
1.  Introduction
Streams and rivers collect waters from shallow soils, regolith, and bedrock in the subsurface. Subsurface chemi-
cal structure and physical characteristics vary considerably with depth as climate, vegetation, and rocks interact 
over geological time scales (Brantley et al., 2017; Li et al., 2017; Riebe et al., 2017). When meteoric water infil-
trates and solubilizes rocks, pores open up such that greater permeability generally develops in the near-surface 
shallow soils than at depth (Welch & Allen, 2014). Shallow soils therefore typically contain more weathered 
materials enriched with clays, whereas the deeper subsurface harbors more actively weathering parent rocks (Jin 
et al., 2010; McIntosh et al., 2017). Shallow soils also have abundant organic materials and nutrients that are sig-
natures of life (Barnes et al., 2018; Jobbágy & Jackson, 2000; Pinay et al., 2015). Soil biogeochemical processes, 
such as the deposition and decomposition of organic matter, drive carbon and nutrient cycling and regulate their 
concentration profiles in the subsurface. In contrast to shallow soils, the deeper subsurface often has less labile 
organic matter. These biogeochemical and hydrological stratifications collectively regulate water flow paths and 
the contact times between water, biota, soils, and rocks, thereby governing reaction rates and water chemistries in 
soils, groundwater, and streams. Broadly, these water chemistries are important measures of water quality (Wor-
rall et al., 2008). They also reflect the rates of biogeochemical reactions and the response of the Earth's surface 
and subsurface to changing climate and human perturbations (Li et al., 2021).

Abstract  The shallow and deep hypothesis suggests that stream concentration-discharge (CQ) relationships 
are shaped by distinct source waters from different depths. Under this hypothesis, baseflows are typically 
dominated by groundwater and mostly reflect groundwater chemistry, whereas high flows are typically 
dominated by shallow soil water and mostly reflect soil water chemistry. Aspects of this hypothesis draw 
on applications like end member mixing analyses and hydrograph separation, yet direct data support for the 
hypothesis remains scarce. This work tests the shallow and deep hypothesis using co-located measurements of 
soil water, groundwater, and streamwater chemistry at two intensively monitored sites, the W-9 catchment at 
Sleepers River (Vermont, United States) and the Hafren catchment at Plynlimon (Wales). At both sites, depth 
profiles of subsurface water chemistry and stream CQ relationships for the 10 solutes analyzed are broadly 
consistent with the hypothesis. Solutes that are more abundant at depth (e.g., calcium) exhibit dilution patterns 
(concentration decreases with increasing discharge). Conversely, solutes enriched in shallow soils (e.g., nitrate) 
generally exhibit flushing patterns (concentration increases with increasing discharge). The hypothesis may 
hold broadly true for catchments that share such biogeochemical stratifications in the subsurface. Soil water 
and groundwater chemistries were estimated from high- and low-flow stream chemistries with average relative 
errors ranging from 24% to 82%. This indicates that streams mirror subsurface waters: stream chemistry can 
be used to infer scarcely measured subsurface water chemistry, especially where there are distinct shallow and 
deep end members.
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The hydrology community has long recognized that streamwater is a mixture of source waters from distinct flow 
paths at different depths (Boyer et al., 1997; Klaus & McDonnell, 2013; Neal et al., 2012; Pinder & Jones, 1969). 
Under low-flow conditions, deeper flow paths sustain streamflow, especially during extended dry-weather and 
warm conditions (Haria & Shand, 2004; McGlynn et al., 2002; Tallaksen, 1995; Wittenberg, 1999). Under wet 
conditions (e.g., snowmelt, storms), hydraulic conductivity increases toward the land surface as water saturation 
increases (Laudon et al., 2004). Such conditions often lead to higher infiltration, rising water tables, and high 
flows via shallow, permeable soils (Bishop et al., 2004; Pacific et al., 2010; Seibert et al., 2009), which contribute 
to the predominance of young, shallow soil water in streams (Berghuijs & Kirchner, 2017; Dunne & Black, 1971; 
Jasechko et al., 2016; Mulholland, 1993).

The shallow and deep flow paths carry distinct water chemistry that is regulated by subsurface hydro-bio-
geochemical structure and water transit times. Groundwater from deeper zones typically has a longer transit 
time (Frisbee et al., 2013) and is more enriched with base cations than shallow water (Anderson et al., 1997). 
In contrast, younger water chemistry in shallow soils is typically more enriched with organic materials (Neal 
et al., 2012; Sullivan et al., 2016; Torres et al., 2015). At Plynlimon in Wales, streamwater chemistry transitions 
from an acidic soil water signature during storms to a base-rich, alkaline groundwater signature at low flows 
(Neal et al., 1990; Shand et al., 2005). At Sleepers River in Vermont, streamwater shifts between a soil water sig-
nature with high dissolved organic carbon (DOC) and nitrate (NO3) at high flows to a cation- and carbonate-rich 
groundwater signature at low flows (Kendall et al., 1999).

These observations lead to the shallow and deep hypothesis (Zhi & Li, 2020; Zhi et al., 2019) that stream chem-
istry is determined by the chemistries of source waters from two predominantly contributing flow paths, one 
via shallow soils and another via deeper regolith and fractured bedrock; the chemical contrasts between the two 
source waters shape solute export patterns, or the power-law slope (b) of the concentration-discharge (CQ) rela-
tionship (C = aQb) (Figure 1). Although not explicitly called the shallow and deep hypothesis, this idea has long 
been explored in the hydrology and biogeochemistry communities. The concepts of distinct source waters and 
flow paths have been used in hydrograph separation (Pinder & Jones, 1969) and End Member Mixing Analysis 
(EMMA) to infer contributions of different waters to streams under different hydrological conditions (Evans & 
Davies, 1998; Hooper et al., 1990; Johnson et al., 1969; Klaus & McDonnell, 2013). Solute export patterns have 
also been linked to spatial heterogeneity of source areas and flow generation zones (Basu et al., 2010; Musolff 

Figure 1.  A conceptual figure illustrating shallow and deep water flows under different hydrological conditions. “SW” refers to soil water (shallow water), and “GW” 
refers to groundwater (deep water). The left hillslope is under “dry” or low-flow conditions when groundwater mostly supplies baseflow. The right hillslope is under 
“wet” or high-flow conditions when more water flows through shallow soils. The shallow and deep hypothesis holds that the distinct chemistry of shallow and deep 
waters is reflected in concentration-discharge (CQ) patterns, with deep waters dominating stream chemistry under low-flow conditions (left) and shallow waters 
dominating stream chemistry under high-flow conditions (right). This theory is illustrated in the figure with two representative solutes, calcium (Ca) and dissolved 
organic carbon (DOC), where Ca has higher concentrations in deep waters and low streamflows, while DOC has higher concentrations in shallow waters and high 
streamflows.
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et al., 2016, 2017) as well as reaction rates and conductivity profiles in the subsurface (Ameli et al., 2017; Wen 
& Li, 2018).

Recent studies have further underscored the importance of shallow and deep water chemical contrasts in ex-
plaining CQ relationships (Godsey et al., 2009, 2019; Thompson et al., 2011). The Riparian Profile Flow-In-
tegration Model (RIM) quantitatively linked the vertical profiles of riparian water chemistry and fluxes at 
different depths to solute export patterns in streams (Seibert et al., 2009). Higher permeability contrasts in 
shallow and deep subsurface have been shown to amplify the contrasts between soil water and groundwater 
chemistry, therefore leading to more dilution CQ patterns for weathering products (Xiao et al., 2021). Solute 
export patterns, quantified by the power-law slope (b) value in the CQ relationship (C = aQb), often correlate 
with the ratios of solute concentrations in shallow and deep waters (Cratio). This correlation was confirmed for 
13 solutes at three catchments and in 500 Monte Carlo simulations (Zhi et al., 2019). The relationship between 
b and Cratio (with different parameter values) has been shown to describe the export patterns of NO3 in more 
than 200 watersheds spanning a range of climate, geology, and land use conditions in the United States (Zhi 
& Li, 2020). Vertical solute distribution predominantly shapes NO3 export patterns in 278 catchments in Ger-
many (Ebeling et al., 2021). A global scale analysis examining multiple solutes and their controlling factors 
further supports the idea that the depth of solute generation is a stronger determinant of CQ slope than climatic 
drivers are (Botter et al., 2020).

Despite widespread recognition of the shallow and deep hypothesis, direct data support of the hypothesis 
using measured stream chemistry in conjunction with subsurface water chemistry at different depths is rare. 
Although subsurface data have become more available in recent years (Brantley et al., 2007), very few sites 
have co-located, comprehensive soil water, groundwater, and stream chemistry data. Soil water sampling 
requires the installation of lysimeters, while deeper groundwater sampling typically demands expensive and 
labor-intensive borehole drilling. While previous works (Zhi & Li, 2020; Zhi et al., 2019) have used water-
shed reactive transport modeling to link modeled subsurface water chemistry with stream chemistry, the lack 
of co-measured stream and subsurface water chemistry limited the direct validation of the shallow and deep 
hypothesis.

Here we test the hypothesis using co-located solute chemistry data from streams, soil waters, and groundwaters 
at two intensively monitored catchments, the W-9 catchment in the Sleepers River Research Watershed (SRRW) 
in Vermont, United States, and the Hafren catchment at Plynlimon in Wales, United Kingdom. If the shallow and 
deep hypothesis is true, measured stream chemistry under different flow conditions is expected to approximate 
measured subsurface water chemistry and stratification. Namely, (a) Solute depth profiles shape their CQ rela-
tionship: solutes that are abundant in deep waters but relatively depleted in shallow waters exhibit a dilution CQ 
pattern, with high stream concentrations at low flow and low stream concentrations at high flow; solutes that are 
scarcely present in deep waters but enriched in shallow waters exhibit a flushing CQ pattern, with low stream 
concentrations at low flow and high stream concentrations at high flow; (b) Stream chemistry under low- and 
high-flow conditions can approximate groundwater and soil water chemistry, respectively; (c) The CQ power law 
slope (b) values correlate with the shallow-versus-deep concentration ratio (Cratio) as supported by the shallow 
and deep hypothesis.

2.  Methodology
2.1.  Site Descriptions

2.1.1.  W-9 Catchment, Sleepers River, VT

The W-9 catchment at the SRRW in northeastern Vermont has a drainage area of 0.405 km2 and is entirely for-
ested. Elevation ranges from 524 to 679 m with slopes from 0% to 90% (Kendall et al., 1999). The SRRW has a 
humid continental climate with a mean annual precipitation of 1320 mm (Armfield et al., 2019). Approximately 
60% of precipitation leaves the catchment via stream runoff while evapotranspiration accounts for the remaining 
40%. Snowfall typically accounts for 20%–30% of annual precipitation (Shanley, 2000).

Soils in the W-9 catchment (Figure 2a) are heterogeneous, ranging from poorly drained histosols in riparian areas 
to well-drained inceptisols and spodosols on hillslopes (DeKett & Long, 1995; Shanley et al., 2004). Beneath the 
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surficial soils lies a 1–4 m layer of glacial till, formed from the local quartz-mica schist and calcareous granulite 
bedrock. The presence of carbonate in the bedrock and till provides a high buffering capacity, which helped to 
neutralize acid deposition (Shanley, 2000). Riparian flow paths notably change from deep groundwater to dis-
placed upslope water during the snowmelt period (Dunne & Black, 1971; McGlynn et al., 1999).

Riparian groundwater is the major source of streamflow in the early stages of snowmelt, while hillslope till and 
soil water contribute more during the later stages (Kendall et al., 1999). An end member mixing analysis (Ken-
dall et al., 1999) has further suggested that the two dominant sources of streamwater are riparian groundwater 
(via deep flow paths) and soil water (via shallow flow paths). Groundwater typically dominates the hydrograph, 
though stream chemistry during storm and snowmelt events reflects the chemical signature of surficial soil water 
(Shanley et al., 2002, 2015). Distinct chemical contrasts exist between the surficial soils, glacial till, and under-
lying bedrock, partly due to the varying extent of weathering and different abundance of minerals and organic 
matter. Each subsurface layer thus has a unique chemical signature.

The temporal dynamics of discharge, precipitation, and air temperature at the W-9 catchment for 2009 (Figure 3a) 
are representative of temperate climates that are seasonally snow-dominated. Snowpack accumulates throughout 

Figure 2.  (a) Soil map of the W-9 catchment (0.405 km2) at Sleepers River Research Watershed with sampling locations. Elevation contours (dotted lines) in meters. 
Details of each soil type are from DeKett and Long (1995). (b) Map of the Hafren catchment (4.8 km2) at Plynlimon. The map includes sub-catchment boundaries, 
sampling locations, and general distribution of soils/parent materials. Groups of groundwater boreholes are distinguished by color and abbreviated as follows: Upper 
Slope (US), Lower Slope (LS), and South East (SE). Details of soils and parent materials from Bell (2005) and Brandt et al. (2004). Note that soil types/orders 
correspond to U.S. and U.K. terminology by catchment (e.g., “spodosols” in the United States are equivalent to “podzols” in the United Kingdom).

Figure 3.  (a) Daily time series of discharge, precipitation, and air temperature in 2009 for the W-9 catchment at Sleepers River, Vermont (Shanley et al., 2021). The 
runoff ratio (mean discharge/mean precipitation) is 0.65. (b) Daily time series of discharge, precipitation, and air temperature in 2007 for the Hafren catchment at 
Plynlimon, Wales. The runoff ratio is 0.78. The temporal dynamics demonstrate the climatic similarities and differences between the two sites.
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the winter, as shown by peaks in precipitation but relatively constant and low discharge from January to March. 
The major hydrological event is snowmelt, typically occurring in early April and accounting for up to 50% of 
annual streamflow (Shanley, 2000). Precipitation occurs throughout the year, though low streamflows are con-
sistently observed from August to September, as the bulk of rainfall is apportioned to evapotranspiration during 
these months. Despite this, baseflows are sustained by the high storage capacity of glacial till in the subsurface 
(Shanley et al., 2015).

2.1.2.  Hafren Catchment, Plynlimon, Wales

The Plynlimon research catchments (Figure 2b) are located in central Wales and include the headwaters of the 
River Severn and River Wye. The catchments are about 20 km away from the sea, which provides a temperate, 
maritime climate, and the influence of sea spray and aerosols (Neal & Kirchner, 2000). Elevation ranges from 
340 to 740 m, and mean annual precipitation is 2500 mm (Reynolds et al., 1997). The Hafren catchment (4.8 km2) 
contains the headwaters to the River Severn and comprises the Upper Hafren and Lower Hafren sub-catchments. 
The Upper Hafren is 1.22 km2 of shrubland and bog used for low-intensity sheep grazing, and is characterized by 
poorly drained, acidic peat soils (Kirby et al., 1991). The Lower Hafren is 3.58 km2 of coniferous plantation for-
est, dominated by Sitka spruce, developed on a mixture of peaty gley and stagnopodzol soils (Bell, 2005; Brandt 
et al., 2004). The entire catchment is underlain by sandstone, mudstone, and shale bedrock (Neal et al., 1990; 
Reynolds et al., 1988).

Shallow bedrock is highly fractured throughout the catchment, creating hydrological pathways and areas of wa-
ter storage. Bedrock groundwater is heterogeneous, with chemical stratification due to different flow paths and 
groundwater compartments (Haria & Shand, 2004). Shallow soil waters and deep groundwaters are not well con-
nected, but vertical mixing may occur (Shand et al., 2007). Tracer data from Plynlimon imply that the hillslopes 
store and release water over a wide range of time scales, with extensive mixing resulting from subsurface hetero-
geneity (Kirchner & Neal, 2013; Kirchner et al., 2000, 2001; Knapp et al., 2019).

The time series of discharge, precipitation, and air temperature at the Lower Hafren catchment (Figure 3b) ex-
hibits only weak seasonality in precipitation. Unlike the W-9 catchment at SRRW, the temperature in the Hafren 
catchment does not vary as much. Hafren does not have an extended low-flow period during the summer, though 
low-flow conditions are observed sporadically. High-flow conditions typically occur in response to precipitation 
events, and no snowmelt signature is present.

2.2.  Data Summary

2.2.1.  W-9, Sleepers River

The W-9 catchment at Sleepers River has rich hydrologic and chemical data (Table S1 in Supporting  Infor-
mation S1; sampling locations in Figure 2a). We used stream discharge data along with chemistry data for the 
stream, precipitation, groundwater, and soil water (Matt et al., 2021). Groundwater chemistry was measured in the 
hillslope (“BW-” wells) and the riparian area (“T-” wells, which are nested piezometers) (Shanley et al., 2019). 
Soil water chemistry was determined from zero-tension lysimeters at three locations (Figure 2a) co-located with 
three of the hillslope wells, where the UP, MID, and LOW slope lysimeters correspond to the BW39A, BW40A, 
and BW27A hillslope wells, respectively. As zero-tension lysimeters primarily sample water from soil macrop-
ores, the soil water chemistry should represent the shallow water that can be mobilized to the stream (Swistock 
et al., 1990). The major chemical species analyzed for all source waters include: pH, acid neutralizing capacity 
(ANC), calcium (Ca), chloride (Cl), DOC, potassium (K), magnesium (Mg), sodium (Na), NO3, silicon (Si), and 
sulfate (SO4).

2.2.2.  Hafren, Plynlimon

We used long-term stream and precipitation chemistry data from the Lower Hafren catchment (Neal 
et  al.,  2013; Norris et  al.,  2017,  2019) (Table S2 in Supporting  Information  S1; sampling locations in 
Figure  2b). Groundwater chemistry samples were collected from boreholes at multiple locations (Neal 
et al., 2013; Shand et al., 2005). Soil water samples were collected by zero-tension lysimeters and ceramic 
suction cup samplers for four horizons at two pits (Figure 2b). Each pit represents a major soil, including 
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podzols and gleys. The podzol and gley soil water samples were collected near the Lower Hafren flume and 
represent the Lower Hafren catchment (Herndon et al., 2015; Shand et al., 2005; Stevens et al., 1997). While 
over 40 chemical species were measured for the streamwater at the Hafren catchment, records are limited 
for soil water and groundwater chemistry. The major chemical species analyzed in all source waters include: 
pH, Gran alkalinity, aluminum (Al), Ca, Cl, DOC, iron (Fe), K, Mg, Na, NO3, Si, and SO4. However, Al and 
DOC were not measured for boreholes LS1-LS3 nor US1-US3. SO4 measurements in streamwater from April 
2012 to March 2013 were excluded from the analysis due to substantial differences from other measurements, 
indicating potential inaccuracies.

2.3.  CQ Analysis

CQ relationships have been widely used to describe solute export patterns (Boyer et  al.,  1997; Diamond & 
Cohen, 2018; Godsey et al., 2009, 2019; Thompson et al., 2011). Various CQ characterization approaches have 
been proposed (Hoagland et al., 2017; Moatar et al., 2017; Musolff et al., 2015). Here we use the power-law 
relationship  bE C aQ  , where C is concentration, Q is discharge, and a and b are fitted parameters. When con-
centration and discharge are plotted on a log-log scale, the resulting slope corresponds to the power-law slope 
value b. The three basic CQ patterns of flushing, constant, and dilution are generally reflected in values of the 
power-law slope (b). We follow conventions in literature and define flushing (i.e., enrichment) patterns as those 
corresponding to values of b ≥ 0.1, indicating that solute concentrations increase with increasing discharge, and 
dilution patterns as those corresponding to values of b ≤ −0.1, where concentrations decrease with increasing 
discharge. Values of b between −0.1 and 0.1 correspond to constant or flat patterns (Musolff et al., 2015, 2017; 
Thompson et al., 2011). Solutes may exhibit relatively stable trends in C compared to Q, otherwise known as 
chemostatic behavior. In contrast, solutes may also show substantial variability in C with changing Q, known as 
chemodynamic behavior (Musolff et al., 2015; Thompson et al., 2011). While the distinction between chemo-
static and chemodynamic behavior is typically quantified by the ratio of coefficients of variation for concentra-
tion and discharge (CVC/CVQ), we focus our analysis on b values. Values of b and CVC/CVQ ratios for each solute 
are listed in Table S3 in Supporting Information S1. Note that pH, ANC, and Gran alkalinity are not included 
in the b value calculations.

2.4.  The Mixing Model and the Shallow and Deep Source Waters

Following Figure 1, streamflow (Qstream) is predominantly the sum of two end member source waters: the shallow 
soil water (Qsw) and deeper groundwater (Qgw). The two source waters carry distinct water chemistry represented 
by their respective solute concentrations (Csw and Cgw). Stream chemistry (Cstream) is thus determined by both flow 
proportion of the two waters and their corresponding chemistry. The following equations can be formulated based 
on mass balance principles:

      stream sw gwQ t Q t Q t� (1)

            stream stream sw sw gw gwC t Q t C t Q t C t Q t� (2)

Values of Q and C depend on time, as illustrated in Figure 4. Streamflow often changes by orders of magnitude; 
water chemistry does not change as much, especially in groundwater. Equation 2 can be simplified using averaged 
concentrations as representative chemistry of shallow and deeper zones:

C t Q t C Q t C Q tsw sw gw gwstream stream         � (3)

C t C
Q t

Q t
C

Q t

Q t
sw

sw

gw

gw

stream

stream stream

    
  

 
 � (4)

Under wet conditions, shallow water often dominates in the stream (    sw gwE Q t Q t  and    sw streamE Q t Q t  ), 
such that C C

stream sw
  ; under dry conditions, deeper groundwater dominates in the stream (    sw gwE Q t Q t  

and    gw streamE Q t Q t  ), such that C Cstream gw  .
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We can therefore use stream chemistry at high flow to estimate the average chemistry of soil water, and 
stream chemistry at low flow to approximate the average chemistry of groundwater (Figure  1). Similar 
formulations have been developed for hydrograph separation of pre-event versus event waters (see reviews 
in Buttle, 1994; Klaus & McDonnell, 2013). The equations here follow the idea of the shallow and deep 
hypothesis and assume minimal surface runoff, a common assumption in hydrograph separation. The esti-
mated shallow and deep water chemistries represent the average chemistry in the shallow and deep zones 
that enter streams. They are not meant to represent the temporal and spatial variations in shallow and deep 
water chemistry.

2.5.  Estimating Shallow Water (Soil Water) and Deep Water (Groundwater) Chemistry

To test whether the chemical compositions of groundwater and soil water could be inferred using stream 
chemistry data, we first compared daily discharges to discharges with corresponding chemistry measurements 
(“sampled discharges”) at each site. We removed samples of stream chemistry that were collected in addition to 
the weekly sampling at W-9 to remove bias toward high flows. We generated flow duration curves to confirm 
that the stream chemistry sampling at both sites was unbiased with respect to discharge (Figure S1 in Sup-
porting Information S1) (Searcy, 1959). As it is uncertain at which flow range soil water becomes dominant, 
soil water chemistry was estimated as the average of the stream chemistry during the highest 1%, 2%, 5%, 
and 10% of sampled discharges. Similarly, the groundwater chemistry was estimated as the averages of the 
stream chemistry during the lowest 1%, 2%, 5%, and 10% of sampled discharges. These high-flow and low-
flow chemistry estimates were compared to average measured concentrations in soil water and groundwater 
samples, respectively.

At W-9, riparian groundwater chemistry was calculated from the average chemistry of the nested piezometers 
(“T-” wells), and hillslope groundwater chemistry was averaged from hillslope wells (“BW-” wells); soil water 
chemistry was calculated from the average chemistry of all lysimeters. At Hafren, US groundwater chemistry was 
calculated from the average chemistry of the Upper Slope boreholes (US1, US2, and US3); the LS groundwater 
chemistry was averaged from the Lower Slope boreholes (LS1, LS2, LS3, and LS4); and the SE groundwater 
chemistry was averaged from the South East boreholes (SE1 and SE3). The podzol soil water chemistry was cal-
culated from the average chemistry of all horizons in the podzol samples, and the gley soil water chemistry was 
averaged from all horizons in the gley samples.

To quantify the relative error ε of each solute estimate, we calculated

 
C C

C

E M

M

� (5)

where CE  is the mean estimated concentration and CM  is the mean measured concentration. All relative error 
values are listed in Table S4 in Supporting Information S1. We used the following uncertainty propagation 
procedure to account for variability in the datasets. We first calculated the mean, standard deviation, and 
standard error for concentrations for each solute at each individual location (e.g., US1, US2, US3 boreholes). 
Next, we calculated the mean measured concentration, CM  , for each sampling group (e.g., US GW) as the 
arithmetic average of the individual location means. To account for both the variability in individual locations 
and between sample locations (e.g., well-to-well), we calculated two uncertainty estimates. The first estimate 
was propagated from the standard errors of each sample location mean (accounting for variability in each 
location), and the second uncertainty estimate was derived from the standard deviation among the sample 
locations of each group (accounting for well-to-well and lysimeter-to-lysimeter differences in mean concen-
trations). These two standard error estimates were combined in quadrature to yield a conservative uncertainty 
estimate in which the larger component dominates (Table S5 in Supporting Information S1). Details are out-
lined in Text S2 in Supporting Information S1. The mean concentration values and corresponding standard 
error values calculated following this procedure are in Table S5 in Supporting Information S1. A seasonal 
analysis was performed by calculating mean concentrations from the soil water and groundwater chemistry 
data partitioned by seasons, defined as winter (January-March), spring (April-June), summer (July-Septem-
ber), and autumn (October-December). Seasonal estimates for subsurface chemistry were calculated from 
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stream chemistry partitioned by seasons and by flow conditions within each season. This approach did not 
lead to more accurate analysis.

These simple approaches are intended to provide first-order estimates for subsurface water chemistry before 
more complicated and rigorous approaches (e.g., EMMA) are used, or in situations where other approaches 
cannot be applied. We anticipated disparity between measured and estimated chemistry values, as deeper 
groundwater is never entirely absent at any range of the hydrograph at either site. More specifically, at Sleep-
ers River, groundwater isotopic signatures have been found to be present even during snowmelt (McGlynn 
et al., 1999). Similarly, at Plynlimon, water from the deeper subsurface contributes a significant portion of 
the total streamflow (25%–50%) even at high flow (Neal et al., 1990). In addition, precipitation contributes 
to both soil water and groundwater via infiltration and recharge, meaning that precipitation chemistry influ-
ences the chemical signatures of subsurface waters. For this reason, we consider the soil water and ground-
water chemistries to integrate the contribution of precipitation and do not include a separate end member for 
precipitation.

Figure 4.  Time series of discharge, precipitation, and three representative solutes, Ca, Cl, and DOC, in different source 
waters at W-9, Sleepers River (left column) and Hafren, Plynlimon (right column). For W-9, soil water chemistry is from 
the LOW lysimeter and groundwater chemistry is from the deepest riparian piezometer (T-1). For Hafren, stream chemistry 
is from the Lower Hafren flume and soil chemistry is the monthly average of the E, C, and B horizons of the podzol 
samples; groundwater chemistry is shown for the LS4 and US1 boreholes (DOC was not measured for US1). Discharge and 
precipitation are in mm d−1. Concentrations are in μM. These plots illustrate how different solutes are enriched in different 
source waters and how stream chemistry reflects a mixture of those sources.
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3.  Results
3.1.  Temporal Variation of Solute Concentrations in Different Waters

The concentrations of three representative solutes (Ca, Cl, and DOC) in precipitation, streamwater, soil water, 
and groundwater show large temporal variations in both catchments (Figure 4). Ca concentrations are highest 
in groundwater at both catchments, but are much higher at W-9 due to the calcareous till and bedrock. Ca 
concentrations are generally lowest in precipitation. Streamwater concentrations fall in between soil water and 
groundwater and vary inversely to stream discharge. This indicates that streamwater mostly comes from soil wa-
ter and groundwater with a negligible contribution directly from the precipitation water. Cl has relatively similar 
concentrations in shallow (soil water) and deep (groundwater) waters at both catchments. At Hafren, peaks of 
stream Cl coincide with those in precipitation but are strongly damped; this indicates that Cl from precipitation 
is not transported immediately to the stream, even though Cl is primarily from atmospheric deposition (Kirchner 
et al., 2000; Neal & Rosier, 1990). For both catchments, DOC concentrations are highest in the soil water and 
lowest in groundwater. Soil water DOC has significant variations across seasons. Similar to Ca, stream DOC 
concentrations fall between soil water and groundwater concentrations, indicating the contribution of these 
waters to streamflow.

3.2.  Solute Depth Profiles and CQ Plots

Although both catchments have measurements for additional chemical species, the solutes in Figure 5 are those 
with samples in streamwater, groundwater, and soil water. These solutes exhibit dilution, constant, and flushing 
CQ patterns. Solutes that are abundant at depth exhibit dilution patterns (e.g., Ca, Mg, and Si) with highest stream 
concentrations at low flows and lowest stream concentrations at high flows. Comparing the depth profiles with 
corresponding CQ figures indicates that the highest stream concentrations are generally within the range of the 
concentrations in the deeper subsurface (below 2 m). For example, the highest concentrations of Ca occur at low 
discharge for both sites, approximating 600–800 μM at W-9 and 40–60 μM at Hafren. These values are similar 
to the deeper groundwater concentrations in the depth profiles. The lowest Ca concentrations occur at high dis-
charge in both sites, approximating 25–200 μM at W-9 and 10–20 μM at Hafren. These concentrations are within 
the range of shallow soil water concentrations for each site.

Chloride is the only solute with b values close to zero at both sites. The small b values arise from variations in 
concentration but no systematic trend with discharge. Cl is primarily derived from atmospheric deposition. It is 
generally non-reactive and only weakly sorbing, which leads to no preferential retention. However, Cl can pre-
cipitate out during dry times of the year. Cl has negligible vertical stratification in the depth profiles. In addition, 
Cl concentrations vary substantially between the two sites. At W-9, Cl concentrations vary from 7 to 14 μM; at 
Hafren, they vary between 200 and 300 μM. The much higher Cl concentrations at Hafren are due to the site's 
close proximity to the ocean.

In both catchments, DOC and NO3 exhibit flushing patterns. Their concentrations are higher in the shallow soils 
than in the deeper subsurface, although the difference is more pronounced for DOC. At W-9, the lowest stream 
DOC concentrations occur at intermediate discharge and are 30–50 μM, corresponding to DOC concentrations 
in the deeper groundwater. At the lowest discharge, stream DOC concentrations approximate 100 μM. Separating 
the CQ data for DOC by season shows that the lowest concentrations at intermediate discharge occur in winter 
and spring whereas the intermediate concentrations occur at lowest flows in summer (Figure S2 in Support-
ing Information S1). DOC concentrations increase significantly at high discharge, approaching 1000–1500 μM. 
At Hafren, DOC concentrations increase from around 20–100 μM to peak values around 1000 μM. At W-9, NO3 
concentrations are typically 7–10 μM at low discharge, but range from 0.1 to 30 μM at intermediate discharge. 
NO3 shows an increasing trend with discharge similar to DOC, only weaker, with concentrations ranging from 1 
to 50 μM at high discharge. At Hafren, NO3 concentrations (1–20 μM) are lowest at low discharge and generally 
increase with discharge.

Sulfate shows different CQ patterns between the two sites. At W-9, SO4 exhibits a dilution pattern with max-
ima around 100 μM at low discharge and decreases as discharge increases, reaching minima around 20 μM. 
This pattern is consistent with SO4 concentration increasing with depth. At Hafren, SO4 exhibits no systematic 
response to discharge variation with visible scatter at high discharge. At low discharge, SO4 concentrations are 
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Figure 5.  Depth profiles and concentration-discharge plots for various solutes at W-9 (blue circles) and Hafren (teal squares). W-9 depth profiles are from multiple 
locations–hillslope (UP, MID, and LOW positions) and riparian (RIP)– corresponding to soil water and groundwater sampling locations. Hafren depth profiles are 
averaged from dominant soil types and include data from multiple boreholes (US1, SE3, SE1, and LS4, in order of increasing depth). Error bars in depth profiles 
are standard deviations of measured concentrations. In general, solutes with higher concentrations in the deep zone show dilution patterns while solutes with higher 
concentrations in the shallow zone show flushing patterns.
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approximately 30–40 μM. As discharge increases, the concentrations vary from 20 to 70 μM. The concentra-
tions of SO4 in the shallow soil water range from 70 to 85 μM, while concentrations in groundwater range from 
42 to 107 μM, depending on the sampled borehole. In other words, there is no clear increasing or decreasing 
trend with depth, consistent with the observed CQ pattern with large variation but no clear increasing or de-
creasing trend.

3.3.  End Member Analysis

The molar ratios of Mg/Na and Ca/Na in different waters at W-9 and Hafren (Figure 6) depict the range of chem-
ical signatures for different source waters contributing to streamwater and illustrate how solute concentration 
ratios differ with different lithology. The clustering of different source waters around streamwater indicates which 
sources could be predominant. The proximity of specific end members to the stream data can be interpreted as 
reflecting their influence on stream chemistry. At W-9, both groundwater (hillslope and riparian) and streamwater 
have high Mg/Na and Ca/Na ratios and are more similar to carbonate lithology, indicating their origin from car-
bonate-dominated rock. The soil water samples generally have lower Ca/Na ratios than the groundwater samples, 
consistent with the limited carbonate in shallow soils. Some soil water measurements have much higher Mg/Na 
ratios and deviate from the rest of the W-9 data, suggesting that these sources of soil water do not contribute to 
the stream. The ratios of hillslope groundwater span a large range, overlapping with the low ratios in soil water 
and high ratios in riparian groundwater. This overlap suggests interaction between different source waters, as soil 
water may contribute to hillslope groundwater while hillslope groundwater may contribute to riparian groundwa-
ter. At Hafren, the cation ratios in streamwater are close to silicates and sea salt, consistent with the chemistry of 
silicate-containing sandstone and mudstone bedrock at the site and the high salt input from the ocean. The US, 
LS, and SE groundwater concentration ratios overlap with the Lower Hafren streamwater, whereas the podzol 
and gley soil waters both have larger ranges of Ca/Na and Mg/Na ratios than the streamwater. Interestingly, 
precipitation chemistry spans a wide range of the solute ratio figure and does not resemble stream chemistry or 

Figure 6.  Molar ratios for Mg/Na versus Ca/Na in streamwater, soil water, and groundwater at W-9 (right, Ca/Na > 1) and 
Hafren (left, Ca/Na < 1), along with theoretical ranges for ratios of carbonate, silicate, and evaporite lithologies (Gaillardet 
et al., 1999) and sea salt (Schlesinger et al., 1982). Groundwater boreholes from Hafren include the Upper Slope as US (GW), 
Lower Slope as LS (GW), and South East as SE (GW). Streamwater in both sites are a mixture of soil water and groundwater, 
as indicated along similar molar ratio lines. Precipitation water has large variations and is modified considerably before 
entering streams. Soil water has a much larger spread in chemical signature than groundwater. Hafren streamwater resembles 
sea salt and silicate lithology, whereas W-9 resembles carbonate and silicate lithology.
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the chemistry of end members. Despite originating from precipitation chemistry, stream chemistry is typically 
concentrated along molar ratio lines that reflect the chemistry of waters modified by subsurface materials along 
different flow paths.

3.4.  Estimated Versus Measured Water Chemistry

Estimated soil water and groundwater concentrations were calculated from the average streamwater concen-
trations under several cut-off percentages of stream discharge (highest and lowest 1%, 2%, 5%, and 10%). 
Based on the error analysis (Table S4 in Supporting Information S1), estimates from the highest and lowest 
1% and 2% of discharges agreed better with the measured soil water and groundwater concentrations than 
estimates derived from the highest and lowest 5% and 10% did. This is likely due to the more predominant 
contribution of soil water at highest flow and groundwater at lowest flow conditions. The estimation errors 
for the highest and lowest 1% and 2% were not substantially different. We chose to report only the analysis 
for the highest and lowest 2% as an example.

Figure 7.  Estimated versus measured chemistry (in μM) for (a) groundwater at W-9, with measured values for hillslope 
groundwater and riparian groundwater; and (c) soil water at W-9, with measured values averaged from all lysimeters. 
Estimated versus measured chemistry for (b) groundwater at Hafren, with measured values for Upper Slope, Lower 
Slope, and South East boreholes, and (d) soil water at Hafren, with measured values averaged for podzol and gley soils. 
All estimated values for groundwater are from the lowest 2% of sampled discharge; all estimated values for soil water 
are from the highest 2% of sampled discharge. Vertical errors bars are standard deviations of estimated concentrations. 
Horizontal error bars are propagated standard deviations of measured groundwater and soil water concentrations (Table S6 in 
Supporting Information S1). The uncertainty propagation procedure is detailed in Text S2 in Supporting Information S1.
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The relative error was quantified by Equation 5 that compares the estimated 

to measured concentration (  C C

C

E M

M

 ) (Table S4 in Supporting  Infor-

mation S1). The average E  was used such that negative and positive values 
did not cancel out to underestimate the average relative error. Measured soil 
water and groundwater concentrations were compared to corresponding val-
ues estimated from stream chemistry at the highest and lowest 2% of sampled 
discharges (Figure 7). Symbols on the 1:1 line indicate exact agreement be-
tween estimated and measured values, whereas deviations from the 1:1 line 
indicate estimation errors. For example, a point on the 2:1 line means that the 
concentration was overestimated by a factor of two (i.e., ε = 1). A point on 
the 1:2 line means that the concentration was underestimated by a factor of 
two (i.e., ε = −0.5).

The estimated groundwater chemistry at W-9 more closely matched the 
measured riparian data than the hillslope data (Figure 7a). With the excep-
tion of DOC and K, all solutes were estimated within a factor of two for both 
the riparian and hillslope groundwater (Figure 7a). For riparian groundwater, 
the average E  value for all solutes was 0.37 (ε: −0.01 to 1.62; Table S4 in 
Supporting Information S1). For hillslope groundwater, the averageE  value 
was 0.56 (ε: −0.13 to 1.19).

At Hafren (Figure 7b), estimated groundwater values matched the US ground-
water data better than other boreholes. When compared to the US data, ε val-
ues ranged from −0.48 to 0.44, with an average E  value of 0.27. Estimated 
values deviated more from the LS groundwater data, with an average E  of 
0.55 (ε: −0.77 and 0.96). Estimated values also deviated appreciably from 
the SE groundwater data, with an average E  of 0.57 (ε: −0.75 to 1.45). Prop-
agated standard deviations and coefficients of variation are detailed in Tables 
S6 and S7 in Supporting Information S1, respectively.

Estimated soil water concentrations at W-9 were mostly within a factor of two of the measured values. The 
few exceptions were Mg, K, and Ca, which were overestimated with ε values of 1.06, 1.48, and 2.95, respec-
tively (Figure 7c and Table S4 in Supporting Information S1). The majority of the estimated values at Hafren 
(Figure 7d) fell below the 1:1 line, indicating a systematic underestimation of soil water concentrations. Most 
estimated values fell within a factor of three of the measured values, with the exceptions of Fe, Al, K, and NO3, 
which were underestimated by factors of 3–5. In general, the estimation errors were greater for soil water than 
for groundwater. The average soil water E  values for all solutes were 0.82 (ε: −0.27 to 2.95) at W-9, and 0.47 (ε: 
−0.81 to 0.03) and 0.57 (ε: −0.80 to 1.46) for podzol and gley soils at Hafren, respectively.

3.5.  Power-Law Slope (b) Versus Cratio (Shallow and Deep Concentration Ratio)

Following Zhi et al. (2019), we plotted the power-law slope (b) of each solute against the Cratio (Figure 8), the ratio 
of mean shallow water (soil water) concentration (Csw  ) to the mean deeper water (groundwater) concentration 
(Cgw  ). This plot shows that b values mostly increase with shallow versus deep concentration ratios, suggesting 
that Cratio shapes export patterns. Data points generally follow the proposed relationship derived from the reactive 
transport modeling results in Zhi et al. (2019):


 

1,
2

b ratio
min

ratioratio

Cb b
C C� (6)

where δb is the difference between the maximum (bmax) and minimum (bmin) power-law slope of analyzed solutes, 
and Cratio,1/2 is the concentration ratio corresponding to   1/2 ½ min maxE b b b  ii. The values of bmin are the same 
between the two sites, while the value of δb is higher at Hafren than at W-9. At Hafren, several solutes (Si, Al, 
and DOC) deviate from the curve.

Figure 8.  Power-law slope (b) versus Cratio (= C Csw gw/  ) at log scale, where 
Csw  is the average of measured soil water concentrations, and Cgw  is the 
average of measured groundwater concentrations. W-9 (open circles): Soil 
water values averaged from all lysimeters; groundwater values averaged 
from riparian wells. Hafren (filled squares): Soil water values averaged from 
podzol and gley soil water data; groundwater values averaged from US, LS, 
and SE boreholes. At both sites, data points generally follow the equation 
 

 min
1,
2

E b ratio

ratioratio

δ Cb b
C C

 proposed in Zhi et al. (2019), although specific 

parameters differ. This indicates that the shallow and deep water chemistry 
contrasts Cratio regulate the CQ power law slope b.
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4.  Discussion
4.1.  The Shallow and Deep Hypothesis: Linking Flow Paths, Solute Depth Profiles, and Export Patterns

Although recognized in theory, the shallow and deep hypothesis lacks direct data support from collated meas-
urements of soil water, groundwater, and streamwater chemistry. The comprehensive datasets from W-9 and 
Hafren offer a rare opportunity to directly test the hypothesis and its derivatives: (a) Depth profiles of solute 
concentrations shape their CQ patterns; (b) Stream chemistry under low- and high-flow conditions can be used 
to approximate groundwater and soil water chemistry, respectively; (c) CQ power-law slopes (b) can be predicted 
using the shallow-versus-deep concentration ratio (Cratio) via Equation 6.

The results support the hypothesis and its derivatives. Comparisons of solute depth profiles and corresponding 
CQ data show that stream concentrations at low and high discharges approximate the deep and shallow water con-
centrations in depth profiles, respectively (Figure 5). Concentrations of weathering-derived solutes increase with 
depth and exhibit dilution patterns in streamwater (e.g., Ca and Mg). Solutes that are abundant in shallow soils 
have decreasing concentrations with depth, and their CQ plots mostly exhibit flushing patterns (e.g., NO3 and 
DOC). The CQ power-law slopes (b) increase with the shallow versus deep concentration ratios (Cratio) (Figure 8) 
and follow Equation 6, although the specific parameters differ across the two sites.

The alignment of soil water and groundwater chemistry to stream chemistry (Figure 6) suggests their im-
portance as end members to the stream. In contrast, precipitation chemistry spans a much wider range than 
stream chemistry. Precipitation chemistry is known to be dampened by catchment processing before entering 
streams, such that both soil water and groundwater chemistry are influenced by precipitation inputs. For 
example, Cl is primarily derived from atmospheric deposition, but concentrations in the stream are much 
lower than those in precipitation (Kirchner et al., 2000). Broadly, the hydrology community has known via 
measurements of streamflow and stable water isotopes that streamwater is mostly “old” water already stored 
in catchments (Kirchner, 2003, 2019; McDonnell, 1990). Even the “new” water discussed in literature is not 
the precipitation water itself (Kirchner, 2019), but water less than one week old, or the water traveling to 
streams via fast flow paths and reemerging with chemistry modified by the subsurface. The direct contribu-
tion of precipitation to streamflow is typically minimal unless in short-lived, extremely heavy storm events 
(Shanley et al., 2002, 2015).

The distinct depth profiles of solutes reflect the interactions among water, soils, roots, microbes, and rocks. In 
both catchments, the shallow soils are weathered and are enriched in organic materials that act as sources of car-
bon, nitrogen, and metals, notably Fe and Al (Shand et al., 2005; Shanley, 2000). The deeper subsurface contains 
reactive minerals such as carbonate (W-9) as well as silicate and pyrite-containing shale (Hafren). In addition, 
groundwater is typically much older than shallow water, which allows for longer reaction time with parent rocks 
(Maher, 2011; Torres & Baronas, 2021). In other words, prolonged exposure to parent rocks and longer transit 
times in groundwater give rise to higher concentrations of weathering-derived solutes at depth and dilution CQ 
relationships.

Biogenic solutes such as DOC and NO3 are produced in shallow soils via processes such as soil respiration 
and nitrification (Barnes et al., 2018; Jobbágy & Jackson, 2000; Pinay et al., 2015). These solutes can accu-
mulate in shallow soils until large storms flush them into streams (Wen et al., 2020). As DOC and NO3 flow 
deeper into the subsurface, they continue to be used by microbes, such that their concentrations tend to be 
lower in deeper, older groundwater (Kolbe et al., 2019). Note that the depth distribution of reactive materials 
observed in the two study sites are common, arising from the nature of weathering and the presence of living 
things on the Earth's surface and shallow subsurface (Xiao et al., 2021). Therefore, it may be common for 
weathering-derived solutes to exhibit dilution CQ patterns and biogenic solutes to demonstrate flushing pat-
terns. In fact, multiple large-scale meta-analyses have indicated these widespread CQ patterns. DOC exhibits 
flushing patterns in more than 90% of sites in the United States (Zarnetske et al., 2018). Most agricultural 
lands with enriched nitrogen in the shallow soil also exhibit flushing patterns, as shown in catchments world-
wide (Botter et al., 2020; Ebeling et al., 2021; Zhi & Li, 2020). Weathering-derived cations have shown both 
chemostatic (i.e., constant/flat) patterns (Godsey et al., 2009, 2019) and dilution patterns (Zhi et al., 2019). 
Inorganic carbon quantified as alkalinity or dissolved inorganic carbon often exhibits dilution patterns (Bluth 
& Kump, 1994; Najjar et al., 2020).
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4.2.  Reading Subsurface Water Chemistry From Stream Chemistry

If the shallow and deep hypothesis holds, it follows that we can roughly estimate soil water and groundwater 
chemistry from stream chemistry at high and low flows, respectively (Equations 1–4). Note that the groundwater 
and soil water concentrations are local measurements, whereas streams drain water from across the entire catch-
ment, integrating spatially heterogeneous and temporally variable chemical signatures of source waters and flow 
paths (Abbott et al., 2016; McDonnell et al., 2007). Estimation errors are therefore expected: the simple estima-
tion method is meant for first-order approximations of water chemistry closely connected to streams rather than 
accurate predictions of individual sampling locations across the entire catchment.

As expected, the estimation errors are smaller for riparian groundwater chemistry than for hillslope groundwa-
ter chemistry at W-9 (Figure 7), supporting the idea that stream chemistry reflects riparian waters more than 
hillslope waters (Kiewiet et al., 2019; Musolff et al., 2016; Seibert et al., 2009). Groundwater chemistry can 
vary significantly at different hillslope locations (Rinderer et al., 2016, 2017). Hillslope waters can become 
disconnected from streams, especially during summer low flows when they can develop chemistry distinct 
from that of the stream (McGuire & McDonnell, 2010). Along the flow paths from uphill to streams, water 
continues to interact with reactive materials, as indicated by lower cation concentrations in hillslope wells 
compared to riparian wells (Figure 6). Riparian waters therefore integrate the overall reactions along the flow 
paths. They are also close to the stream and are more likely to directly contribute to and exchange water with 
the stream.

The larger estimation errors for soil water chemistry could result from large temporal and spatial variations. 
Acidic atmospheric deposition at W-9 decreased over the several decades when data were collected (Armfield 
et al., 2019; Shanley et al., 2004). The changing rainfall chemistry in conjunction with complex interactions 
of critical zone processes (e.g., increased frequency of storm events, breakup of soil aggregates) have been 
suggested as drivers for increasing stream DOC and a transient legacy of Ca leaching from riparian soils (Adler 
et al., 2021; Armfield et al., 2019; Cincotta et al., 2019). Hafren also experienced afforestation, deforestation, 
and acid deposition (Neal et al., 2004, 2010), possibly elevating alkalinity and DOC at the site. In addition, 
large seasonal and inter-annual variations can lead to variability in decomposition rates of organic carbon and 
higher concentrations of inorganic carbon and DOC in summers (Laudon et al., 2012). Seasonality also influ-
ences processes such as plant uptake, which can drive variations in nutrient availability (Abbott et al., 2018). 
These temporal variations likely contribute to the challenges in estimating soil water chemistry from stream 
chemistry.

Spatial heterogeneities introduce another layer of complexity in estimating subsurface water chemistry. Hafren is 
heterogeneous in terms of vegetation cover, geomorphological features, and bedrock fracture density (Kirchner 
et al., 2000; Shand et al., 2005). Chemistry between the moorland (Upper Hafren) and forested (Lower Hafren) 
sub-catchments also differ (Neal et al., 2010). This spatial heterogeneity has led to discrete chemical signatures 
at different depths and between boreholes (Haria & Shand, 2004; Shand et al., 2005) (Figure 5). W-9 is char-
acterized by significant variations in soil types and organic carbon content (Armfield et al., 2019). Its riparian 
groundwater has nearly twice the concentration of several solutes (e.g., Ca, K, SO4, NO3) as hillslope groundwa-
ter (Figure 5). In addition, some sampling locations were fairly distant from the stream gauges (Figure 2), such 
that the sampled subsurface water may not contribute to streamflow, and the water chemistry in these samples 
may not be representative of water entering the streams (Hjerdt, 2002; Shanley et al., 2015).

4.3.  Beyond the Shallow and Deep Hypothesis

The shallow and deep hypothesis highlights the importance of solute depth profiles and flow paths in shaping 
solute export patterns (Husic et al., 2019; Musolff et al., 2017; Richardson et al., 2020). It is important to keep 
in mind that in reality, multiple, continuous flow paths contribute to streams (Xiao et al., 2021). Detailed char-
acterization of subsurface structure and flow paths however are scarcely available (Li et al., 2021). The shallow 
and deep hypothesis represents a simplified conceptual framework for average shallow and deep flow paths that 
is more in line with current data availability. More complex frameworks can be formulated by using the shallow 
and deep hypothesis as a foundation. Considering this simplified representation of subsurface flow paths, the 
shallow and deep hypothesis can explain relatively monotonic CQ patterns emerging from two predominant end 
member source waters.

 19447973, 2022, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021W

R
029931, W

iley O
nline L

ibrary on [26/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Water Resources Research

STEWART ET AL.

10.1029/2021WR029931

16 of 20

Previous studies have reported non-monotonic behavior for Si (Torres & Baronas, 2021), sediments and nutrients 
(Underwood et al., 2017), and a variety of other solutes such as metals (Moatar et al., 2017; Zhi et al., 2019). 
The concentrations of DOC and NO3 at the two study sites here decrease with depth and exhibit flushing CQ 
relationships. They also exhibit some extent of hysteretic behavior (Figure 5). Both DOC and NO3 at W-9 have 
minimum concentrations at intermediate flow regimes rather than at lowest flows. Therefore, although DOC and 
NO3 broadly increase with discharge, the non-monotonic CQ patterns will require a more complex framework 
that has more than two end members (Burns et al., 2019; Hooper et al., 1990; Knapp et al., 2020).

Complex, non-monotonic CQ patterns can be shaped not only by vertical stratification but also by horizontal 
variations that determine the contribution of source waters in different landscape positions to streamflow. For ex-
ample, Herndon et al. (2015) compared the CQ patterns at Shale Hills (Pennsylvania, United States) with those in 
two of the Plynlimon catchments. They inferred that the opposite CQ patterns for DOC in these catchments arise 
from different spatial distributions of organic-rich areas and their varying degrees of hydrologic connectivity to 
the stream. At Shale Hills, organic-rich swales are connected during low-flow conditions, leading to high DOC 
concentrations; increasing flow connects organic-poor hillslopes to the stream, leading to diluted DOC (Wen 
et al., 2020). In contrast, at Plynlimon, organic-rich upland peats are only connected at high-flow conditions, 
leading to flushing behavior (Herndon et  al.,  2015). Such analyses underscore the importance of horizontal, 
or landscape, connectivity in shaping export patterns under certain conditions. Given the multiple dimensions 
(e.g., vertical, horizontal) of flow in catchments, it is possible that different flow paths activated under varying 
connectivity conditions influence solute export patterns to varying degrees (Wen et al., 2021; Xiao et al., 2019), 
potentially leading to non-monotonic CQ patterns. To investigate complex CQ behavior, some authors have 
suggested splitting CQ plots at threshold discharge values and determining separate CQ patterns and underlying 
mechanisms at different flow regimes (Moatar et al., 2017; Underwood et al., 2017). These could be interesting 
directions for further analysis to develop a complex and comprehensive conceptual framework.

5.  Conclusions
This work collated rare datasets of water chemistry from soils, groundwater, and streams from two intensively 
monitored catchments in Vermont (W-9 at Sleepers River) and Wales (Hafren at Plynlimon), to directly test 
the shallow and deep hypothesis. The hypothesis states that contrasting solute export patterns originate from 
distinct chemical signatures of source waters at different depths (i.e., soil water vs. groundwater) (Figures 4–6). 
Solute depth profiles and CQ data generally support the shallow and deep hypothesis. Solutes that have higher 
concentrations in groundwater generally show dilution patterns in the stream. In contrast, solutes that have higher 
concentrations in shallow soil water exhibit flushing patterns in the stream (Figure 5). The chemical contrast 
between these two source waters (Cratio) determines the CQ export patterns (power law slope b) (Figure 8). Shal-
low soil water chemistry could be roughly estimated from stream chemistry observations collected during the 
highest 1%–2% of discharge, and deep subsurface water (i.e., groundwater from weathered bedrock/glacial till) 
chemistry could be approximated from stream chemistry at the lowest 1%–2% of discharge (Figure 7). This ap-
proach provides a first-order approximation of scarcely measured soil water and groundwater chemistries using 
more commonly measured stream chemistry. The ability to infer subsurface water chemistry can help with under-
standing and quantifying the extent and magnitude of soil biogeochemical reactions and chemical weathering at 
depth. In addition, stream chemistry can also be used to fathom Earth's subsurface response to changing climate 
and human perturbations. Overall, the shallow and deep hypothesis offers a simple conceptual foundation upon 
which complex frameworks can be built to understand hydro-biogeochemical processes under diverse climate, 
land cover, and geology conditions.

Data Availability Statement
For Sleepers River, the data used in this work are available in the following references: Shanley et al. (2021); Matt 
et al. (2021); For Plynlimon, the following data and supporting information to assist in the reuse of the data are 
freely available for non-commercial use under Open Government Licence terms and conditions from the Envi-
ronmental Data Information Data Centre (EIDC) (https://eidc.ac.uk/. Neal et al. (2013), Norris et al. (2017, 2019) 
Plynlimon research catchment hydrochemistry. NERC Environmental Information Data Centre. https://catalogue.
ceh.ac.uk/documents/0392bf93-62b2-49f7-8c85-10038f22f0c0). Figure 2b Acknowledgment: Map data owned 
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by UK Centre for Ecology & Hydrology and available at: https://catalogue.ceh.ac.uk/documents/ee2eeee5-e456-
4e93-87e9-eee97ee149ee (catchment boundaries), https://catalogue.ceh.ac.uk/documents/b5c24a80-af3b-48db-
91cd-c796ba5ecc36 (river network), and https://catalogue.ceh.ac.uk/documents/78bb4a32-765e-4ecf-856b-
c970179cdf25 (soil parent materials). Figure 3b Acknowledgment: Daily discharge and precipitation data from: 
UK National River Flow Archive, https://nrfa.ceh.ac.uk/data/station/info/54091, accessed 3 December 2020. 
Daily temperatures were measured at the Carreg Wen Automatic Weather Station and provided by the UK Centre 
for Ecology and Hydrology.
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