sulfur (TS)

TS displayed an overall average value of 5.5% (Fig. 4). Similar values of
3.6 and 4.6% were observed for the bottom and top samples of the 1 m profile
respectively. Levels remained around 6.5% between 4813 and 2722 cal. yr BP
and were followed by a decrease to 4.3 and 3.4% at 3848 and 3526 cal. yr BP
respectively. Values returned to ca. 6.5% for the next three samples dated from
3205 to 2722 cal. yr BP, and increased to a maximum value of 8.8% at 2561 cal.
yr BP. A shift to the minimum value of 1.5% occurred at 2240 cal. yr BP.

3.3.3. Neutral compounds



Total n-alkane concentration varied between 9.2 and 73.1 ug/g OC. All
samples across the ca. 3377 yr period recorded similar n-alkane distributions
dominated by long chain (C,,-C,,) compounds with an OEP typical of a
terrigenous plant input to (Table 1). All the samples had CPI values > 1, with a
minimum of 4.40 and a maximum of 31.48.

Throughout the profile there were periods of increased input from mid-
chain n-alkanes (C,,-C,,), indicative of a contribution from Sphagnum (Baas et
al., 2000; Ficken et al., 2000; Nichols et al., 2006). The relative contribution from
Sphagnum vs. other higher plants was assessed (Fig. 5) using the C,,/C,, ratio
(Baas et al., 2000; Nott et al., 2000). The values ranged from a minimum of 0.1 at
ca. 4491 cal yr BP to a maximum of 0.6 at ca. 2240 cal yr BP. There appeared to
be a decreased C,, input from ca. 4600 to 4300 cal yr BP, ca. 3900 to 3700 cal yr
BP and in the surface sample at ca. 2079 cal yr BP. A predominance of C,,
occurred at ca. 5000 to 4700 cal yr BP and ca. 4300 to 4000 cal yr BP, with the
largest increase from ca. 2300 to 2100 cal yr BP. C,, is also in relatively high
abundance in Sphagnum, whereas C,, is relatively rare (Baas et al., 2000; Nott et
al., 2000). As such, it has been suggested that the C,/C,, ratio may be preferable
for reconstructing Sphagnum vs. non-Sphagnum contribution to peat (Nichols et
al., 2006). Our results showed minimal variation between the trends for both
proxies (Fig. 5).

The maximum value for P, (0.3) was at ca. 2240 cal yr BP, and the

minimum (0.1) at ca. 4491 cal yr BP. Overall, P, displayed a similar trend to



that of the C,,/C,, and C,./C,, proxies. The ACL ranged from 28.4 to 29.9 following
the same trend (Fig. 5).

n-Alkanol total concentration ranged from 7.2 to 171.1 png/g OC. The ACL
for n-alkanols provided an overall average of 24.7, with little variation along the
profile. However, marked increases in values were observed for ca. 4550 to 4350
cal yr BP and ca. 2550 to 2400 cal yr BP (Fig. 6). n-Alkane to n-alkanol ratio
values remained relatively constant from ca. 5456 to 2722 cal yr BP, with a
minimum of 0.7 and a maximum of 0.8. At ca. 2561 cal yr BP there was a drop to
0, suggesting a period of reduced degradation. The rates increased to 0.5 at ca.
2240 cal yr BP and 0.6 at ca. 2079 cal yr BP at the surface (Fig. 6).

Long chain n-alkan-2-ones in ombrotrophic peat bogs have been proposed
to be specific biomarkers for Sphagnum (Nichols and Huang, 2007) and were
present in all the samples. Total concentration varied between 22.1 and 144.5
png/g OC.

Nichols and Huang (2007) proposed that heptacosan-2-one could be used
as a Sphagnum-specific biomarker. We compared its concentration with that of
the C,, n-alkane higher plant marker, to further investigate OM composition

/C.. ). A maximum value of 4.28 was observed

27-one 31l-ane

throughout the peat section (C
at 4813 cal yr BP, whilst a minimum of 0.50 occurred at 4491 cal yr BP. The
overall trend in the ratio was similar to that of the C,,/C,, n-alkane proxy (Fig. 6).
Sterols, the most abundant lipid class in the profile, consisted
predominantly of C,, homologues with a minor input from C,, and C,, compounds

(Table 1). This is a typical distribution in peatlands and indicative of a mainly



higher plant contribution (Pancost et al., 2002). Overall, the distributions of
sterols showed little variation throughout the profile.

Pancost et al. (2002) suggested that the triterpenoid taraxer-4-one may be
of use as a biomarker for Ericaceae (heather) in ombrotrophic peat bogs. This is
because it was only found in the extract of Calluna vulgaris roots and not in any
of the Sphagnum tissue samples that were examined. Taraxer-4-one ranged from
0 to 41 nug/g OC, with a general decreasing trend over time. The maximum value
was at 4813 cal yr BP and was at least 5x greater than that for any other
sample. Its input decreased continuously until ca. 3848 cal yr BP, where it was

not detected.

3.8.4. §C values
8°C measurements were analysed for representative compounds from each

lipid class. namely C,, and C,, n-alkanes, C,, and C,, n-alkanols, C,, n-alkan-2-one
and B-sitosterol. No low molecular weight n-alkanes were within our detection
range, nor were any terpenoids. The C,, n-alkane values displayed an increasing
trend over time, with a maximum of -30.5%at 2240 cal yr BP and a minimum of -
34.3%cat 4491 cal yr BP. There was less variation in the C,, n-alkane values, with
a maximum of -33.9%and a minimum of -35.8%cat 4170 and 4813 cal yr BP
respectively. Overall there was a gradual trend of depletion for this compound.
The C,, n-alkanol values ranged from -34.0 to -32.0%¢ with an average of -

32.9%0 C,, n-alkanol values were gradually depleted over time, with a maximum



of -32.7%cand a minimum of -34.8%c The C,, n-alkanol values followed a similar
trend.

C,, n-alkan-2-one values ranged from -33.3 to -31.4%at 4491 and 2240 cal
yr BP respectively, becoming enriched over time. Values for -sitosterol showed
the greatest variation for all investigated compounds, with a minimum of -32.1%o

at 2561 cal yr BP and a maximum of -25.0%at 4813 cal yr BP.

4. Discussion

4.1. Origin of OM in the Spiddal ombrotrophic peat bog

The OM at the site appears to be primarily of terrestrial origin. This is
indicated by the predominance of lipid biomarkers of higher plant origin
including the high molecular weight (HMW) n-alkanes with a strong OEP, the
HMW n-alkanols with-an EOP, long chain n-alkan-2-ones, as well as the
abundance of vaseular plant steroids and terpenoids. A significant contribution
from Sphagnum moss is highlighted by the occurrence of low molecular weight
(LMW) n-alkyl compounds throughout the peat profile. The 8°C values of
individual biomarkers, with a minimum of ca. -35%@and maximum of ca. -25%o
across the whole range, indicate a predominant contribution from C, plants
(Ficken et al., 1998). Lopez-Dias et al. (2013) suggested a bacterial source for n-

alkan-2-ones in a peat bog in Rofianzas, Northern Spain. However, the §°C



values for these compounds in the Spiddal peat are consistent with a terrestrial
plant origin.

In contrast, the high T'S values suggest an input of sulfate from seawater,
with values > 3% in peat seen as indicative of a marine setting (Chou, 2012;
Inglis et al., 2015). All but one of the samples (2152 cal yr BP) were above this
limit. TS correlated with TOC (Table Al) in these samples (r 0.66, P <0.01) and
similar trends can be observed for both sets of data (Fig. 4). This could indicate a
significant contribution of organic S to the TS. S can be transported from the
ocean to the atmosphere and the land through sea spray aerosols (Mahowald et
al., 2011). It is possible that a proportion of the S at the site was deposited by
this mechanism due to the close proximity to the ocean. S from seawater in the
form of SO,” or H,S could also potentially have diffused into the peat while it was
submerged. S isotopic analysis in future work would help determine the
influence of these sources. Although the peat bog was influenced by seawater at
varying levels over time, the amount of marine OM input was negligible in
comparison with the strong higher plant input during peat formation. Although
some of the LMW n-alkyl compounds may originate from marine organisms, the
lack of marine-specific sterols such as dinosterol or spongesterol (Lee et al., 1979;
Volkman et al., 1993) could suggest that this influence is minor. Therefore, it
would appear that the OM deposited during peat formation was predominantly
of terrestrial origin, suggesting that the peat record at this site remains a

relatively reliable indicator of palaeoenvironmental change, despite its coastal



setting. Further analysis such as of bulk 3°C could provide more evidence to test

this hypothesis.

4.2. Climate change in Ireland during the mid-Holocene

Using a combination of the lipid classes analysed, it was possible to
retrace variation in climatic conditions over time due to the response of the peat
OM to change in precipitation. Pearson correlation show that there is good
correlation between all the biomarker proxies (Table Al); however, C,/C,, shows

the widest variation. The 8°C values for C,, n-alkane were 2.5%anore positive on

average than for the C,, n-alkane. Variation in carbon isotope values of up to 6%o
has been observed between n-alkanes within the same plant tissue (Rieley et al.,
1993; Collister et al., 1994). However, there is a statistically significant

correlation between the 8°C values of the C,, n-alkan-2-one attributed to

Sphagnum input, and that of the C,, n-alkane (r 0.70, P< 0.02). Neither of these

shows a correlation with the 8°C value for the C,, n-alkane. The correlation over a

ca. 3400 yr period could suggest that some of the C,, n-alkane input is derived
from the species of Sphagnum contributing to peat formation at this site,

/C

27-one

implying that in this case the C,/C,, and the C ratios are more reliable

31-ane
than the C,/C,, ratio. Pancost et al. (2002) recommend that lipid biomarker data
be used cautiously without the support of macrofossil analysis. Compound

specific isotope analysis enables more robust biomarker data interpretation for

peat samples where such additional data is not available.



The high C,/C,, n-alkane ratio at ca. 5456 cal yr BP is indicative of
increased contribution from Sphagnum plants, which suggests colder, wetter
conditions during this interval. However, all other proxies disagree with this,
displaying values close to their respective averages. There is a conflict here
between the C,/C,, and C,/C,, n-alkane proxies. At ca. 4813 cal. yr BP all the
ratios point to an increase in cold and wet conditions, with most indicating that
this was one of the coldest and wettest periods throughout the timeframe. The
results agree somewhat with the idea of dry conditions becoming gradually
wetter from ca. 5800 to 4800 cal. yr BP as outlined by Caseldine et al. (2005).
However, no evidence of an extreme climatic event between 5200 and 5100 cal.
yr BP as described by Caseldine et al. (2005) was observed at the Spiddal site.

Conditions shifted dramatically at ca. 4491 cal yr BP, providing the
warmest and driest period in the record. All the biomarker proxies are in
agreement with this, showing an increased relative contribution from higher
plants to the lipid record. Later, at ca. 4170 cal yr BP, all indicators depict a
return towards a colder, wetter climate, yet some proxies suggest that the shift is
stronger than from other proxies. The C,,/C,, n-alkane and P, ratios suggest a
distinct return to conditions similar to those at ca. 4813 cal yr BP, whilst the
C,,/C, n-alkane and the C,, n-alkan-2-one proxies suggest a less severe retraction.
This date coincides with that of the 4.2 ka event. The identification of
colder/wetter conditions at this time in our study would suggest that the effect of
the event in Ireland is not yet clear. Also, the site here and that of Barber et al.

(2003) are located in central Ireland, whereas Roland et al. (2014) investigated



locations in the north of Ireland. Thus, regional differences in local conditions
may explain discrepancies between studies. These contradictions show a need for
further investigations of the palaeoclimate of Ireland around 4200 yr BP.

All the proxies provide evidence of a warmer and drier climate at ca. 3848
cal yr BP. The trends in the C,/C, n-alkane ratio and C,, n-alkan-2-one suggest
that these conditions continue with little fluctuation for the next ca. 1300 yr,
until ca. 2561 cal yr BP, where colder conditions return. The C,/C,, n-alkane, and
P, ratios may reflect change towards colder and wetter conditions at ca. 3205 cal
yr BP, with a subsequent shift to relatively warmer conditions at ca. 2883 cal yr
BP. The C,, n-alkan-2-one trend indicates the coldest/wettest conditions from all
proxies at ca. 2561 cal yr BP.

At ca. 2240 cal yr BP all proxies indicate cold and wet conditions, one of
the coldest and wettest periods of the entire profile. The shift towards
colder/wetter conditions from ca. 2883 to 2240 cal. yr BP corresponds (Fig. 7) to
the Subboreal-Subatlantic transition. There is a sharp shift back to a warmer
and drier climate in the shallowest sample representing ca. 2079 cal yr BP. This
was one of the radiocarbon dated samples and was assigned as 2068 = 51 cal yr
BP, a similar date to that obtained by Williams and Doyle (2014) for a birch
branch from the same site (2110 - 2084 cal yr BP).

The warmer and drier climate would have provided favourable conditions
for the growth of a forest, which would ultimately become the ‘drowned’ forest
that remains at the site today in the form of standing tree stumps. The cessation

of peat formation, coupled with the deposition of a sand layer covering the



acrotelm and the embedded tree stumps, implies that there was a rapid rise in
sea level at this time that engulfed the forest. Increasing TS also supports the
influx of a marine influence. This was likely the only time in ca. 3400 yr that the
site was submerged beneath the ocean, supported by the lack of any sand layers
throughout the 1 m peat profile. There is a paucity of evidence providing relative
sea level (RSL) data for the west coast of Ireland, with the majority of estimates
being given for north, south and east coasts (Brooks and Edwards, 2006). A
period of elevated RSL, followed by a downward trend towards present day levels
has been observed at these other locations (Brooks et.al., 2008). Recent evidence
from other ‘drowned’ forest sites along the west coast suggest that this trend did
not occur on that side of the island (Williams and Doyle 2014). The rapid
increase in sea level observed at this site supports this evidence, and warrants
further investigation, which may provide valuable data for reconstruction of

Holocene sea level in the area.

5. Conclusions

A geochemical approach was used to investigate a peat bog profile from
Spiddal, Co. Galway, Ireland. A suite of terrestrial plant derived lipid
biomarkers and published proxies revealed clear changes in vegetation type.
This likely reflects high latitude changes in climate, and resulting changes in
local environmental conditions during this mid-Holocene interval, some of which

may have led to the rapid submersion of a forest at this location. Three distinct



periods of cold and wet conditions were identified at ca. 4813, 4170 and 2240 cal.
yr BP, along with four periods of warmer and drier conditions at 4491, 3848,
2883 and 2079 cal. yr BP. These climatic extremes show some correlation with
published records from Ireland attributed to climatic events, namely the 4.2 ka
event and the Subboreal-Subatlantic transition. However, evidence of other
climatic events such as the 5.2 ka event and the Roman Warm Period was not
obtained. Our study found evidence of a 4.2 ka event with colder/wetter
conditions, similar to other peatland sites from central Ireland. This is contrary
to the absence of evidence from peatland sites in the north of the island. This
could suggest the possibility that this climatic event may not be absent from
Ireland, but may not have affected all parts of the country. It would, however, be
unusual for an event of this global magnitude to have such a localised impact, so
further investigation of this incident is needed. Future work should involve a
combination of multidisciplinary analytical techniques including geochemical
methods in conjunction with analysis of testate amoebae, pollen and plant
macrofossils. Work of this nature should also use multiple sampling locations to
determine any spatial variability in the effect of the event. The results
emphasise the importance of Ireland’s peat resources as a record of
palaeoenvironmental change. The organic geochemical approach has potential to
provide a new dataset for Irish palaeoclimate research and should be utilised in
future studies of ombrotrophic peat bogs, as well as the investigation of sites
providing a greater spatial variability on the island. Here we show that a period

of warm and dry conditions encouraged the growth of the forest at this location



around 2100 cal. yr BP and that a rapid rise in sea level in the following years is

most likely responsible for its drowning.
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Table 1

Total organic carbon (TOC), total sulfur (TS), total nitrogen (TN) and C/N ratio as well as abundances of lipid compounds at

each depth. Also shown are

C values for specific biomarkers.

Depth (cm) 0-5 5-10 15-20 20-25 25-30 35-40 45-50 55-60 65-70 75-80 85-90 105-110
Age (cal yr BP)® 2079 2240 2561 2722 2883 3205 3526 3848 4170 4491 4813 5456
TOC (%) 224 17.5 34.2 37.4 36.3 39.9 33.5 32.9 34.1 30.6 34 27.8
TN (%) 1.1 0.8 1.3 1.4 1.6 1.6 1.9 1.4 1.5 1.5 1.3 0.7
C/N 20.4 21.9 26.3 26.7 22.7 24.9 17.6 23.5 22.7 20.4 26.2 39.7
TS (%) 4.6 1.5 8.8 59 6.0 6.4 4.3 3.4 6.9 6.8 7.3 3.6
n-Alkanes (pg/g OC)

C, 1.5 0.3 0.3 0.5 04 0.3 0.3 04 0.7 0.3 0.8 1.0
C, 3.1 0.7 0.7 1.1 1.1 1.1 1.3 1.3 2.2 0.9 2.1 5.3
C,, 3.8 0.9 0.7 1.2 0.9 0.7 0.7 0.9 2.3 0.7 2.6 2.8
C, 2.5 04 0.6 1.2 0.9 0.9 1.3 1.4 1.7 0.9 1.3 2.1
C, 1.8 0.4 0.6 0.7 0.6 0.6 0.7 0.7 0.8 0.5 0.7 1.2
C,, 54 0.7 1.1 1.8 1.4 1.3 1.6 2.6 2.6 2.5 2.6 4.4
C, 2.2 0.3 0.3 0.8 0.6 04 0.6 0.9 1.0 0.9 0.6 14
C, 13.9 14 2.5 5.0 5.5 4.1 5.3 6.4 4.7 5.6 4.1 9.3
C. 1.9 04 0.5 1.1 0.8 0.5 0.6 0.9 0.8 1.0 0.7 24

0
S



C,, 14.1 1.2 1.7 3.3 3.8 2.8 4.4 6.8 5.0 7.7 3.9 15.3
C,, 2.2 0.1 0 0 0 0 0 1.5 1.6 0 0.5 5.4
C,, 8.2 1.3 2.5 2.6 4.0 2.3 3.8 4.9 4.5 6.7 4.1 17.8
@ 60.5 8.1 11.4 19.2 19.9 15.0 20.6 28.6 27.9 27.6 24.0 68.3
n-Alkanols (ug/g OC)

C, 26 1.0 0 22.2 22.5 9.2 21.5 16.8 14.6 15.8 16.3 28.7
C,, 4.7 7.6 0.2 0.8 1.6 0.7 11 2.1 11 1.6 1.3 3.7
C,, 30.3 1.9 0 30.6 31.7 12.1 31.1 26.6 24.7 24.0 21.8 53.1
C, 2.7 0.2 2.4 1.0 1.0 0.5 0.9 0.9 1.1 1.4 14 3.7
C, 12.8 0.5 0.1 10.2 8.9 4.3 8.2 6.4 7.7 7.2 9.0 17.4
C,, 14 0 3.3 0.6 0.5 0.3 0.5 0.6 0.7 1.1 0.8 2.2
C, 14.2 0.4 0.1 8.0 7.0 3.0 4.8 7.2 6.9 18.2 10.3 23.4
C, 1.5 0 0.7 0.6 0.5 0.3 0.5 0.7 0.7 1.3 0.8 3.3
C,, 4.6 0 0 2.5 1.0 1.5 1.9 2.3 2.7 5.9 3.3 10.0
C, 2.5 0 0.4 0.8 0 0.7 0 0.6 0.7 1.1 0.6 3.0
C,, 3.6 0 1.5 1.6 1.1 1.2 1.0 1.7 2.1 1.8 6.3
C, 2.0 0 0.7 0 0.7 0 0.8 1.1 0 0.6 3.0
C.,, 2.8 0 1.5 1.3 1.3 1.8 1.5 2.3 2.1 2.2 2.5
@ 109.1 11.5 7.2 80.9 77.5 35.6 73.5 67.5 65.9 81.8 70.2 160.4

n-Alkan-2-ones (ug/g OC)
C,, 0.4 0.1 0.1 0.1 0 0.2 0 0.1 0.1 0.2 0.2 0.6
C, 6.6 3.8 6.3 6.7 5.9 4.2 114 7.5 8.4 2.5 5.8 58.8
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Steroids (ug/g OC)
Cholestanol
24-Ethycoprostanol
Campesterol

Campestanol
Stigmasterol

-Sitosterol

Stigmastanol

1.9
12.1
5.2
13
3.6
8.2
3.5
9.1
1.6
10.8
6.1
3.8
1.7
3.0
90.6

5.3
8.0
15.7
15.6

15.3

86.4
70

0.5
6.6
1.3
4.5
0.8
14
0.4
0.5
0.3
14

0.3

0
21.8

1.0
24
5.1
2.3

3.6

23.3
15.9

0.7
11.2
3.1
5.4
1.3
2.7
1.2
3.4
1.1
3.9
3.6
0.9

0.3
45.1

14
3.6
5.7
2.7

4.3

25.3
20.2

0.7
12.5
0.6
2.5
1.2
3.1
0.6
3.1
0.5
24
1.0
0.7
0
0
35.7

1.8
4.5
6.3
4.6

5.0

30.3
24.8

0
10.8

44
1.1
2.5
0.8

0.8
0.6
0
0
31.8

2.3
4.3
10.0
5.7

6.4

41
28.4

0.4
6.6
0.4
2.3
0.7
1.2
0.7
1.5
0.6
0.7
1.8
0.9
0
0.5
22.7

1.2
2.5
5.1
3.0

3.1

23
15.7

0.8
18.1
7.0
4.7
0
2.8
0
4.6
0
2.6
0
2.5
0
0
54.5

1.6
3.5
6.7
5.1

4.8

36.1
26.2

0.6
11.6
2.5
4.9
1.7
3.6
1.6
4.9
1.5
4.4
0
1.5
0
0
46.4

1.5
2.1
4.5
3.7

3.6

23.8
20.1

1.3
14.8
3.8
114
2.0
4.6
1.5
4.0
1.9
6.2

1.6
0
0

61.6

2.1
3.5
8.3
5.0

5.0

40.9
31.2

0.5
5.2
1.3
3.8

1.3
3.7
3.2

2.2

18.4
13.8

1.8
13.4
6.2
16.7
2.7
7.3
2.1
154

13.0

1.9

86.4

1.7
0.9
7.4
3.3

4.7

56.4
26.3

1.8
10.2
4.6
16.5
5.3

16
44
13.7

7.0

41

143.0

4.1
2.3
9.8
8.4

12.6

41.7
39.4
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Terpenoids (ug/g OC)

Taraxer-4-one

8”C (%)
n-Nonacosane
n-Hentriacontane

n-Heptacosan-2-one
[-Sitosterol
1-Tetracosanol

1-Octacosanol

216.3

-32.9
-35.5
-31.3
-28.9
-33.3
-34.8

53.5

-30.5

-30.5
-26.6
-33.5
-34.7

63.1

-31
-35.3
-30.6
-25.0
-33.0
-34.7

77.3

14

-31.6
-35.6
-30.9
-25.2
-32.9
-34.7

98.1

-31.2
-35.1
-30.9
-27.7
-32.9
-34.3

53.7

1.8

-31.4
-34.9
-31.8
-27.1
-32.8
-34.4

83.9

3.2

-32.5
-34.1
-31.4
-27.8

-33.5

59.2

-33.1
-341
=31.7
-28.5
-32.0
-33.0

96.1

2.7

-33.2
-33.9
-30.8
-28.0
-32.3
-32.9

42.6

4.4

-34.3
-35.0
-33.3
-29.3
-32.7
-32.7

100.7

41

-33.8
-35.8
-31.0
-32.1
-33.0
-34.1

118.1

7.2

-34.1
-35.4
-33.2
-28.9
-34.0
-33.4

“Dates shown are values obtained from linear interpolation of calibrated “C ages.



Fig.1. Map of Galway Bay area including study site location.

Fig. 2. Study location, recently exposed peatland with protruding tree stump at Spiddal, Co. Galway, Ireland.

Fig. 3. "C age values obtained from humic substances of seven samples from the peat profile (left) as well as cal. age results

calculated using OxCal 4.2 with IntCal13 calibration curve (right).

Fig. 4. Total organic carbon (TOC, %), total nitrogen (TN, %), C/N and total sulphur (TS, %) trends.

Fig. 5. n-Alkane proxies assessing the relative amounts of Sphagnum contribution at each depth. From left to right; C,/C,,,

C,/C,, P,, P-wax, CPI from C,, — C,, and ACL from C,, - C,,.



Fig. 6. From left to right; ratio of C,, n-alkan-2-one/C,, n-alkane (C,,__/C,, . ), n-alkanol ACL from C,, — C,,, and alc/alc+alk

3l-ane

(measure of diagenesis) ratio.

Fig. 7. C,/C,, n-alkane ratio trend displaying shifts between relatively warm and dry conditions and relatively cold and wet
conditions. Previously reported climatic events, the Subboreal-Subatlantic Transition (SB/SA) and 4.2 ka Event (4.2 ka), are

marked with dashed lines.
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Highlights
*Elemental, GC-MS and GC-IRMS analysis of organic matter (OM) from a coastal peat bog. *Changes in climate over a ca. 3400 yr
period during the mid-Holocene. *Evidence of the 4.2 ka event and Subboreal-Subatlantic transition in Ireland. «Implications for

environmental conditions resulting in formation of a ‘drowned’ forest landscape.



