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Abstract Headwater catchments have strong impacts on downstream waterways, near-shore ecosystems,
and the quality of water available for growing human populations. Thus, understanding how water and solutes
are exported through these upland landscapes is critically important. A growing body of literature highlights the
interaction of topography, climate, and the critical zone structure as a key control on streamflow and chemical
export. However, more focused work is needed to pinpoint how variability in subsurface structure across
lithologically complex regions impacts streamflow and chemical signals at catchment outlets. Here, we aim to
better understand how lithology and subsurface critical zones modulate streamflow response and solute export
patterns in two central coastal California headwater catchments that are similar in topography, vegetation, and
climate but have different lithologies. We monitored streamflow and collected surface water samples at the
catchment outlets for dissolved major ions and organic carbon (DOC) for two consecutive water years. The
catchment with mélange bedrock displayed much flashier hydrologic behavior with 7.8 times higher peak flow
values and 1.9 times higher mean event concentrations of DOC, suggesting shorter and shallower hydrologic
flow paths that likely arise from regions of shallower bedrock. Despite distinct hydrologic behavior and DOC
export, dissolved major ion concentrations were broadly similar and chemostatic, which may be driven by rapid
chemical reactions in the critical zone of both catchments. Our work contributes to building an integrated
understanding of how subtle differences in catchment structure can have profound impacts on how water and
solutes are routed through headwater catchments.

1. Introduction

Decades of hydrologic research have aimed to build hierarchical frameworks to understand how climate and
internal catchment characteristics interact to produce observed streamflow and solute export patterns in head-
water catchments. While topography has been shown to be a first-order control on water routing (Beven &
Kirkby, 1979; Nippgen et al., 2011; Prancevic & Kirchner, 2019), several studies have observed disparate
streamflow behavior in similarly sloped landscapes (Bergstrom et al., 2016; Gutiérrez-Jurado et al., 2019). This
body of work points toward soil type and bedrock lithology as additional key controls on water storage, release,
and residence times in headwater catchments. Particularly, bedrock lithology and soil type set the foundation for
variability in porosity and permeability of the subsurface and thus control the volume of water storage, rates of
water movement, and influence the chemical signature of stream water (Han et al., 2020; Pfister et al., 2017;
Tague & Grant, 2004; van Meerveld et al., 2007; Xiao et al., 2019). This prior work on streamflow generation
suggests that considering the subsurface critical zone and bedrock lithology in tandem with topographic features
is key to understanding observed signals at catchment outlets.

A growing body of work characterizing the subsurface critical zone shows strong links between subsurface
properties and water storage and runoff. However, additional work is needed to specifically investigate links
between subsurface properties and water quality, especially in lithologically complex regions. One such chal-
lenging landscape is coastal California, which contains the Franciscan complex, characterized by chaotic mix-
tures of rock types and complex tectonic and metamorphic histories, and underlies a large fraction of northern and
central California's coastal regions (Jennings et al., 2010; Raymond, 2018, Figure 1). Drilling and long-term
monitoring efforts at the Eel River Critical Zone Observatory (CZO) have characterized the critical zone in
mélange bedrock associated with the Central Belt and sedimentary bedrock associated with the Coastal Belt of the
Franciscan complex (Hahm et al., 2019; Rempe & Dietrich, 2018; Salve et al., 2012). This work showed that
mélange hillslopes develop thin critical zones with lower saturated hydraulic conductivity, while sedimentary
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hillslopes develop a deeper critical zone with higher porosity (Hahm et al., 2019). These distinctions in critical
zone structure result in distinct streamflow regimes and recession rates, where catchments with a higher fraction
of mélange bedrock have less summer runoff and quicker streamflow recession (Dralle et al., 2023). Similar links
between upslope groundwater contributions and recession rates have been shown in numerous other catchments
across the United States and Canada (Li & Ameli, 2023). This work builds a framework for the subsurface critical
zone and its influence on streamflow persistence and drought vulnerability (Dralle et al., 2023; Li & Ameli, 2023;
Lovill et al., 2018), water storage (Dralle et al., 2018), vegetation (Hahm et al., 2019), and salmonid habitat
(Dralle et al., 2023) in regions with mixed lithologies and distinct critical zone structures. However, there is a need
to extend this work toward understanding how lithologic complexity and resulting subsurface properties may
influence water quality and solute export.

While a wide variety of solute export patterns have been observed in headwater catchments, there is a long-
standing understanding that streamflow is composed of water with distinct chemical signals generated from
distinct subsurface stores (i.e., pre-event groundwater, soil water, direct rainfall, etc.; Klaus & McDonnell, 2013;
Mulholland, 1993; Sklash et al., 1976). Changes in surface water chemistry with discharge or concentration-
discharge (C-Q) relationships are commonly used to examine the relative contributions from different subsur-
face stores of water over space and time, and leveraged for understanding the geochemical evolution of land-
scapes and predicting water quality parameters (Bieroza et al., 2018; Chorover et al., 2017; D’ Amario et al., 2021;
Holz, 2010). Depending on the solute source, geochemical reactions, and connectivity of hydrologic flow paths,
solute concentrations are known to increase, decrease, or remain stable as discharge increases. During baseflow
conditions, surface water is largely supported by groundwater contributions with long residence times and
extended interactions with bedrock, generating streamflow with high concentrations of weathering-derived ions
(major ions: Ca>*, C1~, Na*, Mg”*, SO,>~, Si*", etc; Maher, 2011). In contrast, during periods of high rainfall, as
shallow and rapid flow paths through the soil are activated, stream flow generated is expected to have higher
concentrations of biogenic solutes (carbon, nitrogen, etc.), and lower major ion concentrations (Jobbagy &
Jackson, 2000). As a result, major ions tend to become diluted with increasing discharge, and biogenic solutes
tend to be mobilized with increasing discharge. This concept has been termed the “shallow-deep hypothesis”
(Stewart et al., 2022; Zhi & Li, 2020), and while it has been shown to succinctly capture solute export patterns in
some landscapes, it also suggests that catchments with distinct differences in the hydrologic flow path depths and
critical zone structures should have distinct C-Q relationships. However, C-Q patterns at catchment outlets
integrate processes occurring on multiple timescales (i.e., slow bedrock weathering and rapid in-stream
biogeochemical processing) and are also influenced by past and present climate, vegetation, and topography,
leading to differences in C-Q patterns across hydroclimatic regions and timescales (Godsey et al., 2019; Speir
et al., 2024). Concentration-discharge patterns at different timescales can also yield distinct behavior driven by
different processes (Knapp et al., 2020; Speir et al., 2024); thus, considering multiple timescales together can
provide a more integrated understanding of catchment hydrologic and biogeochemical processes. Specifically,
considering event-scale C-Q patterns is likely to be important for headwater catchments that often have punc-
tuated and intermittent streamflow. While the critical zone has been implicated as an important control of C-Q
behavior (Godsey et al., 2019), more C-Q-focused work is needed in landscapes with similar climates and
topography to pinpoint the role of the lithology and subsurface critical zones on chemical signals at the catchment
outlet across multiple timescales.

To address the above knowledge gaps, we instrumented two adjacent headwater catchments that are similar in
climate, vegetation, and topography but have differences in bedrock, with one catchment underlain by both
sedimentary and mélange lithologies and the other catchment underlain only by sedimentary lithologies. We
conducted topographic analyses and monitored streamflow and solute export (Ca>*, C1~, Na*, Mg**, SO,>~, K™,
dissolved organic carbon (DOC)) from these two catchments over two consecutive water years. Here, we compare
our observations with other work in these rock types to see if variability within rock types influences runoff.
Further, we explore how hypothesized differences in critical zone structures from different rock types influence
water quality and C-Q export patterns. Together, we aim to contribute to understanding the links between bedrock
lithology, hydrologic behavior, and solute export in coastal California catchments.

GIGGY AND ZIMMER

2 of 20

95URDIT suowwo)) AAnea1) d[qedsrjdde ay £q pauIaA03 e s3I Y 2SN Jo SN 10f K1eIqI] AUI[UQ AS[IA UO (SUONIPUOD-PUER-SULID)/WOd" KI[1m K1eIqiaur[uo//:sdny) suonipuo) pue swd ], 31 38 *[S707/90/90] o Areiqr auruQ A3[IA\ ‘980LE0AMTOT/6T01 01/10p/wod KaimKreiqiauijuosqndnde//:sdny woiy papeo[umo( ‘v ‘STOT ‘€LO6LYY61



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Water Resources Research 10.1029/2024WR037086

2. Site Description
2.1. Blue Oak Ranch Reserve Study Site Characteristics and Wildfire

Blue Oak Ranch Reserve (BORR) is located in the Diablo Range of central California (37.3813°, —121.7367°).
Within BORR, we instrumented two adjacent catchments, North Dark Canyon (NDC) and South Dark Canyon
(SDC) (Figure 2). Both study catchments contain stream reaches with non-perennial flow; flow at the catchment
outlets only occurs during wet winter months, primarily from October to June. NDC and SDC are 0.71 and
0.99 km? in size, respectively. Elevation ranges from 571 to 772 m above mean sea level (amsl) in NDC and 571—
857 m amsl in SDC. Blue Oak Ranch Reserve has a Mediterranean climate with average annual air temperature
measured from a weather station ~0.6 km southeast of the catchment outlets of 13.8°C from 2011 to 2022. Air
temperatures peak in summer, reaching up to 42°C, and can fall to —6°C during winter. On average, 568 mm of
annual precipitation falls primarily between October to April as rain. However, this region experiences high
interannual variability in precipitation totals, with regular droughts and deluges (Dettinger et al., 2011). Vege-
tation across both study catchments is strongly aspect-dependent, where south-facing slopes in both catchments
are dominated by grasses (Avena sp., Bromus diandrus, and Elymus glaucus) with limited trees, while north-
facing slopes contain blue oak and California black oak (Quercus douglasii and Quercus kelloggii). Some
California bay laurel (Umbellularia californica) and California buckeye (Aesculus californica) can be found in
valley bottoms (Donaldson et al., 2023).

In August 2020, both catchments were entirely burned in the Santa Clara Unit (SCU) lightning complex fire. The
Monitoring Trends in Burn Severity program (MTBS; Eidenshink et al., 2007) classified the burn severity as low
with small patches of moderate, calculated using the differenced Normalized Burn Ratio (ANBR). This matches
our field-based determinations which indicated that the entire study area experienced a low-severity burn except
at a limited number of trees, snags (dead standing trees), or woody debris that allowed for small areas of higher
burn severity. We did not observe any soil hydrophobicity.

2.2. Geologic History

Bedrock geology mapping of the field site and the surrounding region has been published in several maps;
however, the maps are not entirely in agreement, highlighting the geologic complexity of this region. Dibblee and
Munich (2006) mapped both NDC and SDC catchment areas as Franciscan Assemblage sandstone, meta-
greywacke, and containing jadeite and lawsonite. Dibblee and Munich (2006) mapped an N-S striking fault along
the mainstem of NDC with “Franciscan metamorphic” rocks to the west of the fault and “Great Valley Sequence”
to the east. Wentworth et al. (1999) also mapped the same fault along the mainstem of NDC but mapped
“Franciscan mélange” to the west and “Yolla Bolly Terrane” to the east. Additionally, larger maps of central and
northern California show the field site falls within a non-schitose blueschist facies Franciscan complex unit
(Schemmann et al., 2008; Wakabayashi, 2017). The exact boundaries between units of the Franciscan complex,
Yolla Bolly Terrane, and Great Valley Sequence is quite complex, much of which remains an ongoing geologic
investigation evidenced by the variability in regional geologic maps of BORR.

While, determining the exact age and geologic units is outside the scope of this to clarify these various geologic
reports, we conducted geologic field mapping in the summer of 2021 (Figure 1). We observed two distinct
bedrock lithologies that are subsequently described as Franciscan mélange and Franciscan sedimentary. We
observed metamorphic rocks, including blueschist, chert, slate, metagraywacke sandstone, and sedimentary
rocks, including greywacke and shale, on the western slopes of NDC. These rock types, the presence of large
blocks of more coherent, sedimentary material, and some evidence of shallow landslides are consistent with high-
pressure, low-temperature metamorphism and descriptions of Franciscan mélange (Page, 1999; Raymond, 2018).
The rest of the field area is underlain by steep to moderately dipping greywacke sandstone with thin interbeds of
shale and occasional semi-phyllite. We describe regions underlain by these rock types as Franciscan sedimentary
(Figure 1). Due to the observed differences in lithology between hillslopes, we also inferred a northeast-trending
fault along the mainstem of NDC. The outlets of the study catchments sit approximately 1 km northeast of the
active Calaveras fault, which accommodates 2—14 mm/yr of movement (Chaussard et al., 2015).
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Figure 1. (a) Geologic map of the study area. Franciscan mélange geology is shown in blue, and Franciscan sedimentary in
gray; small landslides and alluvial fill regions are shown in gold and tan. Approximately 50% of North Dark Canyon is
underlain by mélange and 50% by sedimentary. 100% of South Dark Canyon is underlain by sedimentary. Preliminary
seismic refraction survey locations are labeled L1 and L2 and shown by black dashed lines. (b) Extent of the Franciscan
complex in California (Jennings et al., 2010), and the location of the field site at Blue Oak Ranch Reserve in central coastal
California (37.3813°, —121.7367°).

2.3. Preliminary Geophysical Characterization of the Critical Zone

In addition to geologic mapping, preliminary critical zone characterization at BORR was done through
geophysical observation of seismic velocities through two mélange-sedimentary transects (Figure 1; Figures S3
and S4 in Supporting Information S1). The mélange regions of the seismic lines showed slightly shallower depths
to bedrock (19.75-25.25-2,500 m/s velocities) compared to the sedimentary regions (27.75-31.75-2,500 m/s
velocities). We note that our observations differ from the Eel River CZO, which showed significant differences in
bedrock depth between mélange and sedimentary rock types (Hahm et al., 2019). The geophysical observations at
BORR are limited in spatial extent and do not capture the full range of rock types observed across NDC's mélange
hillslopes.
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Figure 2. (a) Rainfall (mm/day), (b) North Dark Canyon (NDC) stream discharge in L/s with surface water samples from NDC denoted by light blue circles. The highest
discharge observed at NDC was 359 L/s. (c) South Dark Canyon (SDC) stream discharge in L/s with surface water samples from SDC denoted by black triangles. The
highest discharge observed at NDC was 52 L/s. (b, ¢) Light yellow boxes and numbers in panel b denote each streamflow event used to determine mean concentrations
and event concentration-discharge relationships. Discharge that drops below 0.01 L/s are periods of zero flow.

3. Methods
3.1. Topographic Analyses

We conducted topographic analyses on a 30 cm resolution bare earth LiDAR collected in 2020 by Santa Clara
County. We extracted stream channels in QGIS SAGA Toolbox (Conrad et al., 2015) and then adjusted them to
match the channelization observed in the field (Text S1 in Supporting Information S1; Figures S1 and S2 in
Supporting Information S1). Elevation, topographic slope, curvature, and drainage density were calculated in
QGIS. Prior to extracting curvature values, the digital elevation model was smoothed using a 20 m radial Gaussian
filter to capture hillslope scale curvature values and avoid the effects of microtopography (Prancevic & Kirch-
ner, 2019). We binned topographic analyses and calculated mean values by catchment areas (NDC and SDC) and
by underlying bedrock (mélange and sedimentary).

3.2. Stream and Climate Instrumentation

We measured discharge at the stream outlets of NDC and SDC from September 2019 to January 2023 at 5 min
intervals. Here we present the data from the 2021 and 2022 water years. We developed stage-discharge rating
curves at the outlets of NDC and SDC with salt dilution gaging (Day, 1976) and area-velocity techniques
(Herschy, 1993). We assumed a power-law relationship between stage and discharge in the form of:

Q = {7 €))

Here, ¢ and ¢ are constants, Z is the water height recorded at a capacitance TruTrack water height data logger
(Christchurch, New Zealand) with £1 mm resolution, and Q is stream discharge. We developed rating curves by
taking point measurements of discharge across a wide range of flow conditions. We used 46 discharge mea-
surements at NDC and 60 at SDC to determine the rating curve relationship. Stage values that exceeded the range
of measured discharge at NDC had an exceedance probability of <0.18%. We did not need to extrapolate the
rating curve at SDC beyond point measurements of discharge for study years presented in this manuscript.
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We recorded climate data every 15 min at a weather station (ClimaVUES0, Campbell Scientific; Logan, Utah)
located at a ridge top position in NDC. We assumed that rainfall totals recorded in NDC are representative of SDC
due to their proximity and the limited spatial extent (~1 km?) of the catchments. We defined precipitation events
with a minimum precipitation amount of 1 mm and a minimum period without precipitation of 12 hr (Donaldson
et al., 2023). For historical context of annual precipitation totals, we used a weather station managed by the Santa
Clara Valley Water District (Haskin Ranch, Precipitation Sensor 6,034) located approximately 3 km northwest of
the study catchment outlets with >30 years of precipitation records.

3.3. Water Sample Collection and Analysis

During storm events, we collected surface water samples at 1 to 3 hour intervals at the NDC and SDC catchment
outlets using Teledyne ISCO automated water samplers (6712 and 6172C Portable Samplers). After the inflection
point on the receding limbs of storm event hydrographs, we reduced sample intervals to 12 hr or daily. We
collected samples by hand every 1-3 weeks during baseflow conditions. We sampled groundwater seep samples
1-2 times per year in summer months when stream channels were otherwise dry by collecting dripping water on
the seep face or from small flowing pools with a syringe to reduce sediment in the samples. Precipitation samples
were collected in a clearing at a ridgetop position away from tree canopies. Due to the often-limited sample
volumes for precipitation, we analyzed 11 precipitation samples for all major ions and three samples for DOC
during the study period.

To analyze major ions (CI~, Ca**, Na*, K*, Mg**, SO,*"), we refrigerated samples until filtered through a 0.45-
micron PES filter within 48 hr of collection, then stored in a freezer until analysis. Dissolved organic carbon
samples were filtered through an ashed GF/F filter, acidified with HCI to pH 2, and stored in the fridge. Major ion
samples were processed at the UC Santa Cruz Marine Analytical Laboratory and Duke River Center analytical
laboratory. All anions at the University of California Santa Cruz (UCSC) and all ions at Duke were measured
using a Dionex ICS-2000 Ion Chromatograph. All cations at UCSC were measured using a Thermo iCap 7400
radial view Inductively Coupled Plasma Optical Emission spectrometer. Dissolved organic carbon samples were
analyzed on the Shimadzu Total Organic Carbon and Nitrogen Analyzer at Rensselaer Polytechnic Institute and
UCSC's Marine Analytical Laboratory.

3.4. Event Scale Analyses

We analyzed the hydrograph and stream water chemistry for trends across the entire study period (October 2020—
September, 2022), each water year (2021 and 2022), and at the event scale. We use site specific information to
define the start of a streamflow event as either a shift from dry to flowing conditions or the start of a precipitation
event to aid in comparison between the two study catchments. While more algorithmic methods of event
delineation have been proposed (Giani et al., 2022; Gnann et al., 2021), manual inspection and site-specific
information can still be required (McMillan et al., 2023). Similar ad hoc metrics based on the beginning of
threshold rainfall events and a specific discharge value can be found in recent literature (von Freyberg et al., 2018;
Grande et al., 2022). Here, we define the end of a streamflow event at the beginning of a new precipitation event
larger than 15 mm or when SDC's streamflow reaches 150% of its baseflow value (1.02 L/s). We found using a
smaller value (e.g., 120% of baseflow) occasionally resulted in excessively long streamflow events at SDC. We
also found smaller precipitation thresholds created excessive streamflow events that did not reflect trends
observed in the hydrograph. We use SDC's baseflow value as the time cutoff for events in both catchments to aid
in comparison of both catchments and due to the lack of baseflow in NDC. We determined SDC's baseflow value
by taking the mean discharge during periods of flow with zero precipitation for at least 30 days prior.

We calculated each streamflow event's mean concentration (MC) using a period-weighted approach (Aulenbach
etal., 2016). We linearly interpolated the concentration between samples to determine an event load, then divided
by the total event streamflow (L) to determine a mean event concentration (mg/L). Event scale mean concen-
trations were only calculated for events with three or more samples. We collected surface water samples from 10
of the 10 streamflow events observed at NDC and 11 of the 14 streamflow events observed at SDC.

3.5. C-Q Slopes and Streamflow Recession Calculations

The relationship between stream discharge and the concentration of dissolved solutes can provide insight into the
residence time of water, hydrologic flow paths, and biogeochemical processing in a catchment, enabling a
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stronger understanding of how catchments store and release water. Concentration-discharge relationships tend to
have a linear relationship when plotted in log-log space, indicating a power law relationship in the form of:

c= aQb @)

here c is the concentration of the solute, Q is discharge, and a and b are constants. This power law relationship is
equivalent to:

log,, ¢ =log;, a + blog,, O 3)

Therefore, we can fit the concentration and discharge data set in log-log space with a least squares linear
regression, where a is the y-intercept and b is the slope of the logC-logQ (here in C-Q) relationship (Hall, 1970).

We first determined the C-Q relationships at each catchment using all surface water samples collected in the 2-
year study period, then separated by water year and event scale. We focus our analysis on the slope of the logC-
logQ relationship, similar to Zhi and Li (2020), Stewart et al. (2022), Xiao et al. (2024) and others. Some studies
define C-Q relationships based on the ratio of the coefficient of variation of concentration and the coefficient of
variation of discharge (CV./CVg) or a combination of both CV /CV, and the slope of the C-Q relationship.
Generally, CV_/CV, values < 0.5 are considered chemostatic, and CV /CV, values > 0.5 are considered che-
modynamic (Musolff et al., 2017). To aid in comparison, we make CV /CV, available in Table 2 and Tables S1
and S2 in Supporting Information S1. Here, following Godsey et al. (2009), define C-Q behavior using a slope
cutoff value £0.2. Slopes between —0.2 and +0.2 occur when the solute concentration has little variation or varies
independently of discharge and are considered chemostatic. Slopes greater than +0.2 have chemodynamic
flushing behavior where the solute concentration increases as discharge increases. Slopes less than —0.2 have
chemodynamic dilution behavior where the solute concentration decreases as discharge increases. We excluded
events with less than four samples or events with extremely limited changes in discharge (less than a 100% change
between the minimum discharge sample and maximum discharge sample) from event scale C-Q analysis to avoid
overfitting.

We also compare the streamflow recession of the two study catchments. We calculated rates of streamflow
recession at each catchment by selecting all data points in the discharge time series that had a negative change in
discharge over time (-dQ/dt), indicating periods of streamflow recession. We compared recession at the two
catchments using the slope of the linear relationship between -dQ/dt and Q plotted in log-log space (Kirch-
ner, 2009). This is a simple approach to recession that encapsulates stormflow recession and baseflow recession
and does not use a threshold value for a minimum recession period. We do not use these values to determine
aquifer properties, which is outside the scope of this study.

4. Results
4.1. Topography

The NDC and SDC catchments have similar catchment areas, mean topographic slopes, and mean curvatures but
notably distinct drainage densities (Table 1). Catchment areas of NDC and SDC are 0.77 and 0.91 km?,
respectively. North Dark Canyon and SDC are both steep catchments with average topographic slopes of 23.6°
(standard deviation (SD): 8.5) and 24.6° (SD: 8.8), respectively. The mean profile curvature of NDC is
—2.77 % 107> 1/m (SD: 0.0015), and SDC is —4.62 x 10> 1/m (SD: 0.0015). The drainage densities in NDC and
SDC are 7.5 km/km? and 5.3 km/km?, respectively. The higher drainage density in NDC is driven by the presence
of mélange. The portion of NDC underlain by mélange has a drainage density of 11.1 km/km?, while all sedi-
mentary regions (NDC and SDC) have a drainage density of 6.20 km/km?. The average stream gradient of NDC is
13.4° (SD:11.4) and 13.6° (SD:11.7) at SDC. However, tributaries in NDC underlain by mélange bedrock are
steeper, with an average gradient of 16.5° (SD: 10.5), while tributaries underlain by sedimentary bedrock have an
average gradient of 13.3° (SD: 11.9).

4.2. Precipitation and Streamflow

The cumulative rainfall was 505 and 557 mm in the 2021 and 2022 water years, respectively. Based on a 36 year
record from a nearby weather station (Haskins Ranch, Santa Clara Valley Water), 2021 precipitation was <tenth
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Table 1

Catchment Metrics Averaged Across North Dark Canyon and South Dark Canyon Catchments and Mélange and Sedimentary Areas (See Figure 1 for Site Map)

Topographic metrics

North dark canyon

South dark canyon

Mélange (NDC only)

Sedimentary (NDC and SDC)

Total catchment area (km?)

Mean elevation (m amsl)

Mean topographic slope (°)

Mean channel slope (°)

Mean profile curvature (1/m)

Drainage density (km/km?)

0.77
722.17
23.6
13.4
—2.77 x 1073
7.5

0.91
745
24.6
13.6
—4.62 x 107
5.8

705.26
21.3
16.5

—320% 107>

11.1

739.48
253
13.3

—3.13 x 107

6.2

Table 2

percentile, and 2022 precipitation was <25th percentile for the region. A majority of streamflow, especially at

NDC, was associated with atmospheric river events that had precipitation totals >100 mm. For example, the

largest precipitation event in the 2021 water year totaled 140 mm of rainfall. Over the 4.4 day period between the
start of that event and the beginning of the next precipitation event (26th—29th January, 2021), NDC exported 84%
of the annual streamflow, and SDC exported 14% of the annual streamflow.

Summary Table of Mean Concentrations, Concentration-Discharge Slopes, and CV./CV, Values of Sampled Waters

NDC surface water

Analyte n Mean C (mg/L) b (All years) b (2021) b (2022) CV.JCV, (all years) CV./CVq (2021) CV./CVq (2022)

Ca** 122 26.89 —0.03 0.05 -0.13 0.11 0.12 0.17

Na*t 122 14.33 —0.11 —0.08 —0.18 0.14 0.14 0.23

Mg** 122 13.05 —0.11 —0.08 —-0.19 0.14 0.12 0.22

S04~ 126 28.64 —0.12 —0.08 —0.21 0.18 0.22 0.24

K* 122 2.16 0.06 0.08 0.03 0.13 0.15 0.17

Cl™ 126 12.69 —0.10 —0.06 —0.14 0.18 0.24 0.22

DOC 103 9.57 0.17 0.20 0.33 0.31 0.29 0.38

SDC surface water

Analyte n Mean C (mg/L) b (All years) b (2021) b (2022) CVc/CVQ (all years) CVc/CVQ (2021) CVc/CVQ (2022)

Ca** 96 27.29 —0.08 —0.03 —0.09 0.28 0.24 0.21

Na* 96 20.82 —0.09 —0.12 —0.10 0.20 0.16 0.27

Mg>* 96 12.74 —0.11 —0.12 —0.17 0.22 0.19 0.27

S04~ 95 27.64 —0.13 —0.16 —-0.16 0.40 0.31 0.48

K* 96 1.62 <0.01 —0.02 0.01 0.33 0.30 0.39

ClI™ 95 17.55 —0.17 —0.13 —0.09 0.38 0.31 0.28

DOC 87 6.82 0.05 0.11 0.05 0.84 0.43 0.86
NDC seeps SDC seeps

Analyte n Mean C (mg/L) n Mean C (mg/L) n Mean C (mg/L)

Ca®* 13 43.10 11 38.15 7 3.60

Na* 13 23.10 11 27.18 7 0.90

Mg** 13 20.54 11 14.65 7 031

S04~ 13 37.39 11 15.69 8 0.52

K* 13 2.89 11 2.24 7 0.84

ClI™ 13 16.82 11 21.62 8 1.11

DOC 9 1.46 4 1.45 3 5.23
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Figure 3. Event mean concentration (MC) values for each streamflow event in 2021 and 2022. The vertical black line denotes the start of a new water year; events 1-9
occurred in the 2021 water year, and 10—12 occurred in the 2022 water year. North Dark Canyon values are represented by blue circles and South Dark Canyon values by
gray triangles.

The precipitation water chemistry of sampled rain events had low concentrations of Mg>* and SO,>~ (non-
weighted average < 0.6 mg/L). K* concentrations averaged 0.84 mg/L (SD): 1.5). Non-weighted average
concentrations of C1~ were 1.1 mg/L (SD:1.1) and 0.9 mg/L (SD: 1.0) for Na™. Ca* concentrations averaged
3.6 mg/L (SD: 2.0). The MC of DOC in the subset of precipitation samples with sufficient volume for all analyses
was 5.2 mg/L (SD: 3.2).

Streamflow at the catchment outlets was highly seasonal. However, streamflow out of NDC displayed much
flashier behavior than the adjacent SDC stream (Figure 2). At the NDC outlet, flow only occurred for 29% of the
study period, while SDC maintained flow for 68% of the study period (2021 and 2022 water years). Mean peak
streamflow values (<1% exceedance) were 7.8 times higher at NDC than SDC. North Dark Canyon had 10
streamflow events during the study period (denoted as events 3—12 in Figure 2), and SDC had 14 streamflow
events. In the 2021 water year, NDC exported 38 mm, and SDC exported 23 mm of streamflow. In the 2022 water
year, NDC exported 24 mm, and SDC exported 21 mm of streamflow. The streamflow recession rates were faster
in NDC than SDC, with a recession slope of 0.94 at NDC and 0.77 at SDC.

4.3. In-Channel Seeps and Perennial Stream Reaches

In the dry season (June-September), the entire NDC stream network dried down except at six small (<0.5 m)
stagnant pools at groundwater seeps. In contrast, SDC sustained flow across multiple short (3—10 m) perennial
reaches in addition to two stagnant pools at seeps (Figure 1). We assume water from summer seeps represents
groundwater discharge. Overall, NDC seep samples had 2.4 times higher mean concentrations of SO,*~ and 1.4
times higher concentrations of Mg>* when compared to SDC seep samples (Table 2). At NDC, the seep samples
had higher concentrations of Na™, Mg>*, and Ca>* compared to all surface water samples collected at the outlet of
NDC (Table 2). At SDC, seeps were more saturated with Na® and Ca®>" and less saturated with SO,*~ when
compared to all surface water samples at the SDC outlet.

4.4. Surface Water DOC Concentrations and C-Q Patterns

Concentrations of DOC at NDC were variable, ranging from 2.53 to 35.4 mg/L. Concentrations of DOC at SDC
ranged from 1.85 to 26.7 mg/L. Event mean concentrations (MCs) at NDC ranged from 3.94 mg/L to 31.1 mg/L,
and MCs at SDC ranged from 3.25 mg/L to 19.2 mg/L. In both water years, NDC displayed strong seasonality,
with the highest DOC concentrations occurring in the first flow activation event during the fall/winter wet-up
period. In NDC, DOC MCs peaked at 16.5 mg/L and 31.2 mg/L during the first flow events of 2021 and
2022, respectively. The MCs during each subsequent event generally decreased (Figure 3). MCs of DOC at SDC
generally were lower and less variable than NDC. At SDC in the 2021 water year, MCs of DOC were highest
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Figure 4. Concentrations - discharge plots of dissolved organic carbon at North Dark Canyon (NDC) and South Dark Canyon
(SDC) outlets. (a, b) concentration-discharge (C-Q) slopes separated by water year and colored by sample location, with dark
blue circles indicating NDC and gray triangles indicating SDC. The C-Q slopes (dark blue line) at NDC in (a) 2021, and
(b) 2022 are 0.20 and 0.33 respectively, and SDC slopes (black line) in 2021 (a) to 2022 (b) are 0.11 and 0.05 respectively.
The light red line shows the C-Q relationship if the October 2021 event (Event 10) is removed, changing the slope from 0.05
to 0.20. (c, d) Panel ¢ shows all NDC samples, and panel d shows all SDC samples with both panels colored by date. These
are the same samples from a/b, now subset by sample location instead of water year.

during the third event (7.91 mg/L). This event was also the highest discharge event observed in SDC (peak flow:
24 L/s). At SDC in the 2022 water year, DOC peaked during the first flow event of the year (19.2 mg/L) and
decreased in the subsequent sampled events. However, due to instrument failure, we do not have samples from the
largest discharge event of the 2022 water year, so DOC response is uncertain during this event.

North Dark Canyon and SDC had distinct DOC C-Q relationships at inter-annual and annual time scales
(Figure 4). The C-Q slope of DOC at NDC, determined using samples collected in both water years, was 0.17, and
at SDC was 0.05. In the 2021 water year, the C-Q slope at NDC was borderline chemodynamic (Ibl > 0.20) and
positive (b = 0.20; p-value <0.001), while SDC was more chemostatic (b = 0.11, p-value = 0.055). In the 2022
water year, the C-Q slope at NDC was more strongly chemodynamic and positive (b = 0.33; p-value <0.001).
While SDC was strongly chemostatic (b = 0.05; p-value = 0.89).

During the October 2021 event, despite high rain intensities and considerable DOC mobilization, peak discharge
at SDC only reached 3.1 L/s. We also observed considerable DOC mobilization at NDC, however discharge
reached 28 L/s (Figure 4). While SDC displayed positive C-Q behavior later in the water year, the overall C-Q
slope was constrained by this October event, driving a negative slope and chemostatic behavior. Excluding this
event, SDC's 2022 C-Q slope changes from 0.05 to 0.20 and increases the C-Q slope of all SDC samples from 0.05
to 0.14. At the event scale, C-Q slopes at SDC tended to be steeper and more variable than across the entire water
year, ranging from —0.21 to 0.6. While NDC event C-Q slopes are more consistent and often slightly lower than
the annual scale C-Q slopes, ranging from —0.08 to 0.17.

4.5. Surface Water Major Ion Concentration and C-Q Patterns

Over the entire study period, surface water concentrations of major ions were similar at both catchments (Table 2).
At NDC, the dominant mean ion concentrations were SO,>~ > Ca®* > Na* > Mg>* > CI™ > K*. At SDC, the
dominant ions were SO42_ > Ca’* >Nat > ClI™ > Mg2+ > K™. In all years, the mean concentrations of C1~ and
Na™ were statistically higher at SDC than at NDC. No other ion concentrations were statistically different
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Figure 5. Concentrations - discharge (C-Q) plots with all major ions samples collected during the study period at North Dark Canyon (NDC) and South Dark Canyon
(SDC) outlets. NDC samples are indicated by blue circles and SDC samples are indicated by gray triangles. Slopes of C-Q relationships are shown by the linear
regression lines; blue lines fit NDC samples, and black lines fit SDC samples. All C-Q slopes are negative except K*, which has a slight positive slope (0.06 and <0.01 at
NDC and SDC, respectively). R? and p-values text colors follow the same patterns described above.

between catchments for the 2021 and 2022 water years (Table 2). The variability in event MCs of Ca2+, Cl™, and
K™ at both catchments tended to be greatest during the first 1-2 streamflow events of the season (Figure 3). For
Na*, SO4>~, and Mg, variability in event MCs was not consistent year-to-year.

The C-Q slopes of each ion species were almost always chemostatic, regardless of whether the samples were
binned by the event scale, annually, or all samples (Table 2; Figure 5; Figure 6). When major ion C-Q slopes were
calculated using samples from the entire study period, they ranged from —0.17 to <0.01 at SDC and from —0.12 to
0.06 at NDC (Figure 5). The steepest slope at SDC was observed in CI~ (—0.17), and the steepest slope at NDC
was observed in SO,*~ (—0.12). The C-Q relationship of ions in both catchments (except Ca** at NDC and K* at
SDC) had statistical significance (p-value <0.05; Tables S1 and S2 in Supporting Information S1). When C-Q
slopes were binned by water year, relationships were mostly similar; nearly all annual C-Q slopes remained
slightly negative and chemostatic. However, slopes did tend to be slightly more negative in 2022, especially at
NDC. Notably, SO,>~ surpassed the chemostatic threshold with weak dilution behavior (b = —0.21).

At the event scale, C-Q relationships of major ions still tended to be chemostatic (Figure 6) with short periods of
chemodynamic behavior for some solutes. Additionally, for large streamflow events (events that exported 25% or
more of the annual streamflow), the C-Q slopes were almost always negative at both catchments. Notable ex-
ceptions to chemostatic behavior were observed in SO, during the January 2021 event (labeled Event 3) and
December 2021 event (labeled Event 12) at NDC, which displayed weak dilution behavior slopes of —0.24 and
—0.22, respectively. The December 2021 event (labeled event 12) at SDC also showed weak dilution behavior in
SO4_2 (b: —0.21) and Mg2+ (—0.23). Additionally, the October 2021 event (Event 10), which only represents
1.2% of the annual streamflow, showed strong flushing behavior at SDC with C-Q slopes ranging from 0.27 to
0.52. Occasionally, other solutes in small events also surpassed the chemostatic threshold at SDC, such as Ca>*
during the December 2020 event at SDC (labeled event 2), which had a C-Q slope of —0.29 and K* during a
December 2021 event (labeled event 11) which had a C-Q slope of 0.41. At NDC, event scale C-Q behavior of
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Figure 6. Event scale concentration-discharge (C-Q) slopes of major ions at North Dark Canyon (circles) and South Dark Canyon (triangles). The chemostatic range is
indicated by vertical dashed lines where most events fall, C-Q slopes >0.2 have flushing behavior and C-Q slopes < —0.2 have dilution behavior. Events are colored by

date and labeled with the event number.

Ca®*, Mg®*, Na*, and K* at were always chemostatic. The event C-Q slopes at SDC were more variable than
NDC, with some solutes (Ca>*, Mg?*, K*, and SO,*") showing both flushing behavior and dilution behavior at
different points in time. However, a majority of events at both catchments still displayed chemostatic behavior.

5. Discussion

5.1. Short and Shallow Versus Long and Deep: Lithologic Controls on Hydrologic Flow Paths and
Streamflow Behavior

Our observations of streamflow behavior at NDC and SDC fit within the previously developed frameworks of
mélange and sedimentary bedrock's critical zone structure and hydrologic behavior in other nearby California
field sites (Dralle et al., 2023; Hahm et al., 2019) and broader frameworks describing the role of upland hillslope
contributions to streamflow (Li & Ameli, 2023). Our direct observations of subsurface characteristics and
groundwater at BORR are mostly limited to one 0.04 km? catchment (termed “Arbor Creek Experimental
Catchment”) that drains to NDC, underlain by sedimentary bedrock (Callahan et al., 2024; Donaldson et al., 2023,
Figure 1). Donaldson et al. (2023) characterized the soil, saprolite, and shallow groundwater across a study
transect in Arbor Creek. They observed perched groundwater at the soil to saprolite transition (3—4 m below the
surface) periodically during the 2021 rainy season (January to May). Additionally, Callahan et al. (2024) extended
critical zone observations beyond the saprolite in Arbor Creek and observed extensive fracturing and depths to
fresh sedimentary bedrock between 24.7 and 36.6 m below the ground surface at ridgetops, depending on
borehole location. At the transition from oxidized to fresh bedrock, they also observed the perennial groundwater
during the 2023 water year that rose above the ground surface in Arbor Creek's stream channel during periods of
high rainfall. It is unclear how hydrologically connected this perennial groundwater system is to surface water in
the study catchments during periods of low rainfall. Regardless, these observations suggest that the critical zone
properties of sedimentary hillslopes allow for high water storage and various subsurface hydrologic flow paths,
including transient shallow groundwater and deeper groundwater contributions. In SDC, higher water storage
capacity likely contributes to the prolonged presence of baseflow (Figure 2) and short reaches of perennial surface
water in SDC's mainstem (Figure 1).
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Critical zone characterization in mélange bedrock at BORR was done through geologic mapping and geophysical
observation of seismic velocities through two mélange-sedimentary transects (Figure 1; Text S2 in Supporting
Information S1; Figures S3 and S4 in Supporting Information S1). At the surface, boulder-sized outcrops of chert
and blueschist are scattered on the landscape, surrounded otherwise by soil-mantled hillslopes, with occasional
greywacke and shale outcrops along stream channels. Preliminary geophysical work was run along hillslope
transects with no visible chert or blueschist boulders. Generally, the mélange regions of the seismic lines showed
slightly shallower depths to bedrock (19.75-25.25-2500 m/s velocities) compared to the sedimentary regions
(27.75-31.75-2500 m/s velocities). However, these geophysical observations are limited in spatial extent and do
not capture the full range of rock types observed across NDC's mélange hillslopes. Compared to our observations,
Hahm et al. (2019) observed the depth to fresh bedrock as shallow as 3 m at ridge tops. However, NDC's hillslopes
are much more heterogeneous and have a larger fraction of sandstone and shale than is observed in their study.
Despite potential discrepancies in bedrock depth across mélange in these studies, our observed streamflow
behavior is similar to other studies along the Eel River, which indicates shallow flow paths and limited vertical
recharge, evidenced by extremely flashy streamflow and limited surface water in the dry season. Additionally, we
observed higher variability in runoff year-to-year at NDC (2021: 38 mm, 2022: 24 mm), while SDC runoff was
more consistent (2021: 23 mm, 2022: 21 mm), which also may suggest a lower storage capacity in NDC hillslopes
that is responsive to year-to-year variability in precipitation. Li and Ameli (2023) also present a generalizable
framework for understanding variations in low-flow recession rates and drought vulnerability. They show that
rapid recession rates, such as the observations at NDC, are driven by limited water subsidies from upland hill-
slopes. In contrast, catchments with slower recession rates, such as SDC, suggest larger contributions from deep,
slow-moving, upland hillslopes. While critical zone differences between mélange and sedimentary hillslopes may
be more subtle or inconclusive at BORR than other California landscapes, they still give rise to distinct differ-
ences in streamflow, recession, and drought vulnerability.

In addition to the subsurface critical zone's controls on streamflow behavior, high drainage density on mélange
hillslopes reflects NDC's tendency toward flashy streamflow and suggests short, shallower flow paths (Table 1).
Stream channels represent the fastest hydrologic flow path through a landscape, and higher channel densities
reduce the residence time of water in the subsurface (Patton & Baker, 1976). Additionally, landscapes evolve such
that higher drainage densities occur in conjunction with shallower hydrologic flow paths (Jefferson et al., 2010;
Litwin et al., 2024; Yoshida & Troch, 2016). The drainage density at our field site is highest in the portion of the
catchment underlain by mélange (Table 1). Topography, climate, vegetation, and lithology have been shown to
influence channel density across a range of landscape types and climate zones (Carlton, 1963; Gregory &
Walling, 1968; Luo et al., 2016; Sangireddy et al., 2016). Given the similarities across our two study catchments,
we suggest that drainage density is likely lithologically controlled. Together, the subsurface critical zone and
channelization point toward shallow and short hydrologic flow paths in NDC's mélange hillslopes, contrasting
with deeper, longer, and more variable hydrologic flow paths at SDC.

5.2. DOC Observations Suggest Shallower Hydrologic Flow Paths in NDC's Mélange Hillslopes

Overall, the DOC export behavior at both catchment outlets matches observations across a range of other studies,
where DOC concentrations increase with increasing discharge (Moatar et al., 2017; Raymond & Saiers, 2010;
Zarnetske et al., 2018). Additionally, high concentrations of DOC are commonly observed following drought
periods and during high-intensity rainfall events (Bernal et al., 2002, 2013; Véazquez et al., 2007), which also
aligns with our observations of the re-wetting behavior in these intermittent stream channels. Specifically, we
observed the highest mean concentrations of DOC in the first major flow events of the water year, following
extended periods with no rain, and the highest DOC event MCs of the study period during the October 2021 event,
with rainfall intensities reaching up to 21.8 mm/hr. While the DOC export patterns at both catchments were
broadly similar to other studies, concentrations of DOC were consistently higher at NDC.

The DOCexport behavior at the NDC outlet further supports our hypothesis that shallow flow paths drive water
and biogenic material export behavior in this catchment. Dissolved organic carbon has been shown to be largely
derived from shallow hydrologic flow paths through the organic-rich soil zones, where plant biomass, roots, and
microbes are abundant (Bowering et al., 2020; Jobbagy & Jackson, 2000; Ploum et al., 2020; Wu et al., 2024). On
average, the event concentrations were 1.8 times higher in NDC than in SDC. The DOC concentrations at NDC
were highest during the first event of the water year and generally decreased with each subsequent event. During
this first event, substantial DOC is likely flushed from the shallow subsurface and the previously dry stream
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channels (Inamdar et al., 2012; Raymond & Saiers, 2010; Strohmeier et al., 2012). In subsequent events, shallow,
near-, and within-stream DOC sources likely become depleted, with a majority of the shallow DOC pool already
mobilized. At SDC, while high DOC export was also observed in the first flow event, event concentration event
concentrations of DOC did not decrease as strongly across the water year. At SDC, peak DOC concentrations
appeared to have a stronger connection with precipitation event size, and DOC sources were not as readily
depleted. Variability in the distribution and abundance of DOC in catchments can also contribute to DOC export
patterns (Herndon et al., 2015), particularly riparian zones with higher biomass tend to build higher soil organic
carbon and can contribute to higher DOC in streams (Aitkenhead et al., 1999; Dosskey & Bertsch, 1994; Fiebig
et al., 1990). However, both NDC and SDC stream channels are surrounded by steep hillslopes, and NDC has
limited to no flat-lying riparian or wetland zones along the stream channel, suggesting hydrologic flow paths
through shallow soil is the dominant DOC source in NDC. While SDC does have some small and moderately flat
riparian zones, indicated in Figure 1 by “Valley fill (Qf),” which may contribute to DOC export at the outlet, the
DOC concentrations at SDC are still limited compared to NDC. Thus, variability in the distribution and abun-
dance of DOC does not appear to be a dominant driver of DOC export patterns. However, the characterization of
water from various subsurface stores and soil properties could further illuminate the carbon pools and biogeo-
chemical processes influencing DOC export in each catchment.

5.3. Mechanisms for Chemostatic Behavior at NDC and SDC Catchments

Generally, we expect higher solute concentrations of weathering-derived solutes to be associated with longer
residence times in a catchment, where long residence times allow sufficient time to reach thermodynamic limits or
overcome buffering processes (Ameli et al., 2016; Maher, 2010, 2011; Stewart et al., 2022). As a result, we
expected SDC would have higher mean concentrations of most major ions due to its apparent stronger connection
to deeper, longer hydrologic flow paths. However, higher mean concentrations at SDC were only observed in Na™
and C1™ (Table 2), while all other major ions were similar between catchments. Additionally, we expected major
ions to be more chemostatic in SDC, assuming ion-saturated groundwater would make up a larger proportion of
streamflow in SDC, reducing the effect of dilution (Stewart et al., 2022). This was also not observed, with C-Q
slopes generally similar across both catchments and largely chemostatic across most analytes regardless of the C-
Q timescales (Ameli et al., 2016, Table 2; Figure 5; Figure 6). We also note that the determination of chemostasis
based on CV /CV g values (threshold 0.5) results in similar conclusions of broadly chemostatic behavior (Table 2;
Tables S1 and S2 in Supporting Information S1).

We hypothesize that the observed inter-annual and annual chemostatic behavior across our two study catchments
may occur because solutes are readily mobilized in the critical zone, regardless of the perceived depth of dominant
hydrologic flow paths. Similarities in the mean concentrations of most major ions across our study catchments
(Table 2) may be driven by broadly similar geochemistry (Hahm et al., 2019) and the dominance of silicate
weathering in both bedrock lithologies. Godsey et al. (2009) suggested that chemostatic behavior could be
explained by invoking the concept that permeability, porosity, and pore aperture exponentially increase toward
the surface. Thus, as a catchment wets up and water tables rise, higher reactive surface areas and higher reaction
rates buffer stream chemistry, driving chemostatic behavior. This is supported and expanded by several studies
that have shown that incoming rainfall can rapidly acquire major ions in the vadose zone from rapid cation
exchange, dissolution of secondary minerals and clays, and release of trapped ions. For example, Cartwright
etal. (2020) saw chemostatic behavior despite distinct reductions in mean transit times and suggested chemostasis
occurred due to similar concentrations of major ions in soil water and baseflow. This is similar to other studies that
showed that up to 50%—74% of the solutes in stream water are generated in the vadose zone by rapid cation
exchange and dissolution of secondary minerals driven by high pCO, in rainfall (Anderson et al., 1997; Kim
et al., 2017). In both NDC and SDC catchments, water may rapidly acquire major ions in the subsurface.
Transitions between layers in the subsurface (e.g., soil horizons, saprolite, weathered bedrock, fresh bedrock) and
the associated changes in permeability or hydraulic conductivity create short-term saturated zones that deliver
water and dissolved ions to the stream (Ehrhardt et al., 2022; Heller & Kleber, 2016; Zimmer & McGlynn, 2018).
Additionally, while the depth of saturated zones in the subsurface may differ in NDC and SDC, streamflow in
both catchments is likely dominated by pre-event water (Buttle, 1994; Clow & Mast, 2010; Sklash & Farvol-
den, 1979). Even in other landscapes with mélange bedrock, where the dominant stream runoff generation
mechanism has been shown to be overland flow, peak stormflow was still dominated by pre-event water (Lapides
et al., 2022). Together, the dominance of pre-event water and high cation exchange processes suggest that even
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fast, shallow hydrologic flow paths may have sufficient conditions to acquire ions and thus drive the chemostatic
behavior we observed in NDC. That said, we did observe dilution behavior during periods of very high saturation
or overland flow (Figure 6), suggesting there are short periods when water influx outpaces the subsurface capacity
or chemical reaction rates, and dilute water contributes to the stream as overland or shallow subsurface flow.

The C-Q behavior of major ions is complex because each ion is uniquely influenced by atmospheric deposition,
cation exchange, plant uptake, microbial activity, leaching, and mineral weathering to various degrees (Ameli
et al., 2016; Crowther et al., 2019; Herndon et al., 2015; Lindberg et al., 1986). Here, we discuss specific pro-
cesses that may influence ions associated with salt and clay dissolution. A reactive transport model developed at
the Susquehanna Shale Hills CZO (Li et al., 2017) showed chemostasis of C1™ occurred due to the trapping of C1~
in soil water during periods of elevated evapotranspiration and decreasing streamflow (e.g., spring and summer),
that was subsequently mobilized as the catchment wet up in fall. Potential differences in the timing and sources of
plant water use could create differences in the extent and patterns of salt exclusion between NDC and SDC and
help explain elevated C1~ and Na* in SDC stream water, which was characterized by peaks during the fall wet-up
period. The reactive transport model also showed that Mg®* chemostasis occurred due to higher clay dissolution
during periods of high volumetric water storage, increasing the mineral reactive surface area. In addition to Mg>™,
Ca**, and Na™ are common cations in clay minerals. Clay dissolution may also help explain chemostatic behavior
in NDC and SDC as well. Together, broadly similar bedrock geochemistry, streamflow dominated by pre-event
water, and rapid chemical reactions in the critical zone likely drive similar annual mean concentrations of major
ions and limited changes in surface water chemistry over a broad range of flow conditions in both catchments.

Further analyzing event-scale C-Q patterns may provide some additional insight into the hydrologic controls on
solute export (Speir et al., 2024). While event C-Q patterns of major ions still tended to be chemostatic at both
catchments, C-Q slopes did tend to be more variable and steeper at event scales than annual and inter-annual
scales, especially at SDC (Figure 6). Higher variability in event-scale C-Q patterns compared to annual and
inter-annual patterns has been attributed to meteorological and anthropogenic influences like dry and wet
deposition (Knapp et al., 2020) and variability in hydrologic connectivity (Rose et al., 2018). At SDC, we
observed a trend in event scale C-Q behavior, where the C-Q slopes tend to be positive early in the water year and
trend toward steeper negative C-Q slopes as the water year progresses, especially for CI-, Mg>*, Na™, SO,>~
(Figure 6). This trend may indicate higher groundwater contributions to streamflow and/or flushing of accu-
mulated materials in the streambed early in the water year with progressive wet up and contribution from
shallower hydrologic flow paths later in the water year, contributing toward dilution (Rose et al., 2018). This
contrast of early season positive C-Q slopes and late-season negative C-Q slopes also likely contributes to the
annual and inter-annual chemostatic behavior at SDC. Variations in event scale C-Q slopes at NDC also likely
reflect antecedent wetness conditions and hydrologic connectivity. However, NDC's event scale C-Q slopes
tended to be less steep and less variable, which may reflect more consistency in NDC's hydrologic flow paths
through time. While more work characterizing the subsurface water chemistry in both catchments is needed,
analyzing solute export between the two catchments at event scales shows variability in solute export between
catchments that is not apparent at longer time scales. Additionally, these observations suggest equifinality, with
potentially different combinations of mechanisms resulting in the same observation of chemostatic behavior
across the study catchments. As others have also noted, we conclude that more work capturing water from various
subsurface depths and age distributions is needed to tease apart drivers (Ameli et al., 2021; Knapp &
Musolff, 2024).

5.4. The Role of Wildfire Disturbance and Extreme Events on Stream Water Chemistry and Discharge
Behavior

To aid in the transferability of our findings to other studies, it is important to couch our results and interpretations
in the context of the unique site history, past disturbance, and the precipitation regime of this site. In particular,
this field site experienced a low-to-moderate intensity wildfire in August 2020. Our study took place in the 2021
and 2022 water years; thus, the observed DOC concentrations and export dynamics may be influenced by wildfire
disturbance. It is important to note that wildfire intensity has been shown to strongly influence subsequent in-
stream DOC export. For example, high-intensity wildfires generally cause a decrease in DOC concentrations
(Wei et al., 2021), while moderate-severity fires can increase DOC concentrations in streams following wildfires
(Uzun et al., 2020). However, it is challenging to determine the impact of this low-severity fire in these study
catchments without sufficient pre-fire data. Regardless, we believe the DOC export behavior still gives insight
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into the dominant hydrologic flow paths through the landscape, considering the fire burned 100% of both
catchments at similar intensities and with similar fuel types.

The precipitation regime at this study site is characterized by winter rain, where the majority of rain occurs during
large but relatively infrequent atmospheric river events. As discussed previously, the DOC C-Q slope at SDC was
highly influenced by one streamflow event. The October 2021 streamflow event was the first major precipitation
event of the 2022 water year, delivering >140 mm in 38 hr (26% of total annual precipitation). This event showed
positive but chemostatic C-Q behavior, with an event-scale C-Q slope of 0.16 (p-value: 0.32). Additionally, the
10 highest DOC samples collected over the entire 2-year study period at SDC were collected during this event.
However, discharge only reached 3 L/s (max Q observed over the entire study period was 52 L/s). While less
distinct, a similar event occurred at the start of the 2021 water year, where discharge values only reached 1.8 L/s
but had the second-highest event MC of DOC in the 2021 water year. As a result, the C-Q relationship at both the
annual and interannual timescales were constrained by these two-fall wet-up events, causing the C-Q relationship
at SDC to appear more chemostatic. We showed that removing events such as these can cause the C-Q slope to
change dramatically for DOC, where the chemostatic C-Q slope (0.05) during the 2022 water year at SDC became
0.20 with the removal of these data points (Figure 4). High DOC export during these events was likely due to the
mobilization of near- or within-stream DOC after several dry months. At SDC, a considerable portion of this first
incoming rain event likely contributed to the recharge of intermediate or deeper groundwater. This is evident from
the limited streamflow during the precipitation event and the continuation of baseflow for several weeks after. We
suggest that the C-Q relationships of DOC and other biologic solutes require careful consideration of event-scale
dynamics and timing of precipitation to be meaningfully interpreted (Creed et al., 2015). These dynamics also
highlight the significance of sample timing, as an early season rainfall event can be easily missed in sampling
efforts and have longstanding impacts on long-term C-Q relationships and interpretations.

5.5. Limitations and Future Directions

Given variability in the definition of “chemostatic” versus “chemodynamic” behavior across literature, we briefly
discuss how different methodological decisions would influence our interpretations. Choosing a C-Q slope cutoff
value of £0.1 instead of the £0.2 we used in our analysis (Stewart et al., 2022) would result in a larger fraction of
major ions displaying “chemodynamic” behavior in this study, especially at SDC. However, using a CVc/CVQ
value of 0.5 in this study would suggest a majority of major ions at both catchments have “chemostatic” behavior
consistent with our results. We do note that SDC consistently has higher CVc/CVQ values (though generally still
below 0.5) driven by lower magnitude, muted streamflow responses. Therefore, the use of a different chemo-
dynamic threshold value may have suggested that NDC is more consistently chemostatic, further highlighting the
influence of rapid chemical reactions in the shallow critical zone on surface water chemistry. Regardless of the
thresholds used to define chemostatic behavior, major ion concentrations are still considerably less variable than
discharge and often less variable than biogenic solutes at both catchments, thus consideration of major ion
buffering is still necessary. We also showed that individual streamflow events can have outsized impacts on C-Q
relationships. Therefore, we recommend consideration of event-scale patterns to help tease apart drivers and to
ensure the C-Q relationship is representative of the time scale of interest.

The analyses and critical zone-informed framework used here could be expanded in future studies in several ways.
While the similarities in our two study catchments (topography, climate, vegetation, etc.) aid in controlling for the
role of lithology, using datasets that capture longer-term solute export dynamics and bringing together data sets
from other regions with high lithologic and hydrologic variability would contribute to a more generalizable
framework for describing the role of subsurface structure on solute export. Further, as discussed in Section 5.3,
samples collected at catchment outlets integrate chemical signals from various hydrologic stores and ages. Thus, it
is extremely challenging, especially at event scales, to differentiate which of the various transport and biogeo-
chemical mechanisms discussed above are driving C-Q patterns at the catchment outlet at specific times. As
described in Knapp and Musolff (2024), an important next step for C-Q research is to systematically and empir-
ically test our hypotheses for emergent C-Q relationships. To do this, future studies should consider pairing stream
water chemistry with soil or groundwater chemistry, water observations in these stores, as well as transit time
distribution modeling or process-based modeling. Finally, as this study spanned only two water years per catch-
ment, there is utility in long-term studies that cover a wider range of hydroclimatic variability. While overcoming
the high heterogeneity of subsurface properties poses ongoing challenges, these future directions would strengthen
the interpretability of C-Q patterns at catchment outlets and improve the predictions of C-Q patterns at event scales.
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6. Implications and Conclusions

Differences in surface water persistence and streamflow response are driven by distinct subsurface hydrologic
flow paths. Our results contribute to other research showing that catchments underlain by mélange bedrock have
much more ephemeral streamflow behavior than adjacent headwater catchments with different lithology despite
similar topography, climate, and vegetation. Despite these hydrologic differences, mean concentrations of in-
stream major ions were similar, and C-Q relationships were chemostatic at both catchments, likely driven by
rapid cation exchange processes and/or a high fraction of pre-event water in streamflow. We show that annual
DOC export patterns in these non-perennial headwater catchments can be highly influenced by individual storm
events due to sporadic and limited precipitation events and seasonal controls on DOC supply.

Our results connecting lithology to catchment export dynamics have implications for water resource management
in California and other arid and semi-arid rain-dominated regions. The mélange bedrock played an outsized role in a
range of hydrologic processes in this landscape, showcasing the importance of accurate geologic mapping and
additional consideration of lithology in hazard mapping, water quality monitoring, or ecosystem assessments. For
example, higher flooding risks may exist in downstream reaches of catchments with mélange bedrock or other
shallow and low hydraulic conductivity bedrock, demonstrated by the flashier hydrology and significantly higher
streamflow peaks observed at NDC. Further, catchments with shallow hydrologic flow paths can consistently
mobilize higher concentrations of biogenic solutes (e.g., DOC, nitrogen, and phosphorus), which may influence in-
stream biogeochemistry and downstream water quality. Further, extended periods of zero flow and sparse
groundwater seeps in dry months in NDC suggest limited groundwater availability, creating highly restricted
surface water refugia with implications for aquatic, riparian, and plant community health during periods of
extended drought.

Data Availability Statement
All data used in the publication are available on the CUAHSI HydroShare data server (Giggy & Zimmer, 2025).
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