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Abstract
Hydrogeologic systems in the southern Cascade Range in California (USA) develop in volcanic rocks where morphology, 
stratigraphy, extensional structures, and attendant basin geometry play a central role in groundwater flow paths, groundwater/
surface-water interactions, and spring discharge locations. High-volume springs (greater than 3  m3/s) flow from basin-filling 
(<800 ka) volcanic rocks in the Hat Creek and Fall River tributaries and contribute approximately half of the average annual 
flow of the Pit River, the largest tributary to Shasta Lake. A hydrogeologic conceptual framework is constructed for the 
Hat Creek basin combining new geologic mapping, water-well lithologic logs, a database of active faults, LiDAR mapping 
of faults and volcanic landforms, streamflow measurements and airborne thermal infrared remote sensing of stream tem-
perature. These data are used to integrate the geologic structure and the volcanic and volcaniclastic stratigraphy to create a 
three-dimensional interpretation of the hydrogeology in the basin. Two large streamflow gains from focused groundwater 
discharge near Big Spring and north of Sugarloaf Peak result from geologic barriers that restrict lateral groundwater flow 
and force water into Hat Creek. The inferred groundwater-flow barriers divide the aquifer system into at least three leaky 
compartments. The two downstream compartments lose streamflow in the upstream reaches (immediately downstream of the 
groundwater-flow barriers) and gain in downstream reaches with the greatest inflows immediately upstream of the barriers.

Keywords Groundwater/surface-water interaction · Volcanic aquifers · Groundwater-flow barriers · Faults as groundwater-
flow barriers · USA

Introduction

The Cascade Range is a primary control of water resources 
in the Pacific Northwest, USA, dividing the wet western 
parts of Oregon, Washington, and northern California from 
the semi-arid eastern parts. Precipitation in the Cascade 
Range is one of the main sources of water for hydrologic 
systems on both sides of the mountain range (PRISM Cli-
mate Group 2015; Thornton et  al. 2016). Groundwater 
basins within the permeable High Cascades, a relatively 
young volcanic province with respect to the Western Cas-
cades, are important components of the hydrologic system 
from both ecological and water-resources perspectives (Gan-
nett et al. 2001; Jefferson et al. 2006, 2010). Groundwater 
flow paths can take years to decades to connect recharge 
areas to discharge areas.

The volcanic landscape of the northwestern USA hosts 
more than half of the high-volume springs (>3  m3/s) of the 
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conterminous USA (Meinzer 1927). Much of the discharge 
of these springs originates from the volcanoes of the Cas-
cade Range between Lassen Peak, California, and Mount 
Rainier, Washington (Meinzer 1927), where annual pre-
cipitation can exceed 250 cm/year (Thornton et al. 2016). 
Springs between Medicine Lake volcano and Lassen Peak 
(Fig. 1) contribute approximately half of the average annual 
flow (total flow of ~140  m3/s) to the Pit River, the largest 
tributary to Shasta Lake, California’s largest surface-water 
reservoir (Meinzer 1927; Burns et al. 2017b). Whereas the 
Pit River originates to the east of the Shasta-Lassen Peak-
Medicine Lake volcano study area (SLMSA, Fig. 1), most of 
the flow delivered to Shasta Lake accumulates from streams 
within the SLMSA (Meinzer 1927). As Fall River headwater 
springs have been the focus of previous hydrogeologic stud-
ies (Manga and Kirchner 2004; Davisson and Rose 2014; 
Burns et al. 2017b), the emphasis of this study is on the 
hydrogeology of the understudied Hat Creek basin. Two 
low-volume springs on Lassen Peak’s northern flank serve 
as the Hat Creek headwaters, below which Hat Creek flows 
about 78 km northward. Additionally, three high-volume 
spring complexes (Big Spring, Rising River, and Crystal 
Lake) contribute to Hat Creek before it joins the Pit River 
(Figs. 1, 2 and 3).

In the SLMSA, groundwater flow paths connect volcanic 
uplands to streams and rivers through laterally extensive 
volcanic rocks (Rose et al. 1996), including the numer-
ous springs feeding Hat Creek from young volcanic rocks 
(Rose et al. 1996; Davisson and Rose 1997; Fig. 2). In the 
northwestern USA, high-volume springs flow through and 
from laterally extensive volcanic units (Gannett et al. 2001). 
High-volume springs in these regions can serve as a stable 
year-round and drought-resistant water source, as perturba-
tions from changing climate in the groundwater system lag 
surface-water changes due to long groundwater residence 
times (Gannett et al. 2001; Burns et al. 2017b). In northern 
California, average annual flow from these springs typically 
fluctuates less than 15% (Meinzer 1927).

Purpose and scope

The Northwest Volcanic Aquifer Study Area (NVASA, Cur-
tis et al. 2020) project is a US Geological Survey (USGS) 
effort to understand and quantify regional water resources 
in the Pacific Northwest. This manuscript analyzes geo-
logic controls on groundwater flow in the SLMSA (Figs. 1 
and 2), the southwesternmost part of the NVASA. To date, 
an in-depth analysis of the relationship between structure, 
stratigraphy, and groundwater flow between Medicine Lake 
volcano and Lassen Peak has not been conducted. The study 
narrows in on the Hat Creek focus area (Fig. 1), one of the 

principal contributors to Shasta Lake, the largest reservoir 
in California (Figs.  1 and 2). The relationship between 
structural geology, volcanology, groundwater recharge, and 
stream hydrology exerts primary control on regional ground-
water resources in aquifers hosted in primarily volcanic 
geologic settings. New geologic maps, topographic analy-
sis, airborne thermal infrared (TIR) remote sensing data on 
stream temperature, and streamflow data are combined to 
gain insight into the surface-water and groundwater systems 
of the understudied Hat Creek basin, which sits within the 
Hat Creek focus area (Fig. 2). Together, the structure and 
stratigraphy, the three-dimensional (3D) conceptual model, 
and the locations of surface-water/groundwater interactions 
all help identify the potential structural or stratigraphic fac-
tors that influence streamflow gains and losses.

The Hat Creek basin is a major year-round, groundwater-
fed contributor to the Pit River and Shasta Lake. However, 
the heterogeneity of volcanic deposits, sampled at very few 
wells in only a small part of the basin, makes study of this 
system challenging, and many of the common hydrogeology 
tools (such as potentiometric surface maps) are unavailable. 
Instead, the conceptual model of the groundwater basin is 
developed to be consistent with volcanic aquifer studies 
elsewhere (Lindholm 1996; Gingerich 1999; Gannett et al. 
2001, 2007; Burns et al. 2011). The conceptual model is 
then constrained with available water-well data, geologic 
maps, and comparatively high-resolution streamflow and 
temperature surveys.

Background and methods

Background: translating volcanic geology 
to hydrogeology

The relationship between volcanogenic landforms and 
hydrogeology coupled with the plate tectonic setting, precip-
itation patterns, and previous research influence the under-
standing of the relationship between the geology and hydrol-
ogy of the SLMSA. Grouping volcanic units by lava-flow 
geochemistry, cooling history, and geomorphic form and 
age and (or) alteration (sections ‘Lava-flow geochemistry, 
cooling, and geomorphic form’ and ‘Hydrogeologic impli-
cations of lava-flow geochemistry, cooling, and geomorphic 
form’), allows for a broad classification of water-bearing 
units (section ‘Hydrogeologic units’). This section, ‘Back-
ground: translating volcanic geology to hydrogeology’, and 
its subsections, lay the conceptual groundwork for volcanic 
hydrogeology in the Cascade Range of northern California, 
leading into sections ‘Geology and hydrology of the Hat 
Creek basin’ and ‘Methods of hydrogeologic analysis’).
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Geographic setting

The SLMSA lies between Medicine Lake volcano to the 
north, Lassen Peak to the south, the Big Valley Mountains 

to the east and Mount Shasta to the northwest (Fig. 2). The 
Pit River bisects the SLMSA and gains water from the Fall 
River to the north and Hat Creek and Burney Creek to the 
south before draining into Shasta Lake to the west (Fig. 2).

Fig. 1  a Location map with 
two white triangles represent-
ing Mount Rainier (north) and 
Lassen Peak (south) and b 
elevation map of Shasta-Lassen 
Peak-Medicine Lake volcano 
study area (SLMSA) and the 
Hat Creek focus area (red box). 
Elevation mapped on slope-
shaded relief includes labels 
(HCFZ: Hat Creek fault zone, 
RLFZ: Rocky Ledge fault zone) 
for topographic features, east-
dipping and west-dipping faults 
and streams and rivers. Legend 
footnote: aModified from Wells 
and McCaffrey (2013)
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Plate tectonic setting

The SLMSA spans the northwestern section of the Basin 
and Range Province, the southern end of the Cascadia sub-
duction zone and related Cascades Volcanic Arc, and the 
northwestern edge of the Walker Lane Fault Zone (Fig. 3a; 

Blakely et al. 1997; Langenheim et al. 2016). Reorganiza-
tion of the Pacific–North American plate boundary at about 
30 Ma preceded Basin and Range extension (Atwater 1970; 
McQuarrie and Wernicke 2005; Wesnousky 2005a; Colgan 
et al. 2006). The Walker Lane Fault Zone, a NW–SE trending 
~120-km-long belt of right-lateral shear, accommodates up to 

Fig. 2  Average annual pre-
cipitation (1981–2010, PRISM 
Climate Group 2015) mapped 
on a slope-shaded relief map 
of the Shasta-Lassen Peak-
Medicine Lake volcano study 
area (SLMSA) with rivers and 
high-volume springs. The high-
est amounts of precipitation fall 
on the high elevations (Fig. 1b) 
near the volcanic-arc axis, 
including Lassen Peak to the 
south and Mount Shasta. East of 
the axis of the Cascade Range, 
higher precipitation occurs at 
the relatively higher elevation 
peaks such as Medicine Lake 
volcano. The SLMSA polygon 
is restricted to the region that 
provides groundwater to the 
high-volume springs. The 
green box identifies precipita-
tion pixels at higher elevations 
than Big Spring. The yellow 
box identifies the precipitation 
pixels around Magee Volcano
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20–25% of the movement between the Pacific-North America 
plate boundary (Blakely et al. 1997; McQuarrie and Wer-
nicke 2005; Wesnousky 2005b; Lee et al. 2009). Cascades arc 
volcanism and Basin and Range low-volume extensional vol-
canism both use N–S and NW–SE striking faults as magma 
conduits between melt sources and the surface (Muffler 
et al. 2011;  Muffler and Clynne 2015). Normal and dextral-
oblique faults are responsible for regional Crustal deforma-
tion; these normal fault-related basins and ranges reflect the 
dominant-structural expression in the regional topography 
(Blakely et al. 1997; Unruh and Humphrey 2017).

Precipitation

The Cascade Range orographic effect causes a rapid decline 
in average annual precipitation with distance east from the 
active axis of the Cascade Range (Fig. 2). However, Medi-
cine Lake Volcano, and some other high-elevation areas east 
of the active volcanic arc axis (Fig. 2), receive relatively 
high average-annual precipitation (>1,000 mm/year; Figs. 1 
and 2; PRISM Climate Group 2015).

Previous work within the SLMSA

Most past hydrogeologic studies in SLMSA focused on 
geochemically identifying potential groundwater-recharge 
locations (Rose et al. 1996; Davisson and Rose 1997, 2014), 
sources of groundwater discharge into streams (Davisson 
and Rose 2014), and heat and fluid flow in the Medicine 
Lake Volcano-Fall River system (Burns et al. 2017b). Iso-
topic data indicate that water sourced from Lassen Peak and 
some adjacent volcanic peaks contributes to the Hat Creek 
springs (Rose et al. 1996; Fig. 1). Burns et al. (2017b) built 
upon the foundational work of Rose et al. (1996), Davisson 
and Rose (1997, 2014), and Manga and Kirchner (2004) 
to study the relationship between climate, spring discharge, 
and temperature at Fall River springs (Fig. 3). Burns et al. 
(2017b) found that both precipitation (in excess of 700 mm/
year), recharge temperatures, and decadal-scale chang-
ing atmospheric temperatures affect spring temperatures, 
but that characteristics of the groundwater system, such as 
the vadose zone’s ability to thermally insulate the aquifer, 
buffer spring temperature changes. Building on previous 
work (Rose et al. 1996; Davisson and Rose 1997; Manga 
and Kirchner 2004; Davisson and Rose 2014), Burns et al. 
(2017b) concluded that changes in spring temperature will 
lag changes in climate by tens to hundreds of years.

Previous work quantifies the general nature of groundwa-
ter/surface-water exchange in the SLMSA. Generally, both 
groundwater and surface-water flow from the topographi-
cally elevated, high-precipitation uplands toward the Pit 
River (Figs. 1 and 2). In the morphologically similar upper 
Deschutes River basin (an eastside Cascade Range drainage 

basin north of the SLMSA), highly permeable younger vol-
canic rocks form productive aquifers that often discharge at 
high-volume springs where young volcanic units onlap older 
less-permeable rocks (Gannett et al. 2001). In the Hat Creek 
basin, large volume springs are observed to discharge from 
similarly young volcanic rock.

Lava‑flow geochemistry, cooling, and geomorphic form

In the SLMSA, a primarily volcanic region with occasional 
sedimentary interbeds, volcanic units can be differenti-
ated by geochemistry and landform (Fig. 3c). Geochemi-
cal groups are (1) calc-alkaline rocks or (2) low-potassium 
olivine tholeiite rocks. Calc-alkaline magmas, linked to arc 
volcanism, have high viscosity (Manga 1997; Lyle 2000; 
Manga 2001; Harris 2013; Muffler and Clynne 2015; Clynne 
and Muffler 2017; Fig. 3) and form scoria cones, steep-sided 
lava cones and broad shield volcanos, all with high aspect 
ratios and limited lateral extents (Clynne and Muffler 2010; 
Muffler and Clynne 2015; Clynne and Muffler 2017). Low-
potassium olivine tholeiite magmas, associated with crus-
tal extension, have low viscosity and produce widespread 
low-relief, valley-filling, sheet-flows from low, commonly 
inconspicuous vents (Fig. 3; Clynne and Muffler 2010; Muf-
fler and Clynne 2015; Clynne and Muffler 2017). Multiple 
episodes of low-viscosity eruptions can create a stratigraphic 
sequence of stacked lava flows and sedimentary interbeds 
(Burns et al. 2011).

Cooling forms many of the primary geomorphic features 
and textures found in calc-alkaline and low-potassium olivine 
tholeiite rocks. Textures found in lava flow tops and bottoms 
include interconnected vesicles and cracks and are generated 
by a range of processes, including cooled rubble pushed for-
ward and overridden as the lava flows, boiling water in soil, or 
degassing of the lava flow (Manga 2001). Lava-flow interiors 
also display a range of cooling textures but are often dense, 
possibly with cooling joints (Grossenbacher and McDuffie 
1995; Lyle 2000). Shields, scoria cones, and lava cones tend 
to have pervasive, randomly oriented fractures produced dur-
ing and after emplacement (Pollard and Aydin 1988; Grossen-
bacher and McDuffie 1995; Kattenhorn and Schaefer 2008).

Hydrogeologic implications of lava‑flow geochemistry, 
cooling, and geomorphic form

Morphological features, like lava-flow tops (Manga 2001) 
and age-related features, such as secondary mineralization 
(Jefferson et al. 2010; Burns et al. 2017a), influence ground-
water flow in volcanic systems. Porous and permeable lava-
flow tops, bottoms, and interflow zones (where one lava-flow 
top meets the overlying lava-flow bottom) often serve as the 
primary horizontal fluid-flow media in volcanic aquifers 
(Gannett et al. 2001; Manga 2001; Burns et al. 2012, 2016). 
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Fig. 3  Geology of the Hat Creek focus area. a The Basin and Range 
extensional province (B&R), Cascade Range (CS), and Walker Lane 
Fault Zone (WL) intersect in the Shasta-Lassen Peak-Medicine Lake 
volcano study area (SLMSA, red/brown outline). Modified from 
Langenheim et al. (2016) and from US Geological Survey physiographic 
divisions of conterminous USA (Fenneman and Johnson 1946). b 
Geographic setting of SLMSA and the Pit River drainage basin. Red 
box indicates the location of the Hat Creek focus area (c). c Conceptual 
geologic map of the Hat Creek focus area. Volcanic rocks are grouped 

into three units. Green identifies basalt flows and Holocene sediments. 
Purple area depicts high-elevation volcanic edifices. Faulted-older-
volcanic units that form the valley and are exposed in adjacent uplands 
are in gray. Informal names of volcanic units are based on Muffler and 
Clynne 2015. Labels include HCFZ: Hat Creek fault zone, RLFZ: Rocky 
Ledge fault zone. Fault dip direction was established with a LiDAR-
derived slope shade map, US Geological Survey Quaternary Fault and 
Fold Database of the United States (US Geological Survey 2018), and 
geologic mapping. Legend footnote: aClynne and Muffler (2017)
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Extensive jointing can serve as a mechanism to explain verti-
cal connectivity between volcanic aquifers (Gingerich 1999; 
Davisson and Rose 2014), although closed fractures—such as 
cooling joints under confining pressure—unconnected frac-
tures, or fractures filled with alteration minerals often prevent 
vertical fluid flow (Burns et al. 2016). The amount of altera-
tion minerals plugging groundwater flow paths increases 
over time, and temperatures >30–45 °C accelerate the rate of 
alteration (Burns et al. 2012, 2015, 2016, 2017a). As a result, 
permeability generally decreases with geologic age (Gannett 
et al. 2001; Jefferson et al. 2010; Burns et al. 2017a). The 
relationship between permeability and age of volcanic ter-
ranes determines river and stream drainage density (Jefferson 
et al. 2010) and spring density (Burns et al. 2017a). Young, 
high-elevation volcanic features may be permeable and allow 
rapid groundwater recharge from rain and snowmelt (Jeffer-
son et al. 2010; Burns et al. 2017a).

The hydrologic implications of age and morphology of 
volcanic units serve to differentiate and characterize the 
basin-filling units in the Hat Creek focus area (Figs. 3 and 
4). Geochemistry can determine the extent of a volcanic unit 
as either extensive or limited. The morphology, controlled 
by the geochemistry of the units, can determine where 
water can flow within them; that is, horizontally at flow 
tops, bottoms, and interflow zones and/or vertically through 
fractures. Alteration of volcanic glass to pore-filling clays 
increases with age and may limit fluid flow through volcanic 
media. However, the 124-ka age difference between the 
basin-forming unit and the oldest basin filling unit (Table 1; 
Fig. 3) might not substantially affect the permeability of the 
rocks. Thus, rocks in the study area might not be old enough 
for extensive alteration to have taken place. Instead, basin-
bounding structures, like the Hat Creek fault zone (HCFZ, 
Fig. 1), separate and differentiate younger-basin-filling rocks 
from the adjacent older-volcanic uplands.

Geology and hydrology of the Hat Creek basin

Conceptual model of groundwater flow

In the conceptual model of groundwater flow for the Hat 
Creek basin, young, permeable, laterally connected, basin-
filling basalt flows in the valley bottom accumulate water 
from the adjacent and southern uplands. These young basalt 
flows efficiently transmit water from Lassen Peak to the 
south to the Pit River to the north. Geologic structure in the 
valley controls both the space the young basin-filling-basalts 
fill and the degree of tilting they undergo. The volcanic his-
tory is important because age and deposition control the way 
volcanic units interact with the groundwater system (sections 
‘Lava-flow geochemistry, cooling, and geomorphic form’ 
and ‘Hydrogeologic implications of lava-flow geochemistry, 

cooling, and geomorphic form’). Oxygen isotopes enable the 
identification of apparent recharge elevation. This informa-
tion enables the construction of a 3D hydrogeologic model 
of the Hat Creek basin consistent with the broader under-
standing of the hydrogeology of the volcanogenic terranes.

Geologic structure

Faulting plays two key roles in the geologic evolution of 
the Hat Creek basin (Fig. 3) by (1) determining the shape 
of the basin and (2) controlling the source and extent of 
volcanic units deposited within the basin (Leeder and Gaw-
thorpe 1987; Gawthorpe and Leeder 2000). From south 
to north, fault dips change from predominantly down-to-
the-west (Anderson 1940; Muffler et al. 1994; Langenheim 
et al. 2016) to east dipping on the west side of the basin and 
west dipping on the east side (Austin 2013, Figs. 1 and 3). 
The HCFZ runs for 47 km along the eastern margin of the 
Hat Creek basin, has a maximum vertical displacement of 
370 m (Anderson 1940; Muffler et al. 1994; Blakeslee and 
Kattenhorn 2013; Kattenhorn et al. 2016) and controls the 
basin’s geometry (Langenheim et al. 2016; Fig. 3). Crustal-
scale faults can act as pathways for the vertical migration of 
magmas (Le Corvec et al. 2013; Muffler and Clynne 2015; 
Clynne and Muffler 2017) and might collocate volcanic cent-
ers, like Sugarloaf Peak and Cinder Butte, with fault traces.

Previous geologic work suggests two structural models 
for the Hat Creek basin: full graben and half graben. In the 
first model, the basin is envisioned as a full graben bounded 
by the HCFZ to the east and the Rocky Ledge fault zone 
(RLFZ) and associated faults to the west (Austin 2013; 
Fig. 1). In the second model, a half-graben with most dis-
placement on the HCFZ is proposed. Principal evidence for 
the second model includes the asymmetric geometry of the 
basin (Muffler et al. 1994), east-tilting volcanic and vol-
canoclastic units (Anderson 1940; Kattenhorn et al. 2016), 
and the eastward thickening of valley fill (Langenheim et al. 
2016).

The structural model for extension changes from south to 
north in the Hat Creek basin. The HCFZ (maximum age of 
924 ka, Clynne and Muffler 2010; Kattenhorn et al. 2016) 
dips to the west, provides the most relief in the focus area, 
and creates accommodation space by separating the val-
ley bottom from adjacent uplifted fault-blocks to the east 
(Fig. 3; Anderson 1940; Muffler et al. 1994; Blakeslee and 
Kattenhorn 2013; Kattenhorn et al. 2016). On the south-
western side of Hat Creek focus area, an unnamed fault 
collocated with Big Spring also dips to the west (Fig. 3). 
To the northwest of Brown Butte, the east-dipping RLFZ 
accommodates strain on the western margin of the basin, 
while the HCFZ maintains strain accommodation on the east 
(Anderson 1940; Austin 2013; Fig. 1).
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Volcanic history

Volcanic units in the Hat Creek focus area are basin-filling 
rock units (<800 ka) and are younger than the basin-form-
ing, faulted older volcanic (>924 ka) rocks, that underlie 
the valley bottom and bound the basin to the east and west 
(Table 1). Rocks in the Hat Creek basin are volcanic unless 
stated otherwise. The most well-constrained basalt flow in 
the Hat Creek basin is the Hat Creek Basalt (HCB), which 
is 30 m thick on its eastern margin and thins to 0 m thick on 
its western margin.

Isotope data and apparent recharge elevation

Recharge elevations for springs feeding Hat Creek were esti-
mated by Rose et al. (1996) and Davisson and Rose (1997), 
using δ18O isotopes and were used to identify volcanic 
peaks that serve as possible water sources (Rose et al. 1996; 
Davisson and Rose 1997). Relatively low δ18O values at Big 
Spring indicate a flow-weighted average elevation matching 
Crater Peak on Magee Volcano (Rose et al. 1996), although 
this elevation could also represent the average of a range of 
elevations from Lassen Peak to Badger Mountain (Fig. 1). 
Rising River springs and Crystal Lake springs discharge 
water matching a flow-weighted average elevation from the 
high-elevation, high-precipitation region near Lassen Peak 
(Figs. 1 and 2; Rose et al. 1996; Davisson and Rose 1997).

Methods of hydrogeologic analysis

The volcanic history with geologic mapping and the struc-
tural history were used to characterize geologic units into 
hydrogeologic units based on concepts from section ‘Hydro-
geologic implications of lava-flow geochemistry, cooling, 
and geomorphic form’. Basalt-flow-unit tops and bases were 
interpolated for a limited area south of Cinder Butte using 
interpreted well-log geologic contacts to estimate the loca-
tion and dip of lava-interflows (potential aquifers) in the sub-
surface (available well logs shown on Fig. 3). Late-summer 

streamflow measurements paired with stream-temperature 
estimates from an airborne thermal infrared remote-sensing 
(TIR) survey were used to estimate locations and magni-
tude of stream gains and losses from stream confluences 
and to and from the groundwater system. Overlaying gains 
and losses onto hydrogeology allows the identification of 
geologic controls on groundwater flow.

Thematic geologic maps

Geologic maps were constructed to separate volcanic units 
into basin-forming (>924 ka) and basin-filling (<800 ka) 
basalt flows and volcanic edifices using geologic mapping 
and age data (Gay and Aune 1958; Lyden et al. 1960; Muffler 
et al. 1994; Clynne and Muffler 2010; Downs et al. 2020), 
1/3 arc second LiDAR digital elevation models (DEM, US 
Geological Survey 2019b), and the US Geological Survey 
active faults database (US Geological Survey and Califor-
nia Geological Survey 2018). Once geologic maps and US 
Geological Survey Quaternary fault and fold database were 
integrated with LiDAR, a few new faults were identified 
based on aspect and slope angle. Using the DEM (US Geo-
logical Survey 2019b), topographic scarps with slopes >25° 
were identified as faults.

Hydrogeologic units

The depositional volcanic-rock units were categorized into 
hydrogeologic units based on composition, morphology, and 
age/degree of faulting. The subdivisions are basin-filling 
(<800 ka), consisting both of volcanoes and lava flows, and 
the faulted, basin-forming (>924 ka) volcanic unit (Older 
Volcanic units, OV). These age distinctions were designed 
to differentiate units younger than the basalt of Twin Bridges 
(BTB, Tables 1 and 2) from those older than the initiation 
of faulting on the HCFZ. Young volcanic rocks will hence-
forth be referred to as ‘basin-filling’ and are further subdi-
vided into edifice aquifers and basalt-flow aquifers (Fig. 4). 
The conceptualized basalt-flow aquifers have the potential 

Table 1  Basin-filling rocks of the Hat Creek focus area

a Clynne and Muffler (2010), b Turrin et al. (2007), c Clynne and Muffler (2017), d Muffler and Clynne 2015

Abbreviation Name Age ± error (ka) Composition

HCB Hat Creek Basalt 24 ±  6b Basalt
CB Cinder Butte 38 ±  7b Basaltic andesite
SL Sugarloaf Volcanic Chain 46 – 77 ± 7,  11b Andesite and basaltic andesite
B6M Basalt west of Six Mile Hill 53.5 ±  2d Basalt
BRL Basalt of Rocky Ledge 200 ±  8c Basalt
BSW Basalt of Sam Wolfin Spring 647.3 ± 21.7d Basalt
BTB Basalt of Twin Bridges 730 –  780a Basalt
BB Brown Butte NA Andesite
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to form laterally extensive aquifers (Gannett et al. 2001; 
Manga 2001; Burns et al. 2012, 2016; Figs. 4 and 5c). The 
Hat Creek Basalt (HCB), BTB, the basalt of Rocky Ledge, 
the basalt of Sam Wolfin Spring, and the basalt west of Six 
Mile Hill are the only mapped basin-filling units that may 
form basalt-flow aquifers within the study area (Table 2). 
Edifice-aquifer units allow efficient recharge and may be 
hydraulically connected (Pollard and Aydin 1988) to multi-
ple basalt flow aquifer units via onlap and/or fault-controlled 
contacts (Figs. 4 and 5). OV units underlie basin filling units 
and form the adjacent uplands. Whereas basin-filling later-
ally extensive low-permeability basalt-flow interiors likely 
minimize hydrologic exchange with OV units beneath the 
valley bottom, there is the potential for groundwater to flow 
from the adjacent uplands as springs or possibly laterally 
into lowland aquifers via highly heterogeneous flow paths 
(sections ‘Hydrogeologic implications of lava-flow geo-
chemistry, cooling, and geomorphic form’ and ‘Geologic 
structure’). High amounts of faulting in OV, compared with 
the basin-filling unit, serve as its main distinction, as offsets 
can form barriers to groundwater flow through thin volcanic 
aquifers (Figs. 4 and 5).

The morphology of lava flows in the Hat Creek basin is 
highly variable; but can be conceptualized as having a dense 
(low porosity and permeability) flow interior, and porous 
and permeable flow tops and bottoms that cooled rapidly 
(see sections ‘Lava-flow geochemistry, cooling, and geo-
morphic form’ and ‘Hydrogeologic implications of lava-flow 
geochemistry, cooling, and geomorphic form’). Permeability 
within interflow zones (a lava flow top, possibly overlain 
with a sedimentary interbed, and the overlying lava flow 
bottom) can result from a wide range of processes during 
lava flow deposition (see sections ‘Lava-flow geochemistry, 
cooling, and geomorphic form’ and ‘Hydrogeologic impli-
cations of lava-flow geochemistry, cooling, and geomorphic 
form’). For Columbia River basalts, permeable thickness is 
estimated to be 1/10 of total thickness on average (Burns 
et al. 2011), but insufficient data exist to give a typical ratio 
for Hat Creek area valley-filling basalts. Faults can act as 

barriers to lateral flow when permeable interflow zones 
become juxtaposed with low permeability flow interiors, and 
fault permeability (dominated by previously unaltered flow 
interiors) decreases over time as fault gouge alters to clays.

In the Hat Creek basin, the maximum exposed thickness 
of the basin-filling BTB unit is around 30 m (at the fault at 
Big Spring, Fig. 3), though most of the thin flows are tens 
of centimeters to a few meters thick (Clynne and Muffler 
2010) and the maximum expression of the Hat Creek Basalt 
is at least 30 m on the east side of the valley, though it could 
be thicker. The greatest amount of vertical displacement on 
the Hat Creek fault zone is 370 m, though this represents an 
underestimate of vertical movement on the fault as younger 
lava flows partially cover older scarps (Anderson 1940; Muf-
fler et al. 1994; Blakeslee and Kattenhorn 2013; Kattenhorn 
et al. 2016). This means that even though the OV unit can 
transmit water (e.g., Lost Creek headwater spring, Fig. 3), 
it is assumed to be a separate hydrogeologic unit, particu-
larly because Lost Creek headwater spring discharges above 
the Hat Creek Valley bottom, implying a separate, higher-
elevation aquifer with markedly different hydraulic head.

Well log analysis

Water-well logs (Fig. 3; Marcelli and Peterson 2022) are used 
to estimate the dip and thickness of basin-filling basalts. Iden-
tifying points at potential stratigraphic contacts allows for the 
construction of contact-trend surfaces that estimate locations 
for the top and bottom of each unit (i.e., potential aquifers). 
The elevation of each stratigraphic contact is estimated from 
water-well logs (Marcelli and Peterson 2022), mapped surfi-
cial geology and the DEM (US Geological Survey 2019b). 
Only the general dip directions and dip angle are used herein 
to develop the conceptual hydrogeologic framework. In order 
to achieve a smooth surface, each contact-trend surface was 
estimated using LOESS (Cleveland 1979). Additionally, the 
mapped extent of the exposed parts of the HCB and the BTB 
was used in conjunction with stratigraphic contacts found in 
well logs to generate estimates for HCB top and BTB top.

Table 2  Volcanic units in the Hat Creek basin study area and corresponding hydrogeologic units

a Clynne and Muffler (2010), b Turrin et al. (2007), c Clynne and Muffler (2017), d Muffler and Clynne 2015

Abbreviation Name Age ± error (ka) Composition Hydrogeologic unit

HCB Hat Creek Basalt 24 ±  6b Basalt Basalt-flow aquifer
CB Cinder Butte 38 ±  7b Basaltic andesite Edifice aquifer
SL Sugarloaf Volcanic Chain 46 – 77 ± 7,  11b Andesite and basaltic andesite Edifice aquifer
B6M Basalt west of Six Mile Hill 53.5 ±  2d Basalt Basalt-flow aquifer
BRL Basalt of Rocky Ledge 200 ±  8c Basalt Basalt-flow aquifer
BSW Basalt of Sam Wolfin Spring 647.3 ± 21.7d Basalt Basalt-flow aquifer
BTB Basalt of Twin Bridges 730 –  780a Basalt Basalt-flow aquifer
BB Brown Butte NA Andesite Edifice aquifer
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Streamflow measurements

Daily streamflow at the Hat Creek streamgage (US Geo-
logical Survey station 11355500, Fig. 3c) and late-season 
(September 8–19, 2019) streamflow measurements along 
Hat Creek (Fig. 3c) are used to identify temporal and spa-
tial patterns in groundwater discharge along Hat Creek in 
2019. A late-summer seepage run (following a 2018 airborne 
stream temperature survey [section Airborne thermal infra-
red remote sensing of stream temperature] targeted stream-
flow measurements were collected over the length of the 
stream for the purposes of estimating locations and rates 

of groundwater discharge and infiltration) from September 
8 to 19, 2019 (Fig. 3; US Geological Survey 2019a). Sum-
mer low-flow estimates (i.e., groundwater dominated) at the 
US Geological Survey Hat Creek stream streamgage from 
1928–2000 and 2015–2019 are used to identify groundwater 
discharge variability in the Hat Creek over a range of years 
and climate conditions (US Geological Survey 2019a). Char-
acterization of temporal variability in streamflow along Hat 
Creek is provided by additional dry-season measurements at 
a range of locations during the years 1912, 1921,1922, 1928, 
1988, 2002, 2015, 2016, and 2017 (US Geological Survey 
2019a). The measurements were taken during late summer 
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Fig. 4  The three main hydrogeologic units in the Hat Creek basin 
depicted a along the valley axis and b across the valley. Groundwater 
flows downslope (S–N). Basalt-flow aquifers (<800 ka) have primary 
permeability structures that consist of lava tubes and the intraflow 
breccia, sediments and interconnected vesicles found at lava-flow 
tops and bottoms. Undeformed basalt-flow aquifers efficiently trans-
mit water downvalley, but upflow from underlying units is inhibited. 
Transport distance depends on the extent and interconnectivity of the 
basin-filling rocks. Edifice aquifers, formed by emplacement of calc-

alkaline magmas, have permeability structures that consist of porous 
volcanic deposits and pervasive, randomly oriented fractures. They 
have limited extent, but are often very permeable, allowing easy ver-
tical movement of water into the aquifer system. The OV unit (≥924 
ka) underlies and contains the basin-filling basalt-flow and the edi-
fice aquifers. The fluid-flow path normal to the cross section points 
away, in the downstream direction (north). The inset depicts the loca-
tions of the conceptual cross sections running through Sugarloaf Peak 
(labeled S–N or W–E accordingly)
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when precipitation and surface runoff are lowest. Though 
late-summer evapotranspiration is at its highest, for analyses 
herein, evapotranspiration and precipitation are assumed to 
be negligible compared to other inflows and outflows. This 
enables the assumption that all measured gains and losses 
from the surface-water system comes from interaction with 
groundwater, tributaries, or dam operations (including diver-
sions and return flow).

Airborne thermal infrared remote sensing of stream 
temperature

Spatial variation of water temperature in rivers is influenced 
by atmospheric heat exchange, topography and geographic 
setting (e.g., shade and albedo), streamflow (thermal iner-
tia), hyporheic exchange, tributary inflow, and exchange of 
water with the aquifer system. Determining the relative influ-
ences of these variables is challenging because more than 
one process may be occurring along any given stream reach 
(Caissie 2006). TIR remote sensing can detect the effects of 

groundwater discharge on water temperature along the stream 
length. Inputs of relatively cool water create both discontinui-
ties (e.g., cooling over a short reach) and anomalous depar-
tures from the expected longitudinal warming pattern in the 
downstream direction (e.g., cooling due to diffuse groundwa-
ter discharge; Fullerton et al. 2015). When thermal anomalies 
cannot be explained by surficial atmospheric, topographic, 
or advective drivers (e.g., tributary inflows), the longitudinal 
profile of stream temperature provides an indirect method to 
identify the locations and relative magnitude of groundwater/
surface-water exchange (Dugdale et al. 2015).

Several studies have used TIR data to identify hydromor-
phologic and landscape features such as channel curvature and 
confinement, slope, valley morphology and geology associ-
ated with cold-water areas (Loheide and Gorelick 2006; Monk 
et al. 2013; Dugdale et al. 2015; Casas-Mulet et al. 2020). 
Recent approaches employ modeling in tandem with TIR data 
to disentangle the multiple effects of hydrologic, geomorphic, 
topographic, and geologic factors on longitudinal variability 
in stream temperature (O’Sullivan et al. 2019, 2020). Geologic 

Fig. 5  Conceptual 3D diagram 
of the hydrogeologic organiza-
tion of the Hat Creek basin. 
Stacked laterally hydraulically-
and-physically connected 
basalt-flow aquifers (green) are 
found at the contacts between 
individual basalt flows and 
transmit water horizontally. Edi-
fice aquifers (purple) provide 
efficient recharge and vertical 
connectivity through high eleva-
tion peaks, and are connected to 
the OV unit (gray) and younger 
aquifers in complex ways due 
to heterogeneity and faulting. 
Dashed lines in the OV repre-
sent older tilted depositional 
units. Arrows in the creeks 
indicate the surface-water flow 
directions. The HCB and BTB 
units both fall under the basalt-
flow aquifer category, though 
three units are depicted here to 
illustrate the point. Locations 
of sections in Fig. 6 are shown 
here
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setting and associated structure and lithology can be impor-
tant drivers of longitudinal variation in stream temperature. 
Detailed high-resolution geologic maps of rivers with TIR data 
are needed to link the vertical dimension of hydrogeology with 
thermal heterogeneity in riverscapes (Fullerton et al. 2015; 
O’Sullivan et al. 2020).

In 2018, airborne TIR surveys (using the methodology 
of Torgersen et al. 2001) were conducted in the afternoon 
(4:37–7:00 pm) and morning (7:05–9:22 am) of both Sep-
tember 24 and 25 to measure water-surface temperature of 
the lower 65 km of Hat Creek. In rivers with no interaction 
with groundwater, radiant temperatures should rise steadily 
through the day and with distance from the source (Fullerton 
et al. 2015). Comparing radiant temperatures from the morn-
ing and afternoon allows spatial characterization of similar 
anomalous low or high temperatures along reaches of a stream, 
identifying locations of groundwater/surface-water interaction. 
Detailed descriptions of TIR methods, imagery, and data are 
provided by Curtis et al. (2021). The morning and afternoon 
surveys were conducted using a helicopter-mounted forward-
looking infrared (FLIR) SC6000 LWIR sensor (FLIR Systems, 
Inc.) flown 300–400 m above Hat Creek. The sensor measured 
wavelengths of 8–9.2 μm. Twelve digital temperature loggers 
(HOBO Water Temperature Pro v2 Data Logger, U22-001; 
Onset, Inc.) distributed within the flowing stream along Hat 
Creek were used to calibrate radiant temperatures in the ther-
mal imagery. TIR temperatures were within 0.5° of in-stream 
temperatures (Curtis et al. 2021). Typically, channel width 
exceeds 4 m for the surveyed reaches, so the channel was ade-
quately sampled by the georeferenced TIR image mosaics that 
have a spatial resolution of 0.5 m × 0.5 m. The thalweg path 
was digitized manually and did not vary at the channel unit 
scale (e.g., riffles, ~10 m). To remove numerical artifacts in 
estimated stream temperature, median temperature along each 
10 m length was used. Where the median temperature picks 
did not correspond with the stream channel, median temp picks 
were removed. A gap of 400 m exists upstream of the conflu-
ence with Rising River, where low flow conditions and narrow 
channel made choosing a thalweg from the TIR data difficult 
(Fig. 3). Median temperatures were plotted longitudinally with 
respect to the distance upstream (‘river km’) from the mouth 
of Hat Creek where it enters the Pit River.

Results of hydrogeologic analysis

The mapped depositional units, used to create the hydrogeo-
logic units, and stratigraphic trends calculated from geologic 
contacts found in well logs are used to create a 3D concep-
tual representation of the focus area groundwater system 
(Fig. 5). Measured streamflow, stream temperature, and flow 

from springs can be compared to average creek conditions to 
analyze surface-water/groundwater interactions.

Structure and stratigraphy

Depositional horizons identified in well logs generally dip 
and units thicken to the north or northeast (Fig. 5). These 
trends are due to both the geometry of the basin in the south 
(east dipping half-graben where the basin is surrounded by 
west-dipping faults, Fig. 3, section ‘Conceptual model of 
groundwater flow’) and the general topographic trend (eleva-
tion decreases with distance from Lassen Peak, Fig. 1). The 
maximum exposed extent of the HCB on the eastern side of 
the valley is 30 m, and it thins to 0 m on the western margin 
of the valley, but due to the sparse water-well logs (Fig. 3), 
much of the subsurface geometry of the basalt is uncon-
strained. The HCB forms much of the valley floor of the Hat 
Creek basin. Surfaces created by LOESS over the water-well 
log (Fig. 3) contacts (section ‘Well log analysis’) vary in 
space, allowing estimation of variations in dip direction and 
dip (Table 3). These surfaces are used to conceptualize the 
geometry of the Hat Creek basin for the conceptual model 
(section ‘Hydrogeologic units’). The Hat Creek basin has 
components of both a strong topographic dip (north) and a 
structural dip (east/northeast), with buried basalt flows thick-
ening and contacts generally dipping in these directions.

Both HCB top and HCB bottom have north to north–north-
east dip directions and similar dip angles (Table 3), and slightly 
thicken to the northeast. The upper trend surface for the basalt 
of Twin Bridges has dip directions clustered between north-
east and east and dips centered on 2.2°, but that range between 
1.4 and 12° (Table 3). Both HCB top and HCB bottom dip 
to the north rather than the east–northeast, as BTB top does. 
HCB bottom’s max dip (1.48°) and BTB top’s minimum dip 
(1.4°) have a .08° difference implying that they could sequen-
tially stack atop one another. However, the difference between 
the BTB’s maximum dip (12°), and the max dip direction (80°), 
and the HCB bottom’s max dip (1.48°) and the max dip direc-
tion (10°) imply the existence of a unit between them. One 
reason maximum dips and dip directions may differ between 
BTB top and the two HCB contacts is a series of discontinuous 
sedimentary interbeds. However, there is no definitive evidence 
for or against the presence of a unit between HCB bottom and 
BTB top. The west-striking, north-dipping slopes of HCB top 
and HCB bottom both likely reflect the topographic dip driv-
ing the HCB’s northward migration and emplacement toward 
the Pit River (Table 3). The BTB trend surface dips to the 
northeast because it is an older unit that has likely been tilted 
relatively more than the younger HCB; its surface reflects both 
the topographic trend (north dipping) and the structural trend 
(east dipping).
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3D conceptual model for the Hat Creek basin

Combining the thematic geologic maps (Fig. 3) with the 
conceptual understanding of the relationship between edi-
fice- and basalt-aquifers (Fig. 4) and the well-log (Fig. 3) 
trend surfaces (Table 3) forms the basis of a 3D con-
ceptual diagram of the hydrogeology of the focus area 
(Fig.  5). The conceptual hydrogeologic framework is 
approximate, based on geologic maps, limited water-well 
log data (section ‘Well log analysis), and knowledge of 
regional structural geology (section ‘Conceptual model 
of groundwater flow’) and volcanology (section ‘Geo-
logic structure’), and the relationship between volcanism, 
faulting, age (sections ‘Lava-flow geochemistry, cooling, 
and geomorphic form’, ‘Hydrogeologic implications of 
lava-flow geochemistry, cooling, and geomorphic form’ 
and ‘Hydrogeologic units’) and groundwater flow. Basalt-
flow aquifers, at the contacts between individual basalt 
flows (Fig. 5), form laterally extensive aquifers that dip 
to the east–northeast (Table 3; Langenheim et al. 2016). 
Up-dip margins on the west create potential connections 
between the aquifers and Hat Creek (Fig. 5). Vertical 
hydraulic connection potentially occurs at depositional 
margins, contacts with edifice aquifer units, and locations 
where stream incisions cut through confining units. At 
least two basalts fill the valley (Table 3), but four hypo-
thetical units depicted on Fig. 5 conceptually present a 
stack of basalt layers that interact hydrologically with 
each other. Figure 6b depicts a conceptual cross section 
from the inset Lost Creek canyon (incised by Lost Creek, 
flowing from a spring within the OV) on the east to the 
western margin of the Hat Creek basin. On the western 
margin of the basin just north of SL, Hat Creek flows near 
the basalt-flow aquifer—OV contact, resulting in a poten-
tial pathway for surface-water/groundwater exchange, 
with multiple basalt-flow aquifers, where lava flows are 
thinnest and closest to exposure at the surface (Fig. 6b). 
Another conceptual cross-section (Fig. 6a) depicts the 
flow of the creek along the western margin of the HCB 
near the contact with the Sugarloaf edifice aquifer. The 

exact architecture of the edifice/basalt-flow contacts is 
unknown, but Fig. 6 conceptually demonstrates interfin-
gering between the edifice and basalt-flow units. In addi-
tion to hydraulic connection at lava flow margins, incision 
by streams through thin parts of the basalts can provide 
connection with the aquifer system (Fig. 6a). High-vol-
ume springs discharge at both structural and depositional 
boundaries (Fig. 5); including from the upthrown side 
of faults (e.g., Lost Creek headwater spring), at poten-
tial fault barriers (e.g., Big Spring), or at the terminus of 
volcanic features (e.g., Rising River spring at the distal 
end of the HCB and margin of the Cinder Butte edifice).

Streamflow and stream temperature: locations 
of groundwater/surface‑water interactions

Combining streamflow and temperature measurements 
allows the identification of an alternating pattern of 
stream gains from springs and losses from stream leakage 
along Hat Creek (Fig. 7). The late summer 2019 seepage-
run measurement locations were selected after using the 
2018 TIR survey data to identify gaining stream reaches. 
Synoptic seepage-run data from 2019 and previous years 
illustrate the general pattern of alternating gains and 
losses (dashed line on Fig. 7). TIR data allow identifica-
tion of short reaches where most stream gains occur (gray 
bands on Fig. 7).

Prior seepage-run and streamflow measurements gen-
erally match the 2019 data, indicating that the pattern 
is robust, with modest variation over decades (Fig. 7). 
The range of late-season streamflow measured at the Hat 
Creek streamgage (Fig. 7) demonstrates that the 2019 
pattern at that location is less than the median of the 
78 years of data, but well within the decadal variation 
captured by the 10th and 90th percentiles. Near river km 
14, low streamflow and narrow stream width precluded 
estimating temperature with the TIR imagery, resulting 
in the gap in median temperature data in Fig. 7. The 
resultant data gap extends downstream to the confluence 
with the spring-fed Rising River.

Table 3  Summary dip angle and dip direction for geologic contacts of the Hat Creek Basalt and basalt of Twin Bridges estimated from water-
well logs in Hat Creek Valley

Name Maximum dip 
angle (°)

Minimum dip 
angle (°)

Median dip 
angle (°)

Maximum dip 
direction (°)

Minimum dip 
direction (°)

Median dip 
direction (°)

Hat Creek Basalt top 1.30 0.32 1.24 020 351 014
Hat Creek Basalt bottom 1.48 1.39 1.43 010 356 357
Basalt of Twin Bridges top 12 1.4 2.17 080 025 062.5
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Fig. 6  Cross sections from the 
conceptual 3D diagram of the 
hydrogeology of the Hat Creek 
basin looking north. Cross-
section locations are shown 
in Fig. 5. Each cross-section 
depicts a different interpreta-
tion of the relationship between 
the geology and the hydroge-
ology of the region. The red 
star, LS, identifies Lost Creek 
headwater spring, orange lines 
depict conceptual groundwater-
flow directions. a Cross section, 
from a to a′ in Fig. 5, depicts 
conceptual groundwater flow 
in the south of the study area, 
crossing Sugarloaf Peak. The 
potentiometric surface (dashed 
line with triangle) lies above the 
Hat Creek, driving groundwa-
ter flow into the creek. b Hat 
Creek lies above the aquifer and 
loses to it through the exposed 
contact. The aquifer behaves in 
an unconfined manner near the 
western margin of the valley 
and a confined manner to the 
east, by Lost Creek. Lost Creek 
neither gains nor loses to the 
groundwater system. c Hat 
Creek flows in the middle of the 
valley, and though the potentio-
metric surface for the uppermost 
aquifer lies below the creek, no 
pathway connects the creek to 
the aquifer; Hat Creek neither 
gains nor loses to the ground-
water system. The relatively low 
potentiometric surface beneath 
Lost Creek drives water from 
the creek down the pathways 
provided by joints, cracks and 
fractures; here, Lost Creek loses 
to the groundwater system
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Discussion

Conceptual cross sections of geology and creek eleva-
tion (Fig. 8b), combined with streamflow and stream-
temperature measurements (Fig. 8a), provide a refined 
understanding of the hydrogeology of the Hat Creek basin 
and spring-flow estimates at geologic features (Fig. 8a). 
Within the Hat Creek basin study area, the basin-fill-
ing basalt-flow aquifers are likely the dominant aqui-
fers exchanging water with Hat Creek, but some spring 
sources may be from adjacent OV aquifers. As with the 
Hat Creek on the surface, the dominant groundwater 
flow direction is primarily from Lassen Peak in the south 
toward the Pit River in the north; but locally, groundwater 
is likely flowing through highly heterogenous flow paths 
from the adjacent horsts (part of unit OV) into the Hat 
Creek basin bottom aquifers.

Geologic evidence for groundwater‑flow barriers

The changes in the permeability or continuity of an aqui-
fer that impede groundwater flow and result in ground-
water discharge are called groundwater-flow barriers. 
Faults and permeability juxtapositions between depo-
sitional units are two examples of groundwater-flow 
barriers; but under this general definition, depositional 
pinch-outs where basalts onlap high-elevation older less-
permeable rocks can also form barriers to groundwater 
flow. Whereas springs do collocate with faults (Keegan-
Treloar et al. 2022), exact mechanisms of fault controls on 
springs are poorly understood; though they can relate to 
fault offsets, bends, and volcanism potentially associated 
with feeder dikes within faults. The fault that coincides 
with Big Spring (Figs. 3 and 8b) is an example of a struc-
tural groundwater-flow barrier that likely juxtaposes the 

Fig. 7  Streamflow (Q, US 
Geological Survey 2019a) and 
September 24 and 25, 2018, 
afternoon and morning water-
surface temperature along the 
length of Hat Creek. The ~1 
 m3/s flow at river km 65 is Hat 
Creek flow from the watershed 
above, starting with low-volume 
springs near Lassen Peak 
(Fig. 2). Values from 2019 with 
no visible red whiskers have 
errors smaller than the width 
of the point representing them. 
Spring complexes are labeled. 
Streamflow is measured on the 
right axis and temperature on 
the left. Legend notes: aError 
categories: 5% (fair) or 8% 
(poor) of the measured value; 
bStreamgage for 1928–1930, 
1960–1993, and 2016–2019 
with whiskers denoting the 10th 
and 90th percentiles cCleveland 
(1979)
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high and low permeability sections of lava flows. Con-
trols on the groundwater-flow barrier on the north side 
of the Sugarloaf Peak (inset box in Fig. 8b), in the lowest 
reach of the Sugarloaf compartment, are less obvious. 
Two alternate models for the north-side springs are pro-
posed (Fig. 9). In one explanation, the basalt-flow aquifer 
onlaps the OV unit and the basalt-flow aquifer on the 
northeast of the volcano, disrupting the lateral continuity 

of the basalt-flow aquifers, and allowing groundwater 
to leak from the aquifer margin (Fig. 9a). Alternatively 
(Fig. 9b), because the basalt-flow-aquifer may be continu-
ous to the east (Fig. 3), a fault (as evidenced by the linear 
chain of cinder cones to the south and north of Sugarloaf 
Peak; Fig. 3) may still act as a barrier, making the col-
location of the springs with OV part of the same story of 
fault offset.

Fig. 8  Longitudinal profile of 
Hat Creek with respect to a 
the reinterpretation of Fig. 7 
streamflow (solid line) based on 
TIR temperature estimates and 
streamflow and b elevation of 
the land surface. The seepage 
run and TIR survey data are 
from Fig. 7. a Discharge and 
temperature measurements 
along the longitudinal profile of 
Hat Creek are used to refine the 
streamflow profile (solid black 
line). b Hat Creek longitudinal 
profile depicts land-surface 
elevation, hydrogeologic units, 
and groundwater-flow paths. 
Two conceptual hydrogeologic 
units are present: the OV unit 
(older volcanics, gray) and the 
basalt-flow aquifer unit (green). 
Although the basalt-flow 
hydrogeologic unit is conceptu-
alized as multiple thin aquifers 
at interflow zones separated 
by dense, impermeable lava-
flow interiors, for simplicity, 
only one basalt-flow aquifer is 
depicted. The potentiometric 
surface of the uppermost aquifer 
is shown conceptually at land 
surface for gaining, and below 
for losing. Groundwater-flow 
barriers result in step changes in 
potentiometric surfaces, consist-
ent with gaining and losing 
reaches. The elevations demar-
cated on the left apply only 
to the longitudinal elevation 
profile, not to the subsurface, 
which is vertically exaggerated 
to demonstrate surface-water/
groundwater interactions. Poten-
tial groundwater-flow barriers 
are marked as either vertical red 
line (the fault at Big Spring) or 
dashed green. Legend note: aDa-
visson and Rose (1997)
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Compartmentalization of the aquifer system

In the Hat Creek basin, groundwater moves primarily from 
the south to the north, much as the Hat Creek does; how-
ever, the groundwater-flow paths in the Hat Creek are com-
partmentalized. The groundwater-flow barriers described in 
section ‘Geologic evidence for groundwater-flow barriers’ 
divide the focus area into leaky compartments. Within each 
compartment, stream gains and losses can be attributed to 
the existence of pathways to the groundwater system and the 
potential created by the relative relationship between poten-
tiometric surface and stream stage. Figure 8b illustrates how 
barriers can create conditions for high potentiometric sur-
faces upstream of barriers (potential for springs), followed 
by low potentiometric surfaces downstream (potential for 
stream infiltration). Groundwater discharge zones define 
the downstream boundary of each compartment, whereas 
losing stream reaches define the upstream of the next com-
partment downstream. In the upper two compartments, this 
gain/loss pattern coincides to where Hat Creek runs across 
(W–E/E–W) known or inferred faults/general structural 
grain (N–S/NW–SE) of the Hat Creek basin (Fig. 3). Path-
ways for stream loss generally coincide where Hat Creek 
flows on the western margin of the basin and where lava 
flows are thinnest and closest to exposure at the surface 
(Figs. 6b and 8). Although fault damage zones are some-
times postulated to serve as vertical flow conduits (Caine 
et al. 1996), absence of a flow barrier would not result in 
low head downstream of the fault. Thus, steadily losing 
reaches downstream of the springs would not occur (i.e., 
a head drop from above land surface to below land surface 
at the fault is required to explain large springs above large 
stream loss reaches). Transitions from gaining to losing 
reaches at known or inferred groundwater barriers are used 
to subdivide the Hat Creek basin into three leaky hydrogeo-
logic compartments (Fig. 8b). More compartments/barriers 
may exist within the valley bottom to the east of Hat Creek, 

and compartment shape is poorly understood, but this manu-
script focuses on the three identified compartments. Hereaf-
ter, the Big Spring compartment lies upstream of river km 
61, the Sugarloaf compartment lies between river km 61 and 
42, and the Rising River compartment occurs downstream 
of river km 42.

Big Spring compartment

The focus area and all associated plots consider only the first 
~64 km of Hat Creek from the mouth, where TIR data are 
available, even though the headwaters of Hat Creek are ~78 
km to the south of Pit River. Springs and the resulting Hat 
Creek flow are comparatively low in volume upstream of Big 
Spring (Fig. 8a; Rose et al. 1996). Hat Creek flow is <1  m3/s 
at 64 km near where the TIR data begin. The Big Spring 
fault is a groundwater-flow barrier and forces ~4.2  m3/s of 
groundwater into Hat Creek where Hat Creek travels NE 
across the NW–SE trending fault (Figs. 2 and 8a). Uniform 
and relatively low streamflow (~0.7  m3/s) upstream of the 
Big Spring complex results in atmospheric heating and cool-
ing and less buffering of diurnal temperature fluctuations 
(Fig. 8a), as lower volumes of water heat and cool faster than 
higher volumes (Caissie 2006). Between river km 62 and 61 
upstream of the fault at Big Spring, streamflow increases by 
over 500%, resulting in cooling of both morning and after-
noon stream temperatures over a ~1-km reach (Fig. 8).

Spring chemistry at Big Spring suggests multiple possible 
recharge areas (Rose et al. 1996), matching high-elevation 
sources including Table Mountain, Badger Mountain, Crater 
Peak part of Magee Volcano, and Lassen Peak (Fig. 1; Rose 
et al. 1996). Cell sizes for the recharge data (PRISM Climate 
Group 2015) are around 4 kilometers (~4 km), but tend to 
be 3.49 by 4.64 km in the SLMSA (PRISM Climate Group 
2015). Multiplying the estimated average annual (from 
1981–2010) precipitation of each pixel (green boxes, Fig. 2) 

Fig. 9  From the box in 
Fig. 8b. The two scenarios, a 
stratigraphic pinch-out and b 
structural offset, that explain 
groundwater/surface-water 
interaction north of Sugarloaf. 
See Fig. 8 explanation for 
details (OV older volcanics). 
The longitudinal profile of Hat 
Creek meanders along the floor 
of the basin from south to north, 
but as it approaches river km 
42, it turns and flows from east 
to west (Fig. 3)
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across the potential recharge area (259  km2, Fig. 2) gives 
11.3  m3/s of water. The 11.3  m3/s of water contributes to the 
evapotranspiration (ET) and recharge to aquifers that may 
feed Big Spring (PRISM Climate Group 2015; Fig. 2), and 
exceeds the measured 4.2  m3/s spring flow, leaving 7.1  m3/s 
for ET and groundwater flow past the spring. Recharge in 
the volcanic upper Deschutes River watershed is estimated 
to be up to 75% of precipitation (i.e., 25% ET), indicating 
that the proposed source of spring-flow at Big Spring (Rose 
et al. 1996) is viable. Average annual precipitation from 
Magee Volcano (yellow boxes, Fig. 2) adds an additional 
2.7  m3/s of streamflow, meaning that Magee Volcano water 
is not strictly necessary to meet streamflow measured at 
Big Spring (though it may be a contributor). Thus, Magee 
Volcano cannot be the sole source of waters at Big Spring, 
due to the insufficient amount of water. The Big Spring 
compartment is likely leaky, and there might be alternate 
groundwater-flow paths from Lassen Peak around the com-
partment. This manuscript postulates that the average eleva-
tion of spring-water geochemistry measured likely reflects 
a range of elevations (Lassen Peak to Turner Mountain and 
its surroundings, Fig. 2) rather than one edifice (Crater Peak 
atop Magee Volcano, Fig. 2).

Sugarloaf compartment

The Sugarloaf compartment extends from the fault at Big 
Spring (ca. river km 61) to the groundwater-flow barrier north 
of Sugarloaf Peak (ca. river km 42; Fig. 8). The Sugarloaf 
compartment of Hat Creek loses streamflow over the upstream 
two-thirds and gains streamflow over the downstream third 
(Fig. 8a). Again, morning and afternoon stream temperatures 
change markedly over short reaches upstream of river km 48 
suggesting localized groundwater discharge (Fig. 8). Between 
river kms 59 and 48, Hat Creek flows near or over a basalt-
flow–edifice aquifer contact, this unit pinch-out could result in 
surface-water loss (Figs. 5 and 8). Modest temperature gains 
downstream between river kms 61 and 48 in the afternoon 
likely represent stream heating due to atmospheric exchange 
(Fig. 8a). Groundwater discharge could be from two different 
sources in the Sugarloaf compartment (Fig. 8), one warmer, 
potentially deeper flow path from Lassen Peak, heating both 
morning and afternoon stream temperatures near river km 48, 
and a second, colder source at river km 43 (Fig. 8a).

In the Sugarloaf compartment, streamflow losses upstream 
approximately balance downstream gains (Fig. 8). Possibly, 
stream losses upstream are regained downstream with lit-
tle groundwater required from outside the compartment. 
Excess groundwater flow from nearby groundwater–recharge 
sources, including Crater Peak atop Magee Volcano, Table 
Mountain, and Badger Mountain (Rose et al. 1996; Fig. 2), 

might leak through or past the downstream groundwater-flow 
barrier into the next compartment.

Rising River compartment

The Rising River compartment begins at the groundwa-
ter-flow barrier associated with Sugarloaf Peak (river km 
42) and ends at the Pit River (river km 0). Groundwater 
mostly discharges near the northern terminus of Cinder 
Butte (Fig. 3; Tables 1 and 2) and the HCB, where topog-
raphy drops as Hat Creek approaches the Pit River (Figs. 3 
and 8b). The Rising River compartment loses streamflow 
in its upstream sections and gains in the downstream sec-
tions. North of Cassel, two sequential run-of-the-river dams 
divert water through turbines or allow the water to bypass. 
The local gage (US Geological Survey station 11358700) 
monitors only one diversion, so rarely if ever does the gage 
measure total streamflow (e.g., total water flowing past the 
dam through the diversion and bypass). From September 
8–19, 2019, water diverted from Hat Creek for the upper 
dam’s (southernmost dam, Fig. 3) operation was an aver-
age of 0.28  m3/s (US Geological Survey 2022). The low 
amounts of water diverted might indicate that most of this 
water is immediately used for the generation of electricity, 
flowing through turbines to Hat Creek below the power-
house. The increase in Hat Creek streamflow at river kms 10 
and 6 might be due to lower dam operations (northernmost 
dam, Fig. 3), but because run-of-the-river-dams are defined 
by low storage capacity, both dams are assumed to affect 
streamflow to a small degree when compared to the ~6  m3/s 
gains measured near river km 9 (Fig. 8). Instead, streamflow 
gains are likely driven by spring flow added to Hat Creek 
from deeper groundwater-flow paths that add water below 
the surface of the Hat Creek.

Hat Creek loses close to 4.5  m3/s of streamflow between 
the groundwater-flow barrier (river km 42) and the conflu-
ence with the spring-fed Rising River (river km 14). Much of 
the 4.5  m3/s of streamflow lost above river km 14 may return 
to Hat Creek via Rising River headwater springs, which adds 
at least 6.9  m3/s of streamflow at the toe of Cinder Butte 
(Fig. 8). Rising River springs could also have additional 
sources of groundwater from the uplands to the east.

In addition to the thermal effect of the lake associated 
with Crystal Lake springs, stream temperatures are poten-
tially influenced by the dams (Fig. 8). Most of the stream-
flow (~14.3  m3/s) measured near river km 3 likely enters 
Hat Creek before river km 7, as evidenced by the TIR data 
(Fig. 8) and originates from the Crystal Lake springs com-
plex as distributed seepage.

Isotopic compositions found in the Rising River compart-
ment at Rising River and Crystal Lake springs indicate a Lassen 
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Peak source for at least some of the springs (Rose et al. 1996). 
These data suggest a deeper groundwater-flow path via leakage 
through or around the upstream compartments. This is unsur-
prising, as the geology suggests that all the basalt-flow aquifers 
pinch out as Hat Creek flows into the Pit River (Fig. 8b).

Implications for other volcanic terranes

Groundwater systems in volcanic regions with vertical 
displacement on faults could be compartmentalized. Com-
paring the proposed relationship between fault throw and 
compartmentalization to the well-studied upper Deschutes 
River and upper Klamath River basins (Gannett et al. 2001, 
2007) might give more insight. Though previous work ana-
lyzes these basins at large scales, the relationship between 
groundwater-flow barriers and structure and stratigraphy is 
not as fully examined as the detailed work herein. In the 
upper Deschutes River drainage basin, Tertiary to Quater-
nary volcanic rocks interact with the Brothers, Sisters, and 
Green Ridge section of the Metolius fault zones (Gannett 
et al. 2001); whereas, the upper Klamath River basin hosts 
volcanic rocks that are faulted and as old as the pre-Tertiary 
and can locally be compartmentalized by faults (Gannett 
et al. 2007). Both drainage basins lie in regions where fault-
ing and arc volcanism intersect (Blakely et al. 1997; Gan-
nett et al. 2007; Waldien et al. 2019). Moreover, both basins 
contain rocks that are markedly older and have lower per-
meability, indicating possible permeability reduction with 
increased alteration to clay (Jefferson et al. 2010; Burns et al. 
2015, 2017a), which would enable a more comprehensive 
study of the relationship between compartmentalization, 
faulting and age/alteration.

Summary and future work

An investigation based on detailed geologic maps, well logs, 
streamflow data, and TIR imagery collected in the morning 
and late afternoon result in a detailed conceptual model of 
the hydrogeology and groundwater/surface-water exchanges 
of the lower Hat Creek basin. These investigations reveal 
aspects of specific geologic features associated with both 
warm- and cold-water anomalies in Hat Creek’s longitudinal 
stream temperature profile. In rivers without TIR imagery, 
additional research would be needed to assess whether 
LiDAR topographic data can be used to characterize the 
geology (e.g., faults and stratigraphic contacts) associated 
with longitudinal thermal heterogeneity and cold-water ref-
uges important for cold-water species (Fullerton et al. 2018). 
Because of the lack of data, this paper does not attempt to 
pinpoint exact groundwater-flow paths, but rather attempts to 
constrain them through the Hat Creek basin. Measurements 

of hydraulic head and conductivity (k) are available for 
only a small part of the Hat Creek basin, but would greatly 
increase understanding of the Hat Creek basin groundwater 
system.

Conclusions

Hat Creek flows over a leaky, compartmentalized aquifer 
system with at least three distinct segments separated by 
geologic structures. The two downstream compartments are 
characterized by losing stream reaches upstream and gain-
ing reaches downstream. This manuscript hypothesizes that 
the pattern of streamflow gain followed by streamflow loss 
occurs across structural boundaries created by faults and 
at unconformities between volcanic units with contrasting 
transmissivity. The upstream-most Big Spring compartment 
gains 4.2  m3/s at its downstream boundary near the fault 
at Big Spring, increasing streamflow by a factor of 5. The 
Sugarloaf compartment likely regains streamflow lost in 
its upstream reaches at a groundwater-flow barrier between 
river kms 48 and 42. In the Rising River compartment, near 
river km 15, Hat Creek almost goes dry, but gains around 
14  m3/s between river kms ~14 and 8. Similar patterns of 
streamflow gains and loss at groundwater-flow barriers 
can be found at other locations in the Shasta-Lassen Peak-
Medicine Lake volcano study area (SLMSA) south of the 
Pit River, and likely in other regions with similar geologic 
features. Northern SLMSA shows a pattern of drainage and 
spring discharge controlled by the depositional extent of 
volcanic units. In the case of the Hat Creek basin, the use 
of the spatially extensive airborne thermal infrared (TIR) 
remote sensing dataset reveals the relationship between 
structure, stratigraphy, and groundwater/surface-water 
interactions. Extrapolating the methods used in this study 
to other regions characterized by coeval faulting and vol-
canism, such as the Klamath and Deschutes River drainage 
basins, might lead to a similar depth of understanding of 
their hydrogeologic systems.
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