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The Clear Lake Volcanic Field (CLVF) is the northernmost and youngest field

in a chain of volcanic fields in the California Coast Range mountains.

Effusive and explosive volcanic activity in the field has spanned at least

2.1 million years, with the youngest eruptions comprising a series of maar

craters at the edges of, and within, Clear Lake itself. This work documents

the first direct ages for many of these maar deposits and builds the

stratigraphic basis for interpreting eruptive processes and dynamics of

the young eruptions which produced them. Detailed stratigraphy has

distinguished maar eruption products from pyroclastic deposits

(monolithologic falls and flows, previously mapped together with maars

as a single unit) and established a set of six eruption facies from maar

deposit lithology, grain size parameters, and depositional structures.

Radiocarbon dates from carbon films found on clasts at three outcrops

have constrained several of these maar eruptions to ~8,500–13,500 years

BP, coinciding with eruptive periods previously estimated based on lake

core tephrachronology. Part of this period also coincides with indigenous

inhabitation (<12,000 years BP), which suggests that oral histories of Pomo

and other local tribes may contain descriptions of volcanic phenomena

experienced by local residents of the CLVF. Collaboration between

volcanologists and indigenous historians may add a valuable human

dimension to the youngest eruptions of the Clear Lake Volcanic Field,

and help inform future volcanic hazard assessment.
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Geology of the Clear Lake Volcanic Field

The Clear Lake Volcanic Field (CLVF) is the northernmost and youngest field in a

chain of volcanic fields in the California Coast Range mountains (Figure 1A) (Hearn

et al., 1981; Donnelly-Nolan et al., 1993; Stanley and Blakely, 1995; Hammersley and

DePaolo, 2006). These fields were erupted as passage of the Mendocino triple junction

and lengthening of the San Andreas Fault system opened magma pathways to the

surface; as the nexus of subduction and transform movement marched northward, the

age of each volcanic center approximately tracked the position of the triple junction

and associated slab window at the time (Figure 2A; Hearn et al., 1981; Liu and
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Furlong, 1992; Stanley and Rodriguez, 1995). Located within

the CLVF, Clear Lake itself is the oldest natural lake in North

America and has existed for at least 2.5 million years (Sims,

1976, 1988; Sarna-Wojcicki et al., 1988). The lake and much of

the volcanic field itself are located in a transtensional basin,

which is responsible for both local and regional fault systems

that have provided magma pathways to the surface (Hearn

et al., 1981; Sims et al., 1988; Stanley and Rodriguez, 1995).

Volcanic rocks of the CLVF were erupted around (and

through) Clear Lake over a 2.1 Ma period (Figure 2B;

Donnelly-Nolan et al., 1993; Hearn et al., 1995; Stimac

et al., 2001) over a basement comprised of Coast Range

ophiolite, Mesozoic Great Valley Sequence, and Franciscan

Complex (Hearn et al., 1981; Donnelly-Nolan et al., 1993).

The rocks can be divided into four rough temporal groups:

1.3–2.1 Ma (basalt and basaltic andesite lavas, dacite and

rhyolite lava flows and tuffs), 0.8–1.1 Ma (dacite and

rhyolite flows and tuffs), 0.30–0.65 Ma (dacite and rhyolite

lava flows), and 0.01–0.1 Ma (basaltic andesite scoria cones

and maars) (Donnelly-Nolan et al., 1981). This volcanism was

fed by a silicic magma source whose magmatic heat still

supplies the Geysers geothermal field (Figure 1B) (Hearn

et al., 1981; Donnelly-Nolan et al., 1993; Stanley and

Blakely, 1995; Mangan et al., 2019), as well as by periodic

injections of more mafic magmas from deeper mantle sources

(Hearn et al., 1981).

The youngest eruptions of the CLVF comprise a series of

maar craters at the edges of, and within, the lake itself (Figure 2).

Pyroclastic deposits associated with this activity drape older lava

flows and domes around the southeastern half of the lake

(Donnelly-Nolan et al., 1993; Hearn et al., 1995). Maars are

volcanic craters which form when ascending magma interacts

with external water, or water-rich rocks and sediment, in the

shallow (<1,000 m) subsurface (Valentine et al., 2011, 2014;

Houghton et al., 2015; Zimanowski et al., 2015; Németh and

Kósik, 2020). This interaction results in rapid transfer of heat and

flash-boiling of the water, fragmentation of magma, and a water-

vapor driven explosion aboveground (White and Ross, 2011; Ort

et al., 2018). Such phreatomagmatic activity can occur in areas

with abundant groundwater and/or surface water such as ponds

and lakes (Houghton et al., 2015; Zimanowski et al., 2015). The

resulting physical features can range from craters excavated into

the current ground surface to tuff rings or tuff cones built above

the surface (Lorenz, 1986; Brand and Heiken, 2009; White and

Ross, 2011; Graettinger et al., 2014). Processes during maar

eruptions can vary from largely steam-driven (lacking a

juvenile component in deposits) (Barberi et al., 1992; Pardo

et al., 2014; Houghton et al., 2015; Zimanowski et al., 2015),

to phreatomagmatic (in which juvenile material makes up a

significant component of deposits) (Pardo et al., 2014; Valentine

et al., 2014, 2017; Houghton et al., 2015; White and Valentine,

2016), to Strombolian (magma-dominated) (Houghton and

FIGURE 1
(A) Schematic map of northern California, showing the Coast Range volcanic centers, major regional faults, and approximate position of the
Mendocino triple junction over the past 12 million years. CLVF = Clear Lake Volcanic Field, SVF = Sonoma Volcanic Field, BHVF = Berkeley Hills
Volcanic Field, QSVF = Quien Sabe Volcanic Field. Modified fromMcLaughlin and Ohlin (1984); Stanley and Rodriguez (1995). (B) Summary geologic
map of the Clear Lake Volcanic Field and surrounding areas, including areal extent of the Clear Lake Volcanics (green), Sonoma Volcanics (blue),
Great Valley Sequence sedimentary rocks (peach), ophiolite (brown), and Franciscan Complex (purple). Modified from Rytuba et al. (2009). Terrain
from National Map 3D Elevation Program (3DEP), USGS Earth Resources Observation and Science (EROS) Center, GMTED 2010 March 2021.
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Hackett, 1984; Kokelaar, 1986; Gutmann, 2002), and even to

Surtseyan (eruptions occurring through bodies of water, often

displaying characteristic “rooster-tail” plumes) (Cole et al., 2001;

Németh et al., 2006; Murtagh and White, 2013; Gjerløw et al.,

2015; Verolino et al., 2019). Maar eruptions may not only

produce locally significant tephra-fall deposits (Brand and

Heiken, 2009; Valentine et al., 2015; Fierstein and Hildreth,

2017; Ort et al., 2018), ballistics (Self et al., 1980; Mastin and

Witter, 2000; Taddeucci et al., 2010; Ort et al., 2018; Graettinger

and Bearden, 2021), and ballistic curtains (Melosh, 1986;

Graettinger et al., 2015a, 2015b; Valentine et al., 2017), but

may also create a variety of dense and dilute pyroclastic

density currents (PDCs) (Fisher and Schmincke, 1984; 1998;

Cas and Wright, 1988; Lirer and Vinci, 1991; Giaccio et al., 2007;

Moore et al., 1966; Fisher and Waters, 1970; Schmincke et al.,

1973; Fisher, 1979; Walker, 1984; Moorhouse and White, 2016).

Such tephras are found in multiple locations associated with

maars in the CLVF, and it is these deposits which form the basis

for this study.

Goals and significance of the study

This study focuses on three main questions: 1) Where did

maar eruptions occur in the CLVF, and how many were there?

2) When did this phreatomagmatic activity happen? and 3)

What processes characterized these eruptions? This last

question is particularly important at Clear Lake because

not only are there many year-round residents of, and

recreational visitors to, the lake and its surrounding area

(an average daily population of 18,000 people in 2010;

Abdollahian et al., 2018), but the region is also heavily

developed for wine grapes and other fruit crops (Smith and

Broderson, 1989). Residents, infrastructure, agricultural,

water, and recreational resources would be at significant

risk in the event of explosive phreatomagmatic activity.

Additionally, any explosive eruptions in the Clear Lake area

have the potential to disrupt major transportation routes and

create tephra hazards that affect air traffic in the Bay Area and

beyond (Mangan et al., 2019).

FIGURE 2
“Young pyroclastic” deposit and outcropmap of the CLVF, focused on the SE end of the Lake. Outcrops sampled for stratigraphy, grain-size, and
radiocarbon analyses are noted with colored numbers and black circles with leaders; Soda Bay Group outcrops are shown in red, Riviera West Group
in orange, Konocti Bay Group in green, and Lower Lake Group in blue. Known maar craters as mapped by Manson (1989) and Hearn et al. (1995) are
marked with black circles, faults are depicted with black lines, and landslide scarps are shownwith yellow lines. yp deposits of Hearn et al. (1995)
are in purple. The 3.5–8 ka inferred paleoshoreline of Sims et al. (1988) is marked by a white dotted line. Faults are from the USGS Quaternary Fault
and Fold Database (U.S. Geological Survey and California Geological Survey, 2022).
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Previous work

In Hearn et al. (1981, 1995) early geologic mappers

described a suite of undifferentiated “young pyroclastic” (yp)

deposits, including “well-bedded ash, tuffs, and lapilli tephra,

mainly consisting of either hydrothermally altered scoria, fresh

basaltic andesite or andesite scoria, and fragments of both local

lava flow units and Franciscan or Great Valley Sequence

bedrock” (Hearn et al., 1995). These deposits were

interpreted in some locations as tephra fall deposits

connected to visible volcanic vents, and in others as maar

deposits (based on the presence of mud-armored lapilli and

bomb sags). Their sources were inferred to be “1) vents

suggested by arcuate segments of the Clear Lake shoreline,

2) the vent beneath the Little Borax Lake maar, 3) a possible

vent north-northwest of Bell Mine; and 4) cinder cones east of

Clearlake Oaks” (Hearn et al., 1995). None of the yp deposits

were dated directly, but radiocarbon dating of lake sediments

provided age constraints on volcanic ash found in lake cores

(Hearn et al., 1981, 1995; Sims et al., 1988), suggesting that a

significant amount of maar activity may have occurred between

8,000 and 40,000 years BP. Indigenous (Pomo and other) oral

histories also contain descriptions which could be interpreted as

volcanic phenomena, suggesting that at least some of the

explosive activity could have occurred during early human

occupation (<12,000 years BP; Mauldin, 1972, Mauldin,

1977; Parker, 2007, Parker, 2008, Parker, 2012; Mauldin,

2018). The relatively young ages of explosive volcanic

activity in the CLVF make documenting the eruptive history

crucial to accurate hazard assessment and appropriate

monitoring for future volcanic unrest and eruptions.

Basic bathymetric surveys of Clear Lake conducted by

(Finnegan et al., 1948; Sims et al., 1988; Manson, 1989)

suggested the presence of at least 11 volcanic craters, inferred

to be maars given that the lake predates activity in the volcanic

field, and that all of the craters are located in or very near the

lakeshore (Sims, 1976; Sims et al., 1988). Many of these craters

are associated with arcuate shorelines, and in one case (Little

Borax Lake, now part of the Buckingham Golf Course) even host

their own bodies of water (Figure 2). At least seven of these

craters intersect known faults as mapped in the USGS

Quaternary Faults Database (U.S. Geological Survey and

California Geological Survey, 2022). Given the fault-bounded

geometry of the paleo-lakeshore of 3.5–8 ka (Figure 2, dotted

white line) (Sims et al., 1988), it is reasonable to expect that more

maars may be hidden beneath the waters of Clear Lake. An

ongoing bathymetric survey (California Natural Resources

Agency, 2020) will collect cm-scale measurements and sub-

bottom soundings of the current lake floor, and will help shed

light on any remaining, hidden craters.

Methods

Outcrops were surveyed and sampled over multiple months

from 2019 to 2021 during both wet and dry field conditions; wet

conditions made it easier to identify the characteristic layering

and texture of maar deposits. One of the important tasks of this

study was to differentiate between maar deposits and pyroclastic

deposits associated with on-shore scoria cones and lava flows. In

the field, this was mainly accomplished through componentry;

maar deposits contained distinctive vesicular juvenile tephra as

well as a variety of local lavas and basement rock, while other

pyroclastic deposits were monolithologic and their clasts could be

petrologically correlated with nearby lava flows. Samples were

taken from each outcrop [labeled “S (#)” in Figure 2] based on

visible layering, compositional, and grain size changes grading. In

the case of single layers of a particular facies (discussed in the

Results section), the layer was usually sampled separately,

whereas intervals composed of multiple repeating layers of the

same facies were sampled en masse. In the lab, samples were dried

in a 40°C oven for at least 2 h and sieved in 1-ϕ increments from

-4 to 6ϕ (63–0.063 mm), according to suggested best practices in

(Walker, 1971; Buller andMcManus, 1973; Lirer and Vinci, 1991;

IVHHN, 2005). Sorting parameters (Inman, 1952; Folk and

Ward, 1957) were calculated using the GRADISTAT Excel

statistics package (Blott and Pye, 2001).

Stratigraphic columns were constructed based on field

observations of componentry and depositional structures as

well as calculated grain-size-distribution (GSD) analyses. They

are divided into four groups based on their geographic location

along the southeastern shore of the lake (Figure 2): the Soda Bay

Group on the west side of Buckingham Peninsula (S2, S3, S4,

S12), the Riviera West Group on the east side of Buckingham

Peninsula (S5, S11), the Konocti Bay Group (S8, S13, S14, S15),

and the Lower Lake Group (S6). (S7, S9, and S10 were deposits

later determined not to be of maar origin, but are shown on the

map for numbering clarity. S1 contains pyroclastic deposits

related to an overlying scoria cone but was not sampled for

stratigraphy). Carbon was recovered from deposits at three

locations: the far southern end of the lake (S6, Lower Lake

Group), the Konocti Bay area (S13, Konocti Bay Group), and

the Riviera West area (S12, Riviera West Group). This material

was found both as black, 1–2 mm-thick, continuous layers (S12),

and as black films adhering to dispersed clasts (S6 and S13). No

clear organic structures were identifiable, but the presence of

carbon was confirmed by dissolving the surrounding ash and

pyroclasts in HF and then testing the remaining black material

for a gas evolution reaction to H2O2. Radiocarbon analyses were

conducted by the University of Georgia Center for Applied

Isotope Studies; detailed methods are included in the

Supplementary Material.
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Results

Exposures of maar deposits are anywhere from a few tens

of centimeters to multiple meters thick, and their bedding is

often inclined and draped over the underlying topography

(especially older lava flows). Deposits contain any

combination of vesicular to dense, pale-colored tephra;

fragments of older CLVF lavas; and other basement

bedrock, including the Franciscan Complex and Great

Valley Sequence mentioned in Geology of the Clear Lake

Volcanic Field. For stratigraphic description purposes,

layers where juvenile tephra dominate are referred to as

“juvenile,” while those composed mainly of older lavas or

basement are referred to as “lithic.” Layers in which neither

lithic clasts nor juvenile tephra dominate are described as

“mixed.” For size considerations, layers in which particles are

coarse-ash-sized or smaller are referred to as “ash” regardless

of lithology. Deposits were described as either clast- or matrix-

supported, with lithic-dominated units more likely to be clast-

supported. Bombs were commonly observed, but no clear

bomb sags have been recorded. Depositional structures are

rarely observed, and are limited to bedding, pinch-and-swell

structures, lenses of larger or smaller clasts, and planar

laminations. In many places outcrops are heavily oxidized,

both within the deposits and in soil on top of the deposits. In

others, there are streaks or lenses of oxidation within

individual layers. There are, however, no places where soil

development is observed between deposit layers, suggesting

that all outcrops represent single eruptive periods, which (in

maar eruptions) typically last for hours to months (Ort et al.,

2018). For reference, soil production rates in arid or semi-arid

climates have been estimated at 30–300 m/My, meaning it

could take hundreds to thousands of years for soil layers to

develop (Pelletier, 2017).

Juvenile tephra, which are commonly angular to subangular,

contain anywhere from 10-40% vesicles and microvesicles of 0.5-

3 mm in glassy, tan-to-gray matrices with sparse phenocrysts and

microphenocrysts; 1-3mm glomerocrysts of plagioclase and

other minerals are occasionally present. Juvenile clasts also

contain up to 10% lithic xenoliths, and they are more

common in the less vesicular clasts. The surface and vesicles

of both juvenile and lithic clasts often carry black films of carbon,

discussed further in Radiocarbon ages. The matrices of deposits

rich in juvenile clasts are often markedly oxidized, especially

near the top of an outcrop, but show no evidence of soil

development. A single sample from a glassy bomb at S2 (Soda

Bay) yielded an andesitic composition (62% SiO2, 18% Al2O3,

4% FeO, 4.6% Na2O+K2O), consistent with the youngest

andesite-to-basaltic andesite terrestrial lava flows and scoria

in the CLVF (Hearn et al., 1981; Donnelly-Nolan et al., 1993).

A more thorough geochemical investigation of deposit

compositions is underway.

Grain size distribution and analyses

Grain-size analysis of the maar deposits and field

observations were used to classify individual layers in

outcrops by their potential mechanisms of formation (Figures

3A,B). These mechanisms include “Dense PDC,” corresponding

to Walker’s “Flow” field (Walker, 1971, 1984) and characterized

by very poor sorting, dominantly lapilli or larger grain sizes, and

bimodal, or two-peaked, GSD; “Dilute PDC,” corresponding to

Walker’s “surge” field and characterized very poor sorting,

dominantly ash or smaller grain sizes, and bimodal GSD);

“Fall” (poorly-to-moderately-well-sorted, smaller grain sizes,

unimodal GSD; and “Ballistic curtain’ (Melosh, 1986;

Graettinger et al., 2015b), characterized as massive and poorly

sorted, with bimodal grain-size distributions and a wide range of

clast sizes. The σϕ parameter is used to determine sorting; σϕ <
2 is well-sorted, while σϕ > 2 is poorly sorted (Inman, 1952; Folk

and Ward, 1957).

In general, this study’s “fall” deposits fit well within Walker’s

field for fall deposits (Figure 3A), though their median grain sizes

are often skewed into the lapilli (Figure 3B: 2 to -6 ϕ, or 2–64 mm;

White and Houghton, 2006) rather than smaller (ash-sized)

clasts. Deposits categorized as ‘ballistic curtain’ occupy a

similar moderately-to-poorly-sorted space to fall deposits, but

their median grain sizes are skewed even farther to -ϕ sizes by the

inclusion of blocks and bombs (Figure 3B, >-6ϕ or 64 mm).

Deposits classified as ‘Dense PDC’ fall partly within Walker’s

pyroclastic flow field, but the fact that many are ash-poor skews

some to the larger ϕ sizes and produces a bimodal field of

cumulative weight % (Figure 3B). Deposits classified as ‘Dilute

PDC’ match very well with Walker’s pyroclastic surge field and

tend to be skewed toward larger median grain sizes than Dense

PDC deposits (Figure 3A).

Facies

Based on clast abundances, depositional structures, and GSD

analysis, the following facies designations were assigned and

illustrated in Figure 4. Layers noted in photos and facies

descriptions correspond to Figures 5–8. (These facies are

subject to revision as ongoing stratigraphic mapping,

componentry, and textural analyses are conducted):

• Facies 1 (Figure 4A): Lithic-dominated, poorly-sorted,

clast-supported, lapilli-to-bomb median clast sizes,

containing mostly country rock (Figure 5, S3, layers

011B and 011A). These deposits are often found at the

base of outcrops and are composed mainly of

unconsolidated, ash-poor, angular clasts of local lava

flows and Franciscan Complex lithics; juvenile tephra is

sometimes present in sparse amounts (<10%).
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• Facies 2 (Figure 4B): Massive, ash-to-bomb median clast

sizes, poorly-to very-poorly-sorted, matrix-to-ash-

supported, juvenile or mixed lithic and juvenile deposits

lacking grading or other structures (Figure 6, S5, layer 026;

Figure 7, S13, layer 078; Figure 7, S14, layer 091). These

deposits have bimodal grain-size distributions.

• Facies 3 (Figure 4C): Repetitive, reverse- or normal-graded,

moderately-to-poorly sorted, mixed lithic and juvenile or

juvenile-dominated, ash-to-lapilli median clast sizes,

matrix-supported, sometimes with lenses of larger clasts

(Figure 5, S2, layer 007; Figure 7, S12, layer 053).

• Facies 4 (Figure 4D): Thin, ash-dominated, moderately-to-

poorly sorted, evenly laminated layers (Figure 7, S12, layer

062; Figure 7, S14, layer 088).

• Facies 5 (Figure 4E): Thin, ash-dominated, poorly-to-very-

poorly-sorted layers, sometimes underlain by continuous

layers of black carbon (Figure 8, S6, layer 038; Figure 7, S12,

layer 054).

• Facies 6 (Figure 4F): Massive, poorly sorted, juvenile-

dominated layers, either clast- or matrix-supported

(Figure 8, S6, layer 037; Figure 7, S15, layer 092). These

deposits are similar in sorting and clast sizes to Facies 2

deposits but lack either local lavas or basement rock

(lithics).

Stratigraphy

The stratigraphy of 11 outcrops around Clear Lake is

described in the following sections, divided into groups based

on their locations. The location of each outcrop is labeled and

corresponds to Figure 2. Grain-size distributions in 1-ϕ
increments are linked to their corresponding layers, and facies

designations are noted for each layer analyzed. Some layers were

inaccessible for sampling but are represented visually in order to

record the stratigraphy of the full outcrop. S7, S9, and S10 are not

described here because their maar origin is in question (they

appeared to be largely monolithologic and may be associated

with other eruptive vents in the Clear Lake Volcanic Field).

Soda bay group
The Soda Bay Group (Figure 5), located on the northwest

flank of Mount Konocti, is associated with one of the most well-

defined maars at Clear Lake, containing at least two craters.

Soda Bay is so named because it is a major source of carbon

dioxide degassing, which can be observed as bubbles on the

surface of the lake (Mauldin, 1991; Bergfeld et al., 2001). The

outcrops consist of multiple sets of repetitive reverse- and

normal-graded layers, which contain a similar suite of

juvenile material in the form of vesicular and dense tephra,

and a lithic assortment drawn from both local lava flow layers

and the underlying Franciscan Complex metamorphic rocks.

Layers 03B to 006 of S2 (Figure 5) contain distinct lenses of

oxidized clasts. S2 and S12 are both dominated by Facies

3 deposits (Figure 5, layers 03A to 007, 009 and 010, S2;

layers 052, 053, 055, 059, 062, 065, S12), while S3 and

S4 contain more varied facies. There are several very poorly-

sorted PDC deposits at S2 and S3, and these locations also have

lithic-rich bases composed of local lavas (Facies 1; Figure 5,

S2 layer 03A, S3 layer 011A). The S2 and S3 outcrops are located

in the tephra ring(s) of the Soda Bay maar(s), which makes Soda

Bay their most likely eruptive source.

The outcrop at S12, which is located near the edge of the

Black Forest landslide on the Buckingham Peninsula (see

Figure 2), has the largest continuous sequence of maar

deposits, measuring 5+ m in thickness after correction for

slope. It preserves examples of most of the maar facies

designated in the CLVF, including thick, repetitive reverse-

FIGURE 3
(A) Median clast size and sorting parameters for all sampled deposits categorized by mechanism of formation. Pyroclastic deposit fields of
Walker (1971, 1984) are overlain on (A), with ‘surge’ being roughly equivalent to dilute PDCs. (B) shows the cumulative weight percent curves for Clear
Lake deposits based on their interpreted mechanism of formation. Note that many of these fields overlap due to both shared grain-size
characteristics of the deposits; the presence of volcanic bombs in some layers may also skew data.
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FIGURE 4
Examples of maar facies. (A) Facies 1, S2, layer 011A. This facies is often totally unconsolidated and eroded into undercuts. (B) Facies 2, S5, layer
026, showing significantly larger clasts than the layers above. (C) Facies 3, S12, layer 053, showing an interval of at least five reverse-graded layers. (D)
Facies 4, S12, layer 062; ashy layers with clear laminations. (E) Facies 5, S12, layer 054. Ashy layers lacking laminations, but with irregular bases
underlain by thin carbon layers. (F) Facies 6, S6, layer 037. Massive ungraded juvenile lapilli, with brighter clasts having been sliced open during
scraping. Field notebook is 11.5 cm × 15.5 cm, hammer is 28 cm tall, scraper is 34.5 cm tall. Image contrast, brightness, and shadows/highlights have
been enhanced to emphasize the features of each facies.
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graded layers (Facies 3), massive pyroclastic density current

layers (Facies 2), and both laminated (Facies 4) and non-

laminated (Facies 5) ash layers. Facies 5 layers (Figure 5, S12,

layers 054, 057, 061, 063) are notable for their crenulated bottoms

and the distinct layers of black carbon (see Results for more

detailed carbon photos). The outcrop appears to end abruptly at

FIGURE 5
Stratigraphy of outcrops in the Soda Bay area of the CLVF, west of the Buckingham Peninsula. Average grain size is denoted by the horizontal
width of the column (shorter = finer grain size, longer = coarser grain size), and relative clast sizes are also shown in the drawings. Layer widths are
also scaled relative to the dominant grain size in the deposit (i.e., smaller grain sizes are narrower, larger are wider). Grain size distributions are shown
to the right of each column and are numbered by sample. Facies designations are shown to the left of each column. Locations where carbon
was sampled (for example, S12 layer 063) are marked by a “C.” Columns are ordered by their geographic progression from west to east; no
correlations or relationships to source vents are implied by this order.
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the edge of the Black Forest landslide, but it is impossible to tell

whether this is because its remainder was removed by the

landslide or simply because it pinches out; the landslide itself

has been mapped but not dated (Manson, 1989). The most likely

source for the deposits at S12, based on proximity, is the Little

Borax Lake maar (Figure 2, now hosting the Buckingham Golf

Course pond). The location appears to sample directly from the

tephra ring surrounding the maar.

Riviera West group
On the eastern slopes of Mount Konocti, the Riviera West

Group shows the same sort of repetitive reverse-graded

FIGURE 6
Stratigraphy of outcrops in the Riviera West housing development on the east side of the Buckingham Peninsula. See Figure 5 caption for
interpretation notes. Columns are ordered according to their geographic progression from west to east; no correlations or relationships to source
vents are implied by this order.
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layering (Facies 3, Figure 6, S5 and S11) found in the Soda

Bay Group. However, the clast sizes in both of these outcrops

are skewed heavily toward lapilli and bombs; S11 in

particular contains some of the largest bombs (up to

30 cm in diameter) found in this study (Figure 6, S11,

layers 048, 049, 051). This is notable because the outcrop

is located more than 250 m above the water on the flank of

Mount Konocti, suggesting a very high energy of

emplacement. While the deposits at S11 are largely

unimodal, they are also very poorly sorted. S5 also has a

poorly-sorted base with large clasts and vesicular juvenile

bombs (Facies 2, S5, layer 026), but subsequent layers are

FIGURE 7
Stratigraphy of outcrops near Konocti Bay east of Mount Konocti. See Figure 5 caption for interpretation notes. Columns are ordered according
to their geographic progression from north to south; no correlations or relationships to source vents are implied by this order.
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more comparable in thickness and clast size to nearby Soda

Bay Group or Konocti Bay Group deposits. The most likely

source of eruption for both deposits is the maar mapped

immediately to the southeast of Little Borax Lake; however,

bathymetry may reveal additional maar craters in this area.

Konocti Bay group
The Konocti Bay Group (Figure 7) is composed of several

relatively thick sections of massive Facies two lithic-and-juvenile

layers (Figure 7, S13, layer 081; S14, layers 082, 082), interlayered

with the typical reverse- and normal-graded repetitive sequences

of Facies 3 (S13, layers 074, 075, 080), laminated ash-dominated

layers of Facies 5 (S13, layer 073; S14, layers 083 and 085); and the

occasional poorly-sorted layers with lithic-dominated lapilli-to-

bomb-sized clasts (Facies 1: S13, layer 068; S14, layer 084 and

086). Oxidized lenses are present in layer 078 (S13). Out of all the

outcrops, S15 is notable for its massive juvenile-dominated layers

(Facies 6, layers 092 and 095). The Konocti Bay Group is

important from a volcanic hazards standpoint; some of the

deposit locations (S8, S14; Figure 2) are found almost 5 and

3 km distant (respectively) from the Konocti Bay maar, showing

that significant tephra fall and possibly pyroclastic density

currents reached at least that distance from their originating

crater(s).

One outcrop in this group (Figure 7, S8) shows

significantly different characteristics compared to other

locations in this area (S13, S14, S15), and for this reason its

origin as a maar deposit is in question. Composed of one

variable-thickness, ash-dominated layer (S8, layer 042, Facies

4) and several layers of matrix-supported, poorly-sorted,

lapilli-to-ash-sized pyroclasts (layers 041, 043 and 044),

this exposure’s matrix is heavily oxidized and extremely

well consolidated. The large ashy layer (042) also fills a

trough and tapers from 2 m to one thick at either end of its

exposure. Because of extensive oxidation staining and the

difficulty of processing the (possibly) welded samples, the

lithology and geochemistry of deposits at this sampling

location are pending. However, it should be considered

whether this deposit is not from one of the maars, but

rather an earlier eruption; the dacite of Plum Flat (dpf)

(Hearn et al., 1995), which contains pyroclastic density

currents sourced from vent eruptions as well as lava dome

and lava flow front collapses, is located about 0.5 km to the

northeast of this outcrop, and may be a candidate.

Lower Lake Group
The Lower Lake Group (Figure 8) currently is defined by a

single outcrop (S6) but is so named because other as-yet

unsurveyed but related outcrops exist in the area. The existing

stratigraphy is a combination of alternating lithic- (Facies 1) and

juvenile-dominated layers (Facies 6), with at least one normally

graded sequence (Facies 3, layer 035) containing distinct oxidized

lenses. One juvenile-rich layer (033) also contains many clasts

coated with carbon films, providing one of the radiocarbon dates

FIGURE 8
Stratigraphy of an outcrop at the southeast end of Clear Lake, just east of Thurston Lake. See Figure 5 caption for interpretation notes; no
correlations or relationships to source vents are implied.
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discussed in Radiocarbon ages. All of the layers here are poorly-

sorted, but only one ash-dominated layer shows a clear bimodal

distribution (layer 036, Facies 5). The source location of these

deposits is unclear; there is at least one nearby eruptive vent on

land directly to the northwest (dt, dacite of Thurston Lake)

(Hearn et al., 1995), but it is a dacitic center and not andesitic, as

the maar tephra is interpreted to be based on preliminary

geochemical analysis. There may also be as-yet hidden maar

craters at the southeastern end of Clear Lake, given the heavily

scalloped shoreline north of Thurston Lake.

Radiocarbon ages

Eight well-calibrated (relative area under 2σ probability

distribution >0.7; Reimer et al., 2020) radiocarbon dates were

obtained from samples at S6 (Figure 8, Lower Lake Group), S12

(Figure 5, Riviera West Group), and S13 (Figure 7, Konocti Bay

Group); the six dates with the greatest area under the 2σ
probability distribution are used in Figure 9C, with their

corresponding layers noted on the x-axis. The oldest date is

13,250 ±260 cal yr. BP (S6) and the youngest date is

9,030 ±20 cal yr. BP (S13), however most dates fall between

about 11,500 and 13,500 cal yr. BP. Full radiocarbon analyses

data, including uncalibrated ages and calibration statistics, are

reported in the Supplementary Table S1; S12 has two sets of

radiocarbon dates because several samples were re-run due to

poor calibrations in the initial results. In Figure 9C, radiocarbon

dates from this study are compared with age ranges for volcanic

ash in lake cores as estimated from sediment accumulation

curves in previous work (Sims, 1976; Sarna-Wojcicki et al.,

1988; Sims et al., 1988). However, since the radiocarbon dates

constraining the sediment curves were originally uncalibrated

and it is unclear whether δ13C corrections were applied, the lake

core ash ages are rough estimates only.

This suite of radiocarbon dates confirms that there was maar

volcanism occurring in the CLVF as early as 9,000 yr. BP

(Figure 9C). This is coincident with the youngest date of

about 8,000–9,000 cal yr. BP estimated for tephra layers in

lake cores 73–7 (northeast of Konocti Bay) and 73–8

(northwest end of Clear Lake). The oldest 14C dates at S12

(13,170 ±50 cal yr. BP) and S6 (13,250 ±260 cal yr. BP) could

correlate with lake core tephra ages of about

14,000–15,000 cal yr. BP in core 73–1 (northwest of Soda Bay)

and 73–6 (Clearlake Oaks arm), given the large errors associated

with those tephra ages. Second, these dates indicate that maar

FIGURE 9
Examples of layered carbonized material at S12 (A, B), as well as the distribution of calibrated radiocarbon dates (C)with error bars indicating 2σ
cal BP ranges. Ages of volcanic ash (tephra) in lake cores as estimated from sediment accumulation curves (Sims and Rymer, 1975c, 1975a, 1975b,
1975d; Sims, 1976; Sarna-Wojcicki et al., 1988) are shown in black, and the K-Ar age of the andesite of Sulphur Bank (one of the youngest dated lava
flows; White and Roberson, 1962) is shown in blue.
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volcanism occurred at multiple times at different locations.

While S12 and S13 are located within 3 km of each other,

S6 and S12 occur during the same 1,500-year time frame

more than 10 km apart, though they are both co-located with

segments of the Konocti Bay Fault Zone (Figure 2). For this

reason, unraveling any stratigraphic correlations between

clustered outcrops may be difficult unless there is both

geochemical and radiometric evidence that the layers were

produced by a single maar.

S12’s range of radiocarbon dates highlights potential sources

of uncertainty for the radiocarbon method used in the CLVF;

while the stratigraphy at S12 appears to represent multiple

explosions within a single eruptive period, the resulting radio

carbon dates vary by several thousand years. As previously stated,

all of the sample locations surveyed for this study likely represent

individual eruptive episodes on the timescale of days to months,

as evidenced by the lack of soil development between layers. It is

possible that local contamination from groundwater and/or other

sources (CO2 gas dissolved in local waters and creating carbonate

sediments; Robinson et al., 1988) caused the variance in ages

from this single outcrop, given that it was excavated from a

roadcut at the base of a steep slope (a natural location for water

drainage).

Discussion

Stratigraphic correlation challenges

The stratigraphy of CLVF maar deposits is complicated

and there are no clear patterns linking the different outcrops,

other than that lithic-rich deposits tend to be located at the

base of outcrops (i.e., representing early stages in the maar-

eruptive process). The suite of radiocarbon dates shown in

Figure 9C does correlate, in part, with several of the tephra

ages derived from lake cores 73–1, 73–6, 73–7, and 73–8

(Figure 9C, black markers), which bolsters the evidence for

at least two periods of maar eruptions. It may be possible to

derive some information about the aereal extent of tephra

deposition from these lake cores if additional work on

subaerial tephrachronology is combined with detailed

chemical and textural examination of the volcanic ash

found in lake core sediments.

However, because of the close proximity of many of the

known maar craters to each other, and the typical characteristics

of maar eruptions (multiple eruptions from a single crater,

migrating craters, or even multiple crater formation)

(Graettinger et al., 2014; Sonder et al., 2015; Valentine et al.,

2017; Graettinger and Bearden, 2021), it is possible that

individual stratigraphic sections record not only multiple

explosive events from single or even multiple craters in the

same eruption, but also interlayered deposits from multiple

maars, if there were coeval eruptions in the CLVF. Additional

radiocarbon dating, as well as systematic geochemical and

textural analyses of tephra are the necessary next steps in

unraveling these relationships. Even that task may be

complicated if the juvenile material is geochemically

homogenous as a result of a shared magma source or short

durations between eruptions.

Eruptive dynamics

While correlation of individual layers in the CLVF is difficult,

the commonly observed facies at all of the outcrops can be

interpreted in terms of possible eruptive processes based on their

componentry and grain-size distribution analyses.

Because Facies 1 deposits are composed primarily of lithics

sourced from either local lava flows or deeper metamorphic

rocks, they are interpreted as crater-forming explosions early

in the eruptive, maar-forming process. Alternatively, if they

are found stratigraphically higher in an outcrop, these

deposits could be the result of vent-clearing following

collapse of crater walls (Lorenz, 1986; Graettinger et al.,

2015a). The lack of juvenile ash and larger tephra clasts

indicates that magma had probably not yet reached the

surface during Facies 1 formation.

Facies 2 and 6may represent the “ballistic curtains” described

in Graettinger et al. (2015b) after bolide impact ejecta

descriptions by Melosh (1986). Such deposits are created by

directed jets of material in an explosion, often angled, and may be

localized in “rays” (which are difficult to distinguish in isolated

outcrops). Facies 2 contains both juvenile and lithic material,

suggesting that explosions were either still expanding the crater,

clasts were being recycled in the crater (Houghton and Smith,

1993), or crater-wall collapse was occurring. Since Facies 6 is

dominated by juvenile material, it may represent a similar

process occurring during a more magma-dominated phase of

the eruption, possibly even a Strombolian eruption style with

limited magma-water interaction (Self et al., 1980; Wohletz,

1983; Houghton and Hackett, 1984; Murtagh and White, 2013).

Facies 3 deposits, with their distinctive graded appearance

and mixed juvenile and lithic contents, probably represent the

repeated, pulsatory explosions characteristic of maar eruptions in

their phreatomagmatic phases (Self et al., 1980; Taddeucci et al.,

2010; Houghton et al., 2015; Sonder et al., 2015). The poorly-

sorted nature of these deposits ties them to the more turbulent

processes of pyroclastic density currents, although potentially

from less powerful explosions. .

Facies 4 and 5 deposits are similar in componentry and

overall grain size but are primarily distinguished by their sorting

and depositional structures (or lack thereof). Facies 4 deposits

show poor-to-moderate sorting, suggesting that this facies either

represents ash fallout largely unaffected by turbulent processes

(Walker, 1971; Fisher, 1979; Graettinger et al., 2014; Ort et al.,

2018). Facies 5 deposits, which are poorly to very-poorly-sorted
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but ash-dominated, could represent dilute pyroclastic density

currents, although the lack of characteristic structures (ripples,

dunes, chute-and-pool) (Fisher and Waters, 1970; Schmincke

et al., 1973; Walker, 1984) makes it difficult to characterize these

specifically as the “surges” or “base surges” discussed by some

previous workers (Moore et al., 1966; Fisher and Waters, 1970;

Moorhouse and White, 2016). This facies may also represent the

turbulent clouds accompanying more concentrated PDCs. The

presence of carbon (Figures 9A,B) beneath many of these

deposits is, however, a puzzling association. There is no

indication these PDCs were hot, so the material is probably

not carbonized (i.e., charred) organic matter due to high

temperatures. Explosions could have disrupted carbon-rich

materials such as peat or carbonaceous sediment on the floor

of Clear Lake (Sims et al., 1988; Sims et al., 1988), but the

mechanism for depositing them in such coherent layers is

unclear.

Opportunities for correlating oral histories

Prior to the 1830s, the Clear Lake basin was primarily

home to various groups of Pomo people, including the Elem,

Koi, Kamdot, Lileek, Habenapo, Kuhlanapo, Komli, Boalke,

Kaiyao, Yobotui, Howalek, Danoha, and Shigom communities

(Kniffen, 1939). The oldest archaeological sites in the Clear

Lake basin have been dated between 14,000 and 20,000 years

(White and Fredrickson, 2002; Parker, 2007, 2008, 2012). In

addition to natural resources in and around the lake, the area

was known for its role in the obsidian trade, particularly from

sites in the rhyolite flows of Thurston Creek (rto) (Hearn et al.,

1995; Hodgson, 2005, 2007). Thus, the volcanic history of the

CLVF is closely tied with the history of the indigenous groups

who still dwell there, and the radiocarbon dates in this study

indicate that their experiences may contain clues to past

volcanic processes and hazards associated with maar

volcanism.

A preliminary examination of oral histories collected by

Henry Mauldin of the Lake County Historical Society from

local indigenous historians (Mauldin, 1972, 1977; Mauldin

and Museums of Lake County, 2018) identified many

references to phenomena which may be contemporary

interpretations of explosive volcanic activity:

• “After Graysquirrel was safely in Coyote’s house there

was a terrific explosion and Rock blew to pieces. From

this came all the loose boulders of the world” (From

“Rocks of the world,” a story about Graysquirrel and

Rock Man by Francisco John, as told to Henry

Mauldin)

• “Nu-coo-ee noticed a place under Rock Man’s arm and

hit him there with the sphere. The world started to

shake and with the noise of thunder. The people heard

it and started packing up” (From “The Story of Nu-

Coo-Ee” as told to Henry Mauldin by Harris Holms of

the Big Valley Rancheria near Finley)

• “Kah-bel also was now full of wrath and shouted angrily at

Konocti. They argued long and loud and were soon hurling

great boulders at each other across the water . . . On the

shore of the Lake east of Soda Bay there may be seen many

boulders which fell short of their mark . . .” (From “The

Battle of The Giants” by Francisco John as told to Henry

Maudlin)

• “After [Nu-Coo-Ee] sang he threw his spear into the air

and while it was up there it gave off fire and sparks, which

showed his power” (From “The Story of Nu-Coo-Ee” as

told to Henry Mauldin by Harris Holms of the Big Valley

Rancheria near Finley)

These descriptions are consistent with maar-type activity, in

which the ‘fire and sparks’ of an eruption might be seen over

hilltops (depending on the observer’s location around the lake)

and ‘great boulders’ (volcanic bombs) could be thrown high

above an eruption crater.

This coincidence of geologic events and oral histories may

present an important avenue of research collaboration with

indigenous scholars, to better constrain exact eruption timing

and duration as well as to characterize the human dimensions

of volcanic hazards at the CLVF. These types of effort to co-

produce geologic hazards knowledge (Nunn et al., 2019;

Scarlett and Riede, 2019) have resulted in much richer

eruption histories at Volcán Tungurahua in Ecuador (Le

Pennec et al., 2008); Kīlauea Volcano in Hawaii (Swanson,

2008); Central Java, Indonesia (Griffin and Barney, 2021);

Tseax Volcano, British Columbia, Canada (Le Moigne et al.,

2022); and the Taupō Volcanic Zone in New Zealand (Pardo

et al., 2015). If eruptions did occur during early human

occupation of the CLVF, the oral histories preserved by

their descendants may contain useful insights about

precursors to future eruptions, as well as severity and

impacts of past maar eruptions. Both types of information

could inform plausible eruption scenarios and hazard

zonations for an eventual volcanic hazards assessment at

Clear Lake.

Implications for hazard assessment

Radiocarbon dates of less than 10,000 years B.P. place

CLVF maar eruptive activity firmly in the Holocene period,

though it is unknown whether future dates will place any

eruptions within the past 2,000–3,000 years (indicating a

higher-threat volcano following the ranking scheme of

Ewert et al., 2005). These ages, in combination with the

populations, infrastructure, and transportation routes at

risk in the CLVF (Abdollahian et al., 2018; Mangan et al.,
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2019), reinforce the need for monitoring and hazard

assessment. Worldwide, hazards from phreatomagmatic

explosions, such as base surges, lahars, and tsunamis, have

produced about 20% of all fatalities associated with volcanic

activity in historical time (Mastin and Witter, 2000).

While most of the known CLVF maar deposits are found

immediately adjacent to Clear Lake itself, some pyroclastic

density currents and tephra may have reached up to 5 km

from sources, a serious implication for the reach of near-vent

eruptive hazards. The Whakaari, New Zealand, eruption of 2019

(Dempsey et al., 2020) illustrates the devastating consequences of

being in close vicinity to even relatively small phreatic eruptions.

Additionally, maar eruption cloud heights of 6,000+ m and

associated ashfall (Ort et al., 2018) have the potential to

disrupt regional populations, infrastructure, and transportation

(including air traffic) given the proximity of the CLVF to the

cities of Lakeport, Clearlake, Ukiah, Santa Rosa, and Napa

(Abdollahian et al., 2018; Mangan et al., 2019). The

association of known CLVF maar craters (and potentially

more beneath the lake) with faults also suggests that future

eruptions may occur preferentially along faults. Geophysical

analyses (Chapman, 1975; Majer et al., 1991; Stanley and

Blakely, 1995; Peacock et al., 2020) indicate that magma is

still present at around 5 km below parts of the CLVF, and

future intrusions and eruptions in and around Clear Lake are

possible. Additional study of the maars and their deposits will be

crucial to determining the full extent of potential hazards of

future explosive eruptions in the CLVF.

Conclusion

This stratigraphic study has revealed a number of important

insights into the young phreatomagmatic history in the Clear

Lake Volcanic Field (CLVF):

• Stratigraphic and grain-size analysis of 11 outcrops of

pyroclastic material in the Clear Lake Volcanic Field

confirms a complicated history of phreatomagmatic

eruptions in and around Clear Lake. Deposit features

characteristic of maar eruptions (repetitive graded layers,

evidence for dilute pyroclastic density currents, and

deposits formed by ballistic curtains) help distinguish

maar deposits from other young pyroclastic deposits in

the CLVF.

• Unraveling individual eruptions in the CLVF is

complicated by the characteristics of maar eruptions and

the potential for multiple, coeval eruptions. Future

geochemical, textural, geochronological, and

geographical analyses will help decipher the tangled

history of the maars.

• Radiocarbon analysis of carbon found within maar deposits

reveals that some eruptions occurred between ~13,500 and

9,000 cal yr. BP, roughly coincident with the ages of tephra

recovered from lake core sediments by previous workers.

Ongoing work to characterize lake bathymetry and the

geochemical patterns and evolution of the phreatomagmatic

eruptions will provide important insights into the extent,

progression, and evolution of maar volcanism in the CLVF.

The high-resolution bathymetry in particular will help

identify the location and number of maars, and combined

with radiocarbon dating, lithological and geochemical

analysis of juvenile material, and spatial analysis of vent

locations, will help us further expand an existing

tephrochronology and eruptive record. There is also

much to be learned from geochemical textural analysis of

juvenile products, which can elucidate eruption behavior

over time and constrain parameters for future eruption

modeling of both tephra-fall and ballistic emplacement.

Finally, building relationships with local indigenous

groups to exchange knowledge of pre-European-contact

landscape history will provide an additional insights into

the region’s youngest eruptions. Combined, these research

tracks will feed into a detailed eruption history and future

volcanic hazard assessment for the Clear Lake Volcanic

Field.
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