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ABSTRACT 26 

7HPSHUDWXUH�DQG�WKH�R[\JHQ�LVRWRSLF�FRPSRVLWLRQ��į18O) of meteoric water are both important 27 

SDODHRFOLPDWLF�YDULDEOHV��EXW�VHSDUDWLQJ�WKHLU� LQIOXHQFHV�RQ�SUR[LHV�VXFK�DV�WKH�į18O of lake 28 

carbonates is often problematic. The large temperature variations that are known to have 29 

occurred in the northern mid-latitudes during the Late Glacial make this interval an excellent 30 

test for a novel approach that combines oxygen-isotope analyses of chironomid larval head 31 

capsules with co-occurring endogenic carbonate. We apply this approach to a Late Glacial lake 32 

sediment sequence from Hawes Water (NW England). Oxygen-isotope values in chironomid 33 

head capsules show marked variations during the Late Glacial that are similar to the oxygen 34 

isotope record from endogenic carbonate. However, summer temperature reconstructions 35 

based on the paired isotope values and fractionation between chironomids and calcite yield 36 

values between -20 and -4°C, which are unrealistic and far lower than reconstructions based 37 

on chironomid assemblages at the same site. The composition of a limited number of samples 38 

of fossil chironomid larval head capsules determined using Pyrolysis gas-chromatography 39 

mass spectrometry indicates the presence of aliphatic geopolymers, suggesting that diagenetic 40 

alteration of the head capsules has systematically biased the isotope-derived temperature 41 

estimates. However, a similar trend in the isotope records of the two sources suggest that a 42 

palaeoclimate signal is still preserved.  43 
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 51 

1. Introduction  52 

Variations in oxygen isotopic composition of lake sediments provide an excellent means of 53 

past climate reconstruction. Analyses are most commonly undertaken on endogenic or biogenic 54 

carbonate (Leng and Marshall, 2004), although other lacustrine materials have also been used, 55 

including biogenic silica (Leng and Barker, 2006), aquatic cellulose (Wolfe et al., 2007; Heyng 56 

et al., 2014) and chitin (Wooller et al., 2004). Oxygen isotopes have an advantage over many 57 

other climate proxies in that their distribution is governed by well-understood physical 58 

principles and in favourable cases they can be used to make quantitative reconstructions with 59 

well-defined uncertainties.  For lacustrine carbonates however, the interpretation of oxygen-60 

isotope records LV� FRQIRXQGHG� E\� WKH� IDFW� WKDW� į18Ocarbonate is controlled both by water 61 

temperature and water isotope composition, as well as possible departures from isotopic 62 

equilibrium (Leng and Marshall, 2004). Deconvolving the signature into its individual 63 

components is difficult without independent estimates of either past water temperature or 64 

į18Olakewater, which may not be available. Moreover, although carbonate-precipitating lakes are 65 

not uncommon, most lakes in acidic catchments do not precipitate carbonates and in these cases 66 

other materials must therefore be used to construct oxygen-isotope records.  67 

 68 

The chitinous remains of chironomid larvae (Insecta: Diptera: Chironomidae) provide an 69 

alternative and promising PHDQV�IRU�LQIHUULQJ�SDVW�į18Olakewater. The fractionation of oxygen-70 

isotopes between chitin and water has been thought to be negligibly affected by temperature 71 

(Mayr et al., 2015). If this assumption were true, į18Ochironomid values could be used to estimate 72 

į18Olakewater without the need for an independent estimate of water temperature. Lombino et al. 73 

(2021) have recently provided evidence for a small temperature dependence of oxygen-isotope 74 

fractionation between chironomid head capsules and water. In either circumstance, there exists 75 



WKH� SRWHQWLDO� WR� FRPELQH� į18Ochironomid and į18Ocarbonate values from the same levels in a 76 

stratigraphic sequence in order to reconstruct past water temperature. Although paired 77 

į18Ochironomid and į18Ocarbonate analyses have previously been reported from a Quaternary 78 

sediment sequence (Verbruggen et al., 2010), no attempt has yet been made to undertake 79 

quantitative temperature reconstructions using such an approach, nor to evaluate its validity. 80 

In this study, we undertook such paired analyses from the Late Glacial sediments of Hawes 81 

Water, a small hardwater lake in NW England, in order to reconstruct the į18Olakewater and lake 82 

water temperature. For evaluation of this new approach, Hawes Water has the advantage of 83 

previously-published and methodologically-independent estimates of palaeotemperature, 84 

undertaken using transfer-functions based on the species compositions of chironomid 85 

assemblages (Marshall et al., 2002; Jones et al., 2002; Bedford et al., 2004; Lang et al., 2010), 86 

against which the results of our isotope-based calculations can be compared.  87 

 88 

The Late Glacial, which is taken here to refer to the interval between the onset of warming at 89 

the end of Greenland Stadial 2 (GS-2) and the start of the Holocene (~14.7 ± 11.7 ka BP), was 90 

a time of rapid, high-amplitude change in temperature in the boreal mid- and high latitudes 91 

(Lowe et al., 2008) and thus represents an excellent testing ground for our approach. 92 

Temperature reconstructions from chironomid assemblages indicate that during the Late 93 

Glacial interstadial mean July air temperatures in northwest England were between ~11 and 94 

14°C, falling to between ~7 and 10°C during the Younger Dryas stadial and then rising again 95 

to between ~11.5 and 15°C in the Early Holocene (Brooks and Langdon, 2014). These 96 

substantial temperature changes should be mirrored in the oxygen-isotope ratios of both 97 

endogenic carbonates and chironomid chitin. To be judged successful, any isotope-based 98 

method of temperature reconstruction should be capable of accurately matching the transfer 99 

function results for summer air temperatures. There is additional evidence that the Late Glacial 100 



climate was characterized by changes in atmospheric circulation (e.g. Bakke et al., 2009; Lane 101 

et al., 2013). As oxygen isotopes in meteoric waters are sensitive tracers of atmospheric 102 

FLUFXODWLRQ��H�J��+DPPDUOXQG�HW�DO����������FRQFRPLWDQW�UHFRQVWUXFWLRQ�RI�ODNH�ZDWHU�į18O from 103 

paired chironomid and carbonate values might provide new information for comparison with 104 

previous studies. 105 

 106 

2. Study site, materials and methods 107 

2.1 Hawes Water and the Late Glacial sediment record 108 

+DZHV�:DWHU�������¶��´1������¶��´:��LV�D�VPDOO��ROLJRWURSKLF��PRQRPLFWLF�ODNH�(area 0.08 109 

km2, max depth ~12 m, 8 m a.s.l.) situated within a Carboniferous limestone catchment in 110 

north-west England (Marshall et al., 2002; 2007) (Fig. 1). The surface catchment area is small 111 

and boggy and the principal inputs to the lake are groundwater flow from the Carboniferous 112 

limestone as well as rainwater falling onto the lake and its catchment. The lake has a residence 113 

time of <1 year (Wiik et al., 2015). Although NW England was ice-covered during the last 114 

glacial, the Hawes Water catchment was free of ice by the Late Glacial (Jones et al. 2002). The 115 

weighted mean annual G18O of precipitation (2003±2005) is -����Å�9602:��ZLWK�VOLJKWO\�116 

higher (-����Å��YDOXHV�GXULQJ�VXPPHU�RYHU�WKH�VDPH�SHULRG. Summer epilimnion waters (-5.3 117 

Å������±2005) show slight evaporative enrichment with respect to rainfall and modern calcite 118 

precipitates in oxygen-isotope equilibrium with those waters (Marshall et al., 2007). Marshall 119 

et al. (2007) also present results of several years of monitoring of the lake and its environment 120 

and note that in summer the temperature difference between lake waters and the air above 121 

averages 2.3°C.  122 

 123 

This study is based on data derived from three cores (HW1/1 and HW1/2, which are referred 124 

to collectively as HW1 below, and HW2), all taken within a few meters of each other from the 125 



marl benches slightly landward of the northern margins of the present lake (Fig. 1). These 126 

benches formed under shallow water when lake-levels were higher during the Late Glacial. 127 

Between about 1.0 and 1.3 m of characteristic tri-partite Late Glacial and early Holocene 128 

sediment (marl-clay-marl) is present in each sequence, overlying blue clays deposited at the 129 

end of the last glacial. Marl sediments are overlain by fen peat, which formed when lake levels 130 

fell during the very early Holocene (Jones et al., 2011). The Late Glacial carbonate sediments 131 

formed endogenically within the lake, with no evidence for input of detrital carbonate from the 132 

catchment (Marshall et al., 2002). As part of this study, Core HW2 (107 cm long) was 133 

recovered for chironomid oxygen-isotope analyses using a large-GLDPHWHU� µ5XVVLDQ¶� FRUHU: 134 

carbonate oxygen-isotope analyses were also undertaken on this material. Complementary 135 

published data are available from parallel, ~120 cm long cores HW1/1 and HW1/2: carbonate 136 

oxygen-isotopes were undertaken on the former (Jones et al., 2002; Marshall et al., 2002) and 137 

chironomid-inferred temperatures determined on the latter (Bedford et al., 2004). The two 138 

datasets were placed on a common depth scale to allow for minor differences in depth, as 139 

described in Bedford et al. (2004). Cross correlation of the HW1 sequence with HW2 was 140 

achieved by sequence-slotting (see Supplementary Material) of the carbonate oxygen-isotope 141 

data from the two cores.  142 

 143 



 144 

Fig. 1. Location of the coring sites at Hawes Water. Inset shows the location of the lake in NW 145 

England.  146 

 147 

2.2 Chronology and Late Glacial environment at Hawes Water 148 

Previously-published lithological information, SROOHQ�� į18Ocarbonate and chironomid-inferred 149 

temperatures on HW1/1 and HW1/2 were compared by Lang et al. (2010) with the oxygen-150 

isotope event stratigraphy for the NGRIP ice core (Lowe et al., 2008) in order to develop a 151 

chronology for the Late Glacial sequence at Hawes Water, with confirmation of a late glacial 152 

age provided by two radiocarbon dates on terrestrial plant macrofossils (Marshall et al., 2002) 153 

(Fig. 2). The studied sequence begins with marl corresponding to the Late Glacial interstadial, 154 

overlying clays deposited during Greenland Stadial 1. There is an initial rise in į18Ocarbonate in 155 

the marl that was abruptly followed by a temporary reversal �PDUNHG�³$´�RQ�)LJ��2) before the 156 

į18Ocarbonate rise was resumed. Over the same interval, there was an increase in head capsules 157 

from thermophilic chironomid taxa (Bedford et al., 2004). The published pollen record 158 

indicates open grassland during this interval (Jones et al. 2002; Bedford et al., 2004), which 159 



marks the transition from the glacial into the Late Glacial interstadial (Greenland Interstadial 160 

1a to 1e). Marl FRQWLQXHV�DERYH� WKLV��ZLWK�KLJK�į18Ocarbonate values that are interrupted by 3 161 

marked negative excursions (labelled ³B´, ³C´ and ³D´ on Fig. 2). There is a large but 162 

progressively decreasing number of thermophilic chironomid taxa and pollen indicative of 163 

juniper scrub in the earlier part and birch woodland in the later part of the interval, which 164 

coincides with the Late Glacial interstadial. The uppermost part of the marl shows a sharp 165 

ORZHULQJ�RI�į18Ocarbonate values and a return to pollen indicative of open grassland vegetation 166 

coupled with a shift to fewer thermophilic and more cold-tolerant chironomid taxa. The 167 

overlying clay, which displays ORZ� į18Ocarbonate values, an abundance of cold-tolerant 168 

chironomid taxa and pollen indicative of open ground to tundra vegetation, coincides with the 169 

Younger Dryas stadial (Greenland Stadial 1)��$Q�LQFUHDVH�LQ�į18Ocarbonate values in the upper 170 

part of the clay, a shift to pollen indicative of open ground and an increase in warm-water 171 

chironomid taxa marks the transition to the Early Holocene, which is accompanied by a return 172 

to marl VHGLPHQWDWLRQ��D�ULVH�LQ�į18Ocarbonate values and a change to grassland pollen.  Above 173 

this, marl sediments are replaced by Early Holocene fen peat. 174 



 175 

 176 

Fig. 2. Development of a chronology for the Hawes Water Late Glacial sediment sequence. A. 177 

Greenland ice core (NGRIP) oxygen-isotope record (North Greenland Ice Core Project 178 

members, 2004), with proposed correlation to HW1. Shading denotes NGRIP stadials. GS2 = 179 

Greenland Stadial 2; 1a to 1e inclusive = Greenland Interstadial 1a to 1e, which is equivalent 180 

to the Late Glacial Interstadial; GS-1 (YD) = Greenland Stadial 1, which is equivalent to the 181 

Younger Dryas Stadial; EH =  Early Holocene. B. Late Glacial carbonate oxygen-isotope 182 

record from Hawes Water core HW1 (on its original depth scale). (YHQWV�ODEHOOHG�³$´�WR�³'´�183 

are negative oxygen-isotope excursions in the HW1 record (based on Marshall et al., 2002; 184 

Lang et al., 2010). Radiocarbon dates are from Marshall et al. (2002), calibrated here using 185 

Calib 8.20 (Stuiver and Reimer, 1993) and IntCal20 and expressed as 1 sigma ranges in 186 

calendar years BP. 187 



 188 

2.4 Analytical methods 189 

7KH�SULQFLSDO� ODERUDWRU\�PHWKRGV�HPSOR\HG� LQ� WKLV�VWXG\�ZHUH�į18O analysis of chironomid 190 

head capsules by pyrolysis to CO over carbon at 1450°C followed by gas-source mass 191 

spectrometry, and isotopic analysis of endogenic lake carbonate samples by conventional 192 

techniques. In addition, a few samples of chitin from head capsules were analysed by flash 193 

pyrolysis followed by gas chromatography and mass spectrometry (Py-GC-MS). The original 194 

purpose of the Py-GC-MS analyses was to compare the effects of different pre-treatments of 195 

the head capsules on the molecular degradation of chitin, but this method later provided 196 

important evidence for alteration of the original chitin in the Hawes Water samples. 197 

 198 

2.4.1 Isotope analysis of chironomid head capsules 199 

Freeze-dried, 1cm-thick sediment segments from selected intervals were washed through 210 200 

ȝP�DQG��� ȝP�PHVK�VLHYHV�ZLWK�GHLRQL]HG�ZDWHU and sonicated to remove sediment particles. 201 

The stratigraphic resolution of the chironomid record was restricted by the abundance of 202 

chironomids; however, where possible, analyses were performed every 2 cm. Chironomid head 203 

capsules were picked from aliquots of sieved residue under a low-power (u25 magnification) 204 

binocular microscope. Owing to limited availability of material, all the head capsules in each 205 

level were aggregated, regardless of species, and because of this species identifications were 206 

not determined. Based on experiments to determine minimum sample size and optimum 207 

methods for head capsule purification (Supplementary Material), 60 ± 10 µg of head capsule 208 

material from each sample was analyzed following pretreatment to eliminate impurities. The 209 

pretreatment process involved three steps applied sequentially to each sample of separated head 210 

capsules; firstly 2:1 dichloromethane:methanol, secondly 0.25 M HCl and thirdly 0.25 M 211 

NaOH for 24 hours at 20°C. The head capsules were further washed and sonicated at each stage 212 



in the treatment process to confirm that all particles of sediment had been removed. Oxygen-213 

isotope analyses of treated chironomid remains were performed at Durham University Stable 214 

Isotope Biogeochemistry Laboratory (SIBL) using a Thermo TC/EA coupled to a Thermo-215 

Finnigan Delta V Advantage IRMS, via a ConFlo III interface. Oxygen-isotope ratios are 216 

expressed in standard dHOWD� XQLWV�� DV� SHU� PLO� �Å�� GHYLDWLRQV� IURP� WKH� 9602:� VWDQGDUG��217 

Results were calibrated against three international reference standards (IAEA-600, IAEA-601, 218 

IAEA-602). Sample analytical precision was better than < ±0.64 Å��� SD) based on analysis 219 

of three replicate samples from one level in the Hawes Water sequence that contained abundant 220 

chironomid head capsules. 221 

 222 

2.4.2 Isotope analysis of carbonate 223 

Between 3 and 5 g aliquots of bulk sediment were treated with 100 mL 5% sodium hypochlorite 224 

overnight to remove organic material, wet-VLHYHG�WKURXJK�DQ����ȝP�PHVK�WR�UHPRYH�ELRFODVWLF�225 

material, rinsed in deionized water and then freeze dried in order to isolate endogenic carbonate 226 

for oxygen-isotope analyses. Standard analytical methods were employed as described for the 227 

Hawes Water material in Marshall et al. (2002) and Thomas (2014). In brief, samples of around 228 

2 mg were then analyzed at the University of Liverpool stable isotope laboratory using a VG 229 

,62&$5%�DXWRPDWHG�µFRPPRQ�DFLG�EDWK¶�gas preparation system connected to a VG SIRA10 230 

mass spectrometer. Oxygen-LVRWRSH�UDWLRV�DUH�H[SUHVVHG�LQ�VWDQGDUG�GHOWD�XQLWV��DV�SHU�PLO��Å��231 

deviations from the VPDB standard. VPDB to VSMOW conversion, where required, followed 232 

Kim et al. (2015). Analytical precision for carbonates based on the long-term measurement of 233 

standards waV�EHWWHU�WKDQ������Å��� SD). 234 

 235 

 236 

 237 



2.4.3 Pyrolysis ± gas chromatography ± mass spectrometry (Py±GC±MS) 238 

To monitor the effect of the combined purifications (extraction, acid and base treatment, see 239 

Supplementary Material) on their composition, modern chironomid head capsules and isolated 240 

fossil heads from three levels in the sequence (358 cm, 360 cm and 364 cm) were analysed by 241 

Py-GC-MS. The selection of core levels from which to analyse fossil heads was dictated by 242 

the availability of remaining material following the completion of the oxygen-isotope analyses. 243 

 244 

Pyrolysis was carried out in helium carrier gas on a Horizon Instruments Curie-Point pyrolyser. 245 

Samples (typically 1±2 mg) were pressed onto Ni/Fe Curie point wires and subsequently heated 246 

for 5 s at 590°C. The pyrolysis unit was directly connected to a Carlo Erba GC8060 gas 247 

chromatograph through a splitless injector set at 280°C, and the products were separated by a 248 

fused silica column (Varian, 25 m, 0.32 mm i.d.) coated with CP-Sil5 (film thickness 0.40 µm).  249 

The GC oven was initially kept at 40°C for 1 min then heated at a rate of 7°C min-1 to 320°C 250 

and maintained at that temperature for 15 min. The column was coupled to a Fisons MD800 251 

mass spectrometer (mass range m/z 45-650, ionization energy 70 eV, cycle time 0.7 s). 252 

Identification of the compounds was carried out from their mass spectra using a NIST library 253 

and/or by interpretation of the spectra, by their retention times and/or by comparison with data 254 

from the literature (Stankiewicz et al., 1996; Smith et al., 1988). Quantification was performed 255 

by peak integration using two main fragment ions of each compound. From the peak areas, 256 

relative contributions of each compound and groups of compounds were calculated using the 257 

correction factors reported by Menzel et al. (2005). Each day, prior to analysis of samples, a 258 

standard (ball-milled oak root, Quercus robur L.) was run in order to check pyrolysis, 259 

chromatography and mass spectrometry based on an array of compounds present, including 260 

polysaccharides, proteins, guaiacyl-lignin, syringyl-lignin, tannins, suberin, and triterpenoids. 261 

Each of these compounds has distinct features upon Py-GC-MS, thus allowing possible 262 



problems with the system to be traced. In case of maintenance or when too much sample was 263 

pyrolyzed (based, for example, on peak overload or high intensity), a blank was run (either 264 

only GC-MS running or running a pre-extracted Curie-point wire). For the chitin-derived 265 

pyrolysis products correction factors were determined by dividing the peak area of the whole 266 

peak by those obtained from the selected fragment ions using the pyrolysis-GC trace of chitin 267 

powder. The correction factors are: acetic acid (1.5), acetamide (1.0), 3-acetamido-3-268 

methylfuran (2.2), 3-acetamido-4-pyrone (3.1), and 1,6-anhydro-2-acetamido-2-deoxyglucose 269 

(5.4). 270 

 271 

3. Results and interpretation 272 

3.1 Derivation of past water-temperature DQG�ODNH�ZDWHU�į18O 273 

3UHYLRXV� ZRUN� KDV� GHPRQVWUDWHG� D� VWURQJ� SRVLWLYH� FRUUHODWLRQ� EHWZHHQ� į18Ochironomid and 274 

į18Olakewater (van Hardenbroek et al., 2018). Fig. 3 combines information from the field 275 

collections reviewed by van Hardenbroek et al. (2018, see their Fig. 5) with data from 276 

laboratory culture experiments by Wang et al. (2009) and Lombino et al. (2021). Wang et al. 277 

(2009) performed experiments at constant temperature (25°C). Lombino et al. (2021) reared 278 

chironomid larvae in a range of cultures with temperatures from 5 to 25°C and found a small 279 

temperature effect of about -����Å�°C-1. 280 

 281 

Although Fig. 3 reveals a strong UHODWLRQVKLS�EHWZHHQ�į18Ochironomid and į18OH2O, the data also 282 

show considerable scatter (r2 = 0.80). This scatter probably results from a number of factors 283 

that differ both within and between the individual studies, including inter-species effects as 284 

well as differences in temperature, sample preparation methods and analytical protocols. The 285 

best-fit line does not indicate a 1:1 correspondence between the isotope ratios in the chironomid 286 

head capsules and the water, but instead has a gradient of 0.83. This probably reflects the fact 287 



that in controlled culture experiments reported by Wang et al. (2009) about 30% of oxygen 288 

atoms in chironomid chitin were derived from their food, while 70% were derived from the 289 

host water. Differences in the isotopic composition of food consumed by the larvae in the 290 

various studies may also, therefore, have contributed to the scatter in Fig. 3. 291 

 292 

 293 

 294 

)LJ�����į18Ochironomid YHUVXV�į18OH2O based on a range of field collections (Verbruggen et al., 295 

2011; Lombino, 2015; Mayr et al., 2015; Lasher et al, 2017; Chang et al., 2018) and two culture 296 

experiments (Wang et al., 2009 and Lombino et al., 2021). The ordinary least-squares 297 

regression line, with 95% confidence limits, was fitted through all of the data. Based on van 298 

Hardenbroek et al. (2018) with additions and modifications. 299 

 300 

The calcite±water (Įcalcite-H2O) and chironomid±water (Įchironomid-H2O) oxygen-isotope 301 

fractionations can be combined in order to derive an estimate of water temperature, assuming 302 

that the calcite and the chironomids formed under the same temperature and water į18OH2O. 303 



Chironomid larvae generally live on the sediment surface or amongst plants in relatively 304 

shallow water and grow during the warm season (late spring through to early autumn) (Tokeshi, 305 

1995). At Hawes Water, calcium carbonate is currently precipitated within the upper 2 metres 306 

of the water column, from mid-June to mid-August, when the surface waters become super-307 

saturated with respect to calcite (Marshall et al., 2008). We can therefore be confident that the 308 

carbonate and chironomid larval head capsules formed under similar conditions of temperature 309 

and lake-water isotope composition. 310 

 311 

We combine the equation for the temperature-dependence of oxygen-isotope fractionation 312 

EHWZHHQ�FDOFLWH�DQG�ZDWHU��.LP�DQG�2¶1HLO���������HTXDWLRQ����ZLWK�WKDW�EHWZHHQ�FKLURQRPLG�313 

head capsules and water from Lombino et al. (2021) (equation 2) in order to derive a 314 

fractionation between calcite and chironomid head capsules (equation 3). We then use this 315 

relationship along with oxygen-isotope values from chironomid head capsules and co-316 

occurring calcite in order to reconstruct past water temperature for the Hawes Water sequence.  317 

 318 

1000lnDcalcite-water = 18.03 (±0.36) (103T-1) ± 32.42 (±1.22)     (1) 319 

1000lnDchironomid-water = 6.29 (±1.86) (103T-1) + 1.16 (±6.46)     (2) 320 

1000lnDcalcite-chironomid = 1000(lnĮcalcite-water ± lnĮchironomid-water) = 11.74 (±1.89) (103T-1) ± 33.58 321 

(±6.58)            (3) 322 

 323 

The value of Įcalcite-chironomid for each pair of measurements is given by �į18Ocarbonate + 324 

�������į18Ochironomid + 1000), with both delta values on the VSMOW scale. This value can then 325 

be entered into Equation (3), suitably rearranged to give a value for T in kelvins, which can 326 

then be converted to °C. As a test of the accuracy and effectiveness of the method¶V�DSSOLFDWLRQ�327 

to fossil material, temperatures inferred from oxygen isotopes in this way can be compared 328 



with independent temperature reconstructions derived from the chironomid assemblages from 329 

Hawes Water (Bedford et al. 2004). 330 

 331 

The Late Glacial į18Ochironomid record from Hawes Water core HW2 extends from the Late 332 

Glacial interstadial through the Younger Dryas stadial and into the earliest Holocene (Fig. 4). 333 

7KH�UHFRUG�EHJLQV�ZLWK�ORZ�į18Ochironomid values, ~12.8 Å�9602:�UHDFKLQJ�D�PD[LPXP�RI�334 

a�����Å�EHIRUH�GHFOLQLQJ�WR�a����Å�LPPHGLDWHO\�EHIRUH�WKH�VWDUW�RI�WKH�VWDGLDO��į18Ochironomid 335 

vDOXHV�IDOO�DV�ORZ�DV������Å�GXULQJ�WKH�<RXQJHU�'U\DV�EHIRUH�LQFUHDVLQJ�WR�a���Å�LQ�WKH�Early 336 

Holocene. The form of the į18Ochironomid record agrees FORVHO\�ZLWK�WKH�į18Ocarbonate record from 337 

HW2. The two records are largely coherent (r2 = 0.70, P < 0.05, n = 44) and we note also that 338 

WKH�QHJDWLYH�H[FXUVLRQV�LQ�WKH�į18Ocarbonate record (labelled ³A´ to ³D´ on Fig. 4) are also evident 339 

LQ� WKH� į18Ochironomid data. 'HVSLWH� EURDG� VLPLODULW\� EHWZHHQ� WKH� į18Ochironomid DQG� į18Ocarbonate 340 

records, we note that the overall amplitude of change over the Late Glacial is much larger for 341 

WKH�IRUPHU��a��Å��WKDQ�WKH�ODWWHU��a� Å�� 342 

 343 



 344 

 345 

Fig. 4. Oxygen-LVRWRSH� VWUDWLJUDSK\� �į18Ochironomid DQG� į18Ocarbonate) for core HW2 (on the 346 

original depth scale). 1HJDWLYH�H[FXUVLRQV�LQ�WKH�į18Ocarbonate record are labelled A to D. LG-IS 347 

= Late Glacial interstadial; YD = Younger Dryas stadial; EH = Early Holocene. 348 

 349 

The palaeotemperatures reconstructed from the į18Ochironomid DQG�į18Ocarbonate values using the 350 

method described above are implausibly low, ranging between about -20 and -4°C (Fig. 5). 351 

Comparison of the chironomid-isotope reconstructed temperatures with those inferred by 352 

transfer function from chironomid assemblages (Fig. 5) shows that the isotope-derived values 353 

are more variable than the faunal estimates, but still preserve ² in a relative way ² the main 354 

features of the stadial-interstadial-stadial climatic sequence. However, the range in values from 355 



stadial to interstadial shown by the isotope-derived estimates is 14°C, more than twice the 356 

faunal estimate of 6°C. 357 

 358 

 359 



Fig. 5��į18Ochironomid��WHPSHUDWXUH�LQIHUUHG�IURP�WKH�FKLURQRPLG�R[\JHQ�LVRWRSHV�DQG�į18Ocarbonate 360 

from core HW2 (plotted on the depth scale of HW1); chironomid-inferred temperatures (±1 361 

SD) from core HW1/2 are from Bedford et al. (2004). Uncertainties (±1 SD) in the isotope-362 

inferred palaeotemperature values (shown by pale lines) were propagated from the statistical 363 

uncertainties in equations (1) and (2) and analytical errors IRU� į18Ochironomid DQG�į18Ocarbonate 364 

determinations. Note that į18Ocarbonate values are shown relative to the VSMOW scale. LG-IS 365 

= Late Glacial Interstadial; YD = Younger Dryas Stadial; EH = Early Holocene. Transfer of 366 

HW2 data to the HW1 depth scale is explained in the Supplementary Data.  367 

 368 

The Py-GC-MS analyses (Table 1) show that the modern and fossil head capsules responded 369 

differently to pretreatment and, moreover, show contrasting composition. The modern heads 370 

became relatively enriched in chitin upon pretreatment, due to removal of fatty acids, whereas 371 

proteins were removed only to a relatively small extent. By contrast, the three fossil samples 372 

tested were relatively poorer in both proteinaceous material and chitin than the modern 373 

analogue. In addition, the fossil heads contained a relatively high abundance of aliphatic 374 

geopolymers, which were lacking from the modern specimens (Table 1).  375 

 376 

 377 

 378 

 379 

 380 

 381 

 382 



Table 1. Relative abundances of bio- and geopolymers in chironomid head capsules based on 383 

the abundances of their pyrolysis products. Sample numbers for fossil material from Hawes 384 

Water refer to sample depths in HW/2. 385 

 386 

Fossil heads

untreated treated untreated treated untreated treated untreated treated

Chitin 0.36 0.53 0.30 0.23 0.34 0.18 0.40 0.28
Fatty acids 0.17 0.01 0.01 0.04 0.02 0.05 0.01 0.05
Proteins 0.47 0.46 0.37 0.17 0.24 0.17 0.36 0.24
Aliphatic geopolymers 0.00 0.00 0.32 0.56 0.40 0.59 0.23 0.43

Modern heads
358 cm 360 cm 364 cm

 387 

 388 

4. Discussion 389 

The chironomid-carbonate palaeothermometer is based on four assumptions: 1��į18Ochironomid is 390 

a reliable combined proxy for į18OH2O and temperature, and that the contribution of each to the 391 

į18Ochironomid record can be reliably quantified; 2�� ERWK� LQGHSHQGHQW� į18O archives formed 392 

simultaneously IURP�ZDWHUV�ZLWK�D�FRPPRQ�į18OH2O and water temperature (i.e. in the same 393 

part of the water column and at the same time of year); 3) sample materials are free from 394 

contamination; and 4) sample materials are free from post-depositional alteration. The 395 

unrealistic sub-zero summer temperature estimates from Hawes Water į18Ochironomid imply that 396 

at least one of these assumptions is not valid. We now evaluate each of them in turn.  397 

 398 

As discussed in 2.3 above, the relationship between į18Ochironomid and į18OH2O is strong and has 399 

been confirmed through a number of field- and lab-based studies. The impact of temperature 400 

RQ�Įchironomid-water in Lombino et al. (2021), however, represents only a single study and requires 401 

further confirmation. There is some evidence for temperature-dependent oxygen-isotope 402 

fractionation in cellulose, a biomolecule that shows similar isotopic behaviour to chitin 403 



(Beuning et al., 1997, 2002): both cellulose and chitin have previously been regarded as 404 

showing no temperature dependence in oxygen-isotope fractionation (Mayr et al., 2015; 405 

Wooller et al., 2004, 2008; Wolfe et al. 2001, 2007). However, even if we assume a constant 406 

Įchironomid-H2O value and then use this LQ�FRQMXQFWLRQ�ZLWK�į18Ocarbonate values, the reconstructed 407 

temperatures are still unrealistically low and show poor agreement with the chironomid-408 

inferred temperature estimates. In short, our findings would be unchanged if this approach were 409 

taken. 410 

 411 

The chironomids and carbonate are both very likely to have formed under the same conditions 412 

of water temperature and water-isotope composition (i.e. in the near-surface waters of the lake 413 

during late spring and summer). For the carbonate, this is confirmed by the detailed monitoring 414 

of Hawes Water (Marshall et al., 2007) summarized in 2.1 above. For the chironomids, there 415 

are numerous studies that confirm that the larval chitin forms in late spring to early autumn 416 

(Tokeshi, 1995). Although the larvae live in the surface sediments and plants, they tend to be 417 

confined to shallower water, with conditions of temperature and į18OH2O similar to those for 418 

carbonate formation.  419 

 420 

Sample contamination is unlikely to be a problem for either į18Ochironomid or į18Ocarbonate. The 421 

preparation method for carbonate at Hawes Water yields estimates for water temperature that 422 

are realistic for the modern lake when applied to contemporary carbonate (Marshall et al., 423 

2007). For the chironomids, our evaluation of preparation methods  suggests that this will not 424 

have led to any significant effect on WKH�į18Ochironomid signal and the checks undertaken during 425 

sample preparation confirm the absence of sedimentary contamination (see Supplementary 426 

Material). This leaves only post-depositional alteration of the oxygen isotope ratios of one or 427 

both sample materials as a possible source of error. There is no evidence that post-depositional 428 



diagenesis of marl in Hawes Water has led WR�VLJQLILFDQW�DOWHUDWLRQ�RI�į18Ocarbonate (Marhsall et 429 

al, 2007), whereas chitin is an organic polymer that might be subject to degradation or other 430 

diagenetic processes. 431 

 432 

The chemical composition of chitin is thought to remain largely unchanged for tens of 433 

thousands of years under favourable depositional environments (e.g. high sedimentation rates 434 

and anoxia) (Stankiewicz et al., 1997a; 1997b). However, the chromatographic screening of 435 

chironomid remains from Hawes Water shows they have lower proportions of both 436 

proteinaceous material and chitin than the modern analogue. Furthermore, the macromolecular 437 

structure of the tested chironomid remains from Hawes Water is characteristic of the formation 438 

of aliphatic (geo)polymers during diagenesis, via the polymerization of liberated lipid 439 

molecules (Baas et al., 1995; Cody et al., 2011; Gupta et al., 2009; Stankiewicz et al., 2000). 440 

Pretreatment had the effect of relatively enriching these geopolymers, whereas proteins and 441 

chitin became depleted (Table 1). 442 

 443 

The conditions governing such geopolymerization are largely unknown and therefore the 444 

influence of the formation of geopolymers on the į18Ochironomid signature at Hawes Water is 445 

difficult to ascertain, but clearly diagenetic alterations have the potential to reset, or at least 446 

alter, the original į18Ochironomid signature. We combined the chironomid-inferred and isotope-447 

derived temperatures presented above to estimate the amount of fractionation that may have 448 

occurred during diagenesis at each level in the core for which paired measurements are 449 

available. We emphasize that these estimates are based on the difference between the 450 

chironomid-inferred and isotope-derived temperatures: we did not attempt to estimate the 451 

degree of diagenetic fractionation based on the Py-GC-MS data, which are, in any case, only 452 

available from three sample levels. Instead, we use the compositional data as evidence that 453 



alterations consistent with diagenesis have occurred. The average inferred diagenetic 454 

fractionation using this approach is 1.0035 ± 0.0008 (1 SD); i.e. there is an inferred +3.5 ± 0.8 455 

Å� FKDQJH� LQ� į18Ochironomid values during diagenesis. We plot the calculated diagenetic 456 

fractionation against chironomid-inferred temperature in order to explore any influence of 457 

temperature on the diagenetic process (Fig. 6) and note that the data fall into two apparent 458 

populations. For chironomid-inferred water temperatures <9°C, there is no relationship 459 

between temperature and diagenetic fractionation whereas there is a strong positive 460 

relationship for chironomid-inferred water temperatures >9°C. In general, the positive 461 

fractionation suggests a loss of 16O during the geo-polymerization process. The relationship 462 

with ambient temperature is difficult to explain, although we note that those levels for which a 463 

correlation between temperature and diagenetic fractionation exists are from marl sediments 464 

whereas the levels for which the correlation is absent are from clays. The positive diagenetic 465 

fractionation is consistent with early diagenesis, presumably mediated by bacteria within the 466 

marl: we speculate that this diagenetic process may have been delayed in the less permeable 467 

clays, which would account for the lack of correlation with ambient temperature at the time of 468 

deposition or shortly afterwards. The amount of diagenetic fractionation is sensitive to 469 

Dchironomid-water, although different values of Dchironomid-water would not change the overall patterns 470 

observed, nor our interpretations of them. 471 

 472 



 473 

 474 

Fig. 6. Diagenetic fractionation factor (Ddiagenetic) versus chironomid-inferred water temperature 475 

(C-IT) for Hawes Water core HW2. Water temperature was determined by subtracting 2.3°C 476 

from chironomid-inferred air temperature (Marshall et al., 2007). The regression equation and 477 

r2 value relate only to C-,7�YDOXHV�!�Û&� 478 

 479 

The partial persistence of proteins after the treatments implies that they contribute to the 480 

į18Ochironomid values obtained, although their oxygen content is smaller than that of chitin. 481 

However, there is relatively less protein and chitin than geopolymer in the head capsule 482 

material following treatment. The diagenetic fractionation must therefore be associated with 483 

the formation of the geopolymer. Despite this��WKH�FRKHUHQFH�EHWZHHQ�WKH�WZR�LQGHSHQGHQW�į18O 484 

records (i.e. carbonate and chironomid head capsules) suggest that some form of environmental 485 

signal is still preserved even after diagenesis. 486 

 487 



5. Conclusions 488 

Previous work has shown that the oxygen-isotope composition of chironomid head capsules is 489 

determined primarily by the composition of the environmental water in which the chironomids 490 

lived, but is also dependent on temperature and on the oxygen isotopic composition of the 491 

dominant food source (van Hardenbroek et al., 2018: Lombino et al., 2021). We have shown, 492 

from a Late Glacial lake sediment record from Hawes Water, that a time series of oxygen-493 

isotope values from chironomid head capsules strongly resembles records based on two other 494 

independent climatic proxies, namely the G18O of endogenic carbonate and temperatures 495 

inferred from chironomid assemblages using transfer functions. These similarities suggest that 496 

į18Ochrinomid records have considerable potential for future studies, especially in lakes that lack 497 

carbonate deposition or preservation, but in which other biomolecules are preserved. However, 498 

in our record the isotopic composition of the head capsules appears to have been altered during 499 

diagenesis, with this additional, unknown fractionation producing unrealistic results in 500 

temperature reconstructions. It is a matter for future research to establish whether such 501 

diagenesis is common in lake sediment settings. A possible relationship between sediment type 502 

and the extent of diagenetic alteration of chironomid head capsules that is evident in our data 503 

requires further investigation. While the apparently orderly diagenetic modification of the 504 

marl-encased head capsules militates for early diagenesis that is closely related to temperature, 505 

the discrepancy with the clay-encased material indicates that the rate of diagenesis is dependent 506 

on the sedimentary context and may be delayed and slowed in low-permeability materials. This 507 

implies that the present results are likely only to be mirrored in a general way in other lakes or 508 

water bodies, and that the diagenetic fractionation factors we have deduced should not be taken 509 

to apply to any sites other than Hawes Water. Nonetheless, our results do indicate that oxygen-510 

isotope values of chironomid head capsules from Quaternary sequences should be interpreted 511 

with care, especially if the isotope data are to be used in quantitative reconstructions of past 512 



climate. )XUWKHU� � WHVWLQJ�RI� WKLV� µFRPELQHG� LVRWRSH¶�DSSURDFK�FRXOG� LQYROYH�R[\JHQ-isotope 513 

analyses of modern carbonate precipitates and head capsules from living chironomid larvae 514 

from a site in which water temperature and water isotope composition are closely monitored. 515 
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