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HIGHLIGHTS GRAPHICAL ABSTRACT

* High levels of dissolved black carbon were
detected in a wildfire-impacted lake.

+ Dissolved black carbon correlated to opti-
cally active organics in the lake.

+ Dissolved black carbon caused accelerated
water heating in lab experiments.

+ Wildfire-derived dissolved black carbon
may impact surface water heating dynam-
ics.

ARTICLE INFO ABSTRACT

Editor: Pavles Kassomenos Black carbon (BC), pyrogenic residues resulting from the incomplete combustion of organics, are liberated from wild-
fires at high rates. Subsequent introduction to aqueous environments via atmospheric deposition or overland flow re-

Keywords: sults in the formation of a dissolved fraction, called dissalved black carbon (DBC). As wildfire frequency and intensity

B]‘ad( zbl?ﬁck - increases along with a changing climate, it becomes imperative to understand the impact a concurrent increase in DBC

Dissol carl

load might have to aquatic ecosystems. In the atmosphere BC stimulates warming by absorbing solar radiation, and
similar processes may occur with surface waters that contain DBC. In this work we investigated whether the addition
of environmentally relevant levels of DBC could impact surface water heating dynamics in experimental settings. DBC
was quantified at multiple locations and depths in Pyramid Lake (NV, USA) during peak fire season while two large,
proximal wildfires burned. DBC was detected in Pyramid Lake water at all sampled locations at concentrations
(3.6-18 ppb) significantly higher than those reported for other large inland lakes. DBC was positively correlated
(R? = 0.84) with chromophoric dissolved organic matter (CDOM) but not bulk dissolved or total organic carbon
(DOC, TOC), suggesting that DBC is a significant component of the optically active organics in the lake. Subsequent
lab-based experiments were conducted by adding environmentally relevant levels of DBC standards to pure water, ex-
posing the system to solar spectrum radiation, and creating a numerical model of heat transfer based on observed tem-
peratures. The addition of DBC at environmentally relevant orders of magnitude caused reductions to shortwave
albedo when exposed to the solar spectrum, which resulted in 5-8 % more incident radiation being absorbed by
water and changes to water heating dynamics. In environmental settings, this increase in energy absorption could
translate to increased heating of the epilimnion in Pyramid Lake and other wildfire-impacted surface waters.
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1. Introduction

Black carbon particles (BC) are organic residues formed by fossil fuel
and biomass burning, and have been shown to stimulate warming in the at-
mosphere due to their significant light absorption capacity and subsequent
heating (Sengupta et al., 2018; Samburova et al., 2016; Stocker etal., 2013;
Jacobson, 2001; Jacobson, 2002). While frequently studied in an atmo-
spheric setting, BC has only recently been identified as a major component
of aquatic carbon cycles, and its behavior and characteristics within those
systems are not yet fully understood (Wagner et al., 2018). In aqueous sys-
tems, dissolved BC (DBC)—functionally defined as BC that passes through a
designated filter pore size (Li etal, 2019; Qu et al., 2015)—forms as differ-
ent BC constituents undergo partitioning, chemical transformation, and dis-
solution, and DBC has been shown to accumulate in surface waters as a
result of atmospheric deposition and overland flow (Zigah et al., 2012;
Burkhard et al., 2008). Continued fossil fuel buming combined with the
predicted and observed increase in wildfire frequency and intensity accom-
panying a warming climate (Flannigan et al., 2000; Westerling and Bryant,
2008; Abatzoglou and Kolden, 2011; Iglesias et al., 2022; Wuebbles et al,,
2017; Westerling et al., 2006) will likely result in increasing DBC concen-
trations in surface waters of fire-impacted regions in coming decades. Wild-
fires seasons are becoming longer in both the western United States and
globally in association with climate-induced shifts toward aridity in many
regions (Liu et al., 2010; Jolly et al., 2015). Longer fire seasons and in-
creased aridity drive the increase in wildfire duration and severity observed
in recent years (Iglesias et al., 2022; Jolly et al., 2015). Black carbon is lib-
erated from these wildfires, and the long-range aerosol transport of
wildfire-sourced BC is also well documented, with elevated atmospheric
BC concentrations clearly tied to wildfire activity at distant locations
(Ahlberg et al., 2023; Bycenkiené et al., 2014). That aerosolized black car-
bon has the potential to become dissolved black carbon as particles are de-
posited onto surface water bodies or watersheds (Wagner et al., 2018;
Burkhard et al., 2008). Therefore, the observed increase in global wildfire
activity and severity in multiple regions has the potential to impact surface
water DBC levels on a global scale. Whether and how this potential elevated
level of DBC might impart ecosystem-scale changes to aquatic systems is
unknown.

The light absorption and heating behavior of BC in the atmosphere
raises the question of whether DBC may impart similar absorption and
heating properties to surface waters in which it accumulates. Similarly,
BC deposition on snow has been shown to lower snow albedo and subse-
quently accelerate snowmelt as a function of increased radiation absorption
(Flanner et al., 2007; Kaspari et al., 2015), and an analogous process may
occur in surface waters. Because BC is generated across a spectrum of com-
bustion temperatures and from a diversity of biomolecules (Baldock and
Smemnik, 2002; Gonzalez-Pérez et al., 2004), the resulting DBC fraction
can contain a continuum of non-aromatic, saccharide-like molecules to
polycondensed aromatic molecules (Wagner et al., 2018). The relative pro-
portion of these molecules within the DBC fraction is then further suscepti-
ble to photoalteration (Li et al., 2019; Fu et al., 2016), bioalteration
(Baldock and Smernik, 2002; Hamer et al.,, 2004), and aggregation/precip-
itation (Xu et al., 2017) events specific to the aquatic environment in which
it resides, all of which could affect light absorption and subsequent heating
dynamics.

While DBC is present in small amounts relative to bulk total or dissolved
organic carbon (TOC, DOC) in most aquatic habitats (Wagner et al., 2018),
the strong light-absorptive properties of common DBC moieties could result
in a disproportionate impact to water heating dynamics. In aqueous set-
tings, dissolved organic matter is well known to absorb light across the
UV to infrared spectrum, with the most optical activity centered around
mid-range UV (~254 nm) absorption by aromatics (Weishaar et al.,
2003). While spectroscopic and elemental analysis has shown that DBC is
generally less aromatic that its parent biomass-derived BC material (Qu
et al., 2015), the aromaticity of DBC is generally higher than that of other
dissolved organics in aqueous systems (Wagner et al., 2018), suggesting
that its contribution to absorption-driven heating could be significant.
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The way this DBC-driven heating may affect overall water quality and
lake ecology is unknown and is a driving motivation for this work.

In this study we sought to investigate how the presence of DBC might
affect the heating dynamics of surface water. To do so, we quantified DBC
at various surface and deep-water locations in Pyramid Lake (NV, USA,
Fig. 1) during peak fire season in 2021 while two large, proximal wildfires
(Caldor and Dixie) burned. We then conducted lab-based experiments and
created a numerical model of heat transfer for each experiment to optimize
values of surface albedo and attenuation rate based on observed tempera-
tures to determine whether environmentally relevant concentrations of
DBC affected water heating rates and dynamics, and whether photo-
alteration of DBC was observable as a result of experimentation.

2. Methods
2.1. Field study site and wildfire conditions

Environmental water samples were collected for DBC quantification
from Pyramid Lake, Nevada (Fig. 1) on August 31 and September 1,
2021. Pyramid Lake is a large monomictic endorheic basin (487 km? sur-
face area, 29 km?® volume (Galat et al., 1981)) managed in totality by the
Pyramid Lake Paiute Tribe (PLPT). It is home to two federally listed fish
species, Lahontan cutthroat trout (LCT) and the endemic Cui-ui sucker,
which are critical to the economic and cultural wellbeing of the PLPT.
The PLPT manage successful and productive fisheries operations in the
lake and altered ecosystem dynamics within the lake could negatively im-
pact those operations.

Fig. 1. Water sampling locations within Pyramid Lake, NV, USA. Map modified
from Harris, 1970 (Harris, 1970) (depth contours labeled in ft).
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During the August/September 2021 water sampling, Pyramid Lake and
the surrounding region had for weeks been heavily impacted by smoke
from two large, proximal wildfires (Fig. 2). The Dixie Fire, buming
~72 km west/northwest from Pyramid Lake, was 3267 km? in size and
45 % contained at the time of sampling, and had been buming for 1.5
months (Dixie Fire Incident Report, n.d.). The Dixie Fire is currently the sec-
ond largest fire in California history (Dixie Fire Incident Report, n.d.). The
Caldor Fire, burning ~126 km southwest from Pyramid Lake, was
773 km? in size and 16 % contained at the time of sampling, and had
been burning for two weeks (Caldor Post-Fire BAER Information - InciWeb
the Incident Information System, n.d.). The week prior to water sampling,
the Air Quality Index (AQI) for fine particle pollution (PMss) in the
Pyramid Lake basin was frequently at “Unhealthy for Sensitive Groups”
(AQI = 101-150) and “Unhealthy” (AQI = 151-200) levels. During
water sampling, smoke plumes from the Dixie Fire were clearly visible
and, depending on wind direction, would funnel across the north end of
the lake (Fig. 2A, B) or would engulf the entire lake basin. Ash was observed
by eye to be falling from smoke plumes onto the lake surface (Fig. 2B), and
large ash particulates were subsequently observed floating on the lake
surface during water sampling at both mid-lake (Fig. 2C) and near-shore
locations.

2.2. Pyramid Lake sample collection and analysis

Water sampling was conducted at three locations in Pyramid Lake
(Fig. 1), and at three depths, in coordination with the Pyramid Lake Fisher-
ies Department. Three water depths (surface (0 m), 5 m, 80 m) were sam-
pled at open lake location S96, with lake profiling conducted at this site
via SBE 19plus SeaCAT CTD profiler (Sea-Bird Scientific, Bellevue, WA,
USA) at 1 m intervals. Additional surface water (0 m) was sampled at
open lake location $93 and nearshore location NS. At $96, bulk water sam-
ples were collected aboard the Pyramid Lake Tribal Fisheries boat by mul-
tiple 3.5 L Van Dorn casts to the target depth, and subsequent collection
into acid washed glass and polytetrafluoroethylene (PTFE) carboys. Van
Dom sampling is a standard method for collecting water column samples

\
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when low vertical resolution is needed, and has been utilized for decades
to obtain vertical records of water quality, chemical, and biological param-
eters in lakes (Van Dorn, 1956; Tran et al., 2021; Hudson et al., 1999). At
593 and NS surface water was collected by direct immersion of acid washed
glassware. Water samples were transported to the Pyramid Lake Fisheries
Adeline Davis Research Laboratory (Sutcliffe, NV) and processed within
6 h of collection.

Bulk water was subsampled and filtered (via combusted (450 °C for
4.5 h) quartz fiber filters in acid washed filter housings), then preserved
as needed for geochemical analysis of 5 m and 80 m water from 596
(performed by ACZ Labs, Inc., Steamboat Springs, CO), and TOC and
DOC. Water samples for TOC/DOC were subsampled into acid washed
and combusted (10 % HCI for 4 h, followed by deionized water (DI) rinsing,
followed by combustion at 450 °C for 4.5 h) amber glass vials, acidified to
pH = 2 with 12 N HCI, and kept at 4 “Cuntil analysis (performed by Anatek
Labs, Moscow, ID, USA). Unfiltered water subsamples were collected into
acid washed and combusted (see above) amber glass vials and stored at
4 °C for Single Particle Soot Photometer (SP2; Droplet Measurement Tech-
nologies, Boulder, CO, USA) analysis of black carbon within 48 h of collec-
tion. The SP2 method has been used extensively to measure black carbon in
ice, snow, rainwater, atmospheric, and lake samples (McConnell et al.,
2021; Gleason et al., 2022; Mori et al., 2014; Chellman et al., 2018;
Arienzo et al, 2019; Bisiaux et al, 2011).

Water samples were introduced to the SP2 analytical system using an
autosampler and peristaltic pump, filtered inline using a 20 um stainless
steel filter to remove any large particles that could potentially clog
flowlines, and aerosolized using an Apex-Q nebulizer (Elemental Scientific,
Omaha, NE). The dry aerosol generated by the nebulizer was passed to the
SP2 for BC determination by laser-induced incandescence (Stephens et al.,
2003). The SP2 is sensitive to submicron diameter, highly refractory soot
particles referred to as refractory BC (rBC) (Torres et al., 2014; Petzold
et al., 2013). Since the SP2 rBC measurement range is limited to rBC parti-
cles with diameters <400 nm, we consider rBC and DBC synonymous for
the purposes of this study. The instrument used in this study was internally
calibrated using the BC-like material Aquadag to measure rBC particles up

Fig. 2. NASA satellite imagery showing Dixie and Caldor Fire locations on Sept 1, 2021 relative to Pyramid Lake (A), a photo taken Sept 2, 2021, from the western edge of
Pyramid Lake, looking north, showing the Dixie Fire smoke plume and associated falling ash (B), large ash particulates floating on the surface of the lake at open water

sampling location S96 on Aug 31, 2021 (C).
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to ~400 nm in diameter, thus we consider rBC as measured by the SP2 to
be synonymous with the operational definition of DBC as BC particles pass-
ing through a 0.5 pm filter. Aqueous standards were run immediately prior
to sample analysis as an external calibration to account for changes in the
sample introduction system or nebulization efficiency. The average detec-
tion limit for the SP2 measurements was 0.40 = 0.23ppb(10; n = 10 anal-
ysis days) and the average percent error for quality control standards
ranging from 1 to 30 ppb was 13 + 12 % (1o; n = 11). Additional water
samples for only SP2 quantification of DBC were collected from the same
sample locations in July 2022 by direct filling of acid washed and
combusted (see above) vials from the Van Do sampler.

2.3. Water heating experiments

Because no information is currently available about how DBC affects
water heating dynamics, we conducted lab experiments to generate base-
line data on this topic with DBC as an isolated variable. Two heating exper-
iment trials (HE_40ppb and HE_40ppb_dup) were conducted indoors using
heat lamps as the light source, and three trials (HE_30ppb, HE_30ppb_dup,
HE_90ppb) were conducted outdoors using sunlight as the light source
(Table 1). For indoor trails, two 22 L glass aquarium tanks (21.5 cm wide,
41 cm long, 26 am high) were utilized concurrently, one a control (no
DBC addition) and one with DBC added. Which tank received control vs. ex-
perimental treatments was randomized between trails. Aquarium ther-
mometers (VIVOSUN LCD Digital, accurate to +/— 1 °C, Ontario, CA,
USA) were affixed to the internal sides of each tank at 2.5 cm from the
tank bottom and 4 cm from the tank top. Per trial, 17 L of milli-Q (MQ)
water (stored in acid washed PTFE carboys overnight in a 10 °C incubator)
was added to each tank, along with either room temperature MQ (control)
or room temperature DBC master solution (experiment) to achieve the ex-
perimental concentrations listed in Table 1. Outdoor trials were conducted
using the same tank assembly and filling parameters described above, but
were all run concurrently, with three tanks serving as DBC addition treat-
ments and one serving as control. After filling, the top thermometer was
submerged by 1.25 cm. DBC master solution was made by adding fullerene
soot powder (Ceo and Cyo, Sigma-Aldrich 572,497, St. Louis, MO, USA) to
MQ water (at a ratio of 1 g soot into 500 mL MQ) in an acid washed/
combusted 1 L bottle. The bottle was capped and inverted 10 X, sonicated
for 30 min with 10 X inversions every 5 min, and passed through
combusted 0.3 pm nominal pore size glass fiber membrane filters
(Sterlitech GF-75, Auburn, WA, USA) via acid washed/combusted glass fil-
tration apparatus. Resulting <0.3 pm filtrate was used as the DBC master so-
lution. Commercially available fullerene soot was chosen as the parent
material for these first heating experiments to allow for confident repeat-
ability of experimental conditions between trails.

Once tanks were filled, an insulative foam barrier was added around the
openings and sides of the tanks, ensuring that heat entered the treatments
primarily from the top (water surface) rather than the tank sides. The
control and experimental treatment tanks were then concurrently subjected
to heating conditions as described in Table 1, using either heat lamps or
sunlight as the heat source. When heat lamps were used, two were used
concurrently (Wuhostam 75 watt 780-1400 nm Ceramic Infrared Heat
Lamp and Repti Zoo 100 watt (W) 270-800 nm Full Spectrum Sun Lamp)
to apply both visible and infrared wavelengths via dual bulb light fixture
situated 1 m above the tanks. Carbon contamination during the experiment

Table 1
Initial experimental (exp) and contral (ctl) conditions for water heating experiments
(HE) conducted at various DBC concentrations.

Treatment Exp [DBC], Ctl [DBC], Experiment Trial duration,
ppb(stdev) ppb(stdev) lightsource minutes

HE _40ppb 45 (1.0) 0.1(0.1) Heat-lamps 120

HE_40ppb_duplicate 40 (1.2) 0.2(0.2) Heatlamps 120

HE_30ppb 34 (0.8) 0.2(02) Sunlight 180

HE_30ppb_duplicate 35 (0.7) 0.2(0.2) Sunlight 180

HE 90ppb 91(1.3) 0.2 (0.2) Sunlight 180
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was ruled out by quantifying DBC at experiment initiation and completion
in both experimental and control trials, with no significant differences
found.

2.4. Heat transfer modeling

To develop a preliminary quantitative description of how DBC affects
heating dynamics in a water column, we created a numerical model of
heat transfer for each experiment to optimize values of surface albedo
and attenuation rate based on observed temperatures. The model is a sim-
plified version of the heat transfer model described by Hausner et al.
(2013) (Hausner et al., 2013), and considers exponential attenuation of
downwelling radiation according to the Beer-Lambert Law, reflection of ra-
diation at the bottom of the tank and exponential attenuation of upwelling
(reflected) radiation absorbed as heat, and conductive heat transfer within
the water column. The model domain included only the 24 cm deep water
column, with the upper boundary simulated as a radiative flux boundary.
Side boundaries were assumed to be zero-flow boundaries to simulate the
insulation placed around the tanks. The bottom boundary was simulated
as a semi-reflective interface, allowing a fraction of the solar irradiance
reaching the boundary to be reflected upwards and pass through the
water column a second time. In the laboratory models, the solar irradiance
not reflected at the bottom boundary was assumed to leave the system; in
the outdoor models the unreflected irradiance was assumed to be absorbed
as heat at the bottom of the water column.

The radiation at a given depth in the tank was simulated according to
Eg. (1)

I(z) = Io(1 — A)exp(—az) &)

where I(z) is the radiation at depth z, I; is the vertical component of total
radiation incident on the water surface, A is the surface albedo, and a is
the attenuation rate within the water column. The energy absorbed as
heat by any given control volume is calculated as &, or the difference be-
tween downwelling radiation at the top of the control volume and
downwelling radiation at the bottom of the control volume.

A fraction of the radiation that reached the bottom of the tank was
reflected and attenuated as it passed upwards through the water column.
The radiation that was not reflected was assumed to be removed from the
system. Upwelling radiation is given by Eq. (2)

I'(z) = Io(1 — A)exp( — azmax)Aexp( —az’) @

where I'(z) is the upwelling radiation at depth z, z,,,,, is the maximum depth
of the tank, and 2’ = (Zmae — 2) is the distance from the bottom of the tank
to depth z. Upwelling radiation absorbed as heat is given by &, in a calcu-
lation similar to the one above for downwelling radiation.

Conductive heat flux within the water column was simulated using
Eq. (3)

dT

gc= -1% @
where g, is the conductive heat flux (\Nm_z], A is the thermal conductivity
of water, and ‘% is the vertical thermal gradient within the water column.

Egs. (1)(3) return vertical energy fluxes (W m ™ 2) in the water column.
The model sums these fluxes for each discrete control volume according to
Eq. (4) and converted the change in stored energy to a change in tempera-
ture using Eq. (5). In Eq. (4), Zwp and 2Zpgym indicate the depth of water at
the top and bottom of the control volume, respectively.

dE;

== [1eup) — 1(zooaom)] + [I"(bonom) — ¥ (20p)] + g (20p) + G (boctom)
@

dr dE

E = CvVEE (5)



B.R. Kruger etal

in which %L-Tis the change in temperature with respect to time, C, is the volu-
metric capacity of water (assumed to be constant at 4.18 x 10°Jm 3K~ 1],
and V; is the volume of the discrete depth unit i.

The model of heat transfer in the outdoor experiments differed from the
laboratory model only in the handling of radiation at the bottom of the
tank. In the laboratory model, radiation that was notreflected was assumed
to leave the system. In the outdoor model, the radiation that was not
reflected upward was added to the bottom cell as heat to reflect the layer
of black plastic undemeath the tank in this set of experiments.

In both models, the temperature-dependent effects of density on volu-
metric heat capacity are neglected. No evaporation or sensible heat fluxes
were simulated at the water surface, and the one-dimensional model as-
sumes no heat transfer through the walls of the tank. The model was pro-
grammed as an ordinary differential equation (ODE) in MATLAB and
simulated using ode15, a MATLAB ODE solver. The model was discretized
into 24, 1-cm control volumes, and temperatures were simulated at the cen-
ter of each node. Temporal discretization is determined by the MATLAB
ODE solver based on the simulated gradients and numerical stability
thresholds. Simulated water temperatures were compared to water temper-
atures observed at the two aquarium thermometers, and the root mean
square error (RMSE) of the simulation was used as the metric of model
error. Values of the surface albedo (given the assumed incident radiation)
and attenuation rate were optimized using the MATLAB function
fminsearch to minimize the RMSE. Optimization was repeated with multi-
ple initial values, representing the range of expected values for albedo
(0.01-0.99) and attenuation rate (10 ~2-10% m~1). MATLAB scripts for
the heat transfer model and the optimization functions are available on
Dryad.

The laboratory experiments involved two lamps and focused on a com-
bination of visible and infrared light. Visible light was provided by a 100 W
270-800 nm full spectrum sun lamp, for which expected attenuation rates
are on the order of 1072 to 10° m ™. Infrared radiation was provided by
a 75 W 780-1400 nm ceramic heat lamp, for which expected attenuation
rates are on the order of 10° to 10* m ™. The visible light lamp was as-
sumed to have halfits radiation falling on the water surface, while the infra-
red lamp was assumed to fall totally on the water surface, for a total
irradiance of 1414 W m 2 R,

In the outdoor experiments, the tanks were exposed to the full solar
spectrum, which is largely contained between 250 nm and 25 pm in
wavelength. The expected attenuation rates for this range of frequency
vary from 10~ ° to 10° m ™!, but the peak of the solar spectrum falls
into the visible light band, with attenuation rates on the very low end
of that range. Total shortwave radiation between 1035 h and 1345 h
PDT in late April averages approximately 900 W m ~2 (based on the Na-
tional Renewable Energy Laboratory (NPCS Solar Calendars, n.d.)). In
addition to solar radiation, the tanks were exposed to longwave atmo-
spheric radiation (i.e., infrared). Air temperature during the experi-
ments ranged from 81 to 85 °F (27-29 °C) and vapor pressure was
approximately 6 mb based on United States National Weather Service
records for the Harry Reid International Airport (2.4 km from the exper-
iment site). Given atmospheric emissivity at that temperature and hu-
midity (Staley and Jurica, 1972), this longwave radiation would have
been approximately 440 W m ™ 2. Total irradiance in the outdoor exper-
iments was therefore assumed to be 1340 Wm ™2,

With the values of incident radiation noted above, the models were op-
timized to minimize the root mean square error between the observed and
simulated temperatures at the top and bottom of the tanks. The optimiza-
tion routine allowed the surface albedo and attenuation rates to vary.
Each experiment was optimized individually.

2.5. Dissolved carbon analysis

The nature of DOM from Pyramid Lake and the DBC from experimental
trials (at both experiment initiation and conclusion) was assessed via UV-
Vis range scanning spectrophotometry (Genesys 150) with absorbance
measured from 800 to 200 nm at 1-nm increments. Resulting absorbance
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data was backscatter corrected and transformed into absorption coefficients
according to Eq. (6):

~2.3034
T

a

(©®

where a = absorption coefficient (m ™ 1}, A = absorbance, and [ = path
length (m) (Helms et al., 2008). Using absorption coefficient data, the
E2/E3 ratio was calculated (ratio of a at 250 to 365 nm) as an indicator
of relative molecule size (De Haan and De Boer, 1987), specific UV absor-
bance (SUVA254) was calculated (a at 254 nm normalized to dissolved or-
ganic carbon concentration) as an indicator of aromaticity (Weishaar et al.,
2003), and total chromophoric dissolved organic matter (CDOM) was
quantified by integrating a from 250 to 450 nm.

3. Results and discussion
3.1. DBC in Pyramid Lake

At the time of water sampling in 2021 Pyramid Lake was strongly strat-
ified with the thermocline transition zone constrained between ~15-30 m
depth, placing sampling depths for this work clearly within epilimnion (0 m
and 5 m) and hypolimnion (80 m) zones (Fig. 3). DBC was detectable at all
locations and depths sampled in Pyramid Lake, and DBC was still detectable
at all locations when re-sampled 10 months later (Table 2). During initial
water sampling, at §96, DBC concentrations were found to be highest at
the surface (4.54 ppb, standard deviation (stdev) = 1.16 ppb) with lower
concentrations found at 5 m and 80 m (3.72 (stdev = 1.01) and 3.58
(stdev = 1.84) ppb, respectively). Higher DBC concentrations were found
in surface water (0 m) at the open water location $93 (7.58 (stdev =
3.63) ppb) and at the nearshore water sampling location NS (18.1 (st
dev = 6.2) ppb). These concentrations are 1-2 orders of magnitude greater
than DBC measured via the same SP2 quantification method in 2007 at a
mid-lake open water location of Lake Tahoe (~ 0.3 ppb, Lake Tahoe is lo-
cated 100 km SW of Pyramid Lake and is a source to Pyramid Lake via
the Truckee River), during a seasonal pulse of BC attributed to a proximal
wildfire (Bisiaux et al., 2011). Similar levels of DBC were detected upon

°C, mS/cm
0.00 10.00 20.00 30.00
0 sossmrrnimrsssin s s
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—8—Temp (°C)
"E"' 40
£ 50 Cond
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Fig. 3. CTD profile at Pyramid Lake station $96 during 2021 sampling event. 0 m,
5 m, 80 m water sampling depths marked by dotted lines.
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Table 2
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Carbon fraction concentrations and characteristics for Pyramid Lake environmental water samples (596, 593, NS) measured at various water depths (0, 5, or 80 m). All water
samples were collected in September 2021 unless otherwise noted. DBC:TOC ratio calculated using the Sept 2021 DBC values.

[DBC], ppb (st dev), [DBC], ppb (st dev), July 2022 [TOC], ppm (avg error) [DOC], ppm (avg error) DBC: TOC (%) E2/E3 CDOM SUVA254
596_0m 4.5(1.2) 86(3.3) 16.4 - 0.027 11.9 633 -
596_5m 3.7 (1.0) 53(2.3) 12,3 (0.2) 11.9(0.3) 0.030 16.8 535 1.10
596 _80m 3.6(1.8) 14.2 (3.7) 11.2 (0) 11.3(0.1) 0.032 299 425 1.05
593 Om 7.6 (3.6) 5.0(2.3) 13.2 - 0.058 20.6 510 -

NS Om 18 (6.2) 4.0(2.1) 12.2 (0) 11.7 (0.1) 0.15 7.8 1000 1.55

water re-sampling in July 2022, though with concentrations appearing to
shift to different lake locations and depths. This suggests that DBC may per-
sist in the lake over time, and that DBC distribution in the lake may be tied
to water circulation dynamics.

In other large lake systems BC quantification has typically focused on
the suspended particulate fraction (=0.7 pm) rather than DBC, with
2-5 ppb particulate BC found in an isothermal water column of Lake Supe-
rior (Zigah et al., 2012), and 0.2-0.5 ppb found in the epilimnion of a strat-
ified water column in Lake Michigan (while hypolimnion values were
=0.2 ppb) (Burkhard et al., 2008). Thus, many DBC concentrations mea-
sured in Pyramid Lake in this work were greater even than levels of partic-
ulate BCreported for other lakes and could represent significant input from
the proximal wildfires burning during initial water sampling. Further, the
SP2 method used here efficiently captures signal from highly refractory (el-
emental) BC components, but not BC at lower thermochemical classifica-
tions. Even within the refractory BC pool, an underestimation of ~ 34 %
by mass has been shown via SP2 in rainwater samples (Torres et al.,
2014). These two points suggest that the true levels of DBC at all Pyramid
Lake water sampling locations may be higher than reported.

Given the increasing frequency and intensity of wildfires in the region
(Westerling and Bryant, 2008; Iglesias et al., 2022; Wuebbles et al.,
2017), the high (and possibly higher than reported) DBC levels seen in Pyr-
amid Lake and the persistence of DBC in the water column for at least
10 months could suggest a tendency for DBC to accumulate over time in
surface waters and should be further investigated. This possibility is sup-
ported by research that has suggested that less BC mineralization and oxida-
tion occurs in conditions of complete water saturation, when compared to
unsaturated or alternating saturated-unsaturated conditions (Nguyen and
Lehmann, 2009). That BC degradation is inhibited by continuous saturation
may support the detection of aged BC (5000-13,900 **C years) found in sat-
urated environments (riverine particulates (Masiello and Druffel, 2001)
and marine sediments (Masiello and Druffel, 1998)), while BC in aerated
top soils has been found to be decades to centuries old (Bird et al., 1999).
Additionally, photoexposed DBC has been shown to have enhanced colloi-
dal stability, making it resistant to aggregation and subsequent sedimenta-
tion which could contribute to its accumulation over time (Xu et al., 2017).

Spectral analysis of the bulk DOM in Pyramid Lake (Table 2) across the
UV-Vis spectrum showed nearshore surface water DOM to be notably more
aromatic (SUVA 254 = 1.55) and higher in chromophoric dissolved or-
ganic matter (CDOM = 1000), and to have the largest particle size (E2/
E3 = 7.8) relative to other Pyramid Lake water samples (SUVA254 =
1.05-1.1, E2/E3 = 11.9-29.9, CDOM = 425-633). At open lake location
596, particle size, CDOM, and aromaticity decreased with depth. With all
Pyramid Lake water samples considered, DBC was an extremely small com-
ponent of the TOC in the lake (0.03-0.2 wt%), and yet DBC content was
positively correlated to CDOM content (R2 = 0.84) but not DOC (R? =
0.04) or TOC (R? = 0.03) content. This suggests differential controls on
the distribution of DBC vs. bulk DOC/TOC within the lake, and that DBC
is a significant component of the light-absorbing DOM within the
Pyramid Lake.

The differential distribution of DBC concentrations, and therefore
CDOM, may be tied to the thermochemical status of the DBC. The higher
DBC concentrations seen in all three surface water samples relative to 5 m
and 80 m samples suggests deposition directly to the epilimnion as a
primary route of DBC addition to the lake, and potentially preferential
accumulation in the epilimnion. The much higher DBC seen in the

nearshore water sample (18.06 ppb) relative to the open lake samples
(3.23-7.58 ppb) could suggest that an unidentified nearshore input of
DBC exists, or that DBC preferentially collects at nearshore locations as a
function of water circulation patterns in the lake upon formation. The
more hydrophobic nature of DBC (relative to DOC or TOC) makes the latter
explanation more likely, as it makes DBC more susceptible to re-
distribution.

3.2. Water heating experiments

The addition of DBC at environmentally relevant concentrations af-
fected water heating dynamics in all experimental trials, with variable re-
sults seen between light source (heat-lamp vs. sunlight) trails (Fig. 4).
When heat-lamps were applied as the heat source, water at 1.5 cm below
the surface with 40 ppb DBC added heated more quickly and stayed warmer
than the control (0 ppb DBC), while no difference in heating rate was ob-
served at 22.5 cm water depth (Fig. 4A). When sunlight was applied as
the heat source, water at 1.5 cm below surface heated at similar rates de-
spite DBC concentration (0 ppb (control), 30 ppb, 90 ppb), while water at
22.5 cm below surface heated more quickly and remained warmer (relative
to the control) when DBC was present at either 30 ppb or 90 ppb (Fig. 4B).
These differences give important insights into the potential impact DBC
might have on environmental surface water heating.

Heat transfer modeling of these results produced simulated vs. observed
temperatures shown in Fig. 5A and B, respectively. The Nash Sutcliffe Effi-
ciencies (Nash and Sutcliffe, 1970) of the laboratory and outdoor models
are 0.984 and 0.885, respectively. Nash Sutcliffe Efficiency is a measure
of model accuracy; a value of zero indicates that the model is functionally
equivalent to using the mean temperature, while a value of one indicates
a perfect model.

In each model, the temperatures in the bottom of the tank are generally
simulated more accurately than those at the top of the tank. Thisreflects the
assumption of a single attenuation rate for a range of incident wavelengths.
This assumption, which operates in both models, is at odds with the fact
that the incident radiation in both experiments is a combination of short-
wave (i.e., visible light) and infrared. The typical attenuation rates for visi-
ble light in water are several orders of magnitude less than the attenuation
rates for infrared radiation. In both experiments, there are additional sur-
face heat fluxes — sensible heat flux and latent heat flux — that act on the
water surface but are not included in the model, and these fluxes are
much greater in the outdoor experiments than in the laboratory. In both
sets of experiments the lower temperatures are simulated more accurately
than the upper temperatures, but this difference is exaggerated in the out-
door experiments. This exaggeration, seen in the shape of the scatter plot
in Fig. 5B, is due to the effects of the neglected surface flux. While the bot-
tom temperatures are accurately predicted, the surface temperatures ex-
hibit the curve seen in the figure; this systematic error is likely driven by
the omission of latent heat flux due to evaporation, which cools the
water. Latent heat flux increases with increasing temperature, leading the
model to overpredict surface temperatures late in the experiment. The
early-time underprediction of surface temperatures is an artifact of the op-
timization routine, which attempts to minimize the total error through the
course of the experiment. Despite these shortcomings, both models gener-
ally predict the pattern of the water temperatures.

In the laboratory experiments, the addition of DBC had minimal effect
on the surface albedo (Table 3), but increased the attenuation rate in both
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Fig. 4. Water heating observed during trials conducted with heat-lamps (A) or sunlight (B) as the heating source and at multiple DBC concentrations, displayed as the change
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HE_40ppb and HE 40ppb_dup. This resulted in the experimental tanks hav-
ing higher temperatures than the controls at the tops of the tanks and min-
imal differences at the bottoms. The laboratory experiments are dominated
by infrared radiation, which is generally absorbed efficiently by water.
Water containing DBC has increased attenuation rates for infrared radiation
—it will absorb infrared radiation more readily. This leads to higher temper-
atures near the water surface, and minimal temperature changes lower in
the tank. The relatively constant albedo, however, indicates that water
with DBC does not absorb more infrared radiation than clean water; the
heat absorbed is simply distributed differently.

The outdoor experiments were driven by the full solar spectrum, includ-
ing UV (approximately 8 %), shortwave (visible light; approximately 42 %)
and infrared radiation (approximately 50 %), with a much wider range of
infrared than the laboratory experiments. The order-of-magnitude reduc-
tion in the optimized attenuation rates from the outdoor experiments is
consistent with the reduction in the fraction of IR radiation — visible light
and UV radiation are able to penetrate much farther into the water column
than IR radiation does. The optimized albedos in the outdoor experiments
were significantly reduced from those found in the laboratory experiments,
and the outdoor experimental treatments had albedos 5-8 % lower than the
control treatment. The change in the nature of the incident radiation

between the experiments suggests that this decrease in albedo is largely as-
sociated with visible light rather than with IR.

The observed difference in longwave attenuation rate is consistent
throughout the laboratory experiments but does not have significant eco-
logical implications. Longwave radiation is quickly absorbed in the water
column; if it attenuates slightly faster in water with DBC, that faster atten-
uation is negligible compared to the changes in the propagation of short-
wave radiation in the water column.

In contrast to the longwave attenuation rate, the reduction in shortwave
albedo associated with DBC in the outdoor experiments has significant im-
plications for the Pyramid Lake ecosystem. The experimental treatments
containing DBC absorbed 5-8 % more of the incident radiation than the
control treatment did. In a deep lake with an aphotic zone, all of that addi-
tional energy will be translated to heat in the water column. Absorption of
additional radiation as heat will result in elevated water temperatures asso-
ciated with DBC in the water column. The distribution of this additional
heat will depend on the attenuation rates and lake mixing dynamics, but
these results indicate that increases in the DBC content of the lake may
lead to an increase in heat entering the lake.

Because these experiments were designed and performed to understand
the influence of DBC in isolation, the quantitative results reported here are
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Fig. 5. Scatter plots of observed and simulated temperatures in the (a) laboratory experiments and (b) outdoor experiments.

not directly transferable to Pyramid Lake. As the terminus of an endorheic
basin, Pyramid Lake has unique water quality and chemistry; all the dis-
solved and suspended constituents in the Pyramid water column will con-
tribute to the albedo and attenuation rate of the lake as a whole. Results
of the experiments and modeling indicate that DBC could potentially
drive increased temperatures in Pyramid Lake, but further work is needed
to fully understand and quantify the influence of DBC on the lake's heat bal-
ance. For example, similar experiments could be run with water collected
from Pyramid Lake itself to determine how DBC changes the transmissive
and reflective properties of Pyramid Lake.

3.3. Photoalteration of DBC

Spectral analysis of the DBC before and after the heating experiment
showed that little chemical change was imparted during two hours of
heat-lamp exposure, but that exposure to the solar spectrum for three
hours caused DBC particle size to decrease (E2/E3 shifting from 1.49 to
1.62 to 1.83-1.99), aromaticity to increase (SUVA254 shifting from 13.7
to 14.9 to 17.8-19.8), and CDOM to increase by 8-21 % (Table 3). These
shifts are opposite to those seen in photodegradation assessments of
biomolecule-derived DBC (Fu et al., 2016), and could represent fullerene
oxidation to aromatic fullerene epoxides (Dattani et al., 2015; Tajima
et al., 2012). While the Cgy and Cy,, fullerenes used to generate DBC for
the heating experiments are not known to be produced by wildfire combus-
tion of organics (Becker et al., 1995), the behavior of these elemental car-
bon molecules in the heating trial experiments may give insight to

Table 3

important environmental behavior of other elemental and refractory DBC
fractions.

4. Conclusions and potential impacts to surface waters

This work showed that, during peak wildfire activity, DBC was pres-
ent in Pyramid Lake at levels higher than reported for other large lakes
which persisted for 10 months, that DBC was a significant component of
the optically active dissolved organic matter in the lake, and that the ad-
dition of elemental DBC standards to pure water exposed to the solar
spectrum caused an increase in the total amount of radiation entering
the water column through a decrease in the surface albedo and subse-
quently accelerated water heating. These conclusions point to the po-
tential for DBC to contribute to or drive of surface water heating in the
environment, particularly in wildfire-impacted regions experiencing in-
creased DBC inputs via deposition. Additional work is required to deter-
mine if analogous heating results could be observed in environmental
waters with biomass-derived DBC. In lakes, this theorized epilimnion
heating could drive increases in mean annual lake temperatures over
time, which would have significant ecological implications since tem-
perature is a main driver of aquatic organism distribution and life
cycle processes (Magnuson et al., 1979; Dunham et al., 2003). If DBC
accumulates over time, compounded heating events could further exac-
erbate the resulting impacts to ecological functionality. In Pyramid
Lake, increases in water temperature above those already predicted as
a result of a warming climate (Hostetler and Giorgi, 1995), or an

Optimized values for surface albedo and attenuation rates for experimental treatments (Exp) and controls (Ctl) from heating experiments (HE), and spectral parameters of

DBC measured at experiment initiation (init) and conclusion (fin).

HE 40ppb HE 40ppb_duplicate HE _30ppb HE _30ppb_duplicate HE 90ppb
Surface Albedo, Ctl 0.72 0.75 0.37 0.37 0.37
Surface Albedo, Exp 0.73 0.74 0.35 0.34 0.34
Attenuation Rate, Ctl (m ™) 122 139 7.21 7.21 7.21
Attenuation Rate, Exp (m~ b ) 139 149 6.99 7.05 6.80
EZ/E3, init 1.88 1.58 1.62 1.51 149
E2/E3, fin 1.87 1.68 1.99 1.96 1.83
SUVAZ254, init 205 240 14.9 13.7 14.7
SUVA254, fin 19.1 236 19.8 17.9 17.8
CDOM, init 116 132 70.7 67.9 192
CDOM, fin 108 135 84.0 821 208
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accelerated rate of heat accumulation caused by high DBC inputs, would
cause elevated stress to both the Lahontan Cutthroat trout and Cui-ui
fish species in the lake, both of which require cold water temperatures
for healthy spawning and recruitment (Scoppettone et al., 1993;
Dickerson and Vinyard, 1999). These implications are applicable to all
wildfire-impacted surface waters with temperature sensitive species
and food webs.

5. Limitations and future research

These results show that the presence of DBC in water affects the sur-
face albedo of the water and the attenuation rates of radiation. The ef-
fects of DBC appear to be different for radiation spectra dominated by
infrared vs. visible light, with the effects on visible light much more im-
portant than those in IR radiation. However, this study did not fully ac-
count for wavelength-dependent attenuation or for the wide-ranging
and continuous spectrum of solar radiation and did not consider the in-
fluence of environmental factors on the surface energy balance of the
water column. These experiments show a qualitative impact of DBC on
the absorption of light by water but are not sufficient to quantify that
impact. Additionally, the elemental DBC used in the heating experi-
ments is not representative of the chemically diverse suite of DBC that
results from wildfire combustion of organics. The way that DBC may in-
teract with other DOM fractions found in lake waters is unknown and
was not a focus of this study. Finally, a limited number of water samples
and replicates were analyzed and the SP2 methodology used to quantify
DBC detects only the highly elemental and refractory portion of
the DBC.

Additional studies should be conducted in both the near-term and
long-term in order to quantify the likely impacts of DBC on Pyramid
Lake and similar surface water bodies. Future studies should consider
the full solar spectrum and wavelength-specific measurements of albedo
and attenuation rate. Additional heating experiments should also be
conducted using biomass-derived BC as parent material for DBC prepa-
ration and water from Pyramid Lake. More extensive organic analysis
methods should be applied to further characterize the DBC within Pyra-
mid Lake, and the effect of DBC on water heating should be compared
with heating effects from other organic matter fractions. It is critical
that multiple locations and depths within Pyramid Lake and the Truckee
River source water are monitored regularly for DBC content over time,
to better understand whether DBC accumulates in surface waters and
to constrain DBC circulation and removal patterns. The potential associ-
ation between DBC and other emerging contaminants of concern should
be examined, particularly the potential for physical interaction or asso-
ciation between DBC and microplastics which could have additional im-
plications on water heating dynamics. Finally, as more evidence
becomes available, careful consideration should be given to the Pyra-
mid Lake food web and how DBC might ultimately impact the ecosystem
and PLPT wellbeing.
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