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Abstract 19 

Long-chain (C21-C33) n-alkan-2-ones are biomarkers ubiquitous in peat deposits. However, their 20 

paleoenvironmental significance lacks constraints. Here we evaluate the influence pH exerts on 21 

the occurrence of long-chain n-alkan-2-ones in Chinese peats. A comparison of the distribution 22 

in a collection (n= 65) of modern peat samples with different pH (pH values 4.4-8.6) from 23 

China demonstrates that their distribution is significantly different in acid compared to alkaline 24 

peat. This difference can be explained by the pH control on the conversion of n-alkan-2-one 25 

precursor compounds (n-alkanes and fatty acids). Transfer functions between pH and n-alkan-26 

2-one ratios were established using linear and logarithmic regression models. We then applied 27 

these proxies to reconstruct variations of paleo-pH in the Dajiuhu peat sequence to identify the 28 

history of peatland acidification over the last 13 kyr. We find significant changes in paleo-pH 29 

during the deglaciation/early Holocene and relate these to times of dry climate in the region. 30 

The drought-induced peat acidification is supported by observations from modern drying events 31 

in the peatland. We propose that long-chain n-alkan-2-ones in peats have potential to trace 32 

paleo-pH changes across the deglaciation and Holocene, although further research from 33 

different peatlands and time periods is still needed.  34 

 35 

Key words: peatland; pH; n-alkan-2-one; acidification; drought. 36 

  37 
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1. Introduction 38 

Peatlands cover 3% of the global land area, but store ca. 30% of global soil organic carbon 39 

and hence play an important role in the global carbon cycle (Gorham, 1991; Frolking et al., 40 

2011; Yu, 2012). Peatlands can exist as bogs or fens. Bogs are generally characterized by acidic 41 

and oligotrophic conditions, resulting in moss-dominated plant communities (e.g. Sphagnum), 42 

although tropical bogs can be dominated by woody angiosperms (Lähteenoja and Page, 2011). 43 

In contrast, fens are minerotrophic peatlands with less acidic, neutral, or alkaline pH and usually 44 

fed by mineral-rich surface or groundwater. Plant communities of fens are usually dominated 45 

by sedges and reeds. Fens can be subdivided into rich, intermediate, and poor fens (Gorham, 46 

1953; Rydin and Jeglum, 2013) depending on the calcium content and associated pH of their 47 

waters. Rich (poor) indicates that the peatland is rich (poor) in a floristic sense and has higher 48 

(lower) pH (Rydin and Jeglum, 2013). 49 

pH values vary between different types of peatlands and different stages of peatland 50 

development and can be related to changes in temperature and hydroclimate (water table depth) 51 

(Langbein, 1967). The differences can be large and ecologically important. The pH commonly 52 

decreases along the gradient from rich fen to bog, with a range of pH 9 to 3 (Sjörs and 53 

Gunnarsson, 2002; Wieder and Vitt, 2006; Cao et al., 2017). Peat pH has been considered an 54 

important indicator of nutritional status and ecosystem types (Loisel et al., 2017). Because 55 

different types of peatlands differ in terms of bulk density, organic matter content, and carbon 56 

accumulation rate (Loisel et al., 2014; Treat et al., 2016), knowledge of past pH changes is 57 

important to estimate variations in their carbon stocks (Loisel et al., 2017). Furthermore, pH 58 

influences the peat biogeochemistry. For example, in peatlands the rates of methanogenesis 59 
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(methane production) and methanotrophy (methane consumption) are related to pH (e.g. 60 

Bergman et al., 1998; Segers, 1998; Whalen, 2005) as methanogenesis is retarded at low (< 5) 61 

pH (Dunfield et al., 1993; Valentine et al., 1994; Kotsyurbenko et al., 2004). Therefore, the 62 

establishment of paleo-pH proxies in peatlands is important to reconstruct past changes in peat 63 

biogeochemistry and can be used to infer changes in local (hydro) climate.  64 

The high concentrations and diversity of lipid biomarkers make peat deposits and lignites  65 

good subjects for paleoclimate reconstructions using molecular proxies (e.g., Xie et al., 2004a, 66 

2013; Pancost et al., 2007; Nichols et al., 2010; Huang et al., 2013a; Naafs et al., 2017, 2018, 67 

2019; Zheng et al., 2017, 2018; Inglis et al., 2018, 2019). These biomarker proxies, as well as 68 

plant macrofossils, pollen, testate amoebae, and inorganic geochemistry proxies (c.f. Chambers 69 

et al., 2012) have provided detailed information on peatland paleoenvironment and 70 

biogeochemistry (Huang and Xie, 2016). However, relative to a variety of paleovegetation and 71 

paleohydrological biomarker proxies (see review in Naafs et al., 2019), the only established 72 

robust paleo-pH proxies suitable for peat deposits are the degree of cyclization of branched 73 

glycerol dialkyl glycerol tetraethers (brGDGTs) (Naafs et al., 2017) and potentially the recently 74 

proposed C31 hopane isomerization ratio (Inglis et al., 2018). Here we explore the use of a new 75 

set of biomarkers, the long-chain n-alkan-2-ones, as pH proxy in peat. 76 

n-Alkan-2-ones occur widely in multiple depositional settings, such as peat deposits (e.g. 77 

Lehtonen and Ketola, 1990; Xie et al., 2004a; Ortiz et al., 2010; Zheng et al., 2011a; 2011b; 78 

López-Días et al., 2016; Baker et al., 2018), soils (e.g. Amblès et al., 1993; van Bergen et al., 79 

1997; 1998; Bai et al., 2006; Jansen and Nierop, 2009), marine and lacustrine sediments (e.g. 80 

Volkman et al., 1981; 1983; Cranwell et al., 1987; Rieley et al., 1991; Meyers and Ishiwatari, 81 
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1993), and loess and paleosols (Xie et al., 2003, 2004b, 2008). However, their applications and 82 

assessments as paleoclimate and paleoenvironment proxies are still rare in comparison to other 83 

n-alkyl lipids (Zheng et al., 2011b; Baker et al., 2018; Naafs et al., 2019).  84 

Several possible origins have been proposed for n-alkan-2-ones in peats. They can be directly 85 

derived from plants (e.g. Qu et al., 1999; Hernandez et al., 2001; Ortiz et al., 2011; Schellekens 86 

et al., 2015), particularly Sphagnum genera (e.g. Baas et al., 2000; Nichols and Huang, 2007), 87 

but they are considered to be mostly the diagenetic products of in situ microbial degradation of 88 

n-alkanes and n-fatty acids (e.g. Rieley et al., 1991; Amblès et al., 1993; van Bergen et al., 1998; 89 

Zheng et al., 2011a; López-Días et al., 2016; Ortiz et al., 2016; Baker et al., 2018). Changes in 90 

sedimentary environmental parameters such as pH may impact the degradation pathways of n-91 

alkanes and n-fatty acids and hence formation of n-alkan-2-ones (e.g. Moucawi et al., 1981; 92 

van Bergen et al., 1998; Bull et al., 2000). Therefore, n-alkan-2-ones may have the potential to 93 

track changes in peat pH. 94 

In this study, we determined the molecular distributions of n-alkan-2-ones, n-alkanes, and n-95 

fatty acids as well as the stable carbon isotopic compositions of n-alkan-2-ones and n-alkanes 96 

in surface peats from multiple Chinese peatlands across a range of pH values as well as in a 97 

peat core deposited over the last 13 kyr in the Dajiuhu peatland, central China. The main 98 

objectives of this study were: (i) to elucidate the relation between the n-alkan-2-one distribution 99 

and pH; (ii) apply this relation to explore ancient pH variations of the Dajiuhu peatland during 100 

the late deglacial and Holocene; and (iii) to assess the possible causes for the inferred 101 

fluctuations of peat pH during the last 13 kyr in the Dajiuhu peatland.  102 

 103 
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2. Materials and methods 104 

2.1. Surface peat and plant samples  105 

The Yichun (YC), Hani (HN), Dajiuhu (DJH), Shiwangutian (SWGT) and Zoigê (REG) 106 

peatlands were investigated in this study (Fig. 1a). These five Chinese peatlands are situated in 107 

different climatic zones between 25 and 50 °N with a range in mean annual air temperatures 108 

from 1 to 12.5 °C. They span an altitude range from 270-3500 m and peat porewater pH values 109 

range from 4.4 to 8.6 (Table 1). Vegetation at the Zoigê peatland (an alkaline fen) is dominated 110 

by sedges that include Carex muliensis and Kobresia humilis (Zhao et al., 2011; Zheng et al., 111 

2014), whereas vegetation at the other peatlands (acidic bogs/poor fens) consists of sedges and 112 

predominantly Sphagnum mosses (Zhao et al., 2007; Bu et al., 2011). For detailed information 113 

about the general physical geography and the environmental parameters of these peatlands, see 114 

Huang et al. (2015).  115 

A total of 65 surface peat samples from all five peatlands and more than 50 plant specimens 116 

were collected from four peatlands except Zoigê. Peat samples were collected from a common 117 

depth of 0-2 cm. During collection of the surface peat samples the pH, conductivity (Cond), 118 

and oxidation-reduction potential (ORP) of peat porewater was measured in the field using 119 

portable electrodes (Mettler Toledo, Switzerland) and the HQ 40d multi-parameter meter (Hach, 120 

U.S.A.). Plant specimens sampled include Sphagnum spp., Sanguisorba officinalis, Euphorbia 121 

esula, Carex argyi, Veratrum nigrum, Polytrichum spp., Cerasus caudata, Spiraea japonica, 122 

Calamagrostis epigeios, Malus hupehensis, Osmunda japonica, Gramineae, Myriophyllum 123 

verticillatum, Menyanthes trifoliate and Sparganium simplex (Table 2). The plant samples were 124 

collected from different specimens of each species to capture intra-species variations.  125 
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Table 1. Information about the five peatlands in this study. The peat water chemistry and water level (expressed as DWT) were the average values from Huang 126 

et al. (2015).  127 

MAT, mean annual air temperature; MAP, mean annual precipitation; ORP, oxidation-reduction potential; DWT, distance from water surface to peat surface.  128 

Site Abbreviation Latitude Longitude 
Elevation 

(m) 

MAT 

(°C) 

MAP 

(mm) 
pH Conductivity (μS/cm) ORP (mV) DWT (cm) 

Yichun YC 48°31′N 129°32′E 272 1.0 785 5.3±0.2 197±47 24±3 5.3±3.3 

Hani HN 42°13′N 126°31′E 902 4.0 843.5 6.3±0.2 51±16 24±50 21.2±7.5 

Dajiuhu DJH 31°28′N 110°00′E 1700 7.2 1560 5.7±0.3 93±43 103±62 11.0±13.8 

Shiwangutian SWGT 26°05′N 110°22′E 1688 12.5 1800 4.7±0.2 18±3 188±53 15.3±11.3 

Zoigê REG 33°49′N 102°44′E 3500 1.1 649 7.9±0.6 400±115 66±74 4.4±7.1 



8 

2.2. Environmental monitoring in the Dajiuhu peatland 129 

A long-term monitoring of environmental parameters was initiated in the Dajiuhu peatland. For more 130 

detailed information about the monitoring experiment, see Huang et al. (2017). This consists of four 131 

monitoring points (Fig. 1b) that each contain MacroRhizon soil solution samplers (Rhizosphere 132 

Research Products B.V., The Netherlands) and Capacitive water level loggers (Oddsey, New Zealand). 133 

The depth of the water table (DWT) was measured as the distance between the water and the peat 134 

surface. Air temperature and relative humidity were recorded using a HOBO data logger (Onset, 135 

Massachusetts, U.S.A.), and the precipitation was recorded using a RG-3 M rain gauge logger (Onset, 136 

Massachusetts, U.S.A.). All data were collected every 2 hours over a three-year period from January 137 

2016 till December 2018. No air temperature was recorded from the 18th of November to the 15th of 138 

December 2017 due to temporarily failure of the battery of the HOBO data logger. pH, Cond 139 

(conductivity), and ORP (oxidation-reduction potential) of peat porewater from 0-10 cm deep was 140 

measured every one to two months. The sulfate concentration of 28 porewater samples collected from 141 

the depth of 0-10 cm in May and July 2017 was determined by a Dionex Aquion ion chromatograph 142 

(Thermofisher, U.S.A.). 143 

 144 

Fig. 1. Location of the study sites in China. (a) Stars indicate the location of Yichun (YC), Hani (HN), 145 

Dajiuhu (DJH), Shiwangutian (SWGT) and Zoigê (REG) peatlands. The base map was downloaded 146 

from ftp://topex.ucsd.edu/pub/archive/srtm/ and used to plot the topographic map with the software of 147 

ArcGIS 10.2. (b) Remote sensing map of the Dajiuhu basin. The yellow star indicates the location of 148 

the ZK-3 core. The red circles indicate the four sites for long-term environmental monitoring. The base 149 

ftp://topex.ucsd.edu/pub/archive/srtm/
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map is provided by Dajiuhu Wetland Authority. The artificial lakes were established in 2011 (Zhao et 150 

al., 2018).  151 

 152 

2.3. Holocene Dajiuhu peat core  153 

A 4-m-deep core (ZK-3) was retrieved from the Dajiuhu peatland in 2005 (N 31°28ʹ50ʺ, E 154 

110°00ʹ09ʺ). The core was sliced in 1-cm intervals in the field and samples frozen until further analysis. 155 

The lithology of the entire ZK-3 core comprises of an upper plant debris layer (0-30 cm), a black peat 156 

layer (30-200 cm), an underlying grayish peat layer (200-259 cm), and a basal sequence of greyish-157 

green lacustrine clays (259-400 cm). Here we only used samples from the upper 259 cm of the core that 158 

consists of peat. 159 

The chronology of the peat core is based on AMS 14C dates of 14 bulk peat samples measured at the 160 

School of Archaeology and Museology, Peking University (Huang et al., 2012). The calibrated ages 161 

were obtained from the 14C ages using the OxCal v3.10 software with the IntCal04 curve (Reimer et al., 162 

2004). The age-depth model is based on a linear interpolation of paired calibrated ages, and the peat 163 

basal age is ca. 13 ka (Huang et al., 2012).  164 

 165 

2.4. Lipid extraction and instrumental analysis 166 

Freeze-dried plant and peat samples (~1.5 g) were ultrasonically extracted with dichloromethane 167 

(CH2Cl2) and methanol (CH3OH) (CH2Cl2:CH3OH = 9:1, volume/volume). Internal standards 168 

consisting of cholane (13.36 μg) and cholanic acid (13.36 μg) were added before extraction for 169 

quantification purposes. The extracted lipids were then separated into aliphatic and polar fractions using 170 

silica gel chromatography by sequential elution with n-hexane and then CH2Cl2/CH3OH (1:1, v/v). The 171 

polar fraction was saponified by heating with 1 mol/L KOH in methanol solution at 80 °C for 2 hours 172 

and then separated into neutral and acidic polar fractions. The neutral polar fraction was silylated using 173 

BSTFA [N, O-bis(trimethylsilyl)trifluoroacetamide], and the acidic polar fraction was reacted with 174 

BF3/CH3OH (14%, v/v) before instrumental analysis. 175 

The aliphatic and neutral and acidic polar fractions were analyzed by GC-MS using an Agilent 7890A 176 

gas chromatograph linked to an Agilent 5975C mass selective detector equipped with a DB-5 MS 177 



10 

column (30 m × 0.25 mm internal diameter; film thickness 0.25 μm). Samples (1 μl) were injected in 178 

splitless mode. The oven temperature was programmed as follows: initial temperature at 70 °C for 1 179 

min, and then increased to 200 °C at 10 °C/min, and finally increased to 300 °C at 3 °C/min (held for 180 

10 min). Helium was used as the carrier gas at a constant flow of 1 ml/min. The ionization energy of 181 

the mass spectrometer was set at 70 eV, the scan ranged from 50 to 550 amu. Compound identifications 182 

were based on relative retention times and mass spectra (e.g., Sharkey et al., 1956; Volkman et al., 1981; 183 

Lehtonen and Ketola, 1990). Compounds were quantified by comparison of peak areas with the internal 184 

standards of known concentration.  185 

 186 

2.5. Compound-specific carbon isotope composition analyses 187 

Compound-specific carbon isotope compositions of n-alkanes and n-alkan-2-ones of Sphagnum and 188 

surface peat samples were measured with a Finnigan Trace GC instrument coupled to a Finnigan Delta 189 

XP isotope ratio mass spectrometer (GC-IRMS) equipped with a DB-5MS column (60 m × 0.25 mm 190 

internal diameter, film thickness 0.25 μm). Samples (1 μl) were injected in splitless mode at an injector 191 

temperature of 290 °C. The GC oven temperature was programmed from 50 °C (held 1 min) to 220 °C 192 

at a rate of 10 °C/min (held 2 min) and then to 300 °C at a rate of 2 °C/min (held 20 min), and finally 193 

to 310 °C at a rate of 10 °C/min (held 20 min). Helium was used as the carrier gas (1.4 ml/min). Squalane 194 

(δ13C = -19.8‰) was used as the internal standard. Instrument performance was verified before and 195 

after each sample run using a n-alkane standard mixture (n-C23, n-C25, n-C27, n-C29, n-C31 and n-C33 196 

alkane) with known δ13C values (Sigma-Aldrich, U.S.A.). Reproducibility of the carbon isotope 197 

compositions for specific compounds was better than ± 0.5‰ (standard deviation), based on at least 198 

duplicate analyses. Results are reported in the δ notation (‰) relative to the Vienna Peedee Belemnite 199 

(VPDB) standard.  200 

 201 

2.6. Statistical analysis 202 

The IBM SPSS Statistics 22.0 software (Kirkpatrick and Feeney, 2015) was used to assess the 203 

relationship between environmental factors and the n-alkan-2-one distribution. The coefficient of 204 
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correlation (R2) was calculated and tested for significance (p). Residuals were calculated for the full 205 

dataset using the following equation:  206 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑦𝑦  =  𝑦𝑦𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑦𝑦𝑝𝑝𝑜𝑜𝑜𝑜𝑜𝑜𝑝𝑝𝑝𝑝𝑝𝑝𝑜𝑜𝑜𝑜 207 

The root mean square error (RMSE) was calculated to evaluate the deviation between the predicted pH 208 

values and the observed pH values. The smaller the value of RMSE, the better the accuracy of the 209 

prediction model for describing the experimental data. The formula of RMSE is as follow: 210 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑦𝑦 = �
1

𝑛𝑛 − 1
�(𝑦𝑦𝑥𝑥,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑦𝑦𝑥𝑥,𝑝𝑝𝑜𝑜𝑜𝑜𝑜𝑜𝑝𝑝𝑝𝑝𝑝𝑝𝑜𝑜𝑜𝑜)2
𝑛𝑛

𝑥𝑥=1

  211 

Where n-1 stands for degrees of freedom.  212 

In this study, n-alkan-2-one biomarkers were abbreviated as KETn, n-alkane as ALKn, and n-fatty 213 

acid as FAn, where the subscript n refers to the number of carbon atoms in each long-chain compound.  214 

 215 

3. Results  216 

3.1. Seasonal variations of environmental parameters in the Dajiuhu peatland during 2016-2018 217 

The three-year monitoring of the Dajiuhu peatland from 2016-2018 shows that the summer air 218 

temperature is usually below 25 °C, while the winter air temperature is often lower than 0 °C but rarely 219 

below -10 °C (Fig. 2). Precipitation occurs mainly from May to October, with heavy rains alternating 220 

prolonged dry periods (Fig. 2). Generally, precipitation affects water level (DWT) in the peatland. For 221 

example, from August to September 2016 a persistent drought occurred during which the water level 222 

declined significantly (Fig. 2). The water level rose again in October 2016 in response to intense 223 

precipitation events. Although less extreme, similar correlations between DWT and precipitation 224 

occurred in the summer of 2017 and 2018. 225 

Similarly, peat porewater chemical parameters show monthly changes related to fluctuations in 226 

hydrological conditions. In the drier periods (e.g., September 2016, May and July 2017, July 2018, Fig. 227 

2 yellow shadows), peat porewater pH (4.9 ± 0.3) and Cond (70 ± 30 μS/cm) were relatively low, while 228 

ORP (180 ± 20 mV) was elevated. In contrast, in the wetter months of October 2016, August 2017 and 229 

September 2018 (Fig. 2, grey shadows), peat pore water pH (5.4 ± 0.5) and Cond (110 ± 80 μS/cm) 230 
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were both higher, while ORP (150 ± 40 mV) lower. These results came from the average of 4 monitoring 231 

sites in the Dajiuhu peatland, which reflect the overall spatial change of the peatland rather than a single 232 

site. However, due to spatial heterogeneity between different sites (Minkkinen and Laine, 2006; 233 

Sullivan et al., 2013), Cond and ORP have relatively larger standard deviations (Fig. 2 e). Our results 234 

suggest that peat porewater chemistry is affected by fluctuations in water level and hence precipitation 235 

and that dry periods lead to a decrease in peat pH.  236 

 237 

Fig. 2. Changes of a) air temperature, b) precipitation, c) the depth of the water table (DWT) and peat 238 

pore water pH, d) conductivity (Cond), and e) oxidation-reduction potential (ORP) over three-year 239 

environmental monitoring in the Dajiuhu peatland. Yellow shades represent months of reduced pH, 240 
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corresponding to periods of reduced precipitation and lower DWT. Grey shade represents months of 241 

higher pH, corresponding to periods of higher precipitation and raised DWT. 242 

 243 

3.2. n-Alkyl biomarker distributions in surface peats from the five peatlands 244 

The chain-length distributions of the n-alkan-2-ones in the surface peats range from C17 to C33 and 245 

exhibit an odd-over-even carbon predominance. Only compounds in the range C21-C31 were plotted (Fig. 246 

3) since concentrations for most of the shorter chain (C17-C20) and longer chain (> C32) compounds are 247 

negligible. Samples from the acidic YC, HN, DJH, and SWGT peatlands display a similar n-alkan-2-248 

one distribution pattern, dominated by KET27. In contrast, the surface of the alkaline REG peatland is 249 

dominated by KET23. Unlike the n-alkan-2-ones, the distribution patterns of both the n-alkanes and 250 

long-chain n-fatty acids are similar for all five peatlands. The distribution of the n-alkanes differs from 251 

that of the long-chain n-fatty acids. The n-alkanes are dominated by ALK29 or ALK31, whereas those of 252 

the fatty acids are dominated by FA24.  253 
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 254 

Fig. 3. Distributions of n-alkan-2-ones, n-alkanes and n-fatty acids in the surface peats collected from 255 

the five peatlands.  256 

 257 

3.3. n-Alkan-2-ones in peat-forming plants 258 

More than 50 plant samples from 15 genera were examined for the occurrence of n-alkan-2-ones 259 

(Table 2). However, they were only detected in 17 of the samples. These came from only four plant 260 

genera; Sphagnum spp., S. officinalis, E. esula, and C. argyi, while other 11 plant genera did not detect 261 

n-alkan-2-ones (Table 2). Interestingly, the chain-length distributions differed among these four genera. 262 

The n-alkan-2-ones in Sphagnum are dominated by KET27, consistent with previous analyses of 263 

Sphagnum spp. for their biomarker content (Baas et al., 2000; Nichols and Huang, 2007; Ortiz et al., 264 

2016). In contrast, the n-alkan-2-ones in S. officinalis and E. Esula are dominated by KET29, and the n-265 

alkan-2-ones in C. argyi maximize at KET27 or KET29. In general, Sphagnum spp. exhibit higher 266 
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concentrations of n-alkan-2-ones (on average 7 μg/g) than the other plants (4 μg/g) (Table 2). However, 267 

n-alkan-2-ones in these plant samples are much less abundant than that found in surface peat samples 268 

(avg. 80 μg/g dry peat, 32 μg/g normalized to the total organic carbon content), consistent with previous 269 

findings (Nichols and Huang, 2007; Ortiz et al., 2011).  270 
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Table 2. Concentration (μg/g dry plant matter) of n-alkan-2-ones in plants from four peatlands (highest values in bold). Plant species with non-detectable n-271 

alkan-2-ones are also listed. 272 

Plant species Sampling sites C21 C22 C23 C24 C25 C26 C27 C28 C29 C30 C31 Sum 
Carex argyi DJH 0.14 0.07 0.20 0.08 0.21 0.14 0.63 0.13 0.85 0.11 0.79 3.35 
Carex argyi DJH 0.04 0.00 0.02 0.02 0.13 0.04 0.36 0.01 0.23 0.03 0.19 1.07 

Sanguisorba officinalis DJH 0.54 n.d. 1.20 0.20 0.91 n.d. 2.72 1.26 3.41 0.93 1.58 12.75 
Euphorbia esula DJH 0.02 0.01 0.03 0.04 0.03 0.01 0.33 0.21 1.14 0.01 0.20 2.03 
Euphorbia esula DJH 0.03 0.02 0.03 0.03 0.04 0.00 0.15 0.02 0.52 0.00 0.04 0.88 

Sphagnum palusture DJH 0.09 0.00 0.14 0.07 1.13 0.44 5.74 0.25 0.54 0.05 0.18 8.63 
Sphagnum palusture DJH 0.20 0.02 0.11 0.06 1.21 0.46 6.67 0.24 0.64 0.08 0.33 10.02 
Sphagnum palusture DJH 0.11 0.01 0.09 0.04 1.15 0.39 6.70 0.25 0.66 0.04 0.06 9.50 
Sphagnum palusture DJH 0.05 0.02 0.12 0.11 1.36 0.50 6.63 0.28 0.69 0.08 0.25 10.09 
Sphagnum palusture DJH 2.86 0.05 0.16 0.07 1.42 0.58 7.89 0.38 0.85 0.08 0.38 14.72 

Sphagnum cuspidatulum YC 0.16 0.05 0.24 0.08 0.38 0.17 0.86 0.12 0.16 0.04 0.11 2.37 
Sphagnum cuspidatulum YC 0.06 0.02 0.17 0.04 0.23 0.10 0.52 0.07 0.14 0.02 0.03 1.40 

Sphagnum recurvum YC 0.13 0.01 0.11 0.03 0.65 0.18 1.44 0.09 0.26 0.02 0.04 2.96 
Sphagnum jensenii YC 0.07 0.02 0.17 0.05 0.49 0.12 0.75 0.09 0.20 0.01 0.03 2.00 

Sphagnum palusture HN 0.61 0.03 0.12 0.08 2.05 0.66 7.81 0.34 1.19 0.11 0.51 13.51 
Sphagnum magellanicum SWGT 0.01 0.01 0.05 0.03 1.09 0.30 4.42 0.10 0.30 0.03 0.06 6.40 
Sphagnum portoricense SWGT 0.04 0.00 0.02 0.01 0.64 0.15 2.60 0.06 0.15 0.01 0.03 3.71 
Calamagrostis epigeios DJH n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Cerasus caudata DJH n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Gramineae DJH n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Malus hupehensis DJH n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Menyanthes trifoliate DJH n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Myriophyllum verticillatum DJH n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Osmunda japonica DJH n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Polytrichum spp. DJH n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Sparganium simplex DJH n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Spiraea japonica DJH n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Veratrum nigrum DJH n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

n.d., not detected 273 
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 274 

3.4. Carbon isotope compositions of n-alkan-2-ones and n-alkanes in the surface peats and Sphagnum 275 

from Dajiuhu 276 

The carbon isotope compositions of individual n-alkan-2-one and n-alkane compounds were 277 

compared in selected samples collected from the Dajiuhu peatland (Table 3). In the surface peats the 278 

δ13C values of ALK27 are on average -34.0 ± 0.9‰. These values are similar to those of KET27 (avg. -279 

34.1 ± 0.7‰), while the KET25 δ13C values in the surface peats are slightly less depleted (avg. -32.9 ± 280 

1.0‰). In contrast, the δ13C values of KET25 and KET27 in Sphagnum moss vegetation samples are 281 

significantly more negative (avg. -39.6 ± 1.3‰ and -38.9 ± 0.4‰, respectively). Sphagnum ALK27 has 282 

values of -33.5 ± 1.1‰, similar to that found in the surface peat samples. 283 

 284 

Table 3. The δ13C values for n-alkan-2-ones and n-alkanes in the surface peats and Sphagnum.  285 

STD = standard deviation; Peat-KET25, 27 = n-C25 and C27 alkan-2-one of surface peats; Peat-ALK27 = 286 

n-C27 alkane of surface peats; Spp-KET25, 27 = n-C25 and C27 alkan-2-one of Sphagnum moss; Spp-ALK27 287 

= n-C27 alkane of Sphagnum moss. n.a. = not available. 288 

 289 

3.5. Distributions of n-alkan-2-ones and their precursors in the ZK-3 peat core (last 13 kyr) 290 

Two distinct n-alkan-2-one distribution exist in the ZK-3 peat core. From 13 to 11.6 ka, KET23 291 

dominates (> 70 %) the distribution (Fig. 4a). From 11.6 ka onwards, the proportion of KET23 decreases 292 

to less than 40 % as KET27 becomes more dominant with fractional abundances between 20-50 % (Fig. 293 

4b). KET27 remains dominant until around 10.6 ka. From 10.6 to 9.6 ka, several fluctuations in the 294 

distribution occurs and KET25 or KET27 are the dominant compounds. After 9.6 ka, the dominance of 295 

the KET27 is re-established. Over the remainder of the record there is a gradual decrease in KET27 296 

Sample Peat-KET25 Peat-KET27 Peat-ALK27 Spp-KET25 Spp-KET27 Spp-ALK27 
DJH-1 -33.6 -33.2 -33.9 -40.8 -39.3 -34.8 
DJH-2 -32.8 -34.5 -35.5 -39.8 -38.8 -32.7 
DJH-3 -31.6 -33.8 -33.1 -38.3 -38.5 -33.1 
DJH-4 -33.7 -34.7 -34.3 n.a. n.a. n.a. 
DJH-5 n.a. n.a. -33.3 n.a. n.a. n.a. 
DJH-6 n.a. n.a. -33.7 n.a. n.a. n.a. 
Avg. -32.9 -34.1 -34.0 -39.6 -38.9 -33.5 
STD 1.0 0.7 0.9 1.3 0.4 1.1 
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dominance to below 30 % fractional abundance (Fig. 4b). As a possible precursor compounds of KET23, 297 

the proportion of FA24 during 13-11.6 ka is relatively low (< 40 %). From 11.6 to 9.6 ka, FA24 increases 298 

to > 40 % fractional abundance and fluctuates, but then gradually decreases over the remainder of the 299 

record (Fig. 4c). As a possible precursor compounds of KET27, the proportion of ALK27 fluctuates 300 

between 10 and 30 % fractional abundance during the period of 11.6-9.6 ka. ALK27 gradually increases 301 

from 9.6 ka onwards to a maximum of 30 % around 2 ka and then suddenly decreases (Fig. 4d). 302 

 303 

Fig. 4. Fractional abundance of a) KET23 (n-C23 alkan-2-one), b) KET27 (n-C27 alkan-2-one), c) FA24 (n-304 

C24 fatty acid), and d) ALK27 (n-C27 alkane) in the ZK-3 core from the Dajiuhu peatland. The column 305 
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on the left is the lithological profile of the ZK-3 core. Black arrows indicate locations of samples taken 306 

for AMS (accelerator mass spectroscopy) 14C dating with error of ± 40-60 yr (Huang et al., 2012). 307 

 308 

4. Discussion 309 

4.1. Origins of n-alkan-2-ones in surface peats from the five peatlands 310 

Previous studies have indicated three possible origins for n-alkan-2-ones in peats (Fig. 5), i) microbial 311 

β-oxidation and decarboxylation of n-fatty acids (e.g. Ortiz et al., 2010; Zheng et al., 2011a), ii) 312 

microbial β-oxidation of n-alkanes (e.g. Rieley et al., 1991; Amblès et al., 1993; van Bergen et al., 1998; 313 

Xie et al., 2004a; Ortiz et al., 2016; López-Días et al., 2016; Baker et al., 2018), iii) direct input from 314 

plants (e.g. Qu et al., 1999; Hernandez et al., 2001; Ortiz et al., 2011; Schellekens et al., 2015), 315 

particularly Sphagnum (e.g. Baas et al., 2000; Nichols and Huang, 2007).  316 

 317 

Fig. 5. Three possible origins for n-alkan-2-ones. i) Microbial β-oxidation and decarboxylation of n-318 

fatty acids. ii) Microbial β-oxidation of n-alkanes. iii) Direct input from plants. 319 

 320 

4.1.1 Origins from peat-forming plants 321 
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Our results suggest that direct input from Sphagnum spp. vegetation (pathway 3 in Fig. 5) may be a 322 

potential contribution to the n-alkan-2-ones found in the surface peat samples of the YC, HN, DJH and 323 

SWGT peatlands. The distribution patterns of n-alkan-2-ones in surface peats from these four peatlands 324 

are similar to those found in Sphagnum spp., which consistently is dominated by KET27. However, in 325 

the DJH peatland the δ13C values of KET27 in Sphagnum (avg. -38.9 ‰) are ~5 ‰ more negative than 326 

those in surface peats (avg. -33.7 ‰) (Table 3). A possible interpretation is that the δ13C of Sphagnum-327 

derived n-alkyl lipids is not always transferred to peat deposits. For example, 13C-depleted mid-chain 328 

n-alkanes in Sphagnum mosses were found in diverse peatlands (e.g. Ficken et al., 1998; Brader et al., 329 

2010; van Winden et al., 2010; Huang et al., 2014a; Zhang et al., 2017). But in Sphagnum-dominated 330 

peatlands, the δ13C of mid-chain n-alkanes in peats are not always as 13C-depleted as those in fresh 331 

mosses (Pancost et al., 2003; Yamamoto et al., 2010; Huang et al., 2014a; Inglis et al., 2015). More 332 

work is required to evaluate the possibility of changes in lipid δ13C value during diagenesis. However, 333 

we interpret the large difference in KET27 δ13C values between Sphagnum vegetation and peat to 334 

indicate that direct input from Sphagnum spp. is not a major source of n-alkan-2-ones in these peats. 335 

Except Sphagnum, the contribution of other peat-forming plants to the n-alkan-2-one pool is likely 336 

minor. The evidence for this is two-fold; i) Besides Spaghnum, most vegetation did not contain n-alkan-337 

2-ones. We only detected n-alkan-2-ones in three vascular plant genera; S. officinalis, E. esula and C. 338 

argyi (Table 2). ii) The concentrations of n-alkan-2-ones in these vascular plant samples are generally 339 

less (< 4 μg/g, Table 2) than that in Sphagnum spp. (on average 7 μg/g, Table 2). Although the total 340 

concentration of n-alkan-2-ones in Sanguisorba officinalis is ca. 13 μg/g dry plant matter, the dominant 341 

n-alkan-2-one in Sanguisorba officinalis is KET29 rather than KET27. Our findings are consistent with 342 

previous studies which also observed that the concentration of n-alkan-2-ones in vascular plants is lower 343 

than that of Sphagnum spp. (Ortiz et al., 2011), and that many vascular peat-forming plants do not 344 

synthesize these lipids (Nichols and Huang, 2007).  345 

 346 

4.1.2 Origins from microbial alteration of n-alkyl lipids 347 

As discussed above, the large δ13C difference (> 5‰) between KET27 in mosses and surface peat in 348 

the DJH peatland and the much higher concentration of n-alkan-2-ones in surface peat samples 349 
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compared to Sphagnum moss suggest the microbial oxidation of n-alkyl lipids (e.g. Amblès et al., 1993; 350 

van Bergen et al., 1998; Ortiz et al., 2011; Zheng et al., 2011a; Baker et al., 2018) is also an important 351 

source of n-alkan-2-ones (pathways 1 and 2 in Fig. 5). This is further supported by the observation that 352 

in the REG peatland there are no living Sphagnum mosses, yet we find significant concentrations of n-353 

alkan-2-ones in surface samples from this peatland.  354 

The similar δ13C values of KET27 (avg. -33.7 ‰) and ALK27 (avg. -34.0 ‰) in surface peats collected 355 

from the DJH peatland (Table 3) indicate that n-alkan-2-ones in acidic peats might predominantly 356 

originated from microbial oxidation of long-chain n-alkanes (pathway 2 in Fig. 5). n-Alkan-2-ones have 357 

been found to be products of microbial subterminal oxidation of aliphatic hydrocarbons (Allen et al., 358 

1971). Previous studies also identified the microbial oxidation of n-alkanes as the dominant source for 359 

long-chain n-alkan-2-ones in soils (Amblès et al., 1993; Jaffé et al., 1996; van Bergen et al., 1998). In 360 

support of this hypothesis, a principal component analysis of surface peat sample biomarker contents 361 

shows that KET27 and ALK27 cluster together (Fig. 6a).  362 

 363 

Fig. 6. Principal component analysis (PCA) and redundancy analysis (RDA). (a) PCA of the fractional 364 

abundance of n-alkan-2-ones, n-alkanes, n-fatty acids of all surface peat samples from five peatlands. 365 

Each open circle in the figure represents a sample. KET27 and ALK27 are clustered together in the four 366 

acidic peatlands. (b) RDA between peat samples from the five peatlands and environment parameters. 367 

MAT, mean annual air temperature; MAP, mean annual precipitation; DWT, the distance between the 368 

water and peat surface; ORP, oxidation-reduction potential; Cond, conductivity. Ovals of different 369 
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colors represent different peatlands (blue, DJH; black, HN; yellow, SWGT; green, YC; red, REG). (For 370 

interpretation of the references to color in this figure legend, the reader is referred to the web version of 371 

this article). 372 

 373 

However, the distribution of n-alkanes in surface peats from YC, HN, DJH and SWGT is dominated 374 

by ALK31 and ALK29, different from the n-alkan-2-one distribution that is dominated by KET27 (Fig. 3). 375 

We postulate that this difference may be due to the selective degradation of specific n-alkanes to n-376 

alkan-2-ones. Results in previous studies support this hypothesis. For example, Lehtonen and Ketola 377 

(1990) found that the relative amount of the short- and mid-chain (KET17-KET23) n-alkan-2-ones 378 

increased with increasing humification, whereas the relative abundance of the long-chain homologues 379 

(KET25-KET35) decreased. Amblès et al. (1993) concluded that the rate of transformation of n-alkanes 380 

into n-alkan-2-ones was an inverse ratio to their carbon number. Hence maybe more ALK27 can be 381 

converted to ketones than ALK31.  382 

In contrast to the acidic YC, HN, DJH and SWGT peatlands where the n-alkan-2-ones are dominated 383 

by the long-chain (KET25-KET35) homologues, in the alkaline REG peatland they are dominated by 384 

KET23. As discussed above, the direct input from Sphagnum and/or conversion of long-chain n-alkanes 385 

(ALK29/31) are unlikely to be the main origin for n-alkan-2-ones in the REG peatland that are dominated 386 

by KET23. In this alkaline peatland they might therefore originated from the transformation of n-fatty 387 

acids (pathway 1 in Fig. 5). This interpretation is consistent with downcore studies from the alkaline 388 

Zoigê-Hongyuan peat sequence that suggested that n-alkan-2-ones originated predominantly from fatty 389 

acids (Zheng et al., 2007, 2011a). Microbial β-oxidation of n-fatty acids and subsequent decarboxylation 390 

can yield n-alkan-2-ones with one carbon atom less than the precursor molecule (Fig. 5) (Forney and 391 

Markovets, 1971). In support of this pathway, we find a good correspondence between the distribution 392 

of n-alkan-2-ones (KET23 dominant) and n-fatty acids (FA24 dominant) for the REG peatland (Fig. 3).  393 

 394 

4.2. Assessment of the paleo-pH potential of n-alkan-2-ones in peat deposits 395 

As discussed above, we propose that the origin of n-alkan-2-ones differs between acidic and alkaline 396 

peatlands. The redundancy analysis (RDA) of all surface peat samples and environment parameters 397 
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shows that the samples of REG clearly separate from the others on RDA axis 1 (65 %), along with the 398 

pH and conductivity (Fig. 6b). This separation supports our hypothesis that pH is an important factor 399 

affecting the conversion of n-alkyl compounds into n-alkan-2-ones in peat deposits. The alkaline 400 

environment in the REG peatland (pH avg. 7.9, Table 1) may enhance the preservation of n-alkanes and 401 

lead to preferential conversion of n-fatty acids to n-alkan-2-ones (pathway 1, Fig. 5), whereas the acidic 402 

environments in the other four peatlands favor the preservation of n-fatty acids and instead leads to the 403 

preferential conversion of n-alkanes into n-alkan-2-ones (pathway 2, Fig. 5). This difference in the 404 

effect of pH on lipid preservation versus transformation has been suggested in previous studies. For 405 

example, van Bergen et al. (1998) analyzed lipids in soils of pH ranging from 3.7 to 7.3 and found 406 

higher relative abundance of long-chain n-fatty acids in acidic soils, consistent with our hypothesis. An 407 

accumulation of fatty acids in acidic soils was also observed by Amblès et al. (1989). The high 408 

abundance of fatty acids in acidic soils has been proposed to derive from oxidation of plant lipids such 409 

as n-alkanes under acidic conditions (Moucawi et al., 1981; Amblès et al., 1994; van Bergen et al., 410 

1998). Similarly, in acidic conditions n-alkan-2-ones could be derived from the oxidation of n-alkanes. 411 

In contrast to the high concentration of fatty acids in acidic soils, there is a higher relative abundance 412 

of n-alkanes in alkaline soils (van Bergen et al., 1997; 1998). Bull et al. (2000) also found a relative 413 

high abundance of n-alkanes in neutral-alkaline soils (pH = 7.3) compared to more n-fatty acids in 414 

acidic soils (pH = 3.7).   415 

Thus, the distribution pattern of n-alkan-2-ones may be a potential indicator of pH, with the KET23-416 

dominant pattern representing conversion of FA24 in a higher-pH environment, whereas the KET27-417 

dominant pattern represents conversion from ALK27 under a lower-pH environment. To explore this 418 

further we evaluate the relationships between pH and i) the ratio between KET27 and KET23 419 

(KET27/KET23), ii) the average chain length of n-alkan-2-ones (ACLKET21-31), and iii) the ratio between 420 

KET23 and FA24 (KET23/FA24). The KET27/KET23 and ACLKET21-31 ratios reflect changes in the n-alkan-421 

2-one distribution and have higher values in acidic peatlands (Fig. 7). The KET23/FA24 indicates the 422 

efficiency of conversion from n-fatty acids to n-alkan-2-ones, which has lower values in acidic 423 

peatlands.  424 
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The relation between these ratios and pH was tested by comparing the ratios with observed pH for 425 

each surface peat sample (n = 65) (Fig. 7). Linear and logarithmic regression models can identify 426 

relations between pH and the n-alkan-2-one ratios. The KET27/KET23, ACLKET21-31 and KET23/FA24 427 

ratios can be modeled respectively as a function of pH: 428 

pH = −0.704 × ln(KET27/KET23) + 6.779 (n = 65, R2 = 0.73,𝑝𝑝 < 0.0001, RMSE = 0.59) 429 

pH = −0.983 × (ACLKET21−31) + 31.931 (n = 65, R2 = 0.60,𝑝𝑝 < 0.0001, RMSE = 0.71) 430 

pH = 1.039 × ln(KET23/FA24) + 7.423 (n = 65, R2 = 0.70,𝑝𝑝 < 0.0001, RMSE = 0.61) 431 

The KET27/KET23 and KET23/FA24 ratios have high R2 and low RMSE values that are better than 432 

those of the existing pH proxies for peat based on the degree of cyclization of brGDGTs (Naafs et al., 433 

2017) and degree of isomerization of hopanes (Inglis et al., 2018), although those calibrations are based 434 

on a much larger dataset of globally distributed peats compared our local dataset of five peatlands. We 435 

suggest that the logarithmic regression models for KET27/KET23 and KET23/FA24 can be used to 436 

reconstruct paleo-pH. However, it should be acknowledged that other environmental factors like 437 

temperature and hydrology may also affect the conversion of n-alkyl precursors to n-alkan-2-ones either 438 

directly or through influencing the peat pH, potentially explaining some of the scatter in the relationship 439 

with pH (Fig. 7). Moreover, it should be noted that the direct input of Sphagnum mosses that thrive in 440 

low pH peatlands may to some extent also contribute to the high abundance of n-alkan-2-ones in acidic 441 

peatlands. Our dataset is based on Chinese peat samples only and these pH functions may only apply to 442 

this region. Their environmental significance for peat in other regions needs further evaluation. For 443 

example, the significance of these proxies may be reduced in peatlands that are dominated by short-444 

chain ketones that may originate from bacteria (López-Días et al., 2013). 445 
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 446 

Fig. 7. Regression models between n-alkan-2-one ratios and pH. (a) Logarithmic regression model 447 

between KET27/KET23 and pH. (b) The residual pH for all analyzed peat samples obtained by 448 
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subtracting the estimated pH using the logarithmic regression formula from the observed pH. (c) Linear 449 

regression model between ACLKET21-31 and pH. (d) The residual pH for all analyzed peat samples 450 

obtained by subtracting the estimated pH using the linear regression formula from the observed pH. (e) 451 

Linear regression model between KET23/FA24 and pH. (f) The residual pH for all analyzed peat samples 452 

obtained by subtracting the estimated pH using the logarithmic regression formula from the observed 453 

pH. All of regression models pass the significance test (p < 0.0001). 454 

 455 

4.3. Reconstruction of paleo-pH variations since 13 ka in the Dajiuhu peatland 456 

Our finding that the origin of n-alkan-2-ones is sensitive to peat pH can be used to explore the history 457 

of pH changes in the Dajiuhu peatland. For this purpose, the n-alkan-2-one ratios for the ZK-3 peat core 458 

were calculated (Fig. 8a, 8b and 8c). From 13.0 to 11.6 ka, the reconstructed pH consistently shows 459 

values > 8 (Fig. 8d), indicating an alkaline environment. At this stage, peat deposition had just initiated 460 

and the lithology was the grayish peat layer (Fig. 4). Between ca. 11.6 and 9.6 ka, the pH abruptly 461 

decreased to values < 7 (Fig. 8d), indicating an environmental transition from a rich fen to an 462 

intermediate fen. During this period (~ 11.0 ka) the lithology also changed from grayish peat to black 463 

peat (Fig. 4). Superimposed on this general decline in pH are several rapid variations. The pH increased 464 

at 11.4 ka, 10.4 ka and 9.7 ka and decreased at 11.1 ka and 10.2 ka. From 9.6 ka to present pH is 465 

relatively low and stable with values between 6 and 4, indicating the establishment of a stable acidic 466 

poor fen in the Dajiuhu peatland. These values are consistent with the measured modern pH of Dajiuhu, 467 

which is 5.0 ± 0.5. The reconstructed fluctuations of paleo-pH values in the most recent 2.5 kyr (~30 468 

cm of peat) need to be viewed cautiously (Fig. 8d). These values could be affected by modern human 469 

disturbances, especially peatland drainage and subsequent damming (Huang et al., 2017).  470 

We then compared the pH changes obtained using the n-alkan-2-one ratios to an independent 471 

biomarker-based pH proxy (Fig. 8f). For this purpose, we used the proxy based on the C31 hopane 472 

isomerization (ββ/(αβ+ββ) ratio) (Inglis et al., 2018) and the previously published hopane data from the 473 

Dajiuhu peatland (Huang et al., 2015). From 13.0 to 9.6 ka, the hopane-derived pH record shows several 474 

fluctuations and decreases at around 11.9, 11.0 and 10.2 ka (Fig. 8f). The timing of the decline in pH is 475 
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similar to that observed in our n-alkan-2-one proxies, but the hopane-based pH values are lower with 476 

maximum values around 5. From 9.6 ka to 2.5 ka, the hopane-derived pH record remains stable around 477 

4, which is consistent with the n-alkan-2-one-derived pH records, although again the hopane-based pH 478 

values are lower (Fig. 8e and 8f).  479 

 480 
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Fig 8. Comparison of n-alkan-2-one ratios, n-alkan-2-one ratios-derived pH estimates and hopane-481 

derived pH estimates in the ZK-3 peat core. (a) KET27/KET23. (b) ACLKET21-31. (c) KET23/FA24. (d) 482 

Reconstructed pH from KET27/KET23 (blue curve), pH from ACLKET21-31 (green curve), pH from 483 

KET23/FA24 (red curve). (e) Average pH value of three n-alkan-2-one ratios-derived pH estimates, red 484 

shading represents deviation (RMSE=0.64). (f) Reconstructed pH derived from C31 hopane ββ(αβ+ββ) 485 

index, gray shading represents deviation (RMSE=1.4). The diagonal rectangle represents the modern 486 

pH of the Dajiuhu peatland (5.0 ± 0.5). (For interpretation of the references to color in this figure legend, 487 

the reader is referred to the web version of this article). 488 

 489 

The hopane-derived pH estimates are constantly lower than the n-alkan-2-one-derived pH estimates, 490 

although within error for most of the record taking the average RMSE of n-alkan-2-one-derived pH 491 

functions of 0.64 and the RMSE of hopane-derived pH function of 1.4 (Inglis et al., 2018). This 492 

difference might be related to the fact that the hopane-derived pH estimates are calculated based on a 493 

global set of peat samples (Inglis et al., 2018), whereas the n-alkan-2-one-derived pH estimates are 494 

derived from a regional calibration. Furthermore, previous studies (Inglis et al., 2018) showed that the 495 

hopane pH proxy also gives lower estimates than those obtained using branched GDGTs (CBTpeat, Naafs 496 

et al., 2017), so potentially this proxy always gives minimum pH values. 497 

However, for the first part of the record (13.0 ka to 11.6 ka) the n-alkan-2-one-derived pH estimates 498 

show an alkaline environment, whereas the hopane-derived pH estimates indicate an acidic one (Fig. 499 

8e and 8f). The suggested change from an alkaline peat to an acid one indicated by the n-alkan-2-one 500 

ratios is consistent with the typical peatland development model that begins as an alkaline-neutral 501 

minerotrophic rich-fen and then evolves into an acidic ombrotrophic bog (Gorham, 1953; Chai, 1990; 502 

Charman, 2002). The n-alkan-2-one-derived paleo-pH records are further supported by the modern 503 

environmental monitoring in the Dajiuhu peatland and the lithology of the ZK-3 core. Because the 504 

Dajiuhu peatland is located in a sub-alpine karst basin (He, 2007), most of the bedrock around the basin 505 

is limestone, and thus the non-peat surface water (lake and river) is buffered to a higher pH than the 506 

peat. A detailed spatial investigation in Dajiuhu (May 2014; Fig. 9) shows that the average pH value of 507 

rivers and lakes was 7.6 ± 0.6 (1σ, n=16). Meanwhile, the average pH value of surface peat porewater 508 
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samples (0-10 cm) was 5.0 ± 0.5 (1σ, n=289) in May 2014 (Fig. 9), which falls within the range of the 509 

3-year pH monitoring (avg. 5.2 ± 0.3) of the peat porewater from 0-10 cm during 2016-2018 in the 510 

Dajiuhu peatland (Zhao et al., 2018; this study). Moreover, the lithology of the ZK-3 core shows a 511 

change from greyish-green lacustrine deposits to grayish peat deposits at 259 cm (ca. 12.9 ka, Fig. 4). 512 

This change suggests that the development of the peatland probably started as an alkaline shallow pond-513 

like setting, which is consistent with the n-alkan-2-one-derived alkaline (> 8) pH values from 13.0 to 514 

11.6 ka of the ZK-3 peat core. The similar distribution pattern of n-alkan-2-ones between the Dajiuhu 515 

peatland in this period and the modern alkaline REG peatland (all dominated by KET23) also indicates 516 

a possible alkaline setting in the former. However, caution is still required as the vegetation type at the 517 

initial stage of the Dajiuhu peatland might have been different from the contemporary vegetation in the 518 

REG peatland. During this transition period from lacustrine-like to peat deposits, the growth of aquatic 519 

plants may have contributed n-alkyl lipids as the precursors of mid-chain n-alkan-2-ones. Furthermore, 520 

the organic carbon concentration of the ZK-3 core (expressed as POC, Huang et al., 2008) increased 521 

significantly at ca. 11.6 ka and remained high from 11.6 to 10.6 ka (Fig. 10b). The increases in POC 522 

correspond to a decreasing pH (Fig. 10a and 10b). Previous studies have also observed increases in 523 

organic carbon accumulation after the transition from an alkaline fen peat to an acidic Sphagnum peat 524 

in boreal peatlands (Tolonen and Turunen, 1996; Loisel and Yu, 2013), which is related to the decreased 525 

pH and diminished susceptibility to decomposition of plant litter (Mathijssen et al., 2017). Thus, the n-526 

alkan-2-one based pH reconstructions appear to provide reliable values throughout the last 13 kyr. 527 
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 528 

Fig. 9. Contour map of pH values in surface peat water (0-10 cm; circles) and river/lake water 529 

(diamonds) in May 2014 in the Dajiuhu peatland. (For interpretation of the references to color in this 530 

figure legend, the reader is referred to the web version of this article). 531 

 532 
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 533 

Fig. 10. Comparison of n-alkan-2-one-derived pH records, organic carbon content, Sphagnum spores 534 

and paleohydrological record in the ZK-3 peat core. (a) Reconstructed pH records derived from n-alkan-535 

2-one ratios. (b) Peat particulate organic carbon percentage (Huang et al., 2008). (c) Percentage of 536 

Sphagnum spores in the total pollen and spores (Shi et al. 2008). (d) The hopanoid flux 537 

paleohydrological record (Xie et al., 2013). (For interpretation of the references to color in this figure 538 

legend, the reader is referred to the web version of this article). 539 
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 540 

4.4. Possible causes of acidification from the late deglacial to the early Holocene in the Dajiuhu 541 

peatland 542 

Our paleo-pH reconstruction shows a rapid acidification process in the Dajiuhu basin during the early 543 

Holocene (Fig. 10a). This acidification process could have resulted from several processes. First, 544 

establishment of Sphagnum in the Dajiuhu peatland during the early Holocene may have played an 545 

important role in the acidification (Wieder and Vitt, 2006; Granath et al., 2010). The Sphagnum cell 546 

walls contain large amounts of uronic acids, which can account for 10% to 30 % of the dry mass of 547 

Sphagnum (Clymo, 1963; Clymo and Hayward, 1982). These acids release hydrogen ions and exchange 548 

cations in the peat water (Wieder and Vitt, 2006). Thus, Sphagnum can create acidic environments and 549 

survive in nutrient-poor habitats, and its residues are also able to resist decay (Verhoeven and Liefveld, 550 

1997; Hájek et al., 2011). In the ZK-3 peat core spore data show that Sphagnum became abundant at 551 

11.6 ka (Fig. 10c), with its percentage increasing from 3% to as high as 20% of the total pollen and 552 

spores. This bloom of Sphagnum is consistent with the decline in n-alkan-2-one based pH (Fig. 10a and 553 

10c). However, the period of stable and low pH (< 6) from 9.6-2.6 kyr is not accompanied by a high 554 

abundance of Sphagnum. Thus, although the initial pH decline was likely driven by the appearance of 555 

Sphagnum in the peatland, additional factors caused the pH to remain low. 556 

In addition to the Sphagnum-induced acidification, the decline in pH could be caused by drought-557 

mediated processes. Results from the hopanoid flux (Xie et al., 2013), the average aromatic triterpene 558 

ratio (Huang et al., 2013b), and long-chain branched n-alkane ratio (Huang et al., 2014b) all consistently 559 

imply a drying period from 11.6 to 10.6 kyr, at the same time as the initial pH decline. Drought-induced 560 

peat acidification has been widely observed in other peatlands (van Haesebroeck et al., 1997; Minkinnen 561 

et al., 1999; Tipping et al., 2003; Clark et al., 2005; 2012; Sommer and Horwitz, 2009; McLaughlin and 562 

Webster, 2010; Toberman et al., 2010; Fenner and Freeman, 2011; Xiang et al., 2013; Juckers and 563 

Watmough, 2014). The influence of drought-mediated processes on the pH is also supported by results 564 

from our monitoring of modern processes in the Dajiuhu peatland. In our dataset lowest pH values occur 565 

during relatively dry intervals (Fig. 2 yellow shadows), while high pH values occur during rain events 566 

(Fig. 2 grey shadows). Our four monitoring sites are in locations lacking the predominance of Sphagnum, 567 
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so the drought-induced pH fluctuations were likely caused by factors other than direct acidification 568 

from Sphagnum vegetation and we propose that drying could explain the observed changes in pH over 569 

the deglaciation and early Holocene. 570 

The drought-induced acidification could be driven by processes such as (i) a decline in alkaline water 571 

supply from the catchment area and limestone bedrock due to the reduction in rain. During drought 572 

periods, reduced rainfall leads to a decline in basin water supply from the catchment area and limestone 573 

bedrock. These waters generally have high amounts of calcium and bicarbonate ions and are neutral-574 

alkaline (Fig. 9). Thus, a decline in neutral-alkaline water supply in drought periods directly leads to 575 

the inability of the peat acidity to be neutralized. Alternatively it could be driven by (ii) an enhancement 576 

of acid producing reactions, such as nitrification, sulfur oxidation, iron oxidation and hydrolysis, and 577 

the dissociation of organic acids from organic matter degradation (Hemond, 1980; Cirmo et al., 2000; 578 

Clark et al., 2005; Siegel et al., 2006; McLaughlin and Webster, 2010). The decrease in the water level 579 

during drought periods increases the thickness of the peat aerobic layer (acrotelm), which leads to the 580 

enhancement of aerobic reactions such as nitrification, sulfur oxidation and iron oxidation. Inorganic 581 

and organic sulfur is oxidized to SO4
2- and releases H+ to acidify the peat. This increase in SO4

2- from 582 

sulfur oxidation has been observed during drought periods in several peatlands (Clark et al., 2005; 583 

Schiff et al., 2005; McLaughlin and Webster, 2010). In the Dajiuhu peatland, modern monitoring results 584 

show that the SO4
2- concentration for the 28 porewater samples collected from the depth of 0-10 cm 585 

slightly increased from May (4.2 ± 2.4 mg/L) to drier July 2017 (4.6 ± 1.8 mg/L). However, no sulfur 586 

peak was observed during the biomarker analyses even without the usual practice of adding activated 587 

copper during lipid extraction. This suggests the acidification associated with sulfur oxidation may be 588 

insignificant in the Dajiuhu peatland. In addition, nitrification can be stimulated by increased oxygen 589 

supply due to water level drawdown and produces H+ to increase acidity (Williams and Wheatley, 1988; 590 

McLaughlin and Webster, 2010). The hydrolysis of Fe3+ produced by Fe2+ oxidation also produces H+ 591 

to reduce peat pH (Hall and Silver, 2013; Wang et al., 2017). Moreover, organic acids released from 592 

decaying organic matter have been proposed to largely determine the acid-base balance in peatlands 593 

(Hemond, 1980; Siegel et al., 2006; Dasgupta et al., 2015). The dissociation of organic acids releases 594 

H+ and acidifies peat. During drought periods, organic acids released from decaying organic matter may 595 
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increase due to enhanced degradation of organic matter in aerobic surface peat. This is shown by an 596 

increase in organic acids dissociation during the water level drawdown of the peatland in northern 597 

Ontario (McLaughlin and Webster, 2010). However, organic acids can also be produced by anaerobic 598 

microorganisms. Therefore, the role of organic acids dissociation in the acidification of peatlands during 599 

drought periods needs to be further constrained.  600 

However, it is odd that our proxies record no pH variations during the mid-Holocene, when several 601 

drying periods have been inferred for this peatland (Xie et al., 2013; Huang et al., 2018). Both the 602 

hopane-derived and n-alkan-2-one-derived pH records remain stable during this interval. We postulate 603 

that this seeming inconsistency between dryness and pH may be due to the inherent resilience in 604 

peatland. In the mid-Holocene, the peatland ecosystem likely had reached a stable acidic phase, and it 605 

may not have been easily disturbed by fluctuations in hydrological conditions. During this period peat 606 

pH did not significantly decrease even when a dry period occurred. In addition, the stable acidic stage 607 

also meant that the plant assemblage in the Dajiuhu peatland did not change significantly, which is 608 

confirmed by the observation that the distribution of n-alkanes was dominated by long-chain throughout 609 

this period. 610 

 611 

5. Conclusions 612 

This study investigates the distribution and δ13C of n-alkan-2-ones and their possible n-alkane and n-613 

fatty acid precursors in modern surface peats from five peatlands in China. Evidence from modern 614 

surface peats establishes that the diagenetic conversion of n-alkanes and n-fatty acids to n-alkan-2-ones 615 

is sensitive to pH. We find that the distribution of n-alkan-2-ones differs between alkaline and acidic 616 

environments, with KET23 being dominant in alkaline and KET27 being dominant in acidic conditions. 617 

We find significant correlations between n-alkan-2-one distributions and pH. We then applied these 618 

calibrations to reconstruct pH changes in the Dajiuhu peatland for the last 13 kyr. We find an abrupt 619 

transition from alkaline to acidic conditions from 11.6 ka to 10.6 ka, which we relate to acidification 620 

during a drying interval due to a reduction in input of alkaline mineral water, or from enhancement of 621 

acid producing reactions. Our results suggest that n-alkan-2-one paleo-pH proxies can be used to 622 

reconstruct past changes in ancient peatlands in China. In the future more comparative studies of n-623 
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alkan-2-ones in global peatlands should be carried out, and more information should be collected to 624 

explore the relations between the in-situ production of n-alkan-2-ones and peat pH in order to improve 625 

our understanding of this promising quantitative paleo-pH proxy and its applications. 626 
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