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ABSTRACT 

Shallow groundwater flow in the critical zone of steep headwater mountain catchments is 

often assumed to mimic surface topography.  However, groundwater flow is influenced by other 

variables, such as the elevation of the water table and subsurface hydraulic conductivity, which 

can result in temporal variations in both magnitude and direction of flow. In this study, I 

investigated the temporal variability of groundwater flow in the soil zone (solum) within the 

critical zone of a headwater catchment at the Hubbard Brook Experimental Forest in North 

Woodstock, NH.  Groundwater levels were continuously monitored throughout several seasons 

(March 2019 to Jan 2020) in a network of wells comprising three hillslope transects within the 

upper hillslopes of the catchment.  Five clusters of three wells per cluster were screened from 

0.18 – 1.1 m depth at the base of the solum. Water levels were also monitored in five deeper 

wells, screened from 2.4 - 6.9 m depth within glacial sediments of the C horizon. I conducted 47 

slug tests across the well network to determine hydraulic properties of the aquifer materials 

surrounding each well.  In addition, our team conducted a large-scale auger investigation 

mapping soil horizon depths and thicknesses. 

Results show that the magnitude of hydraulic gradients and subsurface hydrologic fluxes 

varied at each site with respect to changing water-table elevation, having a maximum range of 

0.12 m/m and 9.19 x 10-6 m/s, respectively. The direction of groundwater flow had an arithmetic 

mean deviating from surface topography by 2-10 degrees, and a total range that deviated from 

surface topography by as much as 51 degrees. During lower water table regimes, groundwater 

flow direction deviated from the ground surface, but under higher water table regimes, in 

response to recharge events, flow direction mimicked surface topography. Within most of the 

well clusters, there is an observable connection between the slope direction of the top of the C 

horizon and the direction of groundwater flow during lower water table regimes. Slug test results 

show the interquartile range of saturated hydraulic conductivity (Ksat) within the C horizon 



 

 

(1.5×10-7 to 9.8×10-7 m/s) is two orders of magnitude lower than the interquartile range of Ksat 

values within the solum (2.9×10-5 to 5.2×10-5 m/s). Thus, the C horizon is on average a confining 

unit relative to the solum that may constrict groundwater flow below the solum. Additionally, 

results from the larger scale auger investigation suggest that deviations in subsurface topography 

of the C horizon may be generalizable at the larger hillslope scale. Overall, these results indicate 

that 1) shallow groundwater flow direction and magnitude within this headwater catchment are 

dynamic and can deviate from surface topography, and 2) the subsurface topography of the C 

horizon can influence groundwater flow direction.  These results imply that temporal dynamics 

of groundwater flow direction and magnitude should be considered when characterizing 

subsurface flow in critical zone studies. Additionally, knowledge of subsurface topography of 

confining units may provide constraints on the temporal variability of groundwater flow 

direction. 
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GENERAL AUDIENCE ABSTRACT 

 Streams that originate at higher elevations (defined as headwater streams) are important 

drinking water sources and deliver water and nutrients to maintain freshwater ecosystems. 

Groundwater is a major source of water to these streams, but little is known about how 

groundwater flows in these areas. Scientists delineate watersheds (areas of land that drain water 

to the same point) using surface topography. This approach works well for surface water, but not 

as well for groundwater, as groundwater may not flow in the same direction as surface water.  

Thus, assuming that the ground-watershed is the same as the surface watershed can lead to errors 

in hydrologic studies. 

To obtain more accurate information about groundwater flow in headwater areas, I 

continuously measured groundwater levels in forest soils at the Hubbard Brook Experimental 

Forest in North Woodstock, NH. My main objective was to determine if there is variability in the 

direction and amount of groundwater flow.  I also measured the characteristics of the soils to 

identify the thicknesses of soil units and the permeability of those units.  I used these data to 

evaluate the relationship between groundwater flow direction, surface topography, and the 

permeability of soil units. 

 Overall, I found that groundwater flow direction can differ significantly from surface 

topography, and groundwater flow direction was influenced by the groundwater levels.  When 

groundwater levels were high (closer to the land surface), groundwater flow was generally in the 

same direction as surface topography. However, when groundwater levels were lower, flow 

direction typically followed the slope of the lowest permeability soil unit. These results suggest 

that scientists should not assume that groundwater flow follows the land surface topography and 

should directly measure groundwater levels to determine flow direction.  In addition, results 

from this study show that characterizing soil permeability can help scientists make more accurate 

measurements of groundwater flow. 
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1.0 Introduction 

Headwater streams play a critical role in nutrient cycling and maintaining biodiversity in 

freshwater ecosystems (Clarke, 2008).  In addition, headwater streams are important water 

supplies; over a third of the U.S. population relies on the low-order streams in headwater 

catchments for drinking water (Alexander et al., 2018; Sills et al., 2018). Furthermore, headwater 

drainage networks comprise more than 50% of the total stream length within the contiguous U.S. 

(Datry et al., 2014; Jensen et al., 2019, Nadeau and Rains, 2007) and influence downstream 

surface water quality (Alexander et al., 2007), highlighting the importance of headwater systems 

in water resource management (Lowe and Likens, 2005; Wohl, 2017).  

A growing body of literature emphasizes that groundwater is a major component in a 

multitude of hydrologic processes in headwater catchments.  Groundwater is a dominant source 

of water for many streams, particularly in humid regions (Winter et al., 1999).  Groundwater 

contributes to streamflow via base-flow, which allows for sustained flow during dry periods, and 

storm flow, which contributes to increases in stream discharge in response to recharge events 

(Winter et al., 1999). As a result, many of the chemical and physical characteristics of headwater 

streams are intrinsically connected to their surrounding catchment by the groundwater flow paths 

that deliver water and solutes from the hillslopes to the stream network.  For example, Zimmer et 

al. (2013) demonstrated that the spatial and temporal variability of chemistry within a headwater 

stream was connected to groundwater within the adjacent hillslopes.  During periods of high 

flow, stream chemistry reflected the chemical variability of shallow groundwater, while during 

low flow, it was controlled by inputs from groundwater seeps that increased both the pH and 

concentrations of base cations (Zimmer et al, 2013). 

Groundwater also plays an important role in controlling runoff generation (Haught and 

Tromp-van Meerveld, 2011; Penna et al., 2015), determining the timing and degree of 

connectivity between hillslopes and streams (Detty and McGuire 2010b), and influencing 

pedogenic processes within catchment soils (Bailey et al. 2019). All these processes are 

influenced by variability in groundwater flow paths, highlighting the need for characterizing 

these flow paths for predicting the physical and chemical response of headwater streams to both 

land disturbances and changes in climate inputs within catchment boundaries.  
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1.1 Groundwater basins 

 

Headwater catchments are typically delineated using land surface topographic contours 

(Gillin et al., 2015; Young et al., 2019; Voeckler et al., 2014).  This method of catchment 

delineation has underpinned small catchment studies for decades, including those utilizing mass 

balance to determine solute and hydrologic fluxes through gauged catchments (Bormann and 

Likens, 1967; Bailey et al., 2003). The topographically based method of catchment delineation 

assumes that subsurface (groundwater) drainage follows surface topography. However, this 

assumption can lead to significant error when estimating the contributing area to a stream if 

groundwater flow paths deviate from the land surface, implying that groundwater basin divides 

do not correspond to land surface divides (Hinton and Schiff, 1993).  

 Groundwater basins, the portion of the saturated subsurface contributing drainage to a 

receiving body of water, are delineated by water-table contours (Panno and Luman, 2018, Hinton 

and Schiff, 1993, Dunlap and Spinazola, 1984). As a result, groundwater basin delineation relies 

on physical measurements of the depth to the water table using piezometers or wells and an 

interpolation method such as kriging to estimate water table elevation in regions without physical 

measurements (Dunlap and Spinazola, 1984). The accuracy of interpolated water-table elevation 

values is determined by the spatial distribution of points of known values (Nikroo, 2009) that are 

limited to locations of wells, piezometers, and surface expressions of the water table such as 

seeps, springs, and gaining streams. As a result of the limited number of observations, 

groundwater basins are often difficult and expensive to characterize.  

Over the past decade, due to an increase in the affordability and diversity of water level 

data loggers, high-frequency measurements of groundwater levels in headwater catchments have 

increased (see examples in Detty and McGuire, 2010a; Tromp-van Meerveld et al. 2015), 

shedding new light on previously unknown spatiotemporal dynamics of saturated groundwater 

flow within headwater catchments. Collection of high-frequency observational data can improve 

the predication capabilities of hydrologic models (Kirchner, 2005), especially during non-

stationary times (Burt and McDonnell, 2015). 
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1.2 Groundwater flow in headwater catchments 

 

Groundwater flow within headwater catchments is composed of both storm flow 

(throughflow) and deeper groundwater flow (Carroll et al., 2019) where throughflow is often 

conceptualized as saturation separated from the deeper groundwater components contributing to 

streamflow (Robinson and Ward, 2017). Throughflow has short residence times (hours to days) 

whereas deeper groundwater flow can have longer residence times (months to years). 

Throughflow can be a dominant source of runoff generation during storm events comprising a 

large volume of streamflow (Weiler et al. 2005); however, the relative contribution of 

throughflow to streamflow varies depending upon a multitude of factors including antecedent 

soil moisture conditions, characteristics of soil and underlying geologic materials, and 

morphology of the basin (Chifflard et al., 2019).  

The generation of throughflow has been proposed to occur as a result of two mechanisms: 

1) perched saturation (Carroll, 2019, Heller and Kleber, 2016) developing on top of low 

permeability subsurface layers, or 2) deeper water tables rising into shallow, higher permeability 

soils (transmissivity feedback) (Hjerdt, 2002). Perched saturation develops at abrupt changes in 

permeability at the soil-to-bedrock interface or above low permeability soil units.  Transmissivity 

feedback in soils occurs as the result of an observed exponential decrease in hydraulic 

conductivity with increasing depth (Rinderer and Seibert, 2012) producing an exponential 

increase in transmissivity and groundwater discharge as water table elevations rise towards the 

land surface. Both mechanisms result in a lateral flux of groundwater traveling downslope in 

response to storm events. Once generated, throughflow can have a wide range of downslope 

travel distances (Klaus and Jackson, 2018) before infiltrating into the underlying impending 

layer. Therefore, throughflow generated within upper hillslopes of headwater catchments can 

have a wide range of connectivity to downslope riparian zones contributing groundwater to 

streams. While the behavior of throughflow on trenched hillslopes has been studied in previous 

work (Tromp-van Meerveld and McDonnell, 2006, Uchida et al., 2005), the dominant 

mechanism of throughflow development (perched versus transmissivity feedback) in upland, 

glaciated settings has not been well documented.  

Groundwater flow direction within headwater catchments is dynamic. When Rodhe and 

Seibert (2010) investigated the dynamics of groundwater flow direction within soils in a till-
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mantled watershed, they observed a significant amount of variability in flow direction through 

time; flow direction was most variable in the riparian zone and least variable on the upper 

hillslopes. During high water tables, the flow direction in the riparian zone was perpendicular to 

the direction of stream flow while under lower groundwater levels, flow direction was parallel to 

it. In contrast, while investigating groundwater flow direction in a headwater catchment 

comprising of clay rich soils directly overlying bedrock, Tromp-van Meerveld et al. (2015) 

observed the least amount of variability in flow direction in the riparian zones and more 

variability in the hillslopes adjacent to depressions within bedrock topography. Tromp-van 

Meerveld et al. (2015) also observed a strong, positive correlation between groundwater flow 

direction during lower water-table regimes and the topography of the bedrock.  

In addition to bedrock topography, groundwater flow in headwater catchments may also 

be influenced by the topography of subsurface confining units. In a study in a till-mantled 

hillslope, Hutchinson and Moore (2000) found that hydraulic gradients (and inferred 

groundwater flow direction) in shallow soils follow the topography of the underlying lower-

permeability glacial till. Other studies have shown that soil permeability can vary with depth; for 

example, in the till-mantled headwater catchments of the Hubbard Brook (NH) watershed, 

hydraulic conductivity of unconsolidated soils overlying glacial sediments has been shown to 

decrease with depth (Detty and McGuire, 2010a, Burns, 2012). However, to date, few studies 

have addressed the specific influence of soil permeability contrasts or subsurface topography of 

confining units on flow direction in these settings.  

In this thesis, I investigate relationships between groundwater flow direction and water-

table elevation, permeability contrasts within subsurface materials, and surface and subsurface 

topography in a glaciated headwater catchment at the Hubbard Brook (NH) watershed.  I focus 

specifically on the influence of permeability contrasts in soils and the subsurface topography of 

lower permeability units on hydraulic gradients and groundwater flow direction. To do this, I use 

high-frequency temporal measurements (1-10 min logging interval) of water-table elevations 

recorded at multiple depths (both in high permeability and low permeability soil units) within 

three hillslope transects over a 10-month period, combined with measurements of hydraulic 

conductivity of the underlying soil units, and estimated elevations and thicknesses of the soil 

units to address the following questions: 
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1.) Does groundwater flow direction and magnitude vary through time and space in the 

soils of a headwater catchment? 

2.) What are the drivers influencing the variability of groundwater flow direction? 

1.3 Site description 

 

This study was conducted in Watershed 3 (WS3), a south-facing, gauged watershed 

within the Hubbard Brook Experimental Forest (HBEF) in North Woodstock, NH (Figure 1) that  

encompasses the headwaters for Paradise Brook, a perennial first-order headwater stream 

(Zimmer et al., 2013). WS3 is the hydrologic reference watershed for a series of paired 

watershed vegetation removal experiments (Hornbeck et al. 1970) designed to study headwater 

streamflow response to deforestation (Likens et al. 1970).  As the control, WS3 was left 

relatively undisturbed, has not been logged since late 1910s and has maintained an approximate 

steady-state biomass since the 1980s (Likens, 2013). The Hubbard Brook Valley is covered by a 

northern hardwood forest comprised of American Beech (Fagus grandifolia), sugar maple (Acer 

saccharum), and yellow birch (Betula alleghaniensis) dominating mid-lower elevations (500-750 

MSL), and balsam fir (Abies balsamea), red spruce (Picearubens), and white birch (Betula 

papyrifera var. cordifolia) dominating higher elevation portions of the catchment greater than 

750 MSL (Likens, 2013). 

WS3 is underlain by metasedimentary sillimanite grade, pelitic schists of the upper 

Rangeley Formation exhibiting steeply dipping foliation that strikes dominantly NE-SW and 

steeply dipping fracture sets that also have a preferred NE strike orientation (Burton et al., 2000). 

The Rangeley Formation is overlain by glacial sediments of varied thickness deposited during 

Wisconsin glaciation in the late Pleistocene (Bailey et al., 2014) (Figure 1b). These glacial 

deposits are primarily sandy loams that are discontinuous and thinner within the upper portions 

of the catchment dominated by bedrock outcrops. The glacial deposits consist of both basal tills 

(loams) and lenses of sand, resulting in spatially heterogenous permeability architecture (Bailey 

et al. 2014) comprising the C horizon. 

Soils within WS3 are spodosols with an average thickness of 0.5 meter (Likens, 2013). 

Soil development and horizonation (development of soil horizons) at HBEF has both a lateral 

and vertical component, leading to distinct soil units and a predictable spatial architecture of 
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spodic horizons across different landscape positions (Bailey et al., 2014). For example, within 

the upland portions of the catchment, particularly in convergent zones adjacent to bedrock 

outcrops, soils have a thicker E horizon relative to other horizons; further downslope, however, 

soils overlying glacial deposits tend to have thicker B horizons relative to other horizons. A 

multitude of these distinct soil morphological units defined by relative horizon thickness have 

been identified and mapped within WS3.  Gannon et al. (2014) showed that these soil units 

correlate to distinct water-table regimes, such as saturation frequency and threshold response to 

changes in catchment storage. 

The climate of WS3 is classified as humid continental with a mean annual precipitation 

of 140 cm evenly distributed throughout the year.  Approximately one-third to one-quarter of this 

precipitation occurs as snowfall (Bailey et al., 2003). WS3 has a total elevation change of 205 m 

with an average slope of 28% (Likens, 2013).  
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Figure 1.A: Map showing the location of the Hubbard Brook Experimental Forest and 

Watershed 3. Figure 1.B:  Stratigraphic columns (not drawn to scale) showing the surficial 

deposits overlying bedrock at two example locations (B1and B2) within Watershed 3. At location 

B1 ,typical of lower elevations of WS3, Pleistocene glacial sediments comprising the C horizon 

sit unconformably on top of the fractured, crystalline bedrock of the Rangeley Formation, and 

the solum is the weathered portion of the glacial sediments that has undergone significant 

alteration as a result of soil-forming processes. At location B2, typical of higher elevations of 

WS3, shallow organic rich soils with well-developed E horizons directly overly bedrock.  Figure 

1.C Lidar-derived hillshade digital elevation model (DEM) of Watershed 3 highlighting the 

drainage network, and the variation in topography across the catchment. The east-facing slope 

has well defined valleys and ridges while the west-facing slope has a more planar topography.  
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2.0 Methods 

2.1 Well network and survey 

 

 The instrumentation design for this project was in support of a larger, multidisciplinary 

project investigating spatial gradients in chemical weathering rates within glaciated, headwater 

catchments. One goal of the larger project was to estimate solute fluxes in groundwater over 

different hydrologic periods. To do this, the research team designed and installed a 28 

groundwater well network in transects within the upper reaches of WS3 where the largest 

gradients in chemical weathering rates were hypothesized to be located.   

This well network consists of three hillslope transects (Figure 2: Transects 42, 52, & 86) 

located within subcatchments of WS3.  Transects 42 & 52 are at higher elevations on the east 

facing slope, 713 – 667 meters above mean sea level (MASL); transect 86 is on the west facing 

slope, at a lower elevation (604 – 618 MASL). The overall well network contains 20 shallow 

wells (0.18 – 1.1 m depth) screened within the solum, and 6 deep wells (2.4 – 6.9 m depth) 

screened within the C horizon (Figure 2). The solum encompasses all the soil horizons above the 

C horizon and the base of the solum is also the approximate depth of the rooting zone in WS3. 

Within the shallow well network, there are five well clusters of three wells per cluster (Figure 3) 

used for determining the magnitude and direction of the hydraulic gradient. The wells within 

each cluster are spaced near each other (within 8 m) to minimize the risks of measuring 

hydrologically disconnected water-tables within an aquifer that is highly dissected by irregularly 

undulating bedrock topography.  

At higher elevations, shallow wells were installed within the solum (screened within the 

E horizon) directly overlying bedrock (Figure 1B2), and at lower elevations shallow wells were 

installed within the solum (screened within the B horizon) directly overlying C horizon (Figure 

1B1). In addition to the transect wells, other shallow wells were also installed within the B 

horizon overlying glacial sediments in other areas of WS3 (Figure 2). An example cross-section 

of a well transect illustrates the transition from the upslope bedrock dominated portions of WS3 

to the downslope thickening wedge of glacial sediments comprising the C horizon (Figure 4).   
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The well network was surveyed with a Leica © Total Station theodolite at 1 mm ± 1 ppm 

measurement accuracy.   The properties of each well cluster are summarized in Table 1, and the 

properties of each individual well are summarized within Table 2.   

  

 

Figure 2: A topographic map of WS3 with the locations of each well transect (42,53, & 86) 

where groundwater wells are symbolized by the stratum in which the screened interval is 

installed in. The wells are separted by shallow wells installed within the solum (red circles), and 

deeper wells installed within the C horizon (orange triangles). The location of the barometric 

logger is at the top of a deep well at (86)-B, and the location of the rain gauge is indicated by a 

green star. The surface drainange network is represented by solid blue lines (perennial streams) 

and dashed blue lines (intermittent & ephemeral streams). 
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Figure 3: A cluster of shallow groundwater wells, (86)-4-c1, installed within the solum used for 

flow direction and hydraulic gradient calculations. 

 

 

Figure 4: A cross-section of Transect (42) with the locations and depths of select wells, and 

contacts between bedrock, C horizon, and the solum. Well 2-s1 is installed within the solum 

directly overlying bedrock. 
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Table 1: A table describing the properties of five triangles formed at the ground surface by each 

cluster of wells. This includes geometric properties of each triangle (perimeter and area), the 

maximum change in elevation over horizontal distance (slope), and the maximum slope direction 

relative to North (aspect). Additionally, the average depth of the base of each well (relative to 

ground surface) within a given cluster is included. 

 

 

2.2 Well construction, installation & development 

 

 The shallow wells were constructed using 2-inch diameter solid PVC attached to 2-inch 

diameter PVC screen (0.010 slot size). The screened interval was 30.48 cm for wells in the B 

horizon, and 15.24 cm for wells in the E horizon. Solum wells were installed using a 3-inch 

diameter bucket auger. Once the well was seated in place within the borehole, the annular space 

was backfilled with the filter pack (sand) to approximately 2.5 cm above the top of screened 

interval (Figure 5). A combination of locally derived sand and industrially sourced silica sand 

was used for the filter pack. The type of filter pack sand was kept consistent between wells 

within a given cluster. The locally sourced sand was obtained from quarries in glaciofluvial 

deposits; the material was sieved to exclude grain size diameters smaller than 0.5 mm (U.S. 

Standard Sieve #35) and coarser than 2 mm (U.S. Standard Sieve #35). Above the filter pack, the 

annular space was backfilled with the native soil removed during the borehole excavation. A 

plastic flange was tightly wrapped around each well and placed at the top of the soil backfill to 

mitigate surface infiltration and preferential flow around the well.  
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Figure 5A: A schematic cross section of a shallow well screened within the solum directly above 

the interface between the solum and the C horizon. Figure 5B: A schematic cross section 

showing an example of a deep well installed within the middle portion of the C horizon. Note: 

Figures are representative of multiple wells and are not drawn to scale. 

The deep wells screened within the C Horizon were installed using a track-mounted drill 

rig using hollow-stem augers.  Wells were constructed with 2” PVC and screen (0.010 slot size); 

the annular space surrounding the well screen was filled with #1 silica sand to approximately 0.2 

– 0.5 meters above the top of the screened interval, and 00 sand to approximately 1 meter above 

the top of the screened interval.  Above this, native material was backfilled above the sand, and 

bentonite was added to 1-2 ft below surface.  Details of deep wells are presented in Table 2. 

All wells were developed using surging and pumping methods after installation. If the 

well was dry after installation, water was poured into the well and then pumped back out 

multiple times until the water appeared clear.    

2.3 Installation of water level loggers 

 

 Pressure transducers (HOBO © Onset U20 & U20L data loggers) were installed within 

each well to measure water levels at 1-10-minute logging intervals. The pressure transducers 

were suspended immediately above the base of the well (Figure 4) by a 20-pound test 

monofilament line attached to the vented cap of the well. To measure barometric pressure in the 
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watershed, we installed an additional transducer within the PVC casing of one of the deeper 

wells. Raw pressure data obtained from the transducers were converted to water level by 

compensating for barometric pressure and reference water level measurements using Onset® 

HOBOware® graphing and analysis software.  

Manual measurements of the water-table within each well were also collected throughout 

the study period using a Solinst ® water level meter (1/1000 ft ± .01 ft measurement accuracy) 

prior to installation of the loggers, before the removal of loggers for data retrieval, and during 

aquifer tests. 

2.4 Measurement of hydraulic conductivity 

 

The saturated hydraulic conductivity of the aquifer material surrounding each well was 

estimated using the Hvorslev method of analyzing rising head slug test data (Hvorslev, 1957). 

The majority of slug tests were conducted May, 2019 when water-tables were relatively high 

across the well network. A total of 47 slug tests were conducted across the entire well network, 

with at least two slug tests conducted for each shallow well.  

For each slug test, a rapid displacement of the water-table was initiated by pumping water 

out of the well; the recovery of the water-table was recorded at one-second logging intervals 

until the water-table re-equilibrated to background conditions. Relative head values for each slug 

test were plotted on a semi-log scale (Figure S1), and an ordinary least squares regression was 

applied to the log-transformed data in order to determine the basic time lag (t37). The basic time 

lag (t37), length of the well screen (L), radius of well casing (rc), and the radius of the well 

including the filter pack (rw) were input into equation 1 for determining saturated hydraulic 

conductivity (Ksat). Equation 1 is the general solution for Ksat assuming the length of the well 

screen (L) is greater than eight times the radius of the well including the filter pack (rw) 

(Hvorslev, 1957). 

 

(1)      

 

 

𝐾𝑠𝑎𝑡 =
𝑟𝑐

2 ∙ ln (
𝐿
𝑟𝑤

)

2 ∙ 𝐿 ∙ 𝑡37
 ;   

𝐿

𝑟𝑤
> 8   
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Table 2: Table showing the length of the screened interval (screen length), depth to the base of 

the screened interval (screen depth), screened horizon, and the soil horizon or interface that the 

base of the well is seated upon.  

 

2.5 Calculation of gradients 

 

Hydraulic Gradients 

Hydraulic gradients were calculated in R statistical software package (Figure S1) using time 

series of water level elevation combined with the horizontal coordinates of each well, assuming 
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there is a linear change in head between each well.  The hydraulic head (h) within three wells is 

expressed as three points on a plane, and a system of linear equations: 

 

             

  (2)      

This system of linear equations can be expressed in matrix form with the coefficient 

matrix (A), variable matrix (B), and the constant matrix (C). 

 

 

(3)      

 

The unique solution to the system of linear equations, column vector B, is determined by 

multiplying the inverse of the coefficient matrix (A-1) by the column vector C. This yields the 

hydraulic gradient in the x-direction (
𝜕ℎ

𝜕𝑥
), and the hydraulic gradient in the y-direction (

𝜕ℎ

𝜕𝑦
). The 

magnitude of flow (
𝑑ℎ

𝑑𝑙
) is then determined with Pythagorean’s theorem and the direction of 

maximum hydraulic gradient (𝜃) is determined by the inverse tangent function: 

 

 (4)   

In accordance with Darcy’s Law, I assumed that groundwater flows from high potential 

to low potential in the direction of the negative maximum hydraulic gradient (𝜃). Flow direction 

calculations are made at every time step in which water levels above a minimum threshold were 

detected within each of the three wells. After experimenting with a range of values, a threshold 

of 5 cm was determined to be optimal for this study. This threshold is within the operating range 

of the logger and above the possible ponding depth at the base of well. 

Gradients of land surface and top of the C horizon: 

ℎ1 = 𝑎 + 𝑥1𝑏 + 𝑦1𝑐 

ℎ2 = 𝑎 + 𝑥2𝑏 + 𝑦2𝑐 

ℎ3 = 𝑎 + 𝑥3𝑏 + 𝑦3𝑐 

x = longitudinal coordinate    

y = latitudinal coordinate        

ℎ = elevation of water table    

         A             B        C 

[

1 𝑥1 𝑦1

1 𝑥2 𝑦2

1 𝑥3 𝑦3

]  [
𝑎
𝑏
𝑐

] = [

ℎ1

ℎ2

ℎ3

]  

                  B = A-1C  

𝑏 =  
𝜕ℎ

𝜕𝑥
  ,  𝑐 =  

𝜕ℎ

𝜕𝑦
   

 

  
𝑑ℎ

𝑑𝑙
 = √𝑏2 + 𝑐2,   𝜃 = tan−1 (

𝑏

𝑐
)   
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Both the maximum horizontal gradient and slope direction (direction of maximum 

horizontal gradient) were determined at each well cluster for the land surface and the top of the C 

horizon. The C horizon was identified by Munsell color and textural characteristics consistent 

with methods used in previous work at Hubbard Brook (Bailey et al. 2014). The depth to the top 

of the C horizon was measured within each borehole excavated for well installation. The 

maximum gradients of the land surface and the top of the C horizon were calculated by replacing 

water table elevation (h) in equation 3 with the elevation of the land surface and the elevation of 

the top of the C horizon measured at each well location.  

To identify the presence and thicknesses of soil horizons in each subcatchment, an auger 

investigation was conducted during the summer of 2019. Data from the survey were used for 

determining the gradient and slope direction of the top of the C horizon compared to the land 

surface across each subcatchment. The auger investigation was conducted along multiple, 

equally spaced transects creating a grid with a 10-meter spatial resolution. Each auger 

investigation went to depth of refusal, and the depths of soil horizon transitions were measured 

including the depth to the top of the C horizon (if the C horizon was present). The GPS locations 

of transect endpoints were determined using a Trimble Geoexplorer XT GPS unit with an 

external hurricane antenna; the GPS locations of each auger point were extrapolated from 

endpoint measurements. Auger locations where the C horizon was not observed were filtered 

(removed) from the dataset leaving a total of 30 measurements in transect 52, 37 measurements 

in transect 42, and 15 measurements in transect 86 used for gradient calculations of the C 

horizon. Within ArcGIS, a series of three-point clusters of comparable size and geometry to the 

well clusters were visually identified, and the maximum slope directions of the ground surface 

and the top of the C horizon were calculated (equation 3) for each cluster.  

2.6 Calculation of hydrologic fluxes: 

 

 Hydrologic fluxes through the solum were estimated using Darcy’s Law (equation 5; 

Darcy, 1856) for saturated water flow through a porous medium at each of the well clusters 

installed at the base of the solum.  

 

(5)   

𝐷𝑎𝑟𝑐𝑦 𝑓𝑙𝑢𝑥 (𝑞) = −𝐾𝑠𝑎𝑡 ∙
𝑑ℎ

𝑑𝑙
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The hydrologic flux (Darcy Flux; units of L/T) is calculated by multiplying the arithmetic mean 

of the saturated hydraulic conductivity (L/T) determined from slug test analysis by the hydraulic 

gradient (L/L) (Equation 4) at 10-minute time intervals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



18 

 

3.0 Results 

3.1 Water table characteristics and response to recharge events  

 

Throughout the study period (Mar. 2019 – Jan. 2020), water tables were transient within 

the shallow wells, rising in and out of the solum, and permanent within the deeper wells, 

fluctuating seasonally or on an event basis yet never dropping below the screened interval 

(Figure 6E). Near the ridges of the watershed, where bedrock crops out close to the surface and 

the solum is thin, water tables were episodic, only rising into the solum in response to rain or 

snow melt events (Figure 6A).  Within thicker soils overlying the C horizon, water tables 

remained in the solum seasonally, dropping below the base of the solum in mid-summer (June-

July) before rising back into the solum during the fall (Figure 6B-D). The highest water tables 

occurred during the spring snow melt season (March – April) that was followed by an overall 

recession period persisting into the early summer (June-July; Figure 6).  

The timing of the water table response to precipitation events across the well network 

varied depending upon transect, hillslope position, and soil horizon. For example, water tables 

within the solum in Transects 42 and 86 (see Figure 2) exhibited longer time-lags in peak water 

table between different hillslope positions, while water tables within the solum in Transect 52 

occurred approximately at the same time regardless of hillslope position (Figure 7). 
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Figure 6: A time series (March 2019-Jan 2020) showing water table elevation relative to the 

base of the solum (Panels A-D) for three shallow wells, water table elevation relative to the base 

of the C horizon for a deep well (Panel E), and precipitation (Panel F). The gaps in data within 

the shallow wells (Panels A-D) imply that the water table is below the base of the solum (y < 0). 

Well # (42)-2-s1 is installed within shallow soil directly overlying bedrock while wells (86)-3-s2, 

(52)-4-s1, and (42)-4-s1 are installed within soils overlying C horizon. Well # (42)-4-d2 is 

screened entirely within the C horizon. 

Within Transect 42, the timing of peak water tables within the shallow wells was often 

delayed from each other on the order of hours (see Figure 7) while peak water tables within 

deeper wells, installed in the C horizon, were delayed from those in the shallow wells on the 

order of days (Figure 8). In Transect 86 the timing of peak water tables within the deeper wells 

were only delayed by a few hours from peak water table in the shallow wells (Figure 8). Water 
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tables within shallow wells within each transect were flashier, responding sooner, and rising and 

receding at a faster rate than water tables within the C horizon (Figure 7).  

 

 

Figure 7: A time-series showing the response of water tables to a precipitation event within each 

transect (42, 52, & 86) at multiple hillslope positions (2-s1,3-s1, & 4-s1). Peak water table is 

denoted with a red circle. Hillslope position 2-s1 is the furthest upslope within each transect 

while hillslope position 4-s1 is furthest downslope. Water tables are expressed as elevation 

above the base of the solum (y = 0).  See Figure 2 for transect and well locations.  
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Figure 8. A time series showing water tables responding to a rain event in June, 2019 within 

both shallow and deep wells at Transect (42). Water tables are expressed as elevation relative to 

the ground surface (y = 0), and the peak water table is included to illustrate lag-times between 

each well (red points). See Figure 2 for transect and well locations. Well IDs 2-s1,3-s1, and 4-s1 

are shallow wells and well IDs 4-d1, 4-d2, and 3-d2 are deep wells.  

 

3.2 Saturated hydraulic conductivity 

 

 The range of saturated hydraulic conductivity (Ksat) values within the solum (B and E 

horizons) spanned two orders of magnitude with a minimum of 1.3 × 10-6 m/s, and a maximum 

of 1.8 × 10-4 m/s (Figure 9). The Ksat values measured within the C horizon were markedly lower 

than values measured within the solum, exhibiting a range of 5.0 × 10-8 to 1.6 × 10-6 m/s. The 

interquartile range of Ksat within the C horizon (1.5 × 10-7 to 9.8 × 10-7 m/s) is two orders of 

magnitude lower than the interquartile range of Ksat values within the B horizon (2.9 × 10-5 to 5.2 

× 10-5 m/s) (Figure 9). Ksat measurements within the E horizon are within the range of values 

measured within the B horizon (Figure 9).  
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Figure 9: Box plots showing saturated hydraulic conductivity (Ksat) values measured within the 

solum comprising of wells screened within the B & E horizons, and Ksat values measured within 

the C horizon. Ksat values from previous work (*) using both slug test and permeameter methods 

are included for comparison. The number of measurements for each soil horizon is shown at the 

top of the boxplot. 

 Overall, Ksat within the solum is more variable than Ksat  of the C horizon, as shown by 

standard deviations (SD for solum Ksat = 3.6 x 10-5 m/s is almost two orders of magnitude higher 

than the SD for C horizon Ksat = 5.9 x 10-7).  However, it is important to note that the number of 

observations within the solum (n = 39) was greater than the number of observations within the C 

horizon (n = 8). A one-way analysis of variance shows that Ksat values are significantly different 

between soil horizons with a p-value (0.007) less than the significance value (0.05), implying a 

relationship between soil horizon and Ksat.  The comparison of Ksat values estimated from this 

study to previous studies shows that the interquartile range of values within the solum are 

markedly lower in previous studies, and the degree of overlap of Ksat between the solum and the 

C horizon is greater (Figure 8). Previous Ksat measurements shown in Figure 8 are dominantly 



23 

 

from borehole permeametry methods that represent smaller sample volumes and were measured 

primarily within the upper C horizon (Burns, 2012; Detty, 2010b). A combination of these 

factors may explain the differences between Ksat values reported in this study compared with 

previous studies. Regardless of these differences, previous studies support results of this study 

that show an overall decrease in both the median and interquartile range of Ksat values between 

the solum and the C horizon (Figure 8).   

3.3 Groundwater flow direction, surface topography, and the C horizon 

 

 Throughout the study period, the mean groundwater flow direction followed the large-

scale slope direction of surface topography within WS3 (SE or SW; Table 3). The mean slope 

direction of the ground surface for well clusters on the southeast facing slope was 144 degrees 

azimuth and the mean flow direction was 150 degrees azimuth. The average surface slope 

direction for well clusters on the southwest facing slope was 244 degrees and the mean flow 

direction was 247 degrees azimuth. However, under certain conditions, flow direction showed 

deviations from the surface topography by as much as 56 degrees, with a maximum range of 61 

degrees, and a minimum range of 10 degrees (Table 3).   

 

Table 3: Summary statistics for groundwater flow direction for each well cluster in W3, the 

number of measurements (n), and the maximum slope direction for the top of the C horizon and 

the ground surface at each well cluster location. The directional units (azimuth) are reported in 

degrees from North.  See Figure 2 for cluster locations. 
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Within all well clusters, the direction of groundwater flow mimicked surface topography 

during higher water tables and deviated from surface topography during lower water tables. 

Three examples are used to show these patterns (Figures 10-12).  The first example is a well 

cluster (4c-1) from transect 52 (Figure 10).  During higher water table regimes, both the 

hydraulic gradient and direction of flow were closer to the surface topography (Figure 10A, B).  

However, under lower water table regimes, the flow direction deviated from surface topography 

towards the slope direction of the top of the C horizon (Figure 10A, B). Flow directions 

calculated over time had a normal distribution with an arithmetic mean between the surface 

topography and the C horizon slope direction (Figure 10C).  

 

Figure 10.A: A time series showing water table elevation, precipitation, and groundwater flow 

direction for a well cluster. Missing data within the time-series reflects the lack of sufficient 

water levels (in all three wells) needed for gradient calculations 4.B: A map view of the well 
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cluster showing the variability in groundwater flow direction (blue vectors) in relation to the 

slope direction of the ground surface (red vectors) and the top of the C horizon (yellow vectors). 

The magnitude (length) of each vector is scaled proportional to the horizontal hydraulic 

gradient. 4.C: A probability density histogram summarizing groundwater flow direction with the 

slope direction of surface topography and the top of the C horizon. The dashed line is the normal 

distribution corresponding to the sample mean and standard deviation (Table 3).       

 In the second example from transect 86, flow direction within well cluster 3-c1 showed 

similar trends as 52-4-c1 in following surface topography under higher water tables, the top of 

the C horizon under lower water tables, and an arithmetic mean between the C horizon and the 

surface topography (Figure 11). Similar to the first example, the interquartile range (Table 3) and 

highest probability of flow direction (Figure 11C) falls between the slope direction of the top of 

the C horizon and the ground surface, and these features constrain the range in flow direction 

observed at each well cluster (Figures 10-11). 
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Figure 11: A time series showing water table elevation, precipitation, and groundwater flow 

direction for a well cluster. Missing data within the time-series reflects the lack of sufficient 

water levels (in all three wells) needed for gradient calculations 4.B: A map view of the well 

cluster showing the variability in groundwater flow direction (blue vectors) in relation to the 

slope direction of the ground surface (red vectors) and the top of the C horizon (yellow vectors). 

The magnitude (length) of each vector is scaled proportional to the horizontal hydraulic 

gradient. 4.C: A probability density histogram summarizing groundwater flow direction with the 

slope direction of surface topography and the top of the C horizon. The dashed line is the normal 

distribution corresponding to the sample mean and standard deviation (Table 3).       

 In the third example from transect 41,  flow direction within well cluster 4-c1 followed 

surface topography under higher water tables; however, it deviated from both the surface 

topography and the top of the C horizon under lower water tables (Figure 12). The highest 

probability of flow direction occuring at the mean (Figure 12C) was offset from the ground 

surface by 6 degrees azimuth, and the slope direction of the ground surface is approximately 

equal to the slope direction of the surface of the C horizon (Figure 12C).  
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Figure 12: A time series showing water table elevation, precipitation, and groundwater flow 

direction for a well cluster. Missing data within the time-series reflects the lack of sufficient 

water levels (in all three wells) needed for gradient calculations 4.B: A map view of the well 

cluster showing the variability in groundwater flow direction (blue vectors) in relation to the 

slope direction of the ground surface (red vectors) and the top of the C horizon (yellow vectors). 

The magnitude (length) of each vector is scaled proportional to the horizontal hydraulic 

gradient. 4.C: A probability density histogram summarizing groundwater flow direction with the 

slope direction of surface topography and the top of the C horizon. The dashed line is the normal 

distribution corresponding to the sample mean and standard deviation (Table 3).       

 The relationship between flow direction, surface topography, and the top of the C horizon 

is highlighted when the time series of water table fluctuations and flow direction are examined at 

a finer temporal scale in transect 86. Figure 13 shows the response of water tables in well cluster 

(86)-3-c1 immediately following a storm event, and the associated flow direction calculations. At 

the beginning of the event (t0) whenever water levels are lower, closer to the base of the well, the 



28 

 

flow direction mimics the top of the C horizon (Figure 12), and this trend continues until water 

levels begin to increase (t1) in response to a precipitation event.  As the water table increases, 

flow direction  deviates in the southward direction. As water tables peak (t2) at approximately at 

8 hours after t1, flow direction is within a degree of the surface topography. 

 

Figure 13: A time-series of water levels responding to a precipitation event in early May 2019 

with the calculated flow direction at 10-minute intervals. The beginning of the event (t0), time of 

water table response (t1), and the peak water table (t2) are marked by dashed vertical lines. The 

slope direction of the ground surface and top of the C horizon is also included for comparison. 

Water tables are expressed in elevation relative to mean sea level.  

 

3.4 Hydraulic gradient and hydrologic fluxes 

 

The magnitude of the hydraulic gradient and subsurface hydrologic fluxes (assuming a 

constant Ksat) varied with respect to changing water table elevations (Figure 14). Within some 

well clusters, hydraulic gradient and hydrologic fluxes decreased with decreasing water table 
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elevations (42-4-c1 and 52-4-c1, Figure 14) while other well clusters exhibited an inverse 

relationship (42-3-c1 and 86-3-c1, Figure 14) with an increase in gradient magnitude and flux 

with decreasing water table elevation.  
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Figure 14: The magnitude of hydraulic gradient (Equation 4), and hydrologic flux (Darcy Flux, 

Equation 5) plotted against mean water table elevation; and the mean saturated hydraulic 

conductivity (Ksat) used for hydrologic flux calculations is shown for each well cluster. 

The well cluster that exhibited the largest range in flow direction, (52)-4-c1, also exhibited the 

second-to-largest range in gradient magnitude and flux (0.08 to 0.16 m/m, 3.01 x 10-6 to 6.45 x 

10-6 m/s, respectively) with the lowest values occurring during lower water table regimes and 

higher values during higher water table regimes (Figure 14). In contrast, well cluster (86)-4-c1, 

showed a different relationship, in which gradient magnitude and flux generally increased with 

decreasing water table elevation (Figure 14) below a threshold of around 603.85 m AMSL; 

above that level, gradient magnitude and fluxes increased.  

3.5 Deviations in subsurface topography from surface topography  

 

The difference between the slope direction of the ground surface and the top of the C 

horizon (ΔGC) determined from the auger investigation in each subcatchment varied between 

transects. Three examples are included (Figures 15-17) to illustrate ΔGC patterns across WS3. 

ΔGC measurements from each well cluster are also included for comparison. Overall, ΔGC had a 

larger range (± 30 degrees) of values compared to the ΔGC variability observed within the well 

clusters; however, the highest frequency of ΔGC observations from auger investigations showed 

similar trends to ΔGC observed at each well cluster (Figures 15-17). For example, the highest 

frequency of ΔGC measurements within transect 42 ranged between ± 10 degrees within a 

slightly positive skew and ΔGC observed within the well clusters also ranged between ± 10 

degrees (Figure 15). In transect 86, the majority of ΔGC measurements were negative, and both 

ΔGC measurements within the well clusters are also negative (Figure 16). Finally, in transect 52, 

ΔGC measured at the well cluster coincided with the larger frequency of ΔGC values derived 

from the auger investigation (Figure 17). 
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Figure 15: A map showing the location of auger investigations, shallow wells, and surface slope 

directions derived from three-point gradient calculations. Slope directions are illustrated by 

vectors originating from the centroid of each three-point cluster where the directional 

component of vectors is opposite to the direction of maximum horizontal gradient (downslope) 

and the magnitude of vectors are scaled proportional to the maximum horizontal gradient. A 

frequency histogram is included summarizing the difference in slope direction between the 

ground surface and the top of the C horizon. Measurements from well clusters are included for 

comparison.  
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Figure 16: A map showing the location of auger investigations, shallow wells, and surface slope 

directions derived from three-point gradient calculations. Slope directions are illustrated by 

vectors originating from the centroid of each three-point cluster where the directional 

component of vectors is opposite to the direction of maximum horizontal gradient (downslope) 

and the magnitude of vectors are scaled proportional to the maximum horizontal gradient. A 

frequency histogram is included summarizing the difference in slope direction between the 

ground surface and the top of the C horizon. Measurements from well clusters are included for 

comparison.  
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Figure 17: A map showing the location of auger investigations, shallow wells, and surface slope 

directions derived from three-point gradient calculations in Transect (52). Slope directions are 

illustrated by vectors originating from the centroid of each three-point cluster where the 

directional component of vectors is opposite to the direction of maximum horizontal gradient 

(downslope) and the magnitude of vectors are scaled proportional to the maximum horizontal 

gradient. A frequency histogram is included summarizing the difference in slope direction 

between the ground surface and the top of the C horizon. Measurements from well clusters are 

included for comparison.  
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4.0 Discussion 

4.1 Groundwater flow variability  

 

Shallow groundwater flow in this glaciated headwater catchment exhibits substantial 

variations in both flow direction and magnitude. The total range of groundwater flow direction 

over the monitoring period within the solum was greater than 60 degrees in some locations 

(Table 2) but was less than 10 degrees in other locations. The magnitude of hydraulic gradient 

doubled with respect to changing water table elevation within some locations but varied less 

within others (Figure 14). The shifts in flow direction occurred over short time scales (hours to 

days) on an event basis (Figure 13) and also exhibited longer time-scale seasonal patterns as 

water table elevations decrease during the summer months and rise during the fall, winter, and 

spring months (Figure 10). Both short-term and seasonal patterns in flow direction show that 

groundwater flow direction varies in response to changing water table elevation (Figures 10-13) 

and highlights the presence of non-uniform response of water tables in WS3.  

Results from this study show considerably more variability in groundwater flow direction 

within the upper hillslopes of WS3 than in the upper hillslopes of headwater catchments reported 

in other studies (Rhode et al. 2011, von Freyberg et al. 2014). This difference may be due to 

prior research investigating groundwater flow direction in headwater catchments has primarily 

focused on characterizing hillslope-streamflow connectivity (Tromp-van Meerveld et al. 2015, 

Vidon and Smith, 2007) with the majority of observations constrained to the lower hillslopes and 

riparian zones, and considerably fewer observations in the upper hillslopes. Groundwater flow 

within the riparian zone is heavily influenced by streamflow by directing subsurface flow in 

response to stream stage (Rhode et al. 2011, Vidon and Smith, 2007) that may override the effect 

that permeability contrasts on flow direction (the focus of this study). However, results from this 

study show that groundwater flow direction is more variable in the upper hillslopes of a 

glaciated, headwater catchment than previous work may imply. 

4.2 Implications for using surface topography as an approximation for hydraulic gradients 

 

Due to the availability of land surface DEM data, It is common practice within modeling-

based hydrologic studies in headwater catchments to use the land surface as an approximation of  
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hydraulic gradient magnitude (Nippgen et al., 2015, Beven, 1997, Wigmosta et al. 1994). A 

widely used topographically driven rainfall-runoff model, TOPMODEL (Beven and Kirkby 

1979, Beven, 1997), uses the slope of the land surface to calculate topographic wetness indices 

as a steady-state approximation of groundwater dynamics at each point within the catchment. 

Another widely used rainfall-runoff model, the distributed hydrologic vegetation model 

(Wigmosta et al. 1994) approximates subsurface hydrologic gradients with land surface 

topographic gradients and thus routes subsurface water according to the surface topography. 

Previous experimental (field-based) investigations at WS3 have also used surface topographic 

gradients surrounding a single well as an approximation for subsurface hydraulic gradients in 

soils to investigate the response of subsurface fluxes to catchment storage dynamics (Detty and 

McGuire 2010a, Gannon et al. 2014).   

In this study, we observe dynamic changes in the magnitude of hydraulic gradients in 

response to changing water table elevation (Figure 14). Within some locations, the magnitude of 

the hydraulic gradient, and subsequently, the hydrologic flux, decreases as water table elevation 

decreases (52-4-c1 & 42-4-c1, Figure 14), suggesting that using surface topography as an 

approximation for water table gradients at these locations would produce an over-estimation of 

subsurface hydrologic fluxes during dry periods. In contrast, at  some other locations, the 

magnitude of the hydraulic gradient and hydrologic flux increase with decreasing water table 

elevations (Figure 14, 86-4-c1) below a threshold; above the threshold, the patterns show 

increases in gradient/flux with water table. Overall, the results show that the magnitude of the 

hydraulic gradient can deviate from the maximum slope of the land surface (Table 1) by as much 

as 0.11 m/m. Thus, the assumption that the hydraulic gradient can be approximated by surface 

topography may be invalid.   Results of study highlight the need for the characterization and 

establishment of a functional relationship between water table elevation and hydraulic gradients 

within the solum to provide a more accurate estimation of the temporal dynamics of hydrologic 

fluxes that otherwise may produce significant error in predicting runoff-rainfall response through 

hydrologic modeling.  

 

 



36 

 

4.3 Relationships between flow direction, water table elevation, surface topography, and 

subsurface topography 

 

Results from this study are consistent with results from Tromp-van Meerveld et al. (2015) 

and Hutchinson and Moore (2000) in that groundwater flow direction correlates with subsurface 

topography of confining units during lower water tables but follows surface topography during 

higher water tables (Figure 14). For most locations within this study, the mean and interquartile 

range of flow direction observations were confined between the slope direction of the land 

surface and the slope direction of the C horizon (Table 3, Figures 10-11). Tromp-van Meerveld 

et al. (2015) observed the largest standard deviation in hillslope flow directions within well 

clusters located in a bedrock hollow where the bedrock surface deviated from surface contours, 

and smaller deviation in hillslope flow directions where the bedrock surface followed surface 

topography. Similarly, the largest standard deviation in flow direction measured in this study, 52-

4-c1, coincided with the largest difference in slope direction of C horizon topography from 

surface topography (Table 3). These results imply the top of the C horizon and the land surface 

may act as end members defining the upper and lower bounds of flow direction variability within 

locations where the C horizon is a confining unit relative to the solum. Therefore, knowledge of 

C horizon topography may provide a constraint for characterizing the heterogeneity of event-

based throughflow in soils at WS3.  

Results from our catchment-scale auger investigation shows that the deviation of 

subsurface topography from surface topography observed at each well cluster can be generalized, 

and falls within a range of deviations observed at the larger scale (Figures 15-17), decreasing the 

likelihood that subsurface deviations observed at each well cluster is entirely localized. 

Therefore, variability in flow direction may also be generalized at the hillslope scale using 

methods presented within this study; assuming that permeability contrasts are continuous. 

4.4 Heterogeneity in permeability contrasts 

 

Permeability contrasts between soils and underlying parent materials influence the 

distribution of energy potentials (the ultimate force that determines the direction of water flow). 

The C horizon in WS3 has a statistically significantly lower permeability (measured as hydraulic 

conductivity) than the solum (Figure 9), however, the C horizon is texturally heterogenous, and 
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can have zones of higher permeability (Bailey et al. 2014) due to the presence of sand lenses 

that, if present, may not result in a decrease in permeability at the interface between the solum 

and C horizon. Additionally, the interface between the C horizon and the solum can be gradual 

and will not necessarily correspond to abrupt changes in hydraulic properties. Results from this 

study, combined with hydraulic conductivity estimates from previous work, add to the total 

range of possible Ksat values for both the solum and the C horizon, therefore increasing the 

possible range of permeability contrasts between soils and the underlying parent material in 

WS3. This spatial heterogeneity in the hydraulic properties of glacial sediments comprising both 

the C horizon and solum makes it difficult to generalize hydraulic behavior observed at the 

smaller, subcatchment scale for the entire catchment of WS3. Additionally, this heterogeneity 

may explain why the deviation in flow direction at some locations in this study do not correlate 

with C horizon topography (Figure 12). 

4.5 Throughflow generation: perched saturation versus transmissivity feedback 

 

Results of this study do not resolve if throughflow within the solum at WS3 is perched on 

top of the C horizon or an expression of deeper water tables rising from beneath, or if it reflects a 

combination of both depending upon location specific hydraulic properties (permeability 

contrasts) and time-variable conditions such as rainfall intensity. If there is a permeability 

contrast between the C horizon and the solum, both mechanisms of throughflow (transmissivity 

feedback and perched saturation) could theoretically result in a water table configuration that 

mimics the top of the C horizon so flow direction dynamics may not have direct implications 

towards the presence (or lack thereof) of perched saturation. Previous work in characterizing soil 

moisture response to precipitation events in WS3 shows that soil moisture within the solum can 

be much more temporally dynamic (Detty and McGuire, 2010b) and responsive to rain events 

compared to soil moisture observed within the upper C horizon (measured a few centimeters 

below the solum), implying that perched saturation may be occurring at the base of the solum in 

specific locations. Results from this study show that peak water table occurrence within the 

middle to lower parts (2.4 to 6.9 m depth) of the C horizon is consistently delayed relative to 

peak water table occurrence in the solum, regardless of landscape position (Figure 8), and water 

tables within the C horizon are not as responsive (flashy) as water table response within the 

solum (Figure 6). The presence of peak-lag times combined with the temporal behavior of water 
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tables within the C horizon could be interpreted to reflect a distinct hydrologic system that is 

separated from saturation observed within the solum. Although results from this work cannot 

identify the dominance of one runoff generation mechanism versus another for WS3, results are 

suggestive that throughflow development may be influenced by both shallow perched saturation 

and deeper flow systems, depending upon infiltration conditions, recharge intensity, permeability 

contrasts, and antecedent moisture conditions that are not generalizable for the entire catchment.  

Further work is needed on this topic. 

4.6 Conceptual model  

 

Based on the results of this work, I present a simple conceptual model (Figure 18) for 

groundwater flow direction within the solum changing in response to rising water table 

conditions immediately following a recharge event. This conceptual model assumes that a 

permeability contrast is present at the interface between the solum and the C horizon and applies 

to 1.) water tables rising from the deeper groundwater system into the solum or 2.) perched 

saturation developing within the upper C horizon rising into the solum. In scenario 1, at an early 

time-step immediately following a precipitation event (t1) saturation rises from the deeper 

groundwater flow system into the solum. The higher transmissivity of the solum increases the 

lateral flux of water moving downslope (transmissivity feedback), therefore decreasing the rate 

of water table rise above the interface between the solum and C horizon.  This leads to water 

table configurations mimicking the topography of the C horizon. In scenario 2, at t1 perched 

saturation develops at the base of the solum directly above the impeding C horizon, causing 

water tables to mimic the C horizon. Applicable to both scenarios, as conditions continue to wet 

up, water tables connect spatially across the landscape and flow direction shifts towards the 

direction of the land surface (t2) implying an increase in hydraulic connectivity between 

saturated zones (Ambroise, 2004, Tromp-van Meerveld and McDonnell, 2006, Detty and 

McGuire 2010b). 
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Figure 28: A conceptual model showing the development of perched saturation on top of a C 

horizon surface that slopes away from surface topography. The dashed blue line represents the 

water table while the dashed blue arrow represents the direction of flow. 

4.7 Study limitations 

 

 One limitation of this study is the use of the three-point method to determine hydraulic 

gradients. This method assumes that groundwater flows through a homogenous, isotropic porous 

medium and ignores preferential flow paths through macropores that are ubiquitous in forest 

soils. The presence of animal burrow holes and root channels (bioturbation), and soil erosion 

features are common within the soil zone that can lead to rapid turbulent flow in the subsurface 

that may be in a direction different from what is predicted by Darcian assumptions. Macropore 

features were not identified or characterized in this study, and as a result this portion of 

groundwater flow was ignored. Additionally, flow through macropores affects the saturated 

hydraulic conductivity of soils, which is ignored using the Hvorslev slug test method that also 

assumes laminar flow through homogenous, isotropic materials. All these assumptions of 

Darcian flow may lead to error in estimating groundwater flow paths and fluxes.  The degree of 

this error depends upon how large of a portion preferential flow constitutes of total subsurface 

flow. 

 Another limitation of this study is the spatial coverage of water-table observations and 

hydraulic gradient measurements. Hydraulic gradient measurements were limited to 5 locations, 

and therefore interpretations of the factors influencing groundwater flow variability were also 
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limited, and difficult to scale up or generalize due to the heterogeneity of the glacial till present 

at the study site.  
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5.0 Conclusions 

 In this study I observed the temporal behavior of groundwater flow direction within soils 

at five different hillslope positions in a glaciated headwater catchment (WS3) at the Hubbard 

Brook Experimental Forest. Through high frequency water table measurements collected across 

a ten-month period, I determined that groundwater flow direction changes over short time scales, 

but also exhibited long term patterns.  The results from this study show that groundwater flow 

direction can be highly variable within the upper hillslopes of a steep headwater glaciated 

catchment where subsurface gradients are often assumed to follow surface topography. I show 

that variability in flow direction is controlled by both surface topography and the subsurface 

topography of confining units (C horizon) such that during wet conditions, groundwater flow 

direction follows surface topography while under dry conditions, groundwater flow direction 

dominantly follows subsurface topography. Additionally, I show that deviations in groundwater 

flow direction may be generalizable at the hillslope scale if soil unit depths and thicknesses are 

measured. However, hydraulic properties of the solum and C horizon are also spatially 

heterogenous making it difficult to generalize groundwater flow conditions observed at a specific 

hillslope for the entire catchment (WS3). In conclusion, knowledge of the topography (thickness 

and elevation) of subsurface soil units, especially confining units, and the spatiotemporal patterns 

of water table dynamics can constrain estimates of the magnitude and direction of shallow 

groundwater flow in headwater catchments. This information, in turn, can be applied to 

enhancing our ability to estimate subsurface hydrologic fluxes in response to hydrologic events 

such as rain and snowmelt. 
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Appendix A 

 

Figure S1: A portion of the R script used for calculating hydraulic gradients.  
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Figure S2: Time-series results for a rising-head slug test in which the recovery of water level (H) 

is expressed relative to the maximum displacement (Ho). The basic time lag (to) that corresponds 

to the relative head value of 0.37 used for determining saturated hydraulic conductivity. Results 

are plotted on a semi-log graph. 

 


