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Abstract. Raised northern peat bogs are generally assumed to be entirely precipitation-fed (ombrogenous), suggesting they 15 

are void of groundwater (minerogenous) inflow from underlying sediments. Patterned pools in raised bogs have often been 

attributed to surficial flow filling depressions along the peat surface that produces subtle differences in peat pore-water 

chemistry. However, we present evidence that certain patterned pools may be partially fed by localized upwelling of 

minerogenous groundwater from underlying glacial sediments in three northern peat bogs of Maine, USA. Underlying 

permeable glacial deposits, embedded in hydraulically confining glacio-marine clay deposits, were delineated using ground-20 

penetrating radar and transient electromagnetic surveys. Paired point measurements of temperature and specific conductance 

(SpC) were surveyed around pools, and statistical relationships indicative of groundwater upwelling were established. 

Uncrewed aerial systems (UAS) thermal infrared (TIR) mapping was conducted, augmented by handheld TIR imaging, to 

examine characteristic groundwater temperatures in cold and warm seasons across pool surfaces. Surface water samples were 

acquired to assess the relationship between SpC/temperature signals and elevated iron and manganese concentrations that could 25 

be indicative of glacial aquifer sources. The combined datasets present evidence for localized upwelling in pools underlain by 

glacial structures, and the possibility of minerogenous groundwater contributions. Upwelling through the peat matrix is 

possibly partially facilitated by macropore, peat pipe’ features that serve as preferential flowpaths of varying lengths to the 

surface. Such upwelling could drive a positive feedback loop where elevated concentrations of ionic constituents repeatedly 

dilate the peat matrix and/or terminal electron acceptors enhance anaerobic respiration and microbial activity, accelerating the 30 

humification of peat around patterned pools and potentially magnifying carbon loss. 
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1 Introduction 

1.1 Background 

Raised northern peat bogs are generally regarded as precipitation-fed (ombrogenous) systems isolated from minerogenous 

groundwater inflows (Gorham, 1957), due in part to low relief topography and the prevalence of underlying low permeability 35 

clays. Near-complete saturation of raised northern peat bogs is commonly assumed, with water level fluctuations attributed to 

seasonal variations in ombrogenous water inputs and evapotranspiration (Ingram, 1982; Siegel, 1983; Siegel & Glaser, 1987). 

Changes in the bog hydrology over time (Foster, 1988) and changes in the underlying mineral sediment slope from which peat 

development initiates (Boatman et al., 1981; Belyea & Lancaster, 2002) result in a characteristic alternating hummock-hollow 

morphology. Hydrologic changes lead to variable rates of peat accumulation, peat degradation, and the preferential clustering 40 

of vegetative cover (Foster, 1988). In response to water level changes from direct precipitation to the peatland, water fills 

shallow hollows and coalesces along the topographic gradient, leading to the unique patterned geometry of alternating pools 

and hummocks across many raised bogs (Moore, 1977; Smart, 1982; Foster & Glaser, 1986; Foster & Fritz, 1987; Foster & 

Wright, 1990). Ombrogenous inflows are thought to help form and maintain pools by providing oxygenated waters to the 

hollows (Boatman et al., 1981; Moore, 1982; Foster et al., 1983; Foster et al., 1988). Once formed, pools range in depths from 45 

0.1 meters to upwards of 4 meters (Belyea & Lancaster, 2002; Comas et al., 2011; Turner et al., 2016). 

Hydrological modeling of patterned pool development suggests that lateral spreading exerts a dominant control on 

development, whereby hollows are inundated with ombrogenous inflows along the topographic gradient of peat bogs (Belyea 

& Lancaster, 2002). Climate wetness index and surficial microtopography are key variables that are argued to define rates of 

lateral spreading of patterned pools (Belyea, 2007). Previous work describes inflows using a “fill and spill” model in which 50 

pools along the surface exceed the storage capacity and resulting in flow across the surface or through the acrotelm to 

topographically lower pools or depressions (Quinton & Roulet, 1998; Spence & Woo, 2003; McCarter & Price, 2017). 

Hydraulic connectivity between the pools at the surface via the fill and spill model is seasonal with dependance on local climate 

driving runoff dynamics and highlighting the importance of spatiotemporal dynamics (McCarter & Price, 2017; Balliston & 

Price, 2022). However, basin scale hydrologic models are limited by coarse spatiotemporal sampling of hydrologic state 55 

variables, leading to a lack of specificity in describing the hydraulic connections between patterned pools (Belyea & Lancaster, 

2002). Additionally, localized hydraulic connectivity between patterned pools has been argued to occur through a network of 

near-surface, horizontal peat pipes serving as conduits between the pools (Belyea & Baird, 2006). Pipe networks may enhance 

the lateral expansion of pools as they coalesce during flooding, further leading to the observed clustering patterns (Belyea & 

Lancaster, 2002; Belyea & Baird, 2006). Although evidence for pipe networks has been observed in the field (Belyea & Baird, 60 

2006), the formation of these preferential conduits and their distribution throughout the peat matrix is poorly understood. 

Individual pipes have been instrumented and shown to impact flow in blanket peat bogs (Holden et al., 2001; Holden & Burt, 

2002), emphasizing their important hydraulic function for infiltration and drainage. 
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Although patterned pool development in bogs is described from the perspective of an ombrogenous system (Belyea & 

Lancaster, 2002; Belyea, 2007), some hydrological models indicate that permeable mineral sediments at the base of a raised 65 

bog can significantly alter bog hydrology (Siegel & Glaser, 1987; Glaser et al., 1997; Reeve et al., 2009; Lowry et al., 2009; 

Bourgault et al., 2019; Lambert et al., 2022). Much of this work has focused on investigations of the raised bogs of northern 

Minnesota. Siegel (1981) reports hydrogeological evidence of recharge from groundwater mounds occurring underneath these 

bogs with the presence of relatively permeable mineral sediment lenses embedded within glacial till and lake sediments inferred 

from seismic profiles (Miller et al., 1992).  Precipitation patterns changed the direction of groundwater flow in these bogs, 70 

with wet climates decreasing minerogenous inputs and dry climates increasing minerogenous inputs via “flushing” effects in 

the peat matrix (Siegel et al., 1995). However, near surface peat remains ombrogenous, with any groundwater inputs directed 

to the edges of the raised bogs under all conditions (Siegel and Glaser, 1987).  

Since these studies, variations in the geologic materials beneath raised bogs have been imaged using electrical geophysical 

methods, showing that coarser-grained deposits can, in places, be in direct contact with the base of a raised bog (Comas et al., 75 

2005; Comas et al., 2011; Chen et al., 2020; Moore et al., 2024). Glaciofluvial esker structures have been modeled to exert 

changes in the vertical movement of peat pore water, attributed to changes in the topography of the mineral sediment along 

the base of a bog and the hydraulic conductivity (K) contrasts between eskers and lower K peat (Reeve et al., 2000; Reeve et 

al., 2009). Comas et al. (2011) argued that permeable eskers influence raised bog hydrology and are associated with patterned 

pool formation and development. They hypothesized that peat formation is locally reduced where eskers are in contact with 80 

peat due to inputs of terminal electron acceptors (TEAs) from upwelling minerogenous groundwater, contributing to the 

formation of depressions in the peat surface (Comas et al., 2011). Moore et al. (2024) recently reported a strong spatial 

correspondence between underlying glaciofluvial esker structures and hydrological upwelling signatures around several 

isolated pools in a northern raised bog of Maine, USA. Peat matrix upwelling was documented around some pools, but other 

pools showed evidence of surficial peat pipe terminations that appeared to control flow to the pools. Further, vertical peat pipe 85 

flow to the pools was interpreted to be activated following strong precipitation events.  

In this study, we address the question, ‘Where is upwelling water supplying patterned pools sourced; and, what implications 

does this have for patterned pool formation and development?’ Our study defines groundwater as all water sourced from depth, 

minerogenous groundwater as water sourced from underlying glacial aquifers beyond the peat-mineral sediment interface, and 

ombrogenous peat pore water as precipitation-derived pore water saturating the peat matrix from the surface of the peat down 90 

to the mineral sediment interface. We report on a hydrogeophysical investigation of three raised northern peat bogs in Maine, 

USA, containing patterned pools. Utilizing contrasts in temperature and specific conductance between groundwater and surface 

pool water, supplemented with geophysical imaging, we find evidence of upwelling that is associated with geologic variations 

in the mineral sediments and deeper lithology beneath the raised bogs. Challenging previous notions, data indicates that 

groundwater reaches the surface of the raised bogs via discrete inputs to pools following major precipitation events.  Results 95 

imply the potential for vertical groundwater discharge to pools underlain by high K geologic units via either ombrogenous or 

minerogenous flowpaths through the peat matrix. 
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1.2 Hydrogeologic Setting 

Three raised northern peat bogs in Maine were selected for this study based on similarities in local geological setting, including 

proximity to mapped esker deposits, and pool patterning along the surface. The locations of the three raised bogs used for this 100 

study, Caribou Bog (central unit), Thousand Acre (Crystal) Bog, and Meddybemps Heath (southern unit), are shown in Fig. 1. 

 
Figure 1: Images (© Microsoft) of Caribou Bog (central unit), Thousand Acre (Crystal) Bog, and Meddybemps Heath (southern 
unit) in Maine (USA) with mapped nearby glaciofluvial eskers/gravel deposits (Newman, 1980; Cameron et al., 1984; Shreve, 1985; 
Thompson & Borns, 1985). All images are displayed using the WGS 84 / UTM Zone 19N (EPSG 32619) coordinate reference system, 105 
and tick marks are distances in meters. 

Extensive hydrogeophysical studies have been conducted in the central unit of Caribou Bog (Fig. 1), hereafter referred to as 

Caribou Bog, located northwest of the town of Orono, Maine, USA (Slater & Reeve, 2002; Reeve et al., 2009; Comas et al., 

2011). Caribou Bog is underlain by a metasedimentary bedrock deposited between the middle Ordovician and middle 

Devonian periods (Thompson & Borns, 1985). Regional glacial till deposits, with variable thicknesses and grain sizes, overlie 110 

the bedrock (Slater & Reeve, 2002). As the glaciers retreated during the last ice age, glacial eskers were deposited overlying 
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the glacial till deposits (Shreve, 1985; Thompson & Borns, 1985). Caribou Bog falls within the marine transgressional limit 

of the Presumpscot Formation, a glacio-marine clay deposited over low-topography regional glacial deposits during the late 

Pleistocene epoch (Thompson & Borns, 1985; Lyford et al., 1998). Ground-penetrating radar (GPR), paired with coring efforts, 

imaged and corroborated peat depths and the slope along the mineral sediment interface underlying the peat. Comas et al. 115 

(2004; 2005) reported a spatial correspondence between underlying esker deposits in direct contact with peat, overlying 

patterned pools, and vegetation patterns in the raised bog. A beaded esker system, in places in contact with the peat matrix, 

was traced along the arc of a system of patterned pools where it was in direct contact with the peat (Comas et al., 2011). The 

patterned pools of Caribou Bog consist of approximately 18 distinct pools, eccentrically patterned (Davis & Anderson, 1991) 

westwards over 0.091 km2. 120 

Thousand Acre (Crystal) Bog (Fig. 1), referred to hereafter as Thousand Acre Bog, is located over slate-dominated bedrock, 

consisting of poorly metamorphosed siltstone and sandstone lenses, found between the towns of Island Falls and Sherman, 

Maine, USA (Roy, 1981; Roy et al., 1983). Extensive coring completed by Cameron (1975) revealed glacial deposits overlying 

the bedrock. Sand and gravel lenses embedded in clay exist at the base of the raised bog (Cameron, 1975) and are consistent 

with surrounding glacial stream and esker deposits (Newman, 1980; Shreve, 1985; Thompson & Borns, 1985). Sediment cores 125 

contain sand and gravel lenses embedded within and beneath a hydraulically confining clay layer (Cameron, 1975; Newman, 

1980). This raised bog is located 16 kilometers north of the boundaries of the glacio-marine Presumpscot Formation, and 

therefore underlying clays likely originate from paleo-lacustrine environments, formed after land emerged from the sea 

following deglaciation and isostatic rebound (Borns et al., 1963; Cameron, 1975; Thompson & Borns, 1985). In Thousand 

Acre Bog, the patterned pools consist of approximately 54 distinct pools, concentrically patterned eastwards over 0.24 km2. 130 

Meddybemps Heath (Fig. 1) is located along the southwest shoreline of Meddybemps Lake and comprises three raised bog 

units separated by two streams. For this study, work was conducted in the southern-most raised bog unit. This bog is underlain 

by two intrusive geologic bodies of the Meddybemps Granite and a gabbro deposited during the Devonian Period (Osberg et 

al., 1985; Lyford et al., 1998). Surficial esker deposits that correspond with the regional late Pleistocene deglaciation are 

readily observed along the eastern and western boundaries of the bog (Cameron et al., 1984; Thompson & Borns, 1985). 135 

Previous coring revealed the thickest peat deposit (just over 7 meters) encountered within the bogs of this study area and a 

clay deposit in contact with the peat matrix at many locations (Cameron et al., 1984). Based on the location of the 

transgressional boundary and nearby local surficial deposits, the clay deposit is likely to be the Presumpscot Formation. The 

patterned pools of Meddybemps Heath consist of approximately 15 distinct pools, patterned eastwards over 0.034 km2. 

2 Materials and Methods 140 

2.1 Resolving Mineral Sediment Stratigraphy Around Patterned Pools Using Ground-Penetrating Radar 

Ground-penetrating radar (GPR) is sensitive to the dielectric permittivity (εr), which determines the velocity of an 

electromagnetic (EM) wave as it travels within the subsurface. Dielectric permittivity is primarily controlled by water content 
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and, under saturated conditions, contrasts in ε are primarily attributed to contrasts in soil texture that control water content. 

Reflections of an EM wave from a transmitter, based on εr contrasts in the subsurface, are recorded by a receiver. EM wave 145 

travel times are converted to depths using the εr of the peat matrix (and, when known, the εr of underlying mineral sediments) 

to generate an image of the subsurface stratigraphy. The attenuation of the EM wave is approximately proportional to the 

electrical conductivity of the subsurface. The EM wave will often penetrate at least ten meters of peat due to the relatively 

resistive peat matrix (Theimer et al., 1990; Theimer et al., 1994). Depth of investigation is also partly controlled by antenna 

frequency, with lower frequency antennas resulting in greater depth of investigation at the expense of reduced resolution. 150 

Higher electrical conductivity sediments at the mineral sediment interface, typically associated with clays, excessively 

attenuate the EM wave (Slater & Reeve, 2002). However, more resistive sediments at the mineral sediment interface, such as 

coarse-grained esker deposits, allow for deeper transmission of the EM wave into mineral sediments (Slater & Reeve, 2002; 

Comas et al., 2004).  

Previously acquired GPR data (Comas et al., 2011) were used to characterize variations along the mineral sediment interface 155 

relative to the pools in Caribou Bog. GPR acquisition in Thousand Acre Bog and Meddybemps Heath was conducted using a 

MALÅ ProEx control unit (MALÅ Geoscience AB, Malå, Sweden) paired with MALÅ Rough Terrain Antennas (RTAs) 

(MALÅ Geoscience AB, Malå, Sweden) with frequencies of 100 MHz (Thousand Acre Bog), 50 MHz (Meddybemps Heath), 

and a shielded 250 MHz antenna (Thousand Acre Bog). A lower frequency of 50 MHz was selected for Meddybemps Heath, 

given the substantially thicker peat deposits in this bog (Cameron et al., 1984). Transects from these surveys were spatially 160 

referenced using a Trimble GPS unit (Trimble Inc., Westminster, CO, USA) for lines collected with the RTAs and a SparkFun 

RTK Facet GPS unit (SparkFun Electronics, Niwot, CO, USA) for lines collected with the shielded antenna. GPR data were 

acquired during August 2023, November 2023, and June 2024. All historical and newly acquired GPR data were processed 

using GPRPy software (Plattner, 2020) and spatially referenced using QGIS software (QGIS, 2023). Processing parameters 

used for these datasets were limited to the removal of the air wave by setting a zero-time, application of a ‘dewow’ filter to 165 

remove low-frequency components from the data, and a ‘tpow’ amplitude gain correction. The velocity of the EM wave was 

set to 0.036 m/ns based on well-constrained velocity values for an almost fully saturated (90-96% saturation) peat matrix 

(Comas et al., 2011). 

2.2 Imaging Hydrogeologic Structures Beneath the Mineral Sediments Underlying Patterned Pools Using Transient 
Electromagnetic Induction (TEM) Surveys 170 

Transient (time-domain) electromagnetic induction (TEM) surveys were deployed to characterize the deeper hydrogeologic 

structure beneath the mineral sediments of the patterned pools in select bogs. The TEM method involves transmitting a primary 

EM field into the earth and measuring the decay of the secondary EM field induced in the subsurface over time. An impulse 

response �𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�, proportional to the change in the secondary EM field, from the instrument is recorded after the transmitter is 

shut off. Changes in the secondary field are recorded during the off time of the system over a logarithmic set of time steps to 175 
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measure the signal decay. Ratios of the voltage (V) versus the current (I) injected are recorded as 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 for these time steps. 

Apparent electrical resistivities (ρa) can then be solved using Eq. (1) where M is the magnetic moment defined by the number 

of turns of the transmitter (N), current circulating from the transmitter (I), and the area of the transmitter loop (A), µ0 is the 

permittivity of free space, and t is the time step of the response recorded.  

𝜌𝜌𝑎𝑎 = 1
𝜋𝜋
� 𝑀𝑀

20𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
�
2/3

�𝜇𝜇0
𝑡𝑡
�
5/3 

 𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑀𝑀 =  𝑁𝑁𝑁𝑁𝑁𝑁 ,        (1) 180 

In the bogs, a portable Loupe TEM system (Loupe Geophysics, Perth, WA, Australia) was used to collect spatially continuous 

data in the three select bogs between the dates of May 2, 2025, and May 5, 2025, across targeted transects where permeable 

mineral sediments had been identified with GPR. The set-up consisted of an operator carrying the transmitter backpack 

connected to another operator carrying the receiver backpack, connected by a cable and maintaining a 10-meter offset. For 

data collection, the current of the transmitter was set to 100 A, and the frequency was set to 450 Hz during surveys. The 185 

geometry of the transmitter coil consisted of an area of 0.358 m2 and 13 turns of the coil, resulting in a magnetic moment of 

465.4 Am2 for the survey set up. Receiver gain of the system was set to a value of 10 to optimize the signal to noise ratio of 

the data. The system has a square wave form with a 50% duty cycle, with turn on/turn-off ramps of eight μs and a cycle time 

of 13.33 ms for each measurement. Data were georeferenced using the internal RTK GPS system built into the Loupe TEM 

system. 190 

Data collected from the TEM surveys were inverted using Aarhus Workbench software (Aarhus GeoSoftware, Aarhus, 

Denmark). Negative and visually noisy apparent electrical resistivity data were removed prior to running the inversion to 

minimize noise artifacts in the inversion. A smooth, laterally constrained inversion of the TEM data was run using the impulse 

responses recorded by the z-axis coil of the receiver. The model domain was set up with between 20 and 25 layers with 

logarithmically increasing thickness from 2.0 meters depth up to 80.0 meters depth. A minimum number of three data points 195 

per TEM sounding was implemented with a maximum of 50 inversion iterations for the model. All inversion misfits reached 

a total residual of less than two.  

Electrical resistivity imaging (ERI) performed over similar transects to the TEM survey in Caribou Bog (Comas et al., 2004; 

2011) provide insights into the ranges of electrical conductivity expected in the TEM surveys. Bedrock and glacial till were 

characterized by low electrical conductivity structures of less than 0.3 mS/m, glacial eskers were characterized by electrical 200 

conductivity ranging between 3.3 mS/m to 0.3 mS/m and glacio-marine clays were characterized by electrical conductivity 

ranging from 20 mS/m to 3.3 mS/m (Comas et al., 2004; Comas et al., 2011). Based on these values, all TEM inversions were 

categorized into these ranges of high, intermediate, and low electrical conductivity regions of the inversion. Surficial features 

of pools and vegetation patterning previously characterized by Davis & Anderson (1999) compared to the electrical 

conductivity structures in the inversion models to determine associations.  205 
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2.3 Point-Scale Groundwater Indicators Based on Temperature and Specific Conductance of Patterned Pools 

Upwelling of groundwater is known to propagate discrete temperature (T) and specific conductance (SpC) signatures from 

depth into a wide range of surface water types (Hayashi, 2004; Anderson, 2005). Temperature signals of groundwater in the 

summer are typically cooler relative to the atmospheric warming of surface water bodies (Constantz et al., 2008). Inversely, 

temperature signals of groundwater in the winter are warmer relative to the atmospheric cooling of surface water bodies. 210 

Groundwater discharging to hydraulically confined, presumed ombrogenous surface water bodies can have higher SpC due to 

the dissolved ionic constituents (Hayashi, 2004) originating from contact with the bounding mineral sediments or transported 

from the underlying aquifer. Paired point temperature and SpC measurements were taken at a depth of 0.25 meters in the water 

column a few centimeters from the perimeter of pools in Caribou Bog, Meddybemps Heath, and Thousand Acre Bog. The 

sampling interval for point measurements around all pools was approximately every five meters around the perimeters. 215 

Temperature measurements were taken using a Digi-Sense Single Input Type T thermocouple meter (+/- 0.4 ºC) (Cole-Parmer 

Instrument Company, LLC, Vernon Hills, IL, USA). In Caribou Bog, SpC was measured on August 23rd and August 24th, 

2023, using a Hach sensION 5 Conductivity Meter (+/- 0.86 µS/cm) (Hach Company, Loveland, CO, USA). In Meddybemps 

Heath, SpC was measured on August 7th and August 17th, 2023, using a YSI Pro30 Conductivity Meter (+/- 1.0 µS/cm). Both 

a YSI Pro30 Conductivity Meter (+/- 1.0 µS/cm) (Xylem Analytics, Yellow Springs, OH, USA) and EcoSense EC300A 220 

Conductivity Meter (+/- 2.0 µS/cm) (Xylem Analytics, Yellow Springs, OH, USA) were used to survey Thousand Acre Bog 

on August 8th, August 10th, and August 15th, 2023. 

Surveys of Caribou Bog and Meddybemps Heath were conducted around all pools making up a patterned assemblage. In 

contrast, only a representative portion of the much larger pool system in Thousand Acre Bog was surveyed due to the size of 

the system. An inverse linear relationship between T (ºC) versus SpC (µS/cm) was anticipated for discharge to pool water 225 

during the summer season, as groundwater is expected to have elevated dissolved solids (Sorensen & Glass, 1987; Hayashi, 

2004; Cox et al., 2007) compared to ombrogenous pool surface waters. A comparative measure of groundwater influence (Gi) 

was defined in Eq. 2, with high values (high SpC, low T) expected to be representative of groundwater inflows during summer 

months. 

𝐺𝐺𝑖𝑖 = 𝑆𝑆𝑆𝑆𝑆𝑆
𝑇𝑇

             (2) 230 

Principal component analysis was performed to define the major and minor axes about the Gi value points surrounding the 

pools. The axis almost perpendicular to the direction of the inferred direction of the pool lateral spreading was used to group 

points into two clusters of approximately equal size, consisting of 1) numerous mineral sediment structures and 2) few or no 

mineral sediment structures imaged from GPR surveys. Hydraulic gradients across the patterned pools were estimated from 

elevation data over the pools in each bog (State of Maine, 2020) following a method described by Chen et al. (2020) to establish 235 

the direction of lateral spreading. Histograms were then used to plot normalized frequency and Gi values to examine the 

distribution of the two defined populations for each system of patterned pools. A Mann-Whitney U-Test was run comparing 

the Gi values of the two defined populations to produce a normalized U-statistic, where a value of zero concludes that all Gi 
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values on the hydraulically upgradient side of the pools were smaller than the Gi values on the hydraulically downgradient side 

of the pools. A value of one concludes that all Gi values on the hydraulically upgradient side of the pools were larger than the 240 

Gi values on the hydraulically downgradient side of the pools. A p-value was also produced to determine the statistical 

significance of the difference between the Gi values in the two populations, where a value of p < 0.05 was deemed significant.  

2.4 Temperature Signals of Patterned Pools from Uncrewed Aerial System (UAS) Thermal Infrared (TIR) Mapping 
and Handheld TIR Imaging 

Uncrewed aerial system (UAS) Thermal Infrared (TIR) mapping was completed using a DJI Mavic 2 Enterprise Advanced 245 

(DJI M2EA) system (SZ DJI Technology Co., Ltd., Shenzhen, China) with RBG and FLIR TIR (Teledyne FLIR LLC, 

Wilsonville, Oregon, USA) cameras attached to an integrated gimbal. Surveys were flown over contiguous assemblages of 

multiple pools in Caribou Bog, Meddybemps Heath, and Thousand Acre Bog. An area of 0.116 km2 was flown over Caribou 

Bog, 0.0380 km2 was flown over Meddybemps Heath, and 0.227 km2 was flown over Crystal Bog. Flights targeted periods 

after substantial precipitation events (> 4.0 mm/d) when groundwater inflows were expected to be enhanced (Moore et al., 250 

2024). Additional flight settings for the UAS are available in the description of Text S1. In Caribou Bog, flights were conducted 

less than two hours following 4.06 mm/d of local precipitation (NOAA, 2023) on June 9th, 2023. In Meddybemps Heath, flights 

were conducted on August 9th, 2023, less than eight hours after 29.0 mm/d of local precipitation (NOAA, 2023). In Thousand 

Acre Bog, flights were performed on August 10th, 2023, less than 36 hours after 19.8 mm/d of local precipitation (NOAA, 

2023). UAS TIR mapping efforts in Thousand Acre Bog were limited due to battery capacity. For comparison against a period 255 

of less precipitation, a flight was conducted in Meddybemps Heath on June 15th, 2023, following three days of 0.51 mm/d of 

local precipitation (NOAA, 2023). To contrast the cooler temperature signal of upwelling water in the summer season, a flight 

was conducted in Meddybemps Heath during the winter season on November 3rd, 2023, when a warmer temperature signal of 

upwelling water was expected. 

To further investigate features in the UAS TIR temperature mapping, handheld TIR imaging was applied in Meddybemps 260 

Heath. Handheld TIR surveying was conducted in the summer season on June 6th, 2024, following noted local precipitation a 

day prior. Images were captured with a sensor resolution of 320 x 240 temperature-sensitive pixels, using a FLIR E8-XT 

camera (+/- 2.0 ºC, <50 mK) (Teledyne FLIR LLC, Wilsonville, OR USA). The thermal emissivity of water (0.98) was set 

using the FLIR camera prior to capturing all imagery. All images were processed using FLIR Tools software (Teledyne, 2018) 

to constrain temperature ranges. 265 

2.5 Aqueous Geochemistry of Patterned Pools 

Ten surface water samples were collected in all three raised bogs (n = 30 total) using 250 mL Nalgene bottles and were 

subsequently analyzed using Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES). Water sample locations 

were selected based on the point temperature and SpC data acquired in the three raised bogs to compare concentrations in 

locations both with and without groundwater signatures. Water samples were collected on November 4th, 2023, in Caribou 270 
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Bog (CB), August 15th, 2023, in Thousand Acre Bog (TAB), and August 18th, 2023, in Meddybemps Heath (MH). All samples 

were refrigerated after field collection and prior to ICP-OES analysis. Iron and manganese trace elements were selected for 

analysis based on their prevalence in glacial aquifers similar to the local glacial esker deposits underlying the three bogs 

(Groschen et al., 2009). The background solution for the ICP-OES analysis consisted of a five percent hydrochloric acid 

solution. Water samples were prepared by filtering 10 mL of the raw sample using a 0.22 µm filter to create n = 30 filtered 275 

samples. Six standards containing from zero to five ppm of iron and manganese in the background solution were prepared for 

machine calibration over the two rounds of analyses. Analyses were conducted using a paired Agilent Technologies 5110 ICP 

OES unit (Agilent Technologies Inc., Santa Clara, CA, USA) with an Agilent Technologies SPS 4 Autosampler (Agilent 

Technologies Inc., Santa Clara, CA, USA) for all samples (n = 30). The autosampler was rinsed with five percent nitric acid 

solution after each sample analysis, and a quality control of three ppm iron and manganese in the background solution was 280 

used to ensure the continued calibration of the instrument. A wavelength of 234.350 nm was selected for iron (Fe), and a 

wavelength of 294.921 nm was selected for manganese (Mn) based on the regression fit of the processed water samples against 

instrument standards. 

3 Results 

3.1 Resolving Mineral Sediment Stratigraphy Around Patterned Pools Using Ground-Penetrating Radar 285 

The GPR surveys show structures along the mineral sediment interface of the three raised bogs studied. GPR surveys reported 

by Comas et al. (2011) identified two distinct glacial esker beads located beneath the eastern margin of the Caribou Bog pools 

(Fig. S1). Transect A (Fig. S1) highlights the transition from the attenuation of the EM wave at the base of the peat due to the 

underlying electrically conductive glaciomarine clay (between 0 meters to 70 meters) to the substantial EM wave transmission 

through resistive glacial eskers (between 70 meters and 120 meters). Two esker beads representing these structures underlying 290 

the pools are further highlighted in Transect B (Fig. S1), with the crests of the beads located two to three meters below the 

peat surface. GPR surveys revealed similar features along the mineral sediment interface beneath Thousand Acre Bog. The 

base of the peat underlying this more extensive pool system is characterized by a multitude of mineral sediment interface 

changes, stretching from the western to the eastern margin of the pools. Transect A (Fig. 2) shows a transition from the total 

EM wave attenuation at the base of peat (0 meters to 36 meters) to signal transmission associated with a topographic high in 295 

the mineral sediment interface observed between 36 meters to 66 meters. Eastward, Transect C (Fig. 2) runs along this more 

transmissive section of the mineral sediment interface from 0 meters to 64 meters. A transition from EM signal attenuation to 

transmission through the mineral sediment interface is observed in Transect D (Fig. 2), starting at 48 meters. Topographic 

highs along the mineral sediment interface within these transects are observed at four to five meters depth. Variations in the 

mineral sediment interface are further highlighted in Transect I (Fig. S2), where the EM signal changes at the end of the survey 300 

along the eastern margin of the patterned pools. The subtle slope in the GPR reflectors in this transect highlights the thinning 

of peat towards the edge of the basin (Fig. S2). 
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Figure 2: Transects selected from GPR data collected in Thousand Acre Bog (velocity = 0.036 m/ns), highlighting the changes in the 
mineral sediment interface reflectors beneath the patterned pools. Basemap data from © Microsoft (2024). 305 

 

Topographic highs along the mineral sediment interface are observed in the northern section of the pools within Meddybemps 

Heath (Fig. S3; Fig. S4). Transect C (Fig. S3) shows the transition from EM wave attenuation from 0 meters to 75 meters to 

EM wave transmission between 75 and 138 meters. Mineral sediment interface topographic highs underlying Meddybemps 

Heath are noted between 6 meters and 8 meters depth (Fig. S3; Fig. S4). Topographic variations in the mineral sediment 310 

interface along Transect E and Transect F (Fig. S3) are more subtle than observed along Transect C (Fig. S3). Additional GPR 

profiles showing variations along the mineral sediment interface are shown in Fig. S1 (Caribou Bog), Fig. S2 (Thousand Acre 

Bog), Fig. S3 (Meddybemps Heath), and Fig. S4 (Meddybemps Heath). 

3.2 Imaging Hydrogeologic Structures Beneath the Mineral Sediments Underlying Patterned Pools Using Transient 
Electromagnetic Induction (TEM) Surveys 315 

Electrical conductivity structures embedded in the mineral sediments bounding the bogs and the extension of such structures 

beneath the mineral sediments are shown throughout the TEM surveys (Fig. 3, Fig. 4, Fig. 5). In Caribou Bog, the TEM data 

collected highlight similar findings by Comas et al. (2004; 2011) along the southern section of the patterned pools. Low 

electrical conductivity layers (< 0.3 mS/m) are observed beneath the high electrical conductivity layers (> 3.3 mS/m) and 

transition to the upland on the eastern boundary of the survey (Fig. 3). An intermediate electrical conductivity structure (> 1.0 320 

mS/m) is observed approximately 150 meters along the survey, interrupting the otherwise continuous high conductivity layer 

(Fig. 3). The highest elevation of this intermediate electrical conductivity structure (> 1.0 mS/m) is observed approximately 

190 meters along the survey and corresponds with the eastern edge of the pool at the surface of Caribou Bog (Fig. 3). Layers 

of high electrical conductivity (> 3.3 mS/m) are observed towards the upper section of the model (Fig. 3). Sharp breaks in both 

the surficial vegetation patterning (Davis & Anderson, 1999) and the underlying electrical conductivity structure correspond 325 

spatially (Fig. 3), as previously noted by Comas et al. (2004). 
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Figure 3: Transient electromagnetic induction (TEM) electrical conductivity (mS/m) inversion results from surveys conducted in 
Caribou Bog, indicating variations in the electrical conductivity structures beneath the patterned pools and correspondence to 
surficial vegetation patterning (Davis & Anderson, 1999). Basemap data from © Microsoft (2024). 330 

 
The TEM data collected in Thousand Acre Bog feature variations in the underlying electrical conductivity structures that exist 

beneath the mineral sediments (Fig. 4). A low electrical conductivity layer (< 0.3 mS/m) exists at the base of the inversion 

model, with undulating patterns emphasized towards the center of the survey path (Fig. 4). Four structures of intermediate 

electrical conductivity (> 0.3 mS/m) are present in the center of the survey from 125 meters to 230 meters and overly low 335 

electrical conductivity structures (< 0.3 mS/m). Centers of these structures appear more electrically conductive than the rest of 

the intermediate electrically conductive layer (> 0.3 mS/m) and have similar lateral widths (Fig. 4). The intermediate electrical 

conductivity layer (> 1.0 mS/m) appears to dip towards the center of the bog (Fig. 4). The top layers of the inversion are 

characterized by the highest electrical conductivities observed in the model (> 1.0 mS/m) (Fig. 4). Deeper electrical structures 

correspond with surficial vegetation (Davis & Anderson, 1999) and pool patterning along the surface of Thousand Acre Bog 340 

(Fig. 4). 
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Figure 4: Transient electromagnetic induction (TEM) electrical conductivity (mS/m) inversion results from surveys conducted in 
Thousand Acre Bog, indicating variations in the electrical conductivity structures beneath the patterned pools and correspondence 
to surficial vegetation patterning (Davis & Anderson, 1999). Basemap data from © Microsoft (2024). 345 

 

In Meddybemps Heath, the TEM data collected reveals a similar structure of an undulating low electrical conductivity layer 

(< 0.3 mS/m) present along the bottom boundary of the survey, with the highest point found at approximately 220 meters 

distance and the greatest depth at approximately 70 meters (Fig. 5). An intermediate electrical conductivity layer (> 0.3 mS/m) 

exists above the low conductivity layer, with undulations in the intermediate electrical conductivity structures from 400 meters 350 

and from 460 meters to the end of the survey (Fig. 5). These structures observed in the intermediate electrical conductivity 

layer (> 0.3 mS/m) contain similar lateral widths (Fig. 5). High electrical conductivity (> 1.0 mS/m) is observed in the upper 

layers of the inverse model (Fig. 5), thickening to the west in the survey and reaching the thickest point at approximately 450 

meters (Fig. 5). Changes in surficial vegetation patterning (Davis & Anderson, 1999) and pools correspond with changes in 

the deeper electrical structures beneath Meddybemps Heath (Fig. 5). 355 
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Figure 5: Transient electromagnetic induction (TEM) electrical conductivity (mS/m) inversion results from surveys conducted in 
Meddybemps Heath, indicating variations in the electrical conductivity structures beneath the patterned pools and correspondence 
to surficial vegetation patterning (Davis & Anderson, 1999). Basemap data from © Microsoft (2024). 

3.3 Point-Scale Groundwater Indicators Based on Temperature and Specific Conductance of Patterned Pools 360 

Point measurements of temperature and SpC show significant variations along the perimeter of pools in the three raised bogs. 

In Caribou Bog, the 13 patterned pools surveyed reveal trends of lower temperature and higher SpC along the eastern margin 

relative to the rest of the pools. Temperature ranged from a minimum of 16.3 ºC to a maximum of 24.1 ºC (Fig. S5), and SpC 

ranged from a minimum of 49.1 µS/cm to a maximum of nearly 173 µS/cm (Fig. S5). Sample sizes for the linear regressions 

of temperature versus SpC for individual pools ranged from a minimum of n = 4 to a maximum of n = 55. Coefficients of 365 

determination (R2) ranged from 0.005 to 0.960 (Table S1). Regression coefficients were both positive (n = 5) and negative (n 

= 8) from the 13 pools (Table S4.1). P-values from the regressions are reported in Table S1. Pools with statistically significant 

relationships (n = 5) between these two variables had p-values ranging from less than 0.001 to 0.006 (Table S1). Calculated 

Gi values for Caribou Bog ranged from a minimum of 2.43 to a maximum of 8.49, with higher Gi values more common along 
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the upgradient side of the pool system than the downgradient side, corresponding with the direction of lateral spreading (Fig. 370 

6). The Mann-Whitney U-Test comparing the Caribou Gi values of the upgradient and downgradient populations on either side 

of the major axis of the pool system produced a normalized U-statistic of 0.648 and a statistically significant p < 0.001 (Fig. 

6). This test states that the Gi values of the upgradient population are statistically larger than the Gi values of the downgradient 

population, again corresponding to the direction of lateral spreading. Further, the p-value corroborates a statistically significant 

difference between the two populations. 375 
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Figure 6: Groundwater indicator (Gi) values (n = 247), in a) given as ratios of specific conductance (µS/cm) to temperature (ºC) 
collected at 0.25-meters depth along the perimeter of patterned pools (n = 13) of Caribou Bog with interpreted trends of underlying 
glacial esker deposits inferred from GPR data, and the inferred direction of lateral spreading for the pool system. Histograms in b) 
show the normalized frequency of Gi values of the upgradient and downgradient sections, split by the major axis of the system of 380 
patterned pools. In b), a Mann-Whitney U-Test shows a significant p-value for the difference between the two populations. A 
normalized U-statistic demonstrates that the upgradient side of the pools has statistically larger Gi values than the downgradient 
side of the pools. Basemap data from © Microsoft (2024). 

Temperature and SpC data were collected in 37 individual pools in Thousand Acre Bog and revealed trends of lower 

temperature and higher SpC along the western and eastern margins of the system relative to the rest of the pools (Fig. S6). The 385 

minimum temperature recorded in the pool system was 15.6 ºC, and the maximum temperature was 31.1 ºC (Fig. S6). The 

range of SpC spanned a minimum of 13.3 µS/cm to a maximum of 98.5 µS/cm in all pools (Fig. S6). Sample sizes for linear 

regressions of temperature and SpC in individual pools ranged from a minimum of n = 7 to a maximum of n = 294 (Table S2), 

with R2 ranging from 0.007 to 0.709 (Table S2). The majority of regression coefficients were negative (n = 33), with 

statistically significant p-values for pools (n = 16) ranging from less than 0.001 to 0.023 (Table S2). Values of Gi in Thousand 390 

Acre Bog ranged from a minimum of 0.65 to a maximum of 4.99, with larger visually apparent Gi values along the western 

edge and in the northeastern section of the pool system (Fig. S7). Comparison of the upgradient and downgradient populations, 

divided by the minor axis of the pool system, using the Mann-Whitney U-Test yielded a normalized U-statistic of 0.626 and a 

statistically significant p < 0.001 (Fig. S7). The normalized U-statistic states that the Gi values in the upgradient population 

are statistically larger than the Gi values in the downgradient population, corresponding to the direction of lateral spreading, 395 

and the p-value concludes there is a statistically significant difference between the two populations. 

In Meddybemps Heath, temperature and SpC data were collected in 15 different pools showing lower temperature and higher 

SpC measurements throughout the north-central section of the system relative to the rest of the pools (Fig. S8). The minimum 

temperature recorded in this pool system was 14.6 °C and the maximum temperature was 26.4 °C (Fig. S8), and SpC ranged 

from 23.7 µS/cm to 78.6 µS/cm (Fig. S8). Sample sizes for linear regressions ranged from n = 9 to n = 51, primarily depending 400 

on the size of the pools (Table S3). Coefficients of determination (R2) ranged from 0.001 to 0.501, whereas regression 

coefficients were split with both positive (n = 7) and negative (n = 8) values (Table S3). Pools with statistically significant p-

values from the regressions (n = 5) ranged from less than 0.001 to 0.0442 (Table S3). Meddybemps Heath had Gi values 

ranging from a minimum of 1.08 to a maximum of 4.51, with localized points of higher values in the northwestern section of 

the pool system (Fig. S9). The Mann-Whitney U-Test comparing the Gi values of the upgradient and downgradient populations, 405 

divided by the major axis of the pool system, produced a normalized U-statistic of 0.622 and a statistically significant p < 

0.001 (Fig. S9). The normalized U-statistic demonstrates that Gi values in the upgradient population are statistically larger than 

the Gi values in the downgradient population, corresponding to the direction of lateral spreading, and the p-value shows a 

statistically significant difference between the two populations. 
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3.4 Temperature Signals of Patterned Pools from Uncrewed Aerial System (UAS) Thermal Infrared (TIR) Mapping 410 
and Handheld TIR Imaging 

The five UAS TIR mapping surveys, conducted over the three pool systems, revealed distinct temperature contrasts at the 

surface of patterned pools. Cooler water temperatures were observed in the central and eastern portions of the pool system of 

Caribou Bog (Fig.7). The surface temperature of the pool water changes substantially, especially in the center of the Caribou 

Bog system, where the temperature ranges from 17.0 °C (Fig. 7a) to 23.6 °C, with local points of cooler temperatures. Localized 415 

points of cooler water, measuring between 17.2 °C and 17.8 °C, are highlighted in the southeastern portion of the Caribou Bog 

pools, showing compelling evidence of these points feeding the pool hydraulically downgradient (Fig. 7b). The overall 

minimum temperature observed in the Caribou Bog pools from this TIR map was 15.3 °C (Fig. 7). 

 
Figure 7: Uncrewed aerial system (UAS) Thermal Infrared (TIR) orthomosaic map of Caribou Bog patterned pools captured on 420 
June 9th, 2023, and calibrated against the thermal emissivity of water. Discrete points of cooler water are highlighted in the (a) the 
center of the pools and (b) on the upgradient edges of the pools, highlighting localized groundwater discharge hydraulically 
downgradient in the direction of lateral pool spreading. The resolution of the TIR orthomosaic map is 8.09 cm/pixel.  Digital basemap 
data from © Microsoft (2024). 
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Temperature data collected by UAS TIR mapping in Thousand Acre Bog shows a thermal gradient originating from the 425 

hydraulically upgradient side of the pools (Fig. S10). The temperature in the upgradient northern pools of Thousand Acre Bog 

(Fig. S10a) increases from 22.0 °C to 27.1 °C moving hydraulically downgradient. Temperatures in the center of the 

upgradient, large western pool of Thousand Acre Bog were as low as 16.9 °C (circled in black, Fig. S10b) for the upgradient 

point and 17.3 °C (circled in black, Fig. S10b) for the more downgradient point, closer to the center of the pool.  

Three UAS TIR surveys conducted in Meddybemps Heath reveal seasonal variability in the temperature observed at the surface 430 

of the pools. More minor temperature variations were observed in the Meddybemps Heath pools during the June survey, with 

a minimum temperature of 17.5 °C and a maximum temperature of 21.2 °C, yielding a range of 3.7 °C (Fig. S11). The minimum 

temperature was observed in the center of the Meddybemps Heath pools along the hydraulically upgradient boundary of the 

system, whereas the maximum temperature was observed in smaller pools along the hydraulically downgradient boundary 

(Fig. S11). For the August survey, cooler temperatures originate from the hydraulically upgradient, northern-most pool and 435 

central pools of the Meddybemps Heath system (Fig. S12). A minimum temperature of 18.3 °C was observed in the 

Meddybemps Heath northern pool, with cooler water transitioning to warmer water downgradient (Fig. S12a). A maximum 

temperature of 28.3 °C was recorded in the center of the Meddybemps Heath system along the downgradient side (Fig. S12). 

For the August survey, temperature ranged over 10.0 °C, with cooler waters hydraulically upgradient transitioning to warmer 

waters hydraulically downgradient of these pools (Fig. S12). Surface temperatures of the pools varied during the November 440 

survey, with a minimum temperature of -12.0 °C observed in the hydraulically upgradient north central Meddybemps Heath 

pools and a maximum temperature of -0.84 °C (Fig. 8a). Localized inflows of warmer water from upgradient pools contrast 

strongly against the frozen surfaces of the two elongated Meddybemps Heath pools encountered downgradient (Fig. 8a). 

Localized temperatures of -1.42 °C and -0.84 °C in the more northern, upgradient Meddybemps Heath pool were recorded 

(Fig. 8a). 445 
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Figure 8: Uncrewed aerial system (UAS) Thermal Infrared (TIR) orthomosaic map of the patterned pools in Meddybemps Heath 
captured on November 3rd, 2023, and calibrated against the thermal emissivity of water. Points of warmer water highlight the 
localized discharge of groundwater to the patterned pools moving hydraulically downgradient during the winter season. Resolution 
of the TIR orthomosaic map is 19.1 cm/pixel and basemap data was retrieved from © Microsoft (2024). b) Handheld TIR imagery 450 
of seepage in Pool 8 imaged facing downgradient (1), imaged facing upgradient (2), imaged facing upgradient (3) and seepage in 
Pool 9 imaged facing upgradient (4), imaged facing downgradient (5), imaged facing downgradient (6). All imagery was captured on 
June 6th, 2024, at previously established groundwater discharge locations of Meddybemps Heath, highlighting cooler temperature 
signals during the summer season.   

The warmer temperature signals from the winter 2023 UAS TIR survey (Fig. 8a) correspond with the cooler temperature 455 

signals from the summer 2024 handheld TIR survey (Fig. 8b, Images 1-6), particularly in the north-central Meddybemps Heath 

pools. The coolest temperatures observed in the summer surveys were 17.1 °C compared to the surface water of the 

Meddybemps Heath pools, which measured a maximum of 24.1 °C. Discharge of cooler water to the Meddybemps Heath 

pools is highly focused, highlighted by the localized nature of the minimum temperatures observed in the handheld imagery 

(Fig. 8b). 460 

3.5 Aqueous Geochemistry of Patterned Pools 

Surface water samples collected from targeted points with high SpC and low temperature around the three raised bogs revealed 

high dissolved concentrations of Fe and Mn trace elements. Water samples from Caribou Bog (CB) pools showed higher 

concentrations of Fe and Mn clustered around the upgradient edge of the pool system (Fig. 9; Fig. S13a). A sample from the 

center of the pool systems (CB 2) had the minimum recorded concentration of Fe of 77.7 ppb and a low Mn concentration of 465 

3.72 ppb (Fig. 9; Fig. S13a). Samples CB 5 and CB 7 had the highest concentration of Fe, and the CB 4 sample had the highest 

concentration of Mn (Fig. 9; Fig. S13a). Moving downgradient, samples CB 1, CB 9, and CB 10 had lower concentrations of 

Fe and Mn (Fig. 9; Fig. S13a). downgradient in the north, CB 4 had low concentrations of Fe but a higher concentration of Mn 

(Fig. 9; Fig. S13a).  

Water samples processed from Thousand Acre Bog (TAB) indicate decreasing Fe and Mn concentrations moving 470 

downgradient to the east, towards the center of the pool system (Fig. 9; Fig. S13b). The maximum Fe concentration (72.8 ppb) 

was observed for TAB 8 along the upgradient edge, while the minimum concentration of Fe was found for TAB 2 along the 

downgradient edge, measuring 3.66 ppb (Fig. 9; Fig. S13b). Higher Fe concentrations were found for TAB 1, TAB 3, TAB 5, 

TAB 8, and TAB 9 water samples (Fig. 9; Fig. S13b). The maximum Mn concentration (25.8 ppb) was found in TAB 2 along 

the downgradient edge, while the minimum Mn concentration (0.23 ppb) was found for TAB 8 along the upgradient edge (Fig. 475 

9; Fig. S13b). TAB 1, TAB 4, and TAB 10 were the only samples with an Mn concentration greater than one ppb (Fig. 9; Fig. 

S13b).  

Higher Fe and Mn concentrations were found for samples acquired from the north-central pools of Meddybemps Heath (MH) 

along the upgradient edge (Fig. 9; Fig. S13c). The highest Fe concentration (292.8 ppb) was found in water at MH 8 in the 

center of the pools, whereas the minimum concentration (39.8 ppb) was found for MH 9 along the downgradient edge (Fig. 9; 480 

Fig. S13c). Increased concentrations of Fe were found along the upgradient boundary in the center of the pools in MH 4 (140.0 
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ppb) and along the downgradient boundary in the southern section of the pools in MH 10 (81.19 ppb) relative to the other 

samples (Fig. 9; Fig. S13c). Sample MH 10 had the maximum Mn concentration (40.1 ppb) along the downgradient boundary, 

while MH 1 had the minimum concentration (0.62 ppb) along the most downgradient section of the pools (Fig. 9; Fig. S13c). 

Altogether, the three bogs showed varying concentrations of Fe and Mn trace minerals (Fig. 9). Caribou Bog had the most 485 

consistently elevated concentrations of Fe throughout the pool system (Fig. 9). Thousand Acre Bog had Fe concentrations an 

order of magnitude less than the other two bogs, but Mn concentrations are similar for all three bogs (Fig. 9). Meddybemps 

Heath displays the greatest variation in Fe and Mn concentrations between pools, with stark variations observed in samples 

MH 8 and MH 10.  

 490 
Figure 9: Concentrations of iron (Fe, orange) and manganese (Mn, blue) trace elements and a heatmap of associated 
groundwater indicator (Gi) variables for the thirty surface water samples collected from Caribou Bog (CB), Thousand 
Acre Bog (TAB), and Meddybemps Heath (MH). Samples collected at zones with Gi values greater than the bog Gi 

median value are denoted with hatch marks to compare with associated trace element concentrations. 

4 Discussion 495 

Evidence for focused discharges of groundwater into patterned pools found in the three regional raised northern peat bogs 

investigated in this study provide field insights into localized hydrological processes unaccounted for. Previous studies (i.e., 

Glaser, 1992; Seigel, 1992; Glaser et al., 1997) have noted the importance of the variations in the underlying mineral sediment 

on peat bog hydrology, but this is the first study to our knowledge that cites evidence for the potential of hydraulic connections 
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from underlying permeable mineral sediments to the surface of patterned pools in raised northern peat bogs. Point temperature 500 

and SpC measurements vary substantially around the pool margins of the three patterned systems. Localized points of cooler 

temperature and higher SpC are observed in numerous pools during the summer season, with these pools overlying glacial 

esker beads, defined as distinct mounds of sands and gravels often occurring in series (Hebrand & Åmark, 1989), as inferred 

from GPR and TEM data containing more electrically resistive structures. The TEM surveys show intermediate electrical 

conductivity structures that extend with depth and spatially correspond with the interpreted glacial eskers. Glacial esker beads 505 

appear to be overlaid on topographically variable low conductivity layers that likely represent bedrock or glacial till beneath 

all three bogs. Surficial vegetation patterning (Davis & Anderson, 1999) in all three bogs is shown to strongly spatially correlate 

with the underlying electrical structure imaged in the TEM surveys, suggesting possible hydrological controls from depth. 

Strong negative correlations between temperature and SpC in summer months (n = 24 for m < 0 and p < 0.05) combined with 

TIR images showing warmer temperature in the winter and cold temperatures in the summer are consistent with groundwater 510 

inputs. Many of the coefficients of the regression of temperature and SpC were negative, consistent with the assumed 

relationship of groundwater inflows to pools in summer months. Statistically significant relationships between the two 

variables for pools proximal to glacial esker deposits (Table S1; Table S2; Table S3) further support the possibility of 

minerogenous groundwater sourcing some of these pools. In total, 37% of the pools sampled of the three patterned pool systems 

were calculated to have a statistically significant relationship between temperature and SpC. While these statistics support our 515 

hypothesis for localized groundwater inflow to pools, patterned pools remain dominated by ombrogenous water signals. 

Directionality of these trends is also evident based on the additional statistical analysis, with significant differences in 

populations and larger Gi values on the lateral spreading initiation side of each of the three systems. The larger Gi values 

correspond to the patterned pools where most glacial structures underlying the pools were imaged with both GPR and TEM. 

Correlations of the temperature and SpC variables are consistent with minerogenous groundwater sources, although we cannot 520 

eliminate the possibility of ombrogenous water circulation in the peat driving these signals. Circulation of peat pore water via 

flow cells driven by topography and permeability contrasts of the mineral sediments (e.g., Reeve et al., 2009) along both clay 

and glacial esker sediments may lead to increased ionic constituents present in the water. Similar ranges in SpC values have 

been reported in previous studies (Orlova & Branfireun, 2014; Balliston et al., 2024) and are noted as a potential limitation for 

our defined Gi variable.  525 

Further evidence of focused groundwater discharge to the patterned pools is highlighted in temperature data from UAS TIR 

mapping efforts occurring after major rainfall events. These surveys captured the effect of flow through the underlying aquifer 

(via precipitation recharge through the unsaturated zone) on the temperature signals at the surface of pools, with cooler 

temperature signals observed during the summer season and warmer temperature signals during the winter season. Siegel et 

al. (1995) suggested that precipitation events dampen minerogenous groundwater contributions from basin-scale groundwater 530 

mounds beneath raised bogs, with minerogenous groundwater only elevating towards, but never reaching, the surface during 

drought periods. Data from this study suggest precipitation could recharge the glaciofluvial aquifers underlying the raised bogs 

investigated, leading to more localized minerogenous groundwater upwelling to the pools. Previous estimates for the 
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precipitation required to pressurize the underlying glaciofluvial aquifer and drive upwelling to isolated peatland pools yielded 

a minimum precipitation of 25.0 mm/d, with a response in vertical hydrological flux recorded between 24 to 48 hours 535 

afterwards (Moore et al., 2024). In this study, temperature responses in the TIR maps show evidence of precipitation enhancing 

discharge to the pools over a range of precipitation from 4.06 mm/d to a maximum of 29.0 mm/d, and similar temporal 

minerogenous groundwater flowpath response. Temperature maps generated from the UAS TIR illuminate localized points of 

cooler water during the summer and warmer water during the winter. Handheld TIR imagery further details temperature 

anomalies suggesting locations of focused groundwater discharge with clear temperature gradients from the point sources into 540 

the pool surface water (Fig. 8b).  

Temperature anomalies at discrete points in the TIR maps correspond to pools proximal to mineral sediment interface structures 

(characteristic of eskers) confirmed with geophysical imaging and with statistically significant relationships between 

temperature and SpC. Similar discrete points have previously been interpreted as the surficial termination of vertical, lateral, 

or angled peat pipes (Hare et al., 2017; Moore et al., 2024). These peat pipes may act as dominantly vertical preferential 545 

hydrologic pathways for ombrogenous water circulating in the peat matrix or minerogenous groundwater originating from 

glacial sediments. Digital images of peat pipes were captured at some locations characterized by SpC/temperature signals 

indicative of minerogenous groundwater discharge in all three investigated bogs (Fig. S14). The peat thicknesses of raised 

bogs in our study were measured using GPR and ranged from 1.8 to 7.9 m. Rossi et al. (2012) reported vertical peat pipes 

occurring up to eight meters in depth over glacial esker structures, and we therefore hypothesize that similar vertical peat pipes 550 

exist within our study area. However, the data collected are unable to discern the orientation of such peat pipes within the 

larger peat matrix. Peat pipes have previously been documented as dominantly lateral conveyances of water within the peat 

matrix (Belyea & Lancaster, 2002; Belyea & Baird, 2006). In the peat matrix, previous studies show evidence for larger 

horizontal K values than vertical K values and decreasing K with depth in the laboratory and field settings (Beckwith et al., 

2003a, Beckwith et al., 2003b; Rezanezhad et al., 2010). This could suggest that temperature signals from discrete points in 555 

TIR maps and imagery over the pools may also originate from lateral flow induced by surface topography of the bogs.  

Peat thickness also appears to correlate with the groundwater signals, with thinner peat deposits over glacial structures (i.e. 

Caribou Bog) generally corresponding to higher Gi values and stronger TIR temperature gradients. Conversely, thicker peat 

deposits over glacial structures (i.e. Meddybemps Heath) generally correspond with lower Gi values and weaker TIR 

temperature gradients. The GPR data also yielded insights into the clay confining layers that prevent the exchange of 560 

ombrogenous peat pore water with minerogenous groundwater in the three raised bogs. Reflection patterns from the base of 

Caribou Bog have been previously used to differentiate glaciomarine clay (Presumpscot Formation, local to the area 

(Thompson & Borns, 1985)) from beaded eskers (Comas et al., 2011). Reflections from the base of Meddybemps Heath (e.g., 

Fig. S4: Transect D) are similar, as might be expected given that this raised bog also falls within the bounds of the mapped 

transgressional limit of the glacio-marine clay (Thompson & Borns, 1985). Interpretation of the GPR data from Meddybemps 565 

Heath is further corroborated by past coring efforts (Cameron et al., 1984). Reflectors along the base of Thousand Acre Bog 

differ, with greater penetration of the EM wave in certain areas. This may indicate glacial sand or gravel (e.g., eskers) 
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embedded between other clays in contact with peat matrix, consistent with the coring cross sections by Cameron (1975), who 

noted the presence of sand and gravel lenses beneath the bog. The location of Thousand Acre Bog north of the transgressional 

limit of the Presumpscot Formation likely explains the different mineral sediment interface reflections in the GPR profiles for 570 

this bog. Multiple sections of greater EM wave penetration, interpreted as glacial sands and gravels, are observed in the western 

and eastern sections of the pool system (Fig. 2; Fig. S2). Further, the width of imaged beads is consistent with mapped surficial 

esker/gravel units to the east of the northern raised peat bog (Fig. 1). A mineral sediment interface geometry consistent with 

an esker bead is also observed north of the pools in Meddybemps Heath (Fig. S3; Fig. S4). Additional mineral sediment 

interface structures exist in the GPR profiles from Meddybemps Heath (Fig. S3; Fig. S4) but are poorly imaged due to the 575 

greater burial depths.  

These structures are shown to extend with depth in the intermediate electrical conductivity layers of the TEM surveys, with 

lateral widths consistent with the expected glacial esker geometries. Conductivity data from the TEM surveys also show 

significant lateral variations in the underlying low conductivity layer, likely to be bedrock and/or glacial till. This low 

conductivity layer may serve as another hydraulic boundary for the glacial esker systems above and the variations in layer 580 

topography could change flowpaths within the glaciofluvial aquifer. Intermediate electrical conductivity layers are shown to 

laterally angle towards the center of the bogs (Fig. 3, Fig. 4, Fig. 5), potentially allowing flow through the confined glaciofluvial 

aquifer towards ridges embedded within the clays. Significant changes in the interpreted glaciofluvial aquifer slope are 

observed to correspond with shallower, low conductivity structures beneath the intermediate electrical conductivity layer. Such 

changes to the slope could drive the upwelling of minerogenous groundwater through permeable lenses of glacial esker ridges 585 

underlying the pools in the bogs. The TEM data highlight the importance of understanding the underlying hydrogeologic 

structure beneath bogs. Within all three raised bogs, geoelectric structures consistent with glacial eskers are observed along 

edges of the pool systems and do not exist beneath all pools. Pools underlain by distinct mineral sediment interface structures 

that extend with depth are spatially associated with statistically significant temperature versus SpC relationships. 

Lateral temperature gradients and anomalies across pools captured by UAS TIR maps may provide evidence of lateral peat 590 

pipe connections between the pools. Glaser et al. (1987) observed similar infrared patterns in open waters of a patterned mire, 

with a gradient of cooler water to warmer water in the summer consistent with the direction of water flow at the surface. 

Hydraulic gradient models of the patterned pools in all three bogs (Chen et al., 2020; Fig. S15) agree well with the temperature 

gradients observed across the surfaces of the pools. Temperature gradients between pools may indicate hydraulic connections 

via lateral, vertical, or combined peat pipes, as temperature and SpC signals indicative of groundwater from depth extend 595 

beyond pools directly underlain by variations in the mineral sediment interface (Fig. 7; Fig. 8; Fig. S10; Fig. S11; Fig. S12). 

Upwelling groundwater could enhance the flooding of hummocks and lead to enhanced lateral expansion of patterned pools. 

Inflows of groundwater appear to mix with peat pore water and subsequently move downgradient following local 

microtopography to supply other pools within the patterned system. 

Concentrations of Fe and Mn, typical of glacial aquifers (Groschen et al., 2009), may suggest that minerogenous groundwater 600 

could be plumbed from an underlying glacial aquifer through the peat matrix to discharge in and around the pools. Caribou 
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Bog and Meddybemps Heath contained similar concentrations of these trace elements, suggesting related hydrogeologic 

origins of the upwelling groundwater. The sampled pools in Thousand Acre Bog had lower concentrations of Fe than the other 

two pool systems, which may partly be attributed to point discharges occurring towards the center of pools (not sampled for 

aqueous chemistry) as indicated by UAS TIR maps. The highest concentrations of Fe were observed in pools underlain by 605 

interpreted glacial esker deposits and showed strong inverse relationships between temperature and SpC. However, CB 4, TAB 

2, and MH 10 water samples contained high levels of Mn despite being located away from interpreted groundwater-fed pools. 

This could support previous ideas of lateral transmissivity through the pools (i.e., Quinton & Roulet, 1998; Spence & Woo, 

2003; McCarter & Price, 2017), or potentially plumbing groundwater not only vertically but also laterally throughout pool 

systems. Given the complexity of the redox reactions occurring in peat bogs, the aqueous geochemistry could also indicate 610 

deeper circulation of ombrogenous peat pore water. Similar or higher concentrations of Fe and Mn have been reported in pools 

in bogs (Chauhan et al., 2024; Osborne et al., 2024) suggesting potential autogenic sourcing of these trace elements. 

Based on the results of this study, we propose a conceptual model exploring groundwater-influenced pool formation and 

spreading based on internal peat pore water circulation and the potential hydraulic connectivity to the underlying glaciofluvial 

aquifer indicators of groundwater from depth include a) proximity to underlying mineral sediments transmissive to the EM 615 

signals of both GPR and TEM surveys, b) statistically significant (p < 0.05), linear relationships between temperature and SpC 

consistent with minerogenous groundwater inflows (primarily an inverse relationship between temperature and SpC in summer 

months), c) changes in the temperature signal directly following significant precipitation, d) discrete zones of water with a 

different temperature signal than the surrounding surface water, identified in UAS TIR maps and e) elevated concentrations of 

Fe and Mn trace elements. Potential groundwater flowpaths through the glaciofluvial aquifer and peat matrix are depicted 620 

conceptually in Fig. 10. 
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Figure 10: Conceptual hydrogeologic model of ombrogenous and minerogenous flows to patterned pools, Precipitation is shown to 
stimulate both ombrogenous and minerogenous groundwater flowpaths. Shallow minerogenous groundwater flowpaths would 
discharge to the lagg in the system. The deepest minerogenous groundwater flowpaths occur through the glaciofluvial aquifer and 625 
result in vertical flows to pools immediately above or adjacent to the aquifer connection. Minerogenous groundwater contributions 
to pools would result in a temporary change in peatland type. Ecology on the surface may potentially show characteristics of a poor 
fen around pools local to the esker. Ombrogenous flow cells of peat pore water (Reeve et al., 2009) are shown to originate from the 
center of the bog, driven by the topography and permeability of the underlying mineral sediments, causing vertical flow to the pool 
immediately above or adjacent to the glacial esker. Both forms of vertical flux to the pools would result in enhanced lateral 630 
transmissivity via piping or peat matrix flow in the subsurface. Additionally, when the pools up topographic gradient reach storage 
capacity, fill and spill overland flow may also be observed between pools. These chain reactions in changes of flow would 
subsequently enhance lateral spreading of the pool system. 

The conceptual hydrogeologic model (Fig. 10) highlights the important influence of the topographic variability in the 

underlying glacial till and/or bedrock bounding the glaciofluvial aquifer. Minerogenous groundwater is otherwise discharged 635 

to the lagg bounding the raised bog via shallower groundwater flowpaths, commonly regarded as the only place for this water 

to discharge. Topographic variability is likely an effect of the glaciation that occurred across the state of Maine during the last 

ice age, resulting in highly variable glacial erosion of regional bedrock (Shreve, 1985; Thompson & Borns, 1985). Changes in 

the slope of the glaciofluvial aquifer provide the basis for deep minerogenous groundwater flowpaths to exist with the potential 

for hydraulic connections to reach the pools at the surface of these northern raised peat bogs. These pools are visibly surrounded 640 
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by denser vegetation relative to the rest of the bog (Comas et al., 2004), suggesting minerogenous groundwater inputs could 

provide temporary changes in the peatland type. Limited minerogenous groundwater inputs correspond well with the observed 

upwelling signals captured dependent upon the precipitation. Reeve et al. (2009) also highlights the ability of ombrogenous 

peat pore water flow cells to form based on the topography and permeability contrasts of the underlying mineral sediments 

surrounding glacial esker structures. This could also stimulate vertical flow to the pools above or adjacent to the esker 645 

structures, resulting in data indicating groundwater. Upwelling of both minerogenous groundwater and deeper peat pore water 

may alter lateral flow processes through the pools. As the vertical flux to pools underlain by glacial eskers increases, lateral 

transmissivity between pools will increase via lateral peat pipes (i.e., Belyea & Baird, 2006) or lateral peat matrix flow (i.e., 

Belyea, 2007). If the storage capacity of these pools is exceeded by these vertical fluxes, fill and spill overland flow may be 

observed between pools (i.e., Balliston & Price, 2022).  650 

Long-term hydrological well data from wells instrumented at shallow depths between 1.10 meters and 1.30 meters and one 

instrumented deeper at 7.4 meters, show distinct responses to the precipitation events (Fig. S16; Fig. S17). Observation well 

MB2 highlights significant gains in hydraulic head from the start of August 9th, 2024, to August 11th, 2024 (Fig. S16; Fig. 

S17). Hydraulic head in well MB2 rapidly increases compared to observation well MB1 on August 11th, 2024, 49.5 hours 

following the initial precipitation event (Fig. S16) (NOAA, 2024). However, the hydraulic head measured between well MB5 655 

and MB2 shows downwelling to the southeast (Fig. S16; Fig. S17), contradicting the hydrogeophysical observations made in 

the pools adjacent to the hydraulic transect between these wells. Future targeted hydrological monitoring efforts based on 

hydrogeophysical data could yield further insight into localized changes in the hydraulic gradient driven by underlying mineral 

sediment stratigraphy.  

Despite these contradictions, our conceptual model remains consistent with previously established concepts that: 1) patterned 660 

pool size decreases radially from the focal point of the patterned pool initiation (Glaser & Janssens, 1986; Foster & Fritz, 

1987), 2) minerogenous and ombrogenous water sources, dependent on the underlying mineral sediment, create variability in 

types of peatlands  (Glaser, 1992), 3) lateral spreading controls patterned pool formation in raised bogs (Belyea & Lancaster, 

2002), 4) hydraulic connections to regional groundwater aquifers underlying the raised bogs exist (Glaser et al., 1997), 5) fill 

and spill dynamics occur when pools reach storage capacity (Quinton & Roulet, 1998; Spence & Woo, 2003; McCarter & 665 

Price, 2017). If vertical inflows to pools are minerogenous, there may be implications for the hydrology, ecology, and 

geochemistry of raised peat bogs. Inputs of TEAs from minerogenous groundwater have implications for the redox state of the 

peat matrix that is traditionally considered methanogenic. A wetter climate with more intense rainfall (Trenberth, 2011), could 

result in greater fluxes of these trace elements into the raised bogs and thus influence carbon sequestration and methane cycling, 

with the inverse also holding true. We recognize that the water balance of the raised bogs is predominantly controlled by 670 

rainfall, otherwise these systems with low concentrations of ionic constituents would not be established in the first place. Our 

findings suggest that localized points of discharge might have considerable (while temporary in this case) effects on the 

hydrology and biogeochemistry of patterned pools. Exchange zones of ionic constituents from minerogenous groundwater 

entering other surface water bodies have been shown to disproportionally affect the hydrology of these systems (Brunke & 
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Gosner, 1997; Winter et al., 1998; Hare et al., 2021; Oilid et al., 2022). Our findings suggest that ombrogenous peat bogs are 675 

influenced in the same way by upwelling, possibly through the formation of peat pipes from depth that may enhance pool 

formation. 

5 Conclusions 

Temperature and SpC data from this study suggest raised northern peat bog pools receive vertical groundwater inflows across 

three bog systems. These inflows spatially correspond to variations in the underlying mineral sediment, imaged using GPR 680 

and TEM surveys, which may promote upwelling from the underlying glaciofluvial aquifer or peat pore water flow cells. 

Variations in temperature, SpC, and trace mineral concentrations in pools suggest that groundwater is plumbed upwards 

through the peat matrix via preferential peat piping. Imagery from UAS TIR mapping and handheld TIR indicate the 

termination of this plumbing at the surface of the pools as localized discharge zones, indicated by cooler minerogenous 

groundwater in the summer, and warmer minerogenous groundwater in the winter. Periods of local precipitation may pressurize 685 

the underlying glaciofluvial aquifer or drive amplified peat pore water flow from depth, with enhanced temperature and SpC 

signals observed in pools immediately following these periods. Differences in water temperature at localized points during 

summer and winter seasons further reinforce the interpretation of upwelling to patterned pools. Localized minerogenous 

inflows to raised bogs may have other consequences, with changes in the geochemical state of the peat matrix influencing peat 

degradation, pool formation, and carbon cycling. 690 
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