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ABSTRACT 23 

Freshwater pools often form eccentric crescent patterns in peatlands, an important 24 

atmospheric methane source, and show an apparent spatial association with eskers in 25 

some deglaciated regions. However, the role of underlying permeable glacial deposits 26 

such as eskers in regulating hydrogeology, and perhaps even carbon cycling, in 27 

peatlands is rarely considered. In this study, ground-penetrating radar imaging and 28 

direct coring confirmed that clustered pools coincide with buried esker crests in 29 

contact with peat soil in Caribou Bog and Kanokolus Bog in Maine (USA). Hydraulic 30 

head and geochemical data combined with LiDAR indicate vertical water flow from 31 

shallow peat towards the permeable esker crests, suggesting enhanced downward 32 

transport of labile organic carbon that presumably accelerates rates of methanogenesis 33 

in deep peat. Eskers might therefore serve as proxies for enhanced CH4 production in 34 

deep peat as supported by differences in dissolved CH4 profiles depending on 35 

proximity to pools. Geographic data compiled from multiple sources suggest that 36 

many peatlands with eccentric pools appear to be located proximal to esker systems in 37 

Maine and Fennoscandia. These geological factors may be important, previously 38 

unrecognized, controls on water and the carbon cycle in peatlands. 39 

 40 
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INTRODUCTION 45 

Peatlands are one of the largest sources of atmospheric methane (CH4), an important 46 

greenhouse gas influencing global climate (IPCC, 2013). On the slightly sloping 47 

surfaces of raised bogs, a peatland landform, formation of pools may contribute 48 

significantly to atmospheric CH4 (Moore, 1989; Hamilton et al., 1994; Waddington 49 

and Roulet, 1996; Wik et al., 2016). Pools, in troughs, often alternate with ridges, 50 

lengthening at right angles to the slope and spatially distributing as eccentric crescents 51 

(off center) in raised bogs, leading to the term eccentric bog (Sjörs, 1961; Eurola, 52 

1962; Moore, 1977, 1982; Glaser and Janssens, 1986; Davis and Anderson, 1991; 53 

Belyea and Lancaster, 2002). It is possible that pool formation results from 54 

characteristic sloping topography (Troll, 1944; Pearson, 1960; Foster et al., 1988; 55 

Foster and Wright, 1990; Leuschner and Ellenberg, 2017) or ecological factors 56 

(Moore, 1982; Glaser and Janssens, 1986; Belyea and Lancaster, 2002). 57 

 58 

While an impermeable mineral substrate or low-permeability deep peat is generally 59 

considered essential during bog formation to reduce downward drainage (Davis and 60 

Anderson, 1991; Reeve et al., 2000), computational simulations of groundwater flow 61 

suggest that permeable sedimentary deposits such as eskers in contact with the peat 62 

may enhance vertical groundwater flow (Reeve et al., 2009). Furthermore, these 63 

eskers might facilitate pool formation by enhancing peat decomposition and 64 

maintaining pools in peatlands (Comas et al., 2005, 2011; Lowry et al., 2009). Since 65 

hydrology is a key factor regulating CH4 fluxes in peatlands (Bartlett and Harriss, 66 



1993; Lai, 2009), underlying permeable deposits such as eskers may also therefore 67 

indirectly regulate CH4 production, consumption and possibly emissions (Bon et al., 68 

2014). Buried sand beach ridges affect peatland hydrology and geochemistry in 69 

Glacial Lake Agassiz Peatlands, Minnesota, possibly playing a role similar to eskers 70 

in pool formation and CH4 emission (Siegel, 1981, 1983; Siegel and Glaser, 1987; 71 

Reeve et al., 2001). 72 

 73 

Here, we integrate geophysical, hydrological, geochemical and soil core datasets 74 

acquired over the last 19 years, along with LiDAR, to investigate the relationships 75 

between eskers, hydrogeology and dissolved CH4 concentrations in two raised 76 

eccentric bogs in Maine (USA): the Central Unit (44°54'N, 68°43'W) of Caribou Bog 77 

and Kanokolus Bog (44°33'N, 69°22'W). The integrated datasets provide insights into 78 

the importance of geology as a control on hydrology and deep CH4 sources in 79 

peatlands. 80 

 81 

GEOLOGICAL SETTING AND METHODS 82 

Caribou Bog is a large peatland system (~22 km2) composed of South, Central and 83 

North Units in south-central Maine, although only the Central Unit contains pools in a 84 

parallel pattern of eccentric crescents (Fig. 1A). Previous studies (Comas et al., 2005, 85 

2011) have identified the presence of esker deposits from the Katahdin esker system 86 

buried below the Central Unit`s peat surface. Several ground-penetrating radar (GPR) 87 

surveys, constrained with direct soil coring, were performed in previous studies 88 



(Comas et al., 2005, 2011), with additional data acquired in this study (a common 89 

offset survey exceeding 2 km crossing the entire peat basin) to confirm peat thickness 90 

and lithology using Mala 50 and 100 MHz rough terrain antennas. A total of 673 91 

sample points of GPR data were used to interpolate a two-dimensional map of peat 92 

thickness (25×50 grids, grid size 37.8×25.3 m2) using an Inverse Distance Weighted 93 

method (Fig. 1A). GPR surveys and direct soil coring were also performed in 94 

Kanokolus Bog (165 hectares) situated about 60 km southwest of Caribou Bog. 95 

 96 

Hydraulic head was measured at fourteen well clusters (W1 - W14, Fig. 1A) in 97 

Caribou Bog. Heads were manually contoured to determine groundwater flow 98 

patterns (Supplementary Text S1). LiDAR data (The North East Project, 2010, Photo 99 

Science, Inc; Jones et al., 2008) was used to map water levels in the pools and 100 

interpret direction of lateral groundwater flow (Fig. 2K). Porewater samples for 101 

dissolved CH4 concentration (mg CH4 L-1) were collected at three sites with variable 102 

proximity to the cluster of pools (G1 - G3 in Fig. 1D, Supplementary Text S2) (Bon et 103 

al., 2014). Another batch of porewater samples for ammonium (NH4
+) and soluble 104 

reactive phosphorus (P) were collected from wells where hydraulic heads were 105 

measured, taken to the laboratory and analyzed (Supplementary Text S2). 106 

 107 

RESULTS AND DISCUSSION 108 

Relationship between hydrological patterns and eskers 109 

A combination of GPR surveying and coring in the Central Unit of Caribou Bog 110 



confirmed previous studies showing a general stratigraphy consisting of, from surface 111 

to bottom, peat soil, organic-rich lake sediment (gyttja), and glaciomarine sediment 112 

(Presumpscot Formation) presumably underlain by glacial till (Fig. 1C). The peat soil 113 

and gyttja are about 5 m thick on average, reaching a maximum thickness of 18 m 114 

(Fig. 1A), and esker deposits in direct contact with the peat are present in the vicinity 115 

of clustered pools both in Caribou Bog (Fig. 1C), and Kanokolus Bog (Fig. 1E). 116 

 117 

Hydraulic head measurements recorded in Caribou Bog (Fig. 2A and 2B, see Reeve et 118 

al., 2009 and Bon et al., 2014 for additional data) indicate that divergent vertical 119 

groundwater flow in the shallow peat occurs near the pools, leading to downward 120 

flow towards the buried permeable esker crests (acting as drains) below the pools 121 

(Reeve et al., 2000, 2009). In addition, LiDAR data indicate that the pool water levels 122 

far from esker ridges are higher than pool water levels falling directly above them that 123 

serve as drains (Fig. 2K). 124 

 125 

We foremost argue that eskers regulate hydrology in peatlands, and may also 126 

contribute to pool formation, growth and lateral spreading in bogs (Comas et al., 2005, 127 

2011). Extensive geophysical surveys of Caribou Bog`s South Unit, which does not 128 

contain pools, show that the confining Presumpscot Formation overlies the peat soil 129 

throughout the basin with no presence of esker deposits in direct contact with the peat 130 

soil (Slater and Reeve, 2002). It is notable that eccentric bogs in the USA mostly 131 

occur in Maine (Davis and Anderson, 1991), which contains more eskers than other 132 



glaciated region in the USA. Surficial eskers have been visually confirmed proximal 133 

to 7 of 17 eccentric bogs in Maine (Davis and Anderson, 1991), suggesting a 134 

relationship between eskers and eccentric bogs. Permeable glacial materials such as 135 

eskers, may also influence pool depression formation (Comas et al., 2011) due to the 136 

variation in the rates of peat formation (Belyea and Clymo, 2001), or the climate-137 

regulated initiation and development of pools via modifications to the water balance 138 

(Glaser and Janssens, 1986). 139 

 140 

GPR surveys indicate that the western cluster of pools in the Central Unit of Caribou 141 

Bog and Kanokolus Bog are not underlain by shallow esker crests in direct contact 142 

with the peat (Comas et al., 2011) (Fig. 1C and 1E). Deeper esker crests may exist but 143 

at depths beyond the GPR`s range due to excessive attenuation of the electromagnetic 144 

signal. Alternatively, these may be pools spreading laterally from above the esker 145 

crests. Probing of pool depths and radiocarbon dating of pool bottoms confirmed that 146 

pools far away from eskers are relatively young and shallow compared to pools over 147 

esker crests (Comas et al., 2011), suggesting an autogenic model for pool 148 

development (Foster and Wright, 1990): downward transport of dissolved oxygen 149 

(and possibly other inorganic electron acceptors) (Fig. 2A-2B) might locally 150 

accelerate peat decomposition, resulting in the formation of pool depressions (Comas 151 

et al., 2011). Bog initiation can also be influenced by the presence of eskers, e.g. 152 

splitting the basin into two (Comas et al., 2004). Bog topography is characterized by a 153 

dome, a lagg zone along the edge of the bog (where water from surrounding uplands 154 



and the dome collects) and/or a saddle that can drive or constrain pool spreading to a 155 

specific direction via a hydraulic head gradient (Fig. 3). 156 

 157 

Relationship between deep methane sources and eskers 158 

The buried esker crests in contact with peat soil are co-located within a hotspot of 159 

dissolved CH4 concentration and the highest NH4
+ concentration. The highest value of 160 

dissolved CH4 in peat soil was found at 3.4 m depth at site G1 (Fig. 1D). The highest 161 

dissolved CH4 concentration record was at site G3, near the peat-mineral sediments 162 

interface. However, the lowest concentration in terrestrial peat was recorded only 2 m 163 

above this location (Fig. 1D). This suggests that older dissolved CH4 trapped in the 164 

low-permeability deep sediment does not recharge (or bypasses) overlying peat. 165 

Assuming a limited nitrification rate (Bayley et al., 2005), the high concentrations of 166 

dissolved NH4
+  in deep peat soil (Fig. 2C and 2E) might indicate significant 167 

ammonification of organic N around the buried esker crests. Since ammonification 168 

and organic matter decomposition are positively correlated, high anaerobic 169 

decomposition rates may occur at the peat-esker contact increasing methanogenesis 170 

rates (Chanton et al., 1995, 2008; Chasar et al., 2000) and enrichment of dissolved 171 

CH4, in addition to CH4 transport downwards from the shallow zones of high CH4 172 

production. Concentration of P decreased from the shallow to the deep peat soil (Fig. 173 

2G – 2J), suggesting that the primary P source is still from the atmosphere as in other 174 

ombrotrophic bogs, and that only limited P, (and probably also N and other nutrients) 175 

enters the peat soils from the mineral soil via the esker outcrops. The enrichment of 176 



NH4
+  at depth is likely primarily due to internal cycling, e.g. the in-situ 177 

ammonification process, rather than additional recharge from the mineral soil via the 178 

esker. 179 

 180 

Considering persistent water flow toward the permeable deposits (Fig 2A and 2B), 181 

Reeve et al. (2009) proposed that surface labile carbon, especially acetate (Lai, 2009; 182 

Bon et al., 2014), is transported downward towards the esker, contributing to the 183 

development of a hotspot for decomposition and CH4 production by acetoclastic 184 

methanogenesis with depth, and suggesting that eskers may enhance CH4 production 185 

in deep peats (Bon et al., 2014) under wooded heath dominated areas (Fig. 1C, Comas 186 

et al., 2004) where more abundant labile organic carbon may exist. This hypothesis is 187 

also consistent with the enhanced ammonification around the buried esker crests (Fig. 188 

2C and 2E). Other processes, such as anaerobic oxidation of methane (Segarra et al., 189 

2005), are likely secondary factors in the formation of hotspots of dissolved CH4. 190 

 191 

Future research 192 

Geographic data from northeast Maine, USA, central Finland and south Sweden 193 

(Shreve, 1985; Turunen et al., 2002; Gunnarsson and Löfroth, 2009) show that many 194 

eccentric bogs appear to be closely located proximal to esker systems (Fig. 4). The 195 

distances between bogs and major esker systems exhibit a skewed normal distribution 196 

(Mean = 9.06 km, Std. Dev. = 5.85 km, Skewness = 2.05). Assuming surficial esker 197 

deposits extend below low-permeability sediment or deep peat units, a connection 198 



between eskers and vertical groundwater flow that regulates pool persistence and CH4 199 

production seems reasonable. However, while supported by evidence from other bogs 200 

in Maine (i.e. Kanokolus Bog, Fig. 1B and 1E), further work in other peatland 201 

systems is required to confirm that eskers or other underlying permeable glacial 202 

deposits are indeed in direct contact with the base of peat soils. The presence of 203 

eccentric bogs in the maritime region of southwest Sweden where eskers are generally 204 

absent (Fig. 4C) may also indicate a role of other underlying permeable glacial 205 

deposits in this region, although other mechanisms of pool persistence unrelated to 206 

underlying permeable glacial deposits in eccentric bogs are equally plausible (Moore, 207 

1982; Glaser and Janssens, 1986; Davis and Anderson, 1991). 208 

 209 

CONCLUSIONS 210 

Geological controls appear to play a critical role in regulating peatland hydrogeology 211 

and thus mediate carbon cycling in two Maine peatlands commonly assumed to be 212 

characterized by 1) lateral groundwater flow constrained by an impermeable base; and 213 

2) a CH4 source from shallow peat soils associated with abundant labile organic 214 

carbon. However, buried esker crests in contact with peat soil drive vertical flow, 215 

presumably transporting labile organic carbon from the shallow to the deep peat soil, 216 

contributing to a hotspot of CH4 production, in addition to the contribution of CH4 217 

transport downwards from the shallow zones of high CH4 production. Therefore, 218 

eskers and other underlying permeable glacial deposits at depth might serve as 219 

geological proxies for deep CH4 concentration hotspots. Such geological controls 220 



might be an important factor, along with ecology and climate, controlling carbon and 221 

water fluxes in peat bogs. 222 

 223 
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 381 

FIGURE CAPTIONS 382 

Figure 1.  A: Peat thickness distribution from spatial interpolation of all GPR datasets 383 

from Caribou bog. B: Map of Kanokolus Bog (ME, aerial photograph acquired on 384 

July 6, 2015). C: GPR profile and coring datasets across the Central Unit of Caribou 385 

bog. D: Dissolved CH4 concentrations at different depths for three sites G1, G2 and 386 

G3 in Caribou bog. E: GPR profile from Kanokolus Bog, again showing pools 387 

coincidental with permeable mineral deposits, along with a secondary band of pools 388 

away from the mineral deposits). F: Maine, U.S.A (Caribou Bog - A1; Kanokolus Bog 389 

- A2). 390 

Figure 2.  A-B: Hydraulic head across wells W8-W5-W6-W7 and W10-W9-W5-W4-391 

W3-W2-W1. The flow direction in the upper layer of peat soil is nearly lateral from 392 

peatland dome center (between W5 and W6) to lagg. The flow direction in the lower 393 

layer is downward towards the esker, i.e. acting as a point sink on the bottom 394 

boundary of the peat soil. C-F: NHସ
ା concentration (mg N L-1). G-J: soluble reactive 395 

phosphorous (P) concentration (mg P L-1). K-L: LiDAR data mapping of the water 396 

levels of pools and topography elevation, respectively. The differences in the water 397 

levels suggest the flow direction in the upper layer is from dome center to lagg, 398 

consistent with the well data (Fig. 2A). Date is in the format: yyyymmdd. 399 

Figure 3. Conceptual model of influences of eskers on hydrology via locally 400 

downward drainage in eccentric bogs. The outcrop of the esker crest is verified from 401 

GPR profiles and direct sampling (rectangle in Fig. 2C) as shown. Water flows 402 



vertically from shallow peat soil towards the permeable esker crest, suggesting 403 

enhanced downward transport of labile organic carbon that presumably accelerates 404 

decomposition rates of methanogenesis in deep peat. a) Lateral pool spreading 405 

associated with the transport of labile organic carbon in shallow peat (lateral green 406 

arrows) is constrained by opposing groundwater flow from surrounding highlands. b) 407 

Pools spread from the outcrop of the esker crest to a point of lower elevation relative 408 

to the dome of the eccentric bog, as a result of the lateral downward transport of labile 409 

organic carbon. 410 

Figure 4. Examples of the spatial distribution of eccentric bogs in relation to known 411 

eskers (Based upon data from (Shreve, 1985; Davis and Anderson, 1991; Turunen et 412 

al., 2002; Gunnarsson and Löfroth, 2009)). A: Maine, northern U.S.A (Caribou Bog - 413 

A1; Kanokolus Bog - A2); B: Finland, Northern Europe; C: Sweden, Northern Europe. 414 

D: The ranges of A, B and C. E: Histogram of the distances between eccentric bogs 415 

and nearest major esker systems, showing a skewed normal distribution (Mean = 9.06 416 

km, Std. Dev. = 5.85 km, Skewness = 2.05, see Supplementary S3). 417 
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FIGURES 419 

 420 

Figure 1. A: Peat thickness distribution from spatial interpolation of all GPR datasets 421 

from Caribou bog. B: Map of Kanokolus Bog (ME, aerial photograph acquired on 422 



July 6, 2015). C: GPR profile and coring datasets across the Central Unit of Caribou 423 

bog. D: Dissolved CH4 concentrations at different depths for three sites G1, G2 and 424 

G3 in Caribou bog. E: GPR profile from Kanokolus Bog, again showing pools 425 

coincidental with permeable mineral deposits, along with a secondary band of pools 426 

away from the mineral deposits). F: Maine, U.S.A (Caribou Bog - A1; Kanokolus Bog 427 

- A2). 428 

 429 



 430 

 431 

Figure 2. A-B: Hydraulic head across wells W8-W5-W6-W7 and W10-W9-W5-W4-432 

W3-W2-W1. The flow direction in the upper layer of peat soil is nearly lateral from 433 

peatland dome center (between W5 and W6) to lagg. The flow direction in the lower 434 

layer is downward towards the esker, i.e. acting as a point sink on the bottom 435 

boundary of the peat soil. C-F: NHସ
ା concentration (mg N L-1). G-J: soluble reactive 436 

phosphorous (P) concentration (mg P L-1). K-L: LiDAR data mapping of the water 437 

levels of pools and topography elevation, respectively. The differences in the water 438 

levels suggest the flow direction in the upper layer is from dome center to lagg, 439 

consistent with the well data (Fig. 2A). Date is in the format: yyyymmdd. 440 

 441 



 442 

Figure 3. Conceptual model of influences of eskers on hydrology via locally 443 

downward drainage in eccentric bogs. The outcrop of the esker crest is verified from 444 

GPR profiles and direct sampling (rectangle in Fig. 2C) as shown. Water flows 445 

vertically from shallow peat soil towards the permeable esker crest, suggesting 446 

enhanced downward transport of labile organic carbon that presumably accelerates 447 

decomposition rates of methanogenesis in deep peat. a) Lateral pool spreading 448 

associated with the transport of labile organic carbon in shallow peat (lateral green 449 

arrows) is constrained by opposing groundwater flow from surrounding highlands. b) 450 

Pools spread from the outcrop of the esker crest to a point of lower elevation relative 451 

to the dome of the eccentric bog, as a result of the lateral downward transport of labile 452 

organic carbon. 453 
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 455 

Figure 4. Examples of the spatial distribution of eccentric bogs in relation to known 456 

major eskers (Based upon data from (Shreve, 1985; Davis and Anderson, 1991; 457 

Turunen et al., 2002; Gunnarsson and Löfroth, 2009). A: Maine, northern U.S.A 458 

(Caribou Bog - A1; Kanokolus Bog - A2); B: Finland, Northern Europe; C: Sweden, 459 

Northern Europe. D: The ranges of A, B and C. E: Histogram of the distances between 460 

eccentric bogs and nearest major esker systems, showing a skewed normal 461 

distribution (Mean = 9.06 km, Std. Dev. = 5.85 km, Skewness = 2.05, see 462 

Supplementary S3). 463 


