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A B S T R A C T   

Study region: This study is along an intermittent reach of the Alamosa River in the San Luis Valley 
of south-central Colorado, a river that is typical of the semi-arid southwestern United States with 
respect to climate, land use, and the impacts of upstream dam regulation. 
Study focus: We use conceptual steady-state models to identify geologic factors that may control 
water loss through infiltration. These conceptual models are parameterized according to a range 
of conditions observed from stream discharge, topographic data, geologic data, and drone 
magnetometer data. 
New hydrological insights: The introduction of a fault, variation in the alluvial aquifer hydraulic 
conductivity, and presence or absence of a confining unit in the numerical models were the 
primary geologic controls that affected infiltration across the study reach. Conversely, variation in 
the thickness of the streambed had little impact. This information may help determine future data 
collection within this and similar semi-arid regions where rivers are controlled by a combination 
of surface water availability (e.g. through dam regulation) and complex subsurface geology, 
which are often not well constrained.   

1. Introduction 

Non-perennial rivers, which have no surface flows for some part of the year, are the main surface-water source in arid and semi-arid 
climates (Stromberg et al., 2017). Consequently, humans living in these climates tend to rely heavily on groundwater to supplement 
the limited surface water supply, which has resulted in groundwater overexploitation and aquifer depletion (Llamas and Martí-
nez-Santos, 2005; Bajjali and Al-Hadidi, 2006; Kundzewicz and Döll, 2009). Simultaneously, water use in arid climates is increasing 
due to population growth and migration (e.g. Vörösmarty et al., 2000) and is shifting from agriculture to urbanization, which decreases 
irrigation return flows (e.g., Dinatale et al., 2008) and leads to a reduction in aquifer recharge (e.g. De Graaf et al., 2014). Water 
supplies are further impacted by climate change, which is increasing the number of in-stream sections that are dry for long periods in 
the year (Downing et al., 2012; Luce and Holden, 2009; Meehl et al., 2007; Steward et al., 2012). As more river reaches remain dry 
longer, alluvial aquifer recharge will be reduced (Meixner et al., 2016; Taylor et al., 2013; Kundzewicz and Döll, 2009). 

A primary source of groundwater recharge in arid regions is streambed infiltration (Goodrich et al., 2004; Coes and Pool, 2005; 
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Shanafield and Cook, 2014). Recharge through intermittent river channels tends to be highly variable in time (e.g. Pool, 2005) and 
space (e.g. Goodrich et al., 2018), due to factors such as evapotranspiration (e.g. Goodrich et al., 2004), seasonal water contributions 
from snowmelt runoff (USEPA, 2015), and the physical conditions of the streambed and aquifer. For example, where the depth to 
groundwater is large, the river can become disconnected from groundwater, producing an unsaturated zone beneath the streambed 
which controls the rate of streambed infiltration (Brunner et al., 2009, 2011; Shanafield et al., 2012a). 

It is possible to make direct estimates of recharge using groundwater mounding as measured in monitoring wells (e.g. Goodrich 
et al., 2004) and by groundwater dating (e.g. Bethke and Johnson, 2008). However, these techniques often necessitate the installation 
of several monitoring wells and do not easily allow for an exploration of small-scale heterogeneity controls. Alternatively, differential 

Fig. 1. A) Site map locating the study area in southern Colorado near the New Mexico border, USA, in the San Luis Valley between the San Juan 
Mountains to the west and the Sangre de Cristo Mountains to the east; B) study area just northwest of the town of Capulin shaded in yellow, showing 
the locations of hydrological and geophysical data collection: stream velocity profiles (VP-1 and VP-2) as dark blue lines, head gates as grey dots, 
and the drone aeromagnetic survey lines in white. Imagery Sources: ESRI World Topographic Map and ESRI World Imagery. 
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Fig. 2. Simplified San Luis Valley cross sections detailing subsurface geology and generalized groundwater flow paths (modified from Hawley and 
Kernodle, 1999 and Wasiolek, 1995). The study area is designated by the star. A fault is hypothesized near the study area, but is poorly constrained 
and thus is not shown on the diagram. Not to scale. 
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streamflow measurements (e.g. Sorman and Abdulrazzak, 1993) or streambed infiltration (Besbes et al., 1978; Subyani, 2004; Gooseff 
and McGlynn, 2005) have been used as proxies for recharge. Although these surficial measurement techniques are useful for quan-
tifying where and how much water is available for recharge, they are often unable to help us parse the impact of geological constraints. 

Variations in subsurface geology influences the extent and location of surface-water recharge (e.g. Goodrich et al., 2018), and 
geophysical methods have been used to map the variations that control infiltration (e.g. Shanafield et al., 2020). At the basin scale, 
aeromagnetic surveys have been used to identify kilometer-scale lithologic changes and the presence of faults and other structural 
features (e.g. Grauch et al., 2013). At smaller scales, electromagnetic induction (e.g. Shanafield et al., 2020) and electrical resistivity 
tomography (e.g. Clifford and Binley, 2010) have been used in dry streambeds to differentiate meter-scale subsurface lithology 
laterally; ground-penetrating radar has been used to estimate streambed thickness (e.g. Burrell et al., 2008) and to differentiate li-
thologies at depth (e.g. Gu et al., 2019). Callegary et al. (2007) used electromagnetic induction measurements along with measure-
ments of channel and vegetation characteristics to estimate the recharge potential of ephemeral stream channels. 

Numerical modeling approaches have also been used to estimate links between infiltration and recharge (Dillon and Liggett, 1983; 
Niswonger et al., 2008, 2005; Noorduijn et al., 2014; Shanafield et al., 2012b). To date, most intermittent river modeling has focused 
on canals, where the channel geometry is well known and systems can be replicated by a simple model (e.g. Ghobadian and 
Fathi-Moghadam, 2014), or along rivers where extensive data collection has been possible (e.g. Niswonger et al., 2008; Wang et al., 
2017). Some of these models take advantage of the unsaturated properties of intermittent rivers during the onset of streamflow to 
estimate spatial variability in infiltration, assuming streambed hydraulic conductivity is the primary control (e.g. Noorduijn et al., 
2014; Shanafield et al., 2012b). Hypothetical intermittent stream hydrologic models have also been used to further explore the 
sensitivity of recharge processes to potential input parameters (Reid and Dreiss, 1990). 

Regardless of whether groundwater recharge is estimated through field observations or modeling, studies of groundwater recharge 
from streambed infiltration typically either assume that the system is homogeneous or that the volume of flow is the main control on 
recharge. Here, we use field hydrologic data and drone aeromagnetic data to develop place-based conceptual and numerical models of 
surface water-groundwater connectivity to explore how subsurface geology controls the location and magnitude of aquifer recharge. 
This work builds off of previous research such as Brunner et al. (2009), who numerically explored how groundwater and surface water 
interact in disconnected systems; here, rather than exploring the physical controls on disconnection, we assume our stream is con-
nected but generally losing, and look at the role of geology in controlling recharge from the stream to the subsurface. Geologic controls 
on groundwater recharge are not well studied (e.g., Carlier et al., 2018) although it is thought that it may be a more important variable 
than topography on streamflow generation in some systems (e.g., Fenicia et al., 2016). 

Our work is motivated by the Alamosa River in the San Luis Valley of south-central Colorado (Fig. 1A). Intermittent rivers like the 
Alamosa are not just common in the San Luis Valley but are the dominant river type in the American southwest (e.g. Stromberg et al., 
2017). Like most of these rivers, the Alamosa is key to livelihoods in the region and is therefore heavily managed and much of its flow is 
diverted for irrigation purposes. Understanding geologic controls on aquifer recharge in this region would be helpful to predicting 
water availability, as well as how these systems will be affected given climate change, both in terms of river and aquifer storage. 

2. Site description 

The San Luis Valley is a basin covering an area of 5030 km2 with an average elevation of 2350 m (Emery et al., 1969). The valley is 
bounded to the west by the San Juan Mountains and to the east by the Sangre de Cristo Mountains (Fig. 1A). The San Juan Mountains 
are composed of volcanic flows, tuffs, and breccias, whereas the Sangre de Cristo Mountains are made up of igneous, metamorphic, and 
sedimentary rocks. The valley floor is bordered by alluvial fans. The valley is underlain by up to 9 km of alluvium, clay, volcanic debris, 
and interbedded volcanic flows and tuffs that were deposited between the Oligocene and the Holocene (Emery et al., 1969). 

The San Luis Valley drains a snowmelt-fed watershed area of 7560 km2 (Fig. 1A). The northern part of the valley is a closed basin 
that is drained internally by evapotranspiration; the southern portion is drained by the Rio Grande River and its tributaries, which are 
the main water source for the residents of the San Luis Valley (Emery et al., 1969). Well logs obtained from the Colorado Division of 
Water Resources (CDWR) indicate the presence of an unconfined aquifer, a confining unit, and an upper confined aquifer in the study 
area; none of the wells are drilled deep enough to reach the lower confined aquifer. Consequently, the study area is modeled as a 
three-layer hydrologic system. Recharge to the confined aquifers predominantly occurs along the edge of the basin, especially in the 
San Juan Foothills, which drives water from the basin edge down into the center of the basin (Fig. 2; Harmon, 1987b). Shallow aquifer 
recharge occurs in the center of the basin due to streambed infiltration into the alluvial fans along the valley floor during periods of 
snowmelt (Emery et al., 1969). Deep aquifer recharge occurs in the center of the basin due to fractures, faults, and jointing that bring 
all of the aquifers into hydraulic connection with one another (Hanna and Harmon, 1989). 

The unconfined unit is composed of the upper sands of the Alamosa Formation and typically ranges between 12 and 30 m thick. The 
hydraulic conductivity of the unit ranges from 10 to 70 m/day, increasing towards the west. Both the blue-grey lacustrine clays at the 
base of the Alamosa Formation and the volcanic deposits of the Hinsdale Formation form the upper confining unit (Fig. 2), which 
reduces the vertical hydraulic conductivity, leading to the stratification of the unconfined and upper confined aquifer (Harmon, 
1987a). The upper confined aquifer is made up of the Lower Alamosa, Santa Fe, and Los Pinos Formations and varies in thickness from 
150 to 300 m (Fig. 2). The hydraulic conductivity ranges from 0.5 to 60 m/day. The lower confined unit ranges from 750 to 4500 m 
deep, with hydraulic conductivity and water quality decreasing with depth (Hanna and Harmon, 1989). Kilometer-scale aeromagnetic 
data (Bankey et al., 2005) indicates the presence of a north-south trending fault to the north of the study area (personal communi-
cation, V.J.S Grauch & B. Drenth, April 8, 2020), which Harmon and Seitz (2021) hypothesized may extend into the study area and 
hydrologically connect the aquifers. 
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The Alamosa River, one of many intermittent tributaries to the Rio Grande River, originates in the San Juan Mountains as snowmelt 
runoff and runs through the Terrace Reservoir, which is located approximately 40 km west-southwest of Alamosa in south-central 
Colorado (Fig. 1A). Like most intermittent rivers in the region, the Alamosa River is heavily managed. Inflows flow freely into the 
reservoir year-round. From April to November, outflows are set to mimic inflows by releasing water at the rate of the previous day’s 
inflows along with any requested storage releases. From December to March, no water is released from the reservoir and the Alamosa 
River downstream of the reservoir is fed by precipitation and is typically dry for a significant portion of this time period. When the river 
is flowing, most of the water is diverted by an extensive network of irrigation ditches. Thus, during the late summer/fall the river goes 
dry approximately 1 km upstream of the town of Capulin, which is 24 km downstream of the reservoir (Fig. 1A). 

Our study area (Fig. 1B) is a 4.0-km stretch of the Alamosa River from 0.1 km east of the Gunbarrel Road river crossing to the 
County Road 8 river crossing. Well construction reports indicate the presence of the Hinsdale Basalt in the eastern portion of the study 
area; there are few constraining geologic data in the western portion of the study area. Like most of the Alamosa River, this reach is 
heavily managed and contains nine head gates used for measuring river diversions (Fig. 1B). Ford and Skidmore (1996) noted 
streamflow reductions of 13-15% across this reach, and local residents confirm the river flows seasonally in the downstream portion of 
the study area. 

To quantify the amount of water available for use in the region, the state developed the Rio Grande Decision Support System 
(RGDSS), a collection of numerical models including consumptive use (StateCU), groundwater (MODFLOW), surface water (State-
MOD) and water budget (StateWB) models. The RGDSS has struggled to predict accurate groundwater levels for this reach of the 
Alamosa River for the past decade (Harmon and Seitz, 2021), which is problematic because Colorado relies on these models to aid in 
the fulfillment of the 1939 Rio Grande Compact, which promises substantial water deliveries to New Mexico and Texas. 

3. Methods 

3.1. Hydrological data collection 

Stream velocity profiles were collected on August 6–8, 2019, to estimate river discharge above and below the recharge area: 0.4 km 
upstream of the Gunbarrel Road river crossing (VP-1) and 0.8 km upstream of the County Road 8 crossing (VP-2) respectively (Fig. 1B). 
The discharge data from VP-1 were used to calculate the modeled streamflow rate at the upstream end of the model. The discharge data 
from VP-2 were used to determine model parameters by matching modeled streamflow to the measured streamflow at VP-2. 

3.2. Geophysical data collection 

Geophysical measurements were collected to explore subsurface controls on the geology near the Alamosa River and to parame-
terize zones within the model. On November 30, 2018, a drone magnetometer survey was conducted by Juniper Unmanned (www. 
juniperunmanned.com) covering 5.5 km from 1.4 km north of the Gunbarrel Road Alamosa River crossing to 0.2 km East of the 
County Road 8 crossing (Fig. 1B). The area was covered by three flight lines, providing total magnetic intensity (TMI) data for the 
surveyed area, which is a function of both induced and remnant magnetization. High TMI values indicate geologic features with strong 
magnetizations, such as volcanic rock (Salem et al., 2007). Contrasts in TMI data have been used previously in the San Luis Valley to 
locate abrupt changes in subsurface geology (Grauch et al., 2013). Initial examination of the magnetometer data identified three zones 
of differing TMI—two high TMI zones above and below a low TMI zone thought to include the most important section of losing 
river—which were used to parameterize the model in Section 3.3. These data are discussed in detail in the results and conclusions 
below. 

Fig. 3. Conceptual model detailing the MODFLOW-SFR setup for the base case (Scenario 0) and modeling scenarios including the fault location 
(Scenario 1), variations in properties along the recharge segment (Scenarios 2-4), and the pumping well location (Scenario 5). 
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3.3. Modeling setup 

Niswonger and Prudic (2010) developed the streamflow routing package (SFR2) as a package for MODFLOW that simulates stream 
and aquifer interactions by routing flow through a network of surface water channels. Within SFR2, streambed hydraulic conductivity 
can be parameterized separately from the underlying aquifers, allowing consideration of factors such as streambed clogging (e.g. 
deposition of fine material). Here, a MODFLOW-SFR2 model was designed to resemble a highly simplified version of the Alamosa 
River’s hydrogeologic system (Fig. 3; Table 1); that is, a river above unconfined and confined aquifers, separated by a confining unit. 
The model is 4 km long by 2 km wide, with a cell size of 40 m by 40 m and three layers which represent the Alamosa River Alluvium 
(Layer 1); the Alamosa Formation Clay or the Hinsdale Basalt (Layer 2), a confining unit; and the Lower Alamosa, Santa Fe, and Los 
Pinos Formations (Layer 3), which comprise the upper confined aquifer. The components of the upper confined aquifer have hydraulic 
conductivity values within a similar range and thus were modeled as a unit. The layer thicknesses were determined from well logs 
drilled along the reach that were obtained from CDWR; the well logs indicate the presence of the Alamosa Formation Clay in most wells 
in the modeled area and the existence of the Hinsdale Basalt in the eastern portion of the reach. The thickness of Layers 1 and 2 are 18 
m and 5 m, respectively. The thickness of Layer 3 ranges from 77 m at the upstream boundary to 55 m at the downstream boundary. 
Model domain elevations are defined as the height above the lower boundary of the modeling domain, which is set to 0 m. 

The elevations of the start and end of the modeled reach were taken from LiDAR data to be approximately 100 and 73 m above the 
model datum (Giffin, 2011). The river and associated aquifers and confining unit were all modeled as sloping planes. The upstream and 
downstream model boundaries were set as constant-head boundaries with values of 91 and 62 m, estimated from water levels 
measured in wells near the upstream and downstream ends of the model respectively. The downstream water levels were obtained 
from the CDWR database. The same constant-head boundary values were used for all three layers. The northern and southern model 
boundaries, parallel to flow, are no-flow boundaries. The river is modeled as a straight reach 3920 m long and 10 m wide through the 
middle of the model domain. The river and each modeled layer are homogenous and thus one set of aquifer parameter values is used for 
each (Table 1). The river was divided into three segments based on the drone aeromagnetic data signatures, where the upstream and 
downstream buffer segments represent the high TMI zones, and the central segment from 1460 to 2500 m represents the low TMI zone 
thought to be a recharge area (Fig. 3). The buffer segments separate the recharge segment from the upstream and downstream 
constant-head boundary conditions and thus data from the buffer segments were not analyzed. The models were run as steady-state 
flow models. 

Table 1 
Base case river and aquifer properties.  

Value Variable and Description 

1×10-3 K1 – Layer 1 hydraulic conductivity (m/s) 
1×10-6 K2 – Layer 2 hydraulic conductivity (m/s) 
1×10-4 K3 – Layer 3 hydraulic conductivity (m/s) 
0.04 n – Manning’s roughness coefficient (metric units) 
1×10-4 Ks – Hydraulic conductivity of the streambed (m/s) 
3.38 Fs – Streamflow at upstream model extent (m3/s) 
0.3 ST – Thickness of streambed material (m) 
99.73 ELEVUP – Elevation of the top of the streambed (m) at the upstream end of the model 
73.28 ELEVDN – Elevation of the top of the streambed at the downstream end of the model 
10 WIDTH– Width of the river (m)  

Table 2 
The five modeling scenarios, with sub-scenario variations. Scenarios 2-4 only change parameters over the recharge segment, not the buffer segments.  

Scenario Parameter(s) Changed Parameter Value(s) Description 

0 – – Base case model 
1 

Kf 

– Fault introduced at 1980 m 
1.1 1 m/s High permeability fault 
1.2 1×10-7 m/s Low permeability fault 
2 

K1 

– Increasing and decreasing K1 

2.1 5×10-3 m/s Increasing K1 from base case 
2.2 5×10-4 m/s Decreasing K1 from base case 
3 

ST 

– Increasing and decreasing ST 
3.1 1.0 m Increasing ST from base case 
3.2 0.5 m Increasing ST from base case 
3.3 0.1 m Decreasing ST from base case 
4 

K2 

– No confining unit 
4.1 K1 = 1×10-3 m/s Layer 1 thickened to include Layer 2 
4.2 K3 = 1×10-4 m/s Layer 3 thickened to include Layer 2 
5 

PR 

– Pumping well introduced at 1980 m 
5.1 1×10-1 m3/s High volume production well 
5.2 1×10-2 m3/s Low volume production well 
5.3 1×10-3 m3/s Domestic well  
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In our conceptual models, we evaluate 1) the presence of a fault, as low-permeability faults form barriers to groundwater flow and 
high-permeability faults may connect otherwise disconnected aquifers (e.g. Bense and Van Balen, 2004); 2) variation in unconfined 
aquifer properties, which impact groundwater flow and river discharge (e.g. Hinton et al., 1993); 3) variation in streambed properties, 
which influence the rate of streambed infiltration (e.g. Niswonger and Prudic, 2010); 4) the presence or absence of confining units, 
which limit vertical flow (e.g. Mulligan et al., 2007), and 5) variability from human-induced perturbations (i.e. pumping wells), which 
are expected to increase instream depletions (e.g. Butler et al., 2001; Jasechko et al., 2021) . A base-case model (Scenario 0) was 
simulated using realistic model parameters that generally matched field data while ignoring subsurface heterogeneity outside of the 
three-layered system; this base case was then compared to the five scenarios, described in detail below. The hydraulic conductivity 
values for Layers 1 and 3 of the base case were derived from Hanna and Harmon (1989) and the nearest order of magnitude value was 
used. The streambed was filled with gravel and cobbles and streambed hydraulic conductivity (Ks) values were taken from the 
literature (Niswonger et al., 2008). Alluvial hydraulic conductivity data suggest Layer 1 hydraulic conductivity (K1) (Hanna and 
Harmon, 1989) and streambed hydraulic conductivity (Ks) (Niswonger et al., 2008) can reasonably vary over three orders of 
magnitude from 1×10-3 - 1×10-5 m/s; thus, nine models were tested with this range of values for both parameters to see what best 
matched measured streamflow data on August 7, 2019, at the end of the recharge segment. The pair of K1 and Ks values that best 
matched the field data were used in the base case. Vertical hydraulic conductivity values were taken to be 1/10 of the horizontal 
hydraulic conductivity, given an understanding of the anisotropy present alluvial aquifers within the San Luis Valley (Powell, 1958). 

The base case was compared to five scenarios (Table 2), each of which included a variation in subsurface properties along the 
recharge segment. These scenarios were chosen because they could potentially explain the recharge segment anomaly in the drone 
aeromagnetic data, and could also control streambed infiltration. Given limited field data to determine the exact cause of the aero-
magnetics anomaly and aquifer recharge in this system, we developed place-based conceptual models to then numerically explore how 
geologic changes along the recharge segment would influence recharge. For these scenarios, three metrics were calculated and 
compared to the base case: streamflow, streambed infiltration rate (defined as simulated streambed leakage in m3/s from SFR2 output 
divided by the wetted area of the river in m2), and recharge to the confined aquifer (Layer 3). For Scenario 1, a fault was introduced at 
the midpoint, which could serve as a conduit or a barrier. The fault was 40 m, the width of one model cell, crossing the model domain in 
a vertical north-south orientation and penetrating all three model layers (Fig. 3), approximating the Alamosa River fault hypothesized 
by Harmon and Seitz (2021). To simulate a high permeability fault, a fault conductivity (Kf) of 1 m/s was tested (Scenario 1.1); to 
explore a low permeability, mineralized fault, a low Kf value of 1×10-7 m/s was tested (Scenario 1.2). In Scenario 2, K1 was increased 
and decreased along the recharge segment to test the influence that aquifer hydraulic conductivity has in controlling the rate at which 
water could leave the streambed and become aquifer recharge. A K1 of 1×10-3 m/s was used in the base case, which is at the upper 
range of known values for alluvium in the San Luis valley; for these simulations, K1 was increased to 5×10-3 m/s (Scenario 2.1) and 
decreased to 5×10-4 m/s (Scenario 2.2). For Scenario 3, the streambed thickness (ST) was increased and decreased; streambed clogging 
is known to affect infiltration rates, so we included this Scenario to explore the potential importance of this process and parameter. The 
ST parameter value used in the base model was 0.3 m and values of 1.0 m (Scenario 3.1), 0.5 m (Scenario 3.2), and 0.1 m (Scenario 3.3) 
were analyzed. Scenario 4 explored the role of a confining unit (Layer 2). Layer 2 was first replaced by thickening Layer 1, K2 = 1×10-3 

m/s (Scenario 4.1) and then the confining unit was replaced by thickening Layer 3, K2 = 1×10-4 m/s (Scenario 4.2); these changes 
would affect the transmissivity of Layer 1, and therefore how quickly water can exit the streambed as well as the spatial extent of 
recharge. Lastly, Scenario 5 looked at the impact of introducing a single pumping well, screened in the unconfined aquifer, at the 

Fig. 4. Drone magnetometer survey results. The colormap indicates total magnetic intensity (TMI) values measured in nanoteslas; warm colors are 
high TMI, indicative of volcanics, and cool colors show low TMI, which in part denote the in-stream recharge area. Imagery Sources: ESRI 
World Imagery. 
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midway point of the model at 1980 m, which would increase stream depletions. Three pumping rates we were tested: 1×10-1 m3/s 
(Scenario 5.1), 1×10-2 m3/s (Scenario 5.2) and 1×10-3 m3/s (Scenario 5.3). These rates mimicked the rates of a large-scale production 
well, a small-scale production well, and a domestic well. Well records indicate the presence of domestic wells in the study area and 
municipal wells just downstream in Capulin and the presence of sprinkler pivot suggests the presence of irrigation wells (Fig. 1B). 

4. Field results 

On August 6th and 7th, streamflow at VP-1 was 5.15 m3/s. From the VP-1 data, the predicted inflow to the model domain was 
calculated, taking into account known diversions to irrigation ditches as well as documented reductions in streamflow along this reach 
of the Alamosa River (Ford and Skidmore, 1996). On both days, inflow to the model was calculated to be 3.88 m3/s. On August 7th and 
8th, streamflow at VP-2 was 2.38 m3/s and 2.40 m3/s respectively, and 2.77 m3/s and 2.79 m3/s when accounting for diversions; this 
information provided the streamflow target at the downstream end of our model for all scenarios. 

The drone magnetometer survey measured variability in TMI in nanoteslas along the surveyed reach (Fig. 4); these data constrain 
subsurface geology. We identified a low TMI zone with high areas on either side and used these data to parameterize our model. 

5. Modeling results 

5.1. Scenario 0: base case model 

A K1 value of 1×10-3 m/s and a Ks value of 1×10-4 m/s resulted in a streamflow of 2.70 m3/s, which matched the measured 
streamflow of 2.77 m3/s at VP-2 on August 7, 2019, with a percent difference of -2% (Table 3; Fig. SI-1). Boundary conditions showed 
little impact on groundwater heads along the recharge segment, where the potentiometric surface mirrored the elevation of the river 

Table 3 
Modeled streamflow at VP-2 for Scenario 0, the base case.  

K1 (m/s) Ks (m/s) Streamflow at VP-2 (m3/s) Percent Difference from Measured Streamflow (%)$ 

– – 2.77* – 
1×10-3 1×10-3 2.97 7% 
1x10-3 1×10-4 2.70 − 2% 
1×10-3 1×10-5 2.62 − 6% 
1×10-4 1×10-3 3.22 16 % 
1×10-4 1×10-4 3.22 16 % 
1×10-4 1×10-5 3.24 17 % 
1×10-5 1×10-3 3.33 20% 
1×10-5 1×10-4 3.33 20% 
1×10-5 1×10-5 3.33 20% 

Bold = pair that best matched measured streamflow. 
$ a positive value means modeled streamflow > measured streamflow. 
* measured streamflow on August 7, 2019. 

Table 4 
Output metrics for Scenarios 1-5.  

Scenario Parameter 
Changed 

Parameter 
Value 

Streamflow at 
VP-2 (m3/s) 

Max Layer 1 
SWL* (m) 

Total Streambed 
Infiltration (m/s) 

Net Recharge to 
Layer 3 (m3/s) 

Flow from 
Layer 3 (m3/ 
s) 

Flow to 
Layer 3 
(m3/s) 

0 – – 2.70 – 0.035 0.035 0.000 0.035 
1.1 

Kf 
1 m/s 2.66 0.07 0.051 0.057 0.029 0.085 

1.2 1×10-7 m/s 2.81 – 0.031 0.037 0.012 0.049 
2.1 K1 

5×10-3 m/s 2.50 0.15 0.060 0.037 0.001 0.038 
2.2 5×10-4 m/s 2.78 – 0.025 0.036 0.000 0.036 
3.1 

ST 
1.0 m 2.70 – 0.034 0.035 0.000 0.035 

3.2 0.5 m 2.70 – 0.034 0.035 0.000 0.035 
3.3 0.1 m 2.70 – 0.035 0.035 0.000 0.035 

4.1 
K2 

K1 = 1×10-3 

m/s 2.66 – 0.043 0.066 0.001 0.067 

4.2 
K3 = 1×10-4 

m/s 
2.69 – 0.041 0.064 0.000 0.065 

5.1 
PR 

1×10-1 m3/s 2.65 – 0.067 0.034 0.000 0.034 
5.2 1×10-2 m3/s 2.70 – 0.038 0.035 0.000 0.035 
5.3 1×10-3 m3/s 2.70 – 0.035 0.035 0.000 0.035 

*SWL = static water level measured below ground level (BGL). 
— indicates that the water table in Layer 1 never dropped below ground level. 
$upstream constant head boundary =87 ft; downstream constant head boundary =58 ft. 
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base. The Layer 1 head was above the bottom of the river, but below the river stage. Consequently, the river was a net losing river and 
the river and Layer 1 groundwater remained in hydraulic connection throughout the model domain. Groundwater head in Layers 2 and 
3 remained below the base of the stream. Infiltration was the highest at the upstream end of the reach and generally declined along the 
reach as the flow rate in the river decreased; however, infiltration exhibited a bowing pattern, which was the result of the river gaining 
minimally from groundwater, and in turn reduced the net infiltration in the middle of the recharge area. Total streambed infiltration 
along the recharge segment for the base case was 0.11 m3/s. We note that in these models, a positive infiltration means water leaks 
from the river and into groundwater (i.e. a losing river segment) and a negative infiltration means groundwater is discharging into the 
river than is leaking through the streambed (i.e. a gaining river segment). Layer 3 was recharged at a rate of 0.035 m3/s, driven by 
downward flow from Layer 2 (Table 4). There was no upward flow from Layer 3 into Layer 2. 

5.2. Scenario 1: fault introduced at 1980 m along the river reach 

When a high-permeability fault is introduced in Scenario 1.1 at 1980 m, infiltration increases by an order of magnitude, reaching 
peak infiltration at the fault location. Between the fault and 80 m downstream of it, infiltration returns to near base-case levels 
(Fig. 5B), which is coupled to a reduction in streamflow. Total streambed infiltration from Scenario 1.1 was 47% greater than the base 
case, but streamflow was only reduced by -1.5%. This increase in infiltration led to a reduction in streamflow near the fault (Fig. 5A). 
The addition of a low-permeability fault in Scenario 1.2 results in a much larger disruption to the streamflow in the vicinity of the fault 
from the base case (Fig. 5A), but only results in a 4% increase in streamflow from at VP-2. Infiltration is negative and decreasing until 
40 m upstream of the fault, indicating that the river is gaining water from groundwater rather than losing water to groundwater. 
Immediately downstream of the fault, groundwater head drops, streamflow decreases, and infiltration increases. Although the infil-
tration pattern for Scenario 1.2 is distinctly different from the base case, it resulted in only 10% less total infiltration. 

In the subsurface, Scenario 1.1 resulted in a decrease in Layer 1 groundwater head below the base of the river in the immediate 
vicinity of the fault ±100 m (Table 4; Fig. 5C), resulting in hydraulic connection between all three model layers. This is evidenced by 
the presence of both upward and downward flow at the Layer boundaries, and a net recharge to Layer 3 that is 60% greater than the 
base case (Table 4). Scenario 1.2 resulted in notable changes to groundwater levels with a distinct groundwater mound upstream of the 
fault (Fig. 5D), which led to negative infiltration and increased streamflow described above; downstream of the fault there is an abrupt 
drop in groundwater levels, infiltration becomes positive, and streamflow decreases. Net recharge to Layer 3 is minimal, with a 5% 
increase relative to the base case. 

Fig. 5. Sensitivity of A) streamflow and B) streambed infiltration to fault hydraulic conductivity Kf along the recharge segment in Scenario 1. C) 
Groundwater head in model layers 1, 2, and 3 along the reach with a high-permeability fault (Scenario 1.1) and D) low-permeability fault (Sce-
nario 1.2). 
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5.3. Scenario 2: increasing and decreasing layer 1 hydraulic conductivity (K1) along the recharge segment 

When K1 is increased to 5×10-3 m/s along the recharge segment, from 1460 to 2500 m, in Scenario 2.1, streamflow is reduced, and 
the bowing pattern in streamflow exhibited in Fig. 8A is caused by the transition of the river from losing to gaining. Streamflow reaches 
a minimum of 2.3 m3/s (at 2140 m), which is 17% less than the base case (Fig. 6A). At VP-2, streamflow was 7% lower than the base 
case for this Scenario. 

Increasing K1 along the recharge segment leads to infiltration increasing abruptly near the boundaries of the buffer segments, which 
have the same value of hydraulic conductivity (Fig. 6B). Upstream of 2060 m, infiltration is positive, and the river is losing; down-
stream, infiltration is negative, and the river is gaining. Total infiltration is 71% higher in Scenario 2.1 (0.06 m/s) than the base case 

Fig. 6. Sensitivity of A) streamflow and B) streambed infiltration to K1 along the recharge segment (Scenario 2). C) Groundwater head in model 
layers 1 and 2 for increasing K1 (Scenario 2.1). 

Fig. 7. Sensitivity of A) streamflow and B) streambed infiltration to streambed thickness along the recharge segment (Scenario 3).  
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(0.04 m/s) as infiltration is enhanced by the higher K1 value along the recharge segment. 
When K1 is decreased to 5×10-4 m/s in Scenario 2.2, the streamflow is consistently higher than the base case (Fig. 6A), but resulted 

in only a 2.9% increase. Total infiltration for Scenario 2.2 was 28% less than the base case (Fig. 6B; Table 4). 
In Scenario 2.1, the Layer 1 groundwater level reaches a minimum of 0.15 m below the ground surface at 1460 m, near the up-

stream end of the recharge segment (Fig. 6C). Downstream of that point, groundwater levels steadily increase due to the K1 decrease at 
2520 m (Fig. 6C). Thus, the impact of the higher K1 zone in the recharge segment is limited by the lower K1 values in the buffer 
segments. Net recharge to Layer 3 is similar to the base case, with an increase of ~ 4%. For Scenario 2.2, there was no visible change in 
Layer 1 groundwater levels from the base case (Fig. 6C), which never dropped below the base of the stream, and net recharge to Layer 3 
only increased by ~1% (Table 4). 

5.4. Scenario 3: increasing and decreasing streambed thickness (ST) along the recharge segment 

When streambed thickness is increased in the recharge segment, from 1460 to 2500 m, to 1.0 m in Scenario 3.1 and to 0.5 m in 
Scenario 3.2 from 0.3 m in the base case, the streamflow remained similar, with an increase of <1% relative to the base case (Fig. 7A). 
This is because Ks<K1, so when Ks is applied to a thicker streambed, it results in a slight decrease in infiltration, ~2% for Scenarios 3.1 
and 3.2 (Table 4). When ST was decreased to 0.1 m in Scenario 3.3, the streamflow rate decreased <1% relative to the base case 
(Fig. 7A) because the thinner streambed reduced the influence of Ks, allowing for a slight increase in infiltration of 1% (Fig. 7B). Layer 
1 groundwater levels and net recharge to Layer 3 were not notably impacted by changing ST, resulting in changes of <1% relative to 
the base case. 

5.5. Scenario 4: removal of the confining unit along the recharge segment 

In Scenarios 4.1 and 4.2, the K of the confining unit in the recharge segment, from 1460 to 2500 m, was set equal to Layer 1 and 
Layer 3, respectively. Both Scenarios 4.1 and 4.2 resulted in a decrease in streamflow from the base case, by 0.04 m3/s (~-2%) and by 
0.01 m3/s (~1%) respectively at VP-2, as infiltration through the streambed is controlled by the presence of the confining unit 
(Fig. 8A). Scenario 4.1 resulted in a greater reduction in streamflow and more total streambed infiltration than Scenario 4.2 because 
Scenario 4.1 assigned a higher K value to the area where the confined unit had been. 

Streambed infiltration for Scenario 4.2 was always above the base case along the entire river length (Fig. 8B), whereas Scenario 4.1 
had infiltration larger than the base case until 2260 m, where it drops (Fig. 8B). This decrease in infiltration is likely caused by the drop 
in streamflow rate, the increase in groundwater levels for all three layers (Fig. 8C&D), and approaching the boundary of the buffer 

Fig. 8. Sensitivity of A) streamflow and B) streambed infiltration to K2 along the recharge segment (Scenario 4). C) Groundwater head in model 
layers 1, 2, and 3 when replacing the confining unit with K1 (Scenario 4.1) and D) replacing the confining unit with K3 (Scenario 4.2). 
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segment where the confining unit returns. Scenarios 4.1 and 4.2 resulted in increased infiltration with values of 0.043 m/s (~24%) and 
0.041 m/s (~16%), respectively, relative to the base case value of 0.035 m/s. Net recharge to Layer 3 also increased relative to the base 
case for both Scenarios with volumes of 0.066 m3/s (~86%) and 0.064 m3/s (~82%) relative to the base case value of 0.035 m3/s. 

5.6. Scenario 5: pumping well introduced at 1980 m along the river reach 

Introduction of a pumping well at 1980 m, screened in the alluvial aquifer, in Scenarios 5.1, 5.2, and 5.3 resulted in less streamflow 
than the base case; streamflow decreased more rapidly than the base case until approximately 100 m downstream of the pumping well 
and then continued decreasing at a rate similar to the base case, resulting in a small change by VP-2 (Fig. 9A). The decrease in 
streamflow was proportional to the pumping rate, resulting in -2% less streamflow than the base case for Scenario 5.1 and changes of 
<-1% for Scenarios 5.2 and 5.3. There was also an increase in infiltration in the vicinity of the pumping well, proportional to the 
pumping rate and resulting in greater infiltration than the base case (Fig. 9B). For Scenarios 5.1, 5.2, and 5.3 infiltration remained 
positive along the reach and the river remained a losing stream. Scenarios 5.1, 5.2, and 5.3 resulted in approximately 92%, 9%, and 1% 
greater total infiltration than the base case. 

Despite adding a pumping well, Layer 1 groundwater head never dropped below the base of the stream. Groundwater head for all 
three layers for Scenario 5.2 and 5.3 closely matched the base case (Fig. 9C). For Scenario 5.1, Layer 1 groundwater head decrea-
sed—approaching the river base—from 50 m upstream of the pumping well to 50 m downstream of the pumping well (Fig. 9D). Head 
in Layer 2 also decreased slightly in response to well pumping. Net recharge to Layer 3 was reduced proportionally by the introduction 
of a pumping well, with Scenario 5.1 resulting in an ~ -2% change from the base case and Scenarios 5.2 and 5.3 resulting in changes of 
<-1%. 

6. Discussion and conclusions 

For the Alamosa River test case, the drone magnetometer data were used to divide the study area into the recharge segment—based 
on the low TMI zone—and the upstream and downstream buffer segments. The magnetometer data suggested that the recharge 
segment is geologically distinct from the buffer zones. The high TMI zones could be related to the presence of volcanics; well con-
struction reports in the eastern high TMI zone indicate the presence of volcanics and the western zone has little available constraining 
geologic data. Similar to the results of Grauch et al. (2013), our data suggest that the low TMI zone may represent a fault crosscutting 
the Alamosa River. 

Fig. 9. Sensitivity of A) streamflow and B) streambed infiltration to the presence of pumping wells (PW) at different pumping rates (Scenario 5). 
Groundwater head in model layers 1 and 2 when adding a C) high-volume production well (Scenario 5.1) and D) a low-volume production well 
(Scenario 5.2). 
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With these data as a general guide, we created a suite of conceptual numerical models to explore which subsurface heterogeneities 
could realistically control streambed infiltration and consequently groundwater recharge on intermittent rivers similar to the Alamosa 
(Fig. 10). Conceptually, all of the scenarios we explored could influence streambed infiltration and groundwater recharge processes. 
The three simulated results we considered were streamflow, streambed infiltration, and recharge to the confined aquifer (Layer 3) 
(Fig. 11). Net recharge to the confined aquifer was enhanced by scenarios that provided a conduit through the confining unit, including 

Fig. 10. Results compared to the base case for streamflow, streambed infiltration rate, and recharge to the confined aquifer. The water table is 
shown in light blue and the potentiometric surface for the confined aquifer are shown in dark blue; increases in streamflow and infiltration from the 
base case are shown in deep blue; decreases are shown in red. Scenarios: A) a high-permeability (Scenario 1.1) and low-permeability fault (Scenario 
1.2) shown in yellow on the surface; B) Layer 1 hydraulic conductivity is increased (Scenario 2.1) and decreased (Scenario 2.2); C) streambed 
thickness is increased (Scenario 3.1) and decreased (Scenario 3.2); D) the confining unit (Layer 3) is replaced by Layer 1 K (Scenario 4.1) and Layer 3 
K (Scenario 4.2), and G) a high-volume production well (Scenario 5.1) and a low-volume production well (Scenario 5.2). 
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a high-permeability fault (Scenario 1.1) and removal of the confining unit along the recharge segment (Scenario 4); similar results have 
been previously documented both in fractured aquifer scenarios by in the Rhine River (Bense and Van Balen, 2004) and in paleo-
channels crosscutting confining units offshore North Carolina, USA (Mulligan et al., 2007). Streamflow was also decreased in these 
scenarios, which makes sense given the connections between streamflow, infiltration, and recharge. Increased streamflow was seen in 
scenarios with less infiltration and less recharge, such as the low-permeability fault (Scenario 1.2) and decreasing K1 (Scenario 2.2). 
Overall, scenarios that involved changing K values had the greatest impacts on these results, including a fault (Scenario 1), the hy-
draulic conductivity of the shallow K of the system (Scenario 2), and removal of the confining unit (Scenario 4) (Fig. 11). 

The three metrics were least influenced by changing the thickness of the streambed (Scenario 3) and the introduction of a pumping 
well (Scenario 5), particularly a low-volume production well (Scenario 5.2) or the introduction of a domestic well (Scenario 5.3), the 
latter of which resulted in no notable changes to any of the output parameters (Fig. 11). The introduction of a high-volume pumping 
well (Scenario 5.1) resulted in a large increase in infiltration, but only small decreases to streamflow and net recharge to the confined 
aquifer. Scenario 5.1 resulted in a decrease in water levels near the pumping well, but Scenarios 5.2 and 5.3 resulted in no notable 
change in groundwater levels. While Niswonger and Prudic (2010) found that increasing and decreasing streambed thickness resulted 
in important changes in streambed infiltration and groundwater levels; we found the influence of streambed thickness to be negligible. 
This difference is likely due to the fact that in our model Ks and Layer 1 vertical hydraulic conductivity had the same value of 1×10-4 

m/s (Powell, 1958). Thus, hydraulically speaking, there was no distinction between streambed material and aquifer material. The only 
impact of streambed thickness was artificially introduced by MODFLOW, which calculates the gradient between stream stage and 
aquifer head by dividing by the streambed thickness. 

Our results help explain why regional decision-support tools can struggle to accurately represent groundwater levels beneath non- 
perennial river reaches, complicating management efforts. We show that the homogeneous subsurface conditions, which are typically 
a tacit assumption in studies of groundwater recharge through streambed infiltration, may greatly affect the estimated distribution of 
recharge. Our model results suggest that subsurface K values are the most important model parameters tested in terms of controls on 
aquifer recharge, but determining when and where infiltration occurs in complex field systems remains a challenge in field settings. 
Because real streams are spatially heterogeneous, dense data on subsurface heterogeneities are often needed; however, capturing these 
data may be difficult. Geophysics has the potential to map streambed and subsurface heterogeneities relatively quickly and inex-
pensively, and can constrain the location of facies such as confining units that control flow and transport in some systems (e.g., Fit-
terman and Grauch, 2010; Gu et al., 2019; Malenda et al., 2019; Martinez-Segura et al., 2019). 

We also note that we did not address many complexities that further complicate behaviors in field systems. For example, we 
intentionally generalized the model setup to be a straight river with steady-state flows; in reality, a variety of real-world complexities, 
such as temporal variability in flow (and therefore bank storage), drying and rewetting processes, and complex topography and river 
sinuosity would provide further controls on both streambed infiltration and groundwater recharge. However, we simplified the model 
so that we could explore the impact of geologic subsurface controls alone. For the Alamosa River, the fault scenario is highly plausible, 
given the geophysical signatures. Additional work is also needed to understand how temporal variability affects these findings—for 
instance, how dam releases and storm events interact with geologic controls, or how these systems vary when surface water and 
groundwater are not connected or transition temporally between connection and disconnection. In this latter case, the presence of an 
unsaturated zone beneath the streambed alters the typical relationship between water level and infiltration that is found in perennial 
rivers (Brunner et al., 2009, 2011; Shanafield et al., 2012a). 

Additional field data would be useful to more definitively characterize the conditions of rivers in this region, so that variability in 
time and space can be more thoroughly investigated. These additional data could include water level data from observation wells along 
the stream could have been used to track hydraulic head (e.g. Goodrich et al., 2004), isotopic and chemical tracers could have been 
used to track water movement between the stream and the two aquifers (e.g. Gooseff and McGlynn, 2005), or water quality signatures 
from the streams and the two aquifers could have been used to determine where the unit(s) are in hydrologic connection (e.g. Subyani, 
2004). These data could help evaluate specific scenarios if they have been available or possible to collect. 

Locating and modeling subsurface geological heterogeneities that impact recharge is key for assessing the resilience of non- 
perennial rivers. A decrease in snowpack is predicted to result in declining streamflow (e.g., Cayan et al., 2007) and the transition 
of more rivers from perennial to intermittent or ephemeral (e.g., Gutierrez-Jurado et al., 2019). This outcome will result in more river 

Fig. 11. Percent difference between the base case and the various scenarios for A) streamflow at VP-2, B) total streambed infiltration along the 
recharge segment, and C) net recharge to Layer 3 along the recharge segment. See Table 2 for explanation of scenarios. 
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reaches remaining dry longer and in reduced alluvial aquifer recharge (e.g. Taylor et al., 2013; Meixner et al., 2016). This work 
demonstrates that the spatial distribution of subsurface geological heterogeneities is a factor in the extent to which both the flow 
regime and recharge are altered. 
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