Northern California Geological Society (NCGS)

A Field Trip Guidebook
to

The Clear Lake Volcanic Field
Lake County, California

Rolfe Erickson
Geology Department
Sonoma State University
Rohnert Park, CA 94928
8/2/03

Introduction

The Clear Lake volcanic field has been studied intensively since the early l 970's.
Employees of the U.S. Geological Survey, academic institutions, and commercial firms
have worked on it. Its variety of units and histories and potential for future eruption
make it an important field to understand, and its comparatively small size allows
relatively quick survey of its important parts. On this one-day trip we \\ill look at the
major igneous rock types, discuss some present models for their origin, and discuss the
tectonic environment in which the field exists. Figure 1 sho,vs the trip stops.
For all stops UTM coordinates are given. They all refer to the 1927 datum.
All ages given were determined in the 1970's by the classical K-Ar technique.
The text for this guide paraphrases material from several USGS reports,
information from the new USGS Clear Lake map, several papers by university
researchers and employees of commercial firms and mixes this information \\ith the
author's own observations in the field and lab. All figures from the literature are given
their original bibliographic listing. A list of all references used is appended. Appendix 4
provides useful classification tables and a small glossary of terms.

Overview of the Volcanic Field

The Clear Lake field occupies some 400 km2 of northern California, centered
around the southern part of Clear Lake in Lake County (Fig. 2). The field is young, vdth
events from 2.1 to 0.01 Ma. There is no indication that the field is extinct; it is only an
accident of history that there are no eruptions going on at this time. This activity was
contained in 4 age groups: 2.1-1.3 Ma; 1.1 - 0.8 Ma; 0.65 - 0.30 Ma; and 0.1 - 0,01 Ma
with circa 0.2 Ma quiet intervals in between (Fig. 3). (note use ofMegaanno, abb. Ma,
rather than m.y. for millions of years). Some 100 separate eruptive units are present, and
there is iv.ice as much felsic as mafic rock. The interval between eruptions in the last
0.65 Ma is a few thousand years. The total volume of erupted products is~ 100 km3•
About 16 km3 of this is in the dacites of Mt. Konocti, the dominant volcano in the field,
and ~35 km3 in all the dacites of the third period. A new USGS Map (Hearn et al, 1995)
shows the geology of the field in great detail.
The initial USGS geophysical studies of the Clear Lake area defined a gra,ity low
under Mt. Hannah that was identified as a probable magma chamber with a top perhaps 7
km down (Fig.2). More recent modeling has suggested this low is associated with a thick
argillite sequence in the basement and that no active magma chamber can be identified at
present, although many must have been present in the past. Recent seismic work has
suggested the presence of numerous small magma sills in the lower crust north of Clear
Lake, in a broad region centered around Lake Pillsbury ~ 50 km north of Mt. Konocti.
Very high 3 He content in the inert gases traveling \\ith the steam in the Geysers indicates
active young magma in that system adjacent to the Clear Lake field.
The large number of highly evolved volcanic units, many of which must have
been derived from much larger initial magma batches, suggests that the deeper crust and
upper mantle below the Clear Lake province must contain many solidified magma
chambers and is batholithic in size; the Clear Lake volcanic province is its roof.
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Figure l: Map of Stops (Note North is not at the top)
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Figure 2: (from Heam et al, 1981, Figure 14) Generalized Geologic Map of the
Clear Lake Volcanic sequence and Associated Sediments
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Fmuu 14.-Generolized geologic map of Clear Lake volcanic field
showing geophysically inferred outline of present magma
chamber, Lake and alluvial deposits are shown only near Clear
Lake. Distribution of the Cache Formation is. modified from Brice
{1953), Rymer (1978; 1981) and mapping by the authors. Volcmµc
units in explanation 8.1'1'1 not chronologic in sequence. Latend ex
tent of cinder cones shown where· asBQCiated with flows. Gtiology in
part modified from Brice {1953), California Department of Water
Resources (1962), Lake County Flood Control and Water Cooser
Vl!tion District (1967), McNitt (1968a, b, c), Md Sims and Rymer
(1976). Ab!>t:&viation of geographic names (+ denotes. locations of
peaks): B-Boggs Mountain, C-Cobb Mountain, H-Mount Hannah,
JN�High Valley, K-Mount Konocti, S-Se.igler Mountain, SP
B�ingham Peak, KB-Konocti Bay, CPeCaldwell Piile8, CV-Cobb
Valley, SB-Sulphur Bank, BL-Borax Lake, LB,.Little Borax Lake,
• TL-Th.urston .Lake, CH-Clearlake Highlands, KV�Kelseyville,
t.kLower Lake, LP-Lakeport, M-Middletown, P-Pine Mountain,
,RM.:.Round Mountain, RT�Roundtop Mountain.
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Figure 3: (from Donnelly-Nolan et al, 1981, Figure 21, p.57) Volwnes of Pour Major
Types of Lava in the Four Major Eruptive Periods
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Road Log and Stop Descriptions
Begin at Larkspur Ferry Terminal. We will assemble at the north end.
Depart at 8:00 AM, drive to Middletown. Leave the Terminal, get in right lane, and
follow signs to 101 North. Then follow log below and Fig.I.
Distance
44.7 mi

Pass through Santa Rosa, take River Road-Guemeville exit, go right (E)
on Mark West Springs Rd. (unsigned).

45.1

First stoplights; get in right lanes, go on through these and next lights.

50.2

Under grape arbor over the road at Mark West Lodge. Mark West Springs
Rd. changes to Porter Creek Rd.

51.9

Intersection with Franz Valley Road; continue on Porter Creek Rd.

55.1

Intersection with Calistoga Rd. Go left on it.

59.7

Calistoga Rd. ends at Highway 128 in the Napa Valley. Go left.

60.4

Go right on Tubbs Lane off Calistoga Rd.

61.0

Pass Old Faithful Geyser of Calistoga. May or may not be an actual
geyser.

61.7

Tubbs Lane intersects Highway 29; go left, up over Mt. St. Helena to
Middletown.

77.1

First stop light in Middletown. Highway 175 intersects Highway 29.
Go left on Highway 175. As we start up the road, Mt. Cobb is directly
ahead. Mt. Cobb is a large dacite dome and the only major unit in the
Clear Lake volcanic field that lies west of the Collayomi fault zone, along
which we are traveling (Fig. 2). The fault separates Franciscan basement
on the west from Great Valley sequence sediments on the east. A large
serpentinite body lies along the fault zone after Middletown.

84.8

Go right off Highway 175 on Gifford Springs Rd up onto Boggs
Mountain. Follow the double yellow line.

85.8

Unsigned T intersection; go left, follow double yellow line.

86.1

Pull off on right shoulder in a line and stop
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STOP 1. Boggs Mountain Andesite UTM 10 S 0526122E 4296586N
Introduction: Boggs Mountain is one of the larger and older volcanoes in the

Clear Lake field, and probably the largest andesite vent. It is made up of the Boggs
Mountain andesite (1.51 ± 0.04 Ma). Petrographically the unit is a two-pyroxene
andesite \\ith abundant phenocrysts of plagioclase, orthopyroxene, and clinopyroxene in
a dark purple ground mass. In outcrop it commonly shows strong sheeting, as here.
It is commonly deeply weathered ·with local spheroidal weathering; good
exposures of fresh rock are rare. Besides this one, a second is in a small borrow pit ahead
on this road a short distance at 10 S 052633 lE 4296583N
Petrology: The most primitive basalts in the field have 87Sr/86Sr ratios of

---0.70320 (Appendix 3). The Boggs Mountain andesite has a slightly higher whole-rock
87
Sr/86Sr ratio of 0.70390 indicating only a small assimilation of wall rock. Its
plagioclase and ferromagnesian minerals show no indication of the complex history
found in the dacites, (see below) hence evidence for magma mixing is lacking as well.
The magma of the Boggs Mountain andesite can be modeled as forming by two steps: (1)
a basalt magma rises from the mantle, stops due to density contrast at the upper crust
lower crust boundary, and undergoes a modest amount of assimilation of continental
crust, making it a less dense basaltic andesite; (2) the lower density magma rises into the
upper crust and stops, where it undergoes simple fractional crystallization to an andesite,
followed by eruption, probably in many flows. This two-step model of magmatic
evolution applies to many units in the field.
Field Study: This is a quick in and out stop to show one of the main units and
one of the five main rock types of the field.

0.0

Reset your trip odometer. Return to Highway 175, go right

3 .1

Great Valley sequence in road cut

Intersection of Highway 175 with Adams Springs Rd. Pull off to right and stop at
3. 7
the bottom of the hill. (Note this is the second intersection \\ith Adams Springs Rd,
which loops). Be EXTREMELY CAREFUL OF TRAFFIC as we walk up the shoulder
of Highway 175 to examine this section; local traffic drives verv fast.

STOP 2. Local Basal Section of the Volcanic Sequence at Loch
Lomond Church UTM 10 S 0524234E 4300830N
Introduction: Here we will examine a section through the base of the main
volcanic pile at this location, beginning in Great Valley sequence sandstones and shales,
and then walking up through a sequence of deposits shov.ring eruptiYe tuff eventually
taking over the section, and it in turn giving way from simple air-fall strata to ones "ith
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more complex histories. Also note on Figure 2 that we are over the center ofthe magma
body first defined by the USGS study in the 1970's; it would be only 7 km down!
Petrology: At the base ofthe section the local Great Valley sequence basement is
composed ofsteeply dipping sandstones and minor shale. A sharp planar termination of
these beds marks the land surface when eruption began. Fine-grained tuff above this
surface initially contains only sandstone and shale clasts, but within a few meters white
pumice clasts begin to appear, and their percentage increases rapidly as we rise in the
section. Poorly developed bedding suggests these initial layers are water-laid.
At ~20 m above base, beyond a covered interval, all large Great Valley clasts
have disappeared, and the section is composed of simple air-fall tu.ff for the next 1 O m or
so. The picture that develops in the mind's eye is oflooking at the deposits of an initial
vent-clearing eruption as the throat of the vent opens and becomes enlarged and active.
Probably a major Plinian eruption occurred. (Plinian eruptions develop a tall eruptive
column ofclasts and a capping umbrella of ash spreading out downwind; the plume
builds to at least 30 km and at least 500 km2 is covered with significant ash).
The tu.ff is the rhyolite of Bonanza Springs, (1.02 ± 0.04 Ma). This is the
thickest and largest-volume tuff in the Clear Lake field, exposed for~ 10 km along the
southern edge of the main volcanic accumulation. This rhyolite has not been studied
extensively. 87 Sr/86Sr is 0.70512 (L. Hammersley, pers. comm. 2003); like many
rhyolites in the Clear Lake field it shows among the highest Sr isotopic ratios, suggesting
a great deal ofassimilation of wall rock. It is sparsely porphyritic. Its petrologic history
may be modeled by (1) an initial rise ofbasalt to mid-crustal levels where it stopped and
assimilated a large % ofcrustal material. This magma then (2) rose into the upper crust
and underwent long fractional crystallization to a rhyolite.
Above the simple air-fall section are layers ofwater-worked tu.ff and perhaps up
to three lahars (volcanic mud.flows). The upper few meters has been reworked and
contains boulders of the andesite of Salmina Flat. At the top is a brown zone that may be
a paleosoL The overall tuff section is circa 60 m thick.
Above the uppermost tu.ff is an obsidian flow, the rhyodacite of Deiner Drive.
(0.92 ± 0.03 Ma) This unit is a sparsely porphyritic pyroxene rhyodacite. In modeling it,
we cannot require assimilation absent Sr isotopic data, but certainly there was extensive
midcrustal fractional crystallization ofa larger more mafic magma body. It has not been
studied extensively. Its base is very uneven, perhaps due to settling of the dense flow
into unconsolidated ash. There is a OJ Ma time break between the units.
Field Study: Field study consists ofwalking the section and commenting as
necessary.
0.0

Reset your trip odometer. Start mileage at intersection ofHighway 175
and Adams Spring Rd. Retrace our route on Highway 175 back toward
Middletown.

3.0

Intersection with Bottle Rock Rd.; go right on it.
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10.3

Pull off on the right and park on the shoulder. Be EXTREMELY
CAREFULL OF TRAFFIC; the local people can drive very fast.

STOP 3. Rhyolite of Thurston Creek
STOP 3a. Southern glassv facies margin and transition to felsite facies.
lJTM 10 S 0518234E4305438N
Introduction: Here we will examine the rhyolite of Thurston Creek (~0.65
Ma), the largest rhyolite flow (-6 km3) in the Clearlake field. The flow roots in an
arcuate belt 11 km long (Fig.2). It flowed to the north from this source, and may have
had other dike sources as suggested by local attitude of flow layering.
Petrogenesis: The rhyolite of Thurston Creek can be modeled as evolving from a
primary basaltic magma by a combination of wall rock assimilation, .fractional
crystallization, and magma mixing. We can learn a great deal about its history from
isotopic studies; the one published data set is on Sr isotopes; informal comments from
·workers in the field suggest the 143Nd/144Nd and 180/ 1 �0 data shows the same
relationships.
The 87 Sr/86 Sr ratio of the unit is 0.7051, among the highest in the field, which
suggests a great deal of crustal assimilation took place. To illustrate this: an initial
uncontaminated basalt ratio might be ~0.70320; three basalts in the field are this low. A
schist xenolith from another flow with 87 Sr/86 Sr of 0.70638 may represent a typical
assimilated rock from the lower crust; if so 30-40% would have to have been assimilated
into the basalt to generate the ratio in the rhyolite. This large assimilation probably
occurred in the lower crust while the basalt was floating at an equilibrium density, and
was, strikingly, very complete; there are essentially no xenoliths of any assimilated rock
in the rhyolite of Thurston Creek.
The second step in the magma's history was for it to rise to shallow crustal level
and undergo prolonged crystal fractionation to a rhyolite. Toward the end of this interval
a small amount of fresh, hot basalt intruded the base of the magma chamber and stirred
into the rhyolite, forming the small proportion (<1%) of~ 1 cm andesite inclusions that
the rhyolite contains. It is possible that the heat and water introduced by this event
caused the final eruption of the rhyolite.
The rhyolite of Thurston Creek erupted from an 11 km long arcuate vent (Fig. 2)
concave north along its southern edge. It has been suggested that this was a ring fracture
and that some accompan)ing caldera-like subsidence took place to the north, perhaps
initiating the modem complex subsidence of the Clear Lake basin. No other evidence of
caldera formation at this time is known.
Field Study \Ve �ill begin at the southern boundary of the flow and walk
downhill to the felsite transition. Then we will return to the vehicles, and examine one or
two other sections in the flow and its sedimentary cover as time allows.
The strongly flow-banded and layered rock in the outcrop at stop 3a is composed
of alternating bands of black glass and pumice up to seyeral m ,vide, largely with
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essentially vertical dip. It is not clear whether the layers are fold limbs or have this
attitude because they were surging upward from a vent beneath us, but we are in the vent
region. Note the isoclinal folds in the layers. At the south end ofthis exposure the layers
fan out as ifthe flow was settling under its own weight; to the north the layers gradually
roll over to the north and dip north at <45° for an extended interval. (The dip is probably
partly tectonic, induced after solidification as the floor of the basin tilted north). Locally,
attitude oflayers can vary many l0's of degrees quite quickly.
At a short distance north ofthe southern border, the glassy facies is suddenly
replaced by a devitrified felsite facies. The contact between them is vertical and sharp,
and might be modeled as an intrusive contact or as a simple transition to a core felsite
facies within a glassy carapace. Initially, the felsite layering dips north at <45° like the
glassy layering.
We will not walk any farther than the glass/felsite transition. Return to the
vehicles and proceed to the next stop.
If the observer were to continue walking, at UTM 10 S 0518001E4305737 a zone
of vertical dips reappears in the felsite, to the north ofwhich a syncline with circa 1Om
wavelength is present. Then at UTM 10 S 0518004E4305775 N the glassy facies
reappears, with a more gradual transition from the felsite facies. Various folds are
present; noteworthy is a probable sheath fold at 10 S 0518028E4305940N.
Farther north at lower elevations the flow is composed dominantly of pumiceous
glass, with scattered single blocks and block clusters of black obsidian in a pumiceous
glass matrix with near-horizontal flow layers. The flow layering in neighboring
individual obsidian blocks will often vary greatly in attitude. The impression left is one
of great extension in the flow and mixing of glass blocks. At lower elevations the pumice
matrix becomes weathered and reddish in color. Most of the more northerly part of the
flow has this texture.
12.2

Get back in cars and drive down Bottle Rock Rd. 1.9 miles; pull off on
right and stop. Again, please be EXTREMEMLY CAREFULL OF
TRAFFIC!
STOP 3b. Obsidian and pumice breccia facies at northern margin
UTM 10 S 0517173E4307873N

Introduction: Here blocks ofblack glass and dense white pumice lie mixed in a
matrix oflower-density pumice. The attitude ofinternal layering in neighboring glass
blocks is often very different, showing they have rotated relative to each other. The two
clast types are intimately intermixed and no trace ofpossible original layering can be
seen. One possible hypothesis is that phreatic eruptions through the flow are responsible
for the fragmentation and mixing of the clasts here. This texture is only observed here
and probably developed in relatively uncommon conditions.
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12.7

Get back in cars and drive down Bottle Rock Rd. 0.5 mi. pull off on right
shoulder in a line. (Potential Stop if time)
STOP 3c. Kelseyville Formation and overlying terrace deposit
UTM 10 S 0516883E 4308540N

Introduction: This possible stop is at an exposure of the Kelseyville Formation,
one of several sedimentary units in the volcanic terrain. Here the undated Kelsey tuff
separates upper and lower beds of conglomerate. The formation here has an attitude of
EW at.ION, a tectonic dip. The age of the Kelseyville Formation is uncertain but is
estimated at between 0.3 and 0.6 Ma. As discussed in the supplementary material at the
end of this guidebook, the basin in which the Kelseyville Formation was deposited was
probably an early stage of the present Clear Lake basin.
Unconformably overlying the Kelseyville Formation here is a young terrace
deposit, a striking unit containing many well-rounded cobbles and pebbles of obsidian
derived from the rhyolite of Thurston Creek.
In volcanic terrains the rapid buildup of volcanoes with steep slopes and flows
leads to strong erosion and formation of epiclastic units, composed largely of volcanic
detritus, are often abundant.
14.0

Return to vehicles and drive toward Kelseyville. At this mileage Highway
175 intersects Highway 29; go left toward Kelseyville.

16.2

Take Kelseyville exit from Highway 29, follow Main street with double
yellow line.

22.9

Intersection vvith State St., just past small sign on right sa)ing Soda Bay.
Go right.

23.3

Stop sign at intersection \vi.th Gaddy Ln.; go right. Note sign.

24.0

T '\\ith Clark Rd., continue straight.

25.5

T \\ith Soda Bay Rd.; go right.

26.5

Entrance to Clear Lake State Park, lunch stop.
Lunch - At Clear Lake State Park, Kelseyville
Drive into park and follow the road to the lake. Go past the visitor center
entrance, and turn in at the next entrance, signed Picnic Area. Drive to
the back of the parking lot, park, and walk circa 200m NNE to the group
picnic area. We will spend about an hour here.
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0.0

Reset trip odometer. Begin afternoon drive. Load and go at 1PM

1.6

Turn left into the parking lot of Ferndale Resort and Marina.
Opposite the moderately dipping orange-red beds. As always. WATCH
FOR TRAFFIC.

STOP 4. Maar Craters and their Deposits
STOP 4a. Base surge deposits of Soda Bay at Ferndale Marina

10 S 0517691E 4316810N
Introduction: The sedimentary deposits are composed of accretionary

lapilli. made out of mud and ash during an eruption. They bel ong to a class of
short-range pyroclastic deposits that hug the edge of the eruption crater,
collectively known as surge deposits. This is one type of surge deposit. known
as the plane bed facies. The two other main types are the sand wave facies, found
closest to the vent. and the plane bed facies. found most distal to the vent.
Petrology: The surge deposits display probable original dip of about 45 °

toward the lake. The tuff was plastered onto the flows on the side of Mt. Konocti
as it erupted from a source crater now drowned by Soda Bay in Clear Lake.
The source crater was probably the type called a maar. Maars form when
rising magma contacts ground water, usually at shallow depth. causing one or
more phreatic eruptions driven by steam explosions. Such craters are commonly
circular and not more than half as deep as they are wide. A maar more than a km
wide is rare. No cone is built up around them. They are typically short-lived and
little or no lava is produced; the small amounts of pyroclastics are pulverized wall
rock mixed with some magmatic material. Several maars in a row form the
southern margin of Clear Lake (Fig. 2). For over 10 km, the lakeshore is
composed of several overlapping circular maar margins. Soda Bay, where we are,
is the westernmost one.
Return to vehicles and continue on Soda Bay Rd.
3.9

Watch for the big long sign low on the ground that says BUCKINGHAM; turn
left here onto Little Borax Lake road. In circa 1000' a stop sign appears; stop as
required, then turn circa 45° toward the right as you proceed a last short distance
along on Little Borax Lake Rd.

4.6

Pull into parking area at Buckingham Country Club. Get out of vehicles and walk
over to the logs lying at W edge parking lot, and observe Little Borax Lake.
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STOP 4b. Maar vent at Little Borax Lake 10 S 0521570E 4316723N
Introduction: Little Borax Lake is now a decorative feature on a golf
course! It has had a more vigorous history! The lake is a water-filled maar crater, a very
small crater lake! It has no associated lavas or major pyroclastic deposits, like most
maars.
When this area was first colonized, Little Borax Lake was largely filled with mud
rich in borax (Na2B40s(ORi)H20 )crystals. From 1868 to 1873 140 tons of borax
crystals were removed from it, which was essentially the national supply. Mining for
borax here was curtailed when the larger and more accessible deposits in Death Valley
were opened.
STOP 4c. Rockfall deposits of Mt. Buckingham
Introduction: The slopes to the southwest from Little Borax Lake up to
the base of Mt. Konocti are littered with large to very large blocks of dacite that
presumably showered do\-'tn on the area from a large badly jointed and bare area (locally
called the Buckingham bluffs) on the east face of Mt. Buckingham, the southern peak of
Mt. Konocti. The collapse was prehistoric and may have been triggered by the eruption
of Little Borax Lake maar. The jointed columns visible on the slope of Mt. Buckingham
look unstable and could come down, causing a disaster in the local community. This
deposit, although small, is a model for this common feature of volcanoes; they collapse
under their own weight a lot, forming rockfalls and lahars.
Field Study: \Ve \\111 drive away from Little Borax Lake along a
secondary road that takes us past some of the blocks of the block fall. The fall is undated
although probably young. Note that many homes are built among the blocks; presumably
their owners are unaware of the origin of the blocks!

4.6

drive away onto Buckingham Dr., the right-hand street at theY ahead.

5.0

Buckingham Dr. intersects Madrone Ln. Go left on Madrone. First large
blocks appear among the houses here.

5 .1

Madrone T's into Soda Bay Rd. Go left.

18.2

Soda Bay Rd. intersects Highway 29; go left on 29 toward Lower Lake.

24.2

Go left on Jago Bay-Pt.Lakeview road off Highway 29.

25.5

Roundtop Mountain cinder cone; pull into open area and park near the
front.
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STOP 5. Roundtop cinder cone and flow 10 S 0529183E 4307751N
Introduction: Roundtop cinder cone is a small, very young structure. It has not
been dated directly; that is difficult in young basalts. It is made up ofthe basaltic
andesite of Roundtop Mountain. Quarrying operations have exposed the interior of the
cone to study. A small flow which erupted through the base of the cone flowed east for
circa 1 km; it is almost entirely covered in vinyards although a few exposures remain.
Petrolog}_': The rock is an olivine-bearing basaltic andesite. Three basalts in the
field have initial 87 Sr/86Sr ratios that are the lowest of all the units and are nearly
identical, (0.70316-0.70319, Futa et al, 1981). These can be adopted as the local most
primitive lavas with the least amount of crustal assimilation, ifany. Relative to these, the
basaltic andesite of Roundtop Mountain has a slightly elevated 87Srt86Sr ratio of 0. 703 56,
indicating a little assimilation ofhigh Rb lower crustal rocks. This is not surprising given
the population of lower crustal metasedimentary xenoliths it contains. The phase
relationships in the xenoliths suggest a depth of 12-18 km for their development, and by
inference the depth of assimilation. Since it is a basaltic andesite, probably little
fractional crystallization has modified it.
If basaltic magma is normally blocked by lower-density upper crust on its way to
the surface, how did this unit get here? The highly vesicular nature of the cinders
suggests the answer is that the magma was very gas-charged, lowering its density to the
point where it could rise spontaneously to the surface. The magma reached the surface so
fast that many xenoliths could not be assimilated, and it did not differentiate further.
Xenoliths: The xenoliths found in the basaltic andesite ofRoundtop Mountain
are of crustal metasediments, with abundant quartz, feldspar, and muscovite. Many are
foliated schists or gneisses. In addition, large xenocrysts, commonly of plagioclase, are

Figure 5: A, ~2 cm granular quartz (quartzite?) xenolith; B, quartzofeldspathic gneiss
xenolith. Both A and B are in pyroclasts from Roundtop cinder cone. These illustrate the
lower crustal xenolith population in the magma of this cone, and support the model that
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extensive assimilation oflower crustal rock is part ofthe evolution ofmany Clear Lake
magmas. (L. Hammersley photos, pers. comm 2003)
found. A striking feature ofthe xenolith mineralogy is the common presence in
metapelites (metashales) ofcordierite (Mg,Fe)2Al4 SisDu·nlI2O, a lm.v to moderate
pressure metamorphic mineral. This contrasts remarkably with the high-pressure
mineralogy ofthe Franciscan rocks that make up much ofthe crust in this area and
suggests some complex tectonics at depth. Low-pressure cordierite bearing
metasediments are not found at the surface anywhere in the Coast Range ofCalifornia.
Roundtop mountain cinder cone is the southernmost of8 small very young
eruptive centers lined up north-south along a line crossing the eastern end ofthe volcanic
field (Fig.2). Their orientation suggests master control ofemplacement position by an
extensional fissure at depth. A similar shorter line ofvery young centers on a N-S line
crosses Mt. Konocti (Fig.2).
Field Study: \Ve \\'ill spend some time examining the basalt clasts in the pit and
searching for xenoliths. The flow is quite similar to the pyToclasts and will not be
examined separately; it too carries xenoliths and xenocrysts like the blocks in the cone.
Return to vehicles and reverse course
26.9

Highway 29. Go left on 29 to Lower Lake tovi.n.

28.7

Highway 29 intersects Highway 53. Go left on 53.

29.9

Cross Cache Creek, the outlet for Clear Lake. A dam a few miles to the southeast
built in 1915 raised the level ofthe lake 11 ft.

30.2

Stoplite, intersection ofDarn Road and Highway 53. Go right, through first 4way stop, then go right at the first exit just past McDonald's; drive ahead to the
pile ofboulders at the back ofthe parking lot and park.

STOP 6. Dacite of Cache Creek 10 S 0533281E 4308817N
Introduction: Southeast ofMt. Konocti is a large area occupied by several
slightly older dacite flows. Excavation here for a mall in one ofthese, the dacite of
Cache Creek, (0.40 ± 0.04 Ma), provides an excellent site for observation ofthe
macroscopic features of these units, perhaps the most interesting in the Clear Lake field.
Petrology: The rock here is very porphyritic, "\\-ith abundant large plagioclase
crystals up to 2 cm and 1-5 mm equant quartz crystals, plus rare ~ 1 cm sanidine crystals.
Some features ofthe minerals only observable under the microscope show strong
evidence for the varied mineral species being out ofequilibrium, and for magma mixing
being one ofthe main processes involved in the genesis ofthese rocks.
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There are three types of plagioclase in this dacite. (1) The most common is fine
grained plagioclase in the ground mass. (2) among the visible phenocrysts, perhaps 90%
are fritted in all or part of their interior, often around a sodic core, and have a narrow
clear more calcic rim at their outer edge. ( Fritting is a fine-grained speckled pattern of
honeycombed plagioclase with glass in the holes ). It develops when the plagioclase
partially melts out its more sodic component to make the remaining solid more calcic,
due to higher temperatures in the magm_a. These plagioclases probably were present in
the original rhyolite and developed this texture in response to increased temperature and
higher Ca content after being mixed into a more mafic magma. (3) the other 10% of the
plagioclase phenocrysts are clear, 2 mm or less in size, lack flitting or rims, and show the
repeated resorbtion and calcic spike pattern shown in Fig. 6A. This pattern develops
every time a new injection of hot mafic magma causes resorbtion, renewed growth of
more calcic plagioclase, and rapid normal zoning toward more sodic compositions.
These plagioclases are probably young and developed in the dacite magma after mixing.
There are two kinds of quartz in the rock. Some quartz crystals, either original
rhyolite phenocrysts or xenocrysts, show the pattern in Fig. 6B of a clinopyroxene corona
or overgrowth around their margin. Common monomineralic clots of clinopyroxene in
the rock probably were formed by this process going to completion. These 2-5 mm green
bodies are visible even in hand sample. A second type of quartz is in 2-5 mm clear
phenocrysts; these are strongly resorbed and lack coronas. These are probably a late
phenocryst phase from the dacite magma.
Sparse biotite is strongly resorbed., and was probably a constituent of the felsic
parent.
Sparse olivine has pyroxene rims. In a striking example of how unequilibrated
the magma was, in one thin section of the author's, there are an olivine and a quartz
crystal within a cm of each other, both with a clinopyroxene rim. Common single
clinopyroxene crystals are strongly resorbed, and were probably a constituent of the
mafic parent. Common aggregates of resorbed clinopyroxene and plagioclase were
probably cognate xenoliths in the mafic parent.
The ground mass of the rock is made of two pyroxenes and plagioclase.
No isotopic data are available for this unit, but it is likely that it will show the
same characteristics as the two analysed dacites of Futa et al, (1981 ). The whole rock
87
Sr/86Sr values are not the same as those of sanidine from the same rock; for example, in
the dacite of Mt. Konocti, in that unit 87 Sr/86Sr of the whole rock is 0.70351 while the
sanidine gave 0.70476. These sanidine crystals could not have grown in the magma
where they are now found!
A feature of many Clear Lake dacites not yet observed in the dacite of Cache
Creek is that the sanidine phenocrysts are often rounded to an ovoid and have a
plagioclase rim. This is called rapakivi texture; it develops when resorbtion during
mixing in a hotter hybrid magma is followed by new growth. The new growth from a
more calcic magma produces a plagioclase rim, which nucleates on the sanidine
Another common feature in Clear Lake dacites not observed here are original high
Ca plagioclase crystals from the more mafic mixing magma. They show very strong
normal zoning in an overgrowth, with the final zone having the composition of the
ground mass plagioclase.
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Dacite genetic model: The original magmas were probably a long-evolved
rhyolite with abundant quartz, plagioclao;;e, and sanidine phenocrysts, and a separate
deeper-seated basaltic andesite ·with sparse olivine and clinop}Toxene phenocrysts. At
some point the basaltic andesite intruded an upper crustal magma chamber containing the
rhyolite; initially the two magmas mixed to form andesite layers, which eventually broke
up into inclusions composed of plagioclase, clinop)Toxene, and glass. These inclusions
are very abundant in the dacite of Cache Creek and in some other dacites in the field.

Figure 6: A, arrows mark two resorbtion surfaces cutting gmwth zoning pattern; just
beyond resorbtion surfaces much higher Ca plag is deposited (darker in this view), zoning
do\\n to lower An values (paler grey). This texture is common in plagioclase in the
dacite of Cache Creek. B, Clinopyroxene overgrowth (corona) on quartz. Found in the
dacite of Cache Creek. Both these textures are common in several dacite units.
(From Stimac, 1992a, Figure 4A and Figure 3B):
As more basaltic andesite entered the magma chamber, it cooled while the
rhyolite heated. The two magmas became more alike in temperature and viscosity and
mixed more thoroughly to form a uniform dacite magma. New plagioclase and quartz
grew in this dacite, \\ith the plagioclase developing periodic resorbtion surfaces with
subsequent calcic overgro\\<ihs every time another mass of basaltic andesite invaded the
magma chamber, increased the temperature, and raised the Ca content.
At some point early in their evolution, one or both of the parent magmas probably
underwent considerable assimilation of lower crustal rocks. All the dacites at Clear Lake
have elevated 87 Sr/86 Sr ratios from crustal assimilation, and the dacite of Cache Creek is
probably no exception.
Field Study; Examine the dacite and see if you can find unusually large
plagioclase phenocrysts, sanidine, or quartz crystals with a green rim around them.
Return to the vehicles and retrace course back to Highway 53 at the lights. Go
right.
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32.1

Intersection of Highway 53 and 40th St. Go right onto 40th and then immediately
go left, following the signs to the county landfill.

33.3

Landfill gate. This is a Y intersection; take the dirt road that goes uphill to the
left.

33.4

Second Y. Take the left-hand road through the iron gate. go to the top of the
ridge and park. We will meet a representative of Pestoni Bros., the property
owners, and give him our signed releases. This is private property that we are
visiting with the owner's permission, so please give them every courtesy.

STOP 7. Basaltic Andesite of Schoolteacher Hill:

UTM 10 S 0534721E 4312056N

Introduction: The onset of magmatic activity at Clear Lake involved eruption
dominantly of basaltic and basaltic andesite lavas from small centers scattered over a
wide area, mostly to the east and southeast of the main volcanic complex. A series of
these older flows (1.66 ± 0.10 Ma) underlie Schoolteacher Hill and the small lava plateau
of Quackenbush Mountain behind it on the northeast edge of Clearlake town. We will
examine the unit up on the mountain. An alternative public exposure is in a cut on
Highway 53 at 10 S 0532907E 4312397N; be VERY CAUTIOUS of traffic at this
location. At that location you can see the base of a flow sitting on tu:ff.
Petrology: The flows at Schoolteacher Hill/Quackenbush Mountain are olivine
basaltic andesites with local flow banding. At this site they are commonly vesicular with
flattened vesicles very much l onger than wide. They contain very sparse
quartzofeldspathic xenoliths of lower crustal type, and they commonly also contain very
sparse quartz crystals that may be much larger than the other minerals and are strongly
resorbed. It is generally felt that these are xenocrysts from assimilated crustal rocks. The
author has a specimen with a 5 cm aggregate of such quartz crystals that is clearly a
partly assimilated quartzite or quartz arenite xenolith.
The early basalts and basaltic andesites show a wide range in their geochemistry;
for example their Cr content varies from 25 to 1050 ppm and MgO content varies from
8.7 to 12.9 %. This probably is due to variable olivine fractionation. Their rare-earth
element (REE) profiles show no indication of plagioclase fractionation (Eu anomalies)
but some degree of light rare earth enrichment suggests pyroxene :fractionation. A Pierce
spidergram of unpublished USGS chemical data (J. Donnelly-Nolan, pers. comm. 2003)
shows a strong continental arc character, suggesting that these basalts were melted out of
the mantle wedge above the former subduction zone, from mantle metasomatized by
material from the subducting plate in the past. (L. Hammersley, pers. comm, 2003).
The basaltic andesite of Roundtop Mountain shows these same characteristics
Once the Mendocino triple junction had migrated north past this latitude
(Appendix 1) hot plastic mantle formerly under the Farallon plate rose isostatically and
came in contact with the base of the mantle wedge. That heat source may also have been
involved in the production of these basalts.
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Field Study: I "'1ill show you some inclusions in a rubble pile. Then we \\ill
walk over to the cliffy exposures to our east and study the basalt. There is fair sheeting,
parallel to the flattened vesicles. Watch out for poison oak, which is abm1dant here.
Watch out for snakes, too. In one zone about 2m below the crest of the face the vesicles
are not flattened; maybe this is a flow top. In general the face of the exposure is
remarkably uniform. Note the absence of columnar jointing.
Return to the vehicles and retrace our route back to Highway 53. Turn right and
go Non Highway 53. Do not reset odometer.
39.3

Highway 53 T's into Highway 20. Go left on Highway 20.

41.4

Sulphur Bank Drive on left; go left on the Drive.

42.8

Sulphur Bank mine and entrance to El-Em Indian Colony. Park in open area near
line of boulders.

STOP 8. Sulphur Bank mine/EPA site 10 s 0529615E 4317079N
Introduction: The Sulphur Bank mine site was discovered in 1856 and the
deposit was mined discontinuously from 1865 until 1957, first for sulfur and then for
mercury. It is one of the largest mercury deposits ever developed. The mercury, once so
valuable, is now the cause of severe environmental problems here and the area is an EPA
Super.fund site (Appendix 5). The hydrothermal depositional system at the Sulphur Bank
is an excellent example of a subvolcanic system, where water heated by the magmatic
system circulates and erupts in fumaroles, geysers, and hot springs, often accompanied by
sulfur and hydrogen sulfide gases.
Petrology: The deposit's history begins ·with a p)Toxene andesite flow erupting
from the base of a cinder cone ~ 3 kilometers ENE of the mine and spreading down over
the mine area. The cone can be observed just north of the high\-vay. It lies on the NS
trend from Roundtop Mountain cinder cone mentioned earlier. The land surface at that
time consisted of up to 200 m of elastic sediments lying on Franciscan metasandstone;
these sediments contained a log 1.7 m below the base of the flow, which was C 14 dated at
44,500 ± 800 years (0.044Ma), establishing this as the youngest dated unit in the Clear
Lake field. The flow covered a vigorous hot spring system that began attacking it.
Oxidation of H2S in the spring gases produced sulfuric acid, which attacked the andesite,
the sediments, and the underl1ing Franciscan rocks. When carried to completion, this
solfataric alteration transformed the parent rocks into white crumbly amorphous opaline
silica and alunite. Totally altered material gave way downward to spheroidally altered
andesite and then to unaltered andesite with the ore channeled into fractures and breccias.
The springs have been analyzed repeatedly. In 1957, for example, spring water
from the pit carried 1100 ppm Na, 476 ppm Nf4, 2960 ppm HCO:, , 454 ppm S04, 690
ppm Cl, 660 ppm B, and 3.6 ppm H2S, \\ith total dissolved constituents of 6488 ppm.
Only once has Hg been detected, at 0.02 ppm. pH is in the 6-7 range but sometimes
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drops to 3. Flow rate in the mine area at one point was about 100 gallons/minute. An
analysis in 1938 showed the gas escaping from the spring waters in the pit was 88.6%
CO2, 3.7 % CH.t, and 7.7% Ar, N, and He (all data from White and Robeson, 1962).
Simultaneous with the alteration, sulfur precipitated from the gas phase. At the
time of discovery thousands of tons of sulfur were present in a layer at the top of the
deposit and above the water table. In addition, bisulfide complexes transported mercury;
the complexes broke down from oxidation in the ore zone and perhaps boiling of the fluid
as well, and deposited cinnabar, metacinnabar, stibnite, and marcasite in the altered
andesite and/or Franciscan sediments. Mercury concentration in solution was a few ppm,
with more perhaps traveling as a gas. Below the water table massive cinnabar was
deposited that produced on the order of 4500 tons of mercury over the mines' history.
Mining was initially by shaft and tunnels, and later by open pit. Deposition of cinnabar
and sulfur is continuing today - the depositional system is still working! In the 19701s the
author, for example, observed a very hot fumarole just north of the mine pit around which
sulfur crystals were growing, and other early visitors to the site have remarked on the
new cinnabar and sulfur deposits they observed.
Although the water coming up in the springs at the Sulphur Bank is frequently hot
and travels with sulfur and hydrogen sulfide, deuterium and oxygen isotopic studies and
the very high concentration of NH3, B, and Cl show the water is neither magmatic nor
connate (ground water) but is most likely metamorphic in character. It is being driven
out of Franciscan rocks in the deep crust as they recrystallize in metamorphic reactions.
This in turn suggests that the mercury and sulfur in the ore-forming system are leached
out of subsurface rocks and are not of mantle or igneous origin.
Field Study: We will walk down to where we can see into the pit and discuss the
deposit and perhaps the problems the system causes today. Then we will walk back
across the Sulphur Bank drive to view a small pond at 10 S 052970E 4317072N where
active springs roil the water. Here one clearly gets the sense of a powerful natural system
in operation.
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END
The field trip is completed. Return to the vehicles and return home; you may
retrace your day's route back to Middletown, Calistoga, and Highway 101. Other routes
out are following Highway 20 around Clear Lake back to 101, or returning to Calistoga
and going south down the Napa valley to Highway 37.
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Appendices:
1. Plate - Tectonic Environment of the Clear Lake Volcanic Field
The Clear Lake volcanic field is the northernmost and youngest of a series of
volcanic centers in coastal California lying between Morro Rock and Clear Lake, which
are progressively younger toward the north, (Fig.7) from ~28 to O.0lMa. The existence
of and the northward migration of this volcanic center seems clearly tied to the plate
tectonic evolution of coastal California.
In large scale, the plate tectonic situation in western California in the last 40 Ma
has been detailed by Atvvater (1970) (Fig. 8). As the Farallon plate approached North
America, first contact was made at the E end of a very large transform offset of the East
Pacific Rise (Fig 8-D). At the contact of the North American plate and the Farallon plate
two triple junctions were formed; the FFT Mendocino junction and the RTF Rivera
junction. The Mendocino triple junction migrated to the north and the Rivera triple
junction migrated to the south, and the San Andreas fault formed as a transform linking
the two. The Farallon plate separated into two, the Juan de Fuca plate in the north and
the Cocos plate in the south. As time has passed the two triple junctions have moved
farther and farther apart and the San Andreas fault linking them has gotten longer (Fig. 8
C-A).
As both triple junctions have migrated, either to the northwest (Mendocino) or the
southeast (Rivera) a volcanic center has followed; the center following the Mendocino
junction travels behind it about 250 km (present spacing) and keeps pace with it.
The best present model for what is happening in detail is that the subducting slab
disappears inland east of the San Andreas transform, forming a slab window, and
allm¥ing hot mantle to rise and contact the base of the crust (Fig.9). As discussed in the
text for Stop 7, melting is triggered in the pre\-iously metasomatized mantle wedge by
this new heat source. These new magmas rise into the crust and assimilate some of it,
then rise to shallower levels and differentiate by crystal fractionation, and erupt.
It takes the very viscous upwelling mantle some time to rise to its new level of
flotation and for partial melting to accumulate significant magma leading to the initial
eruptions, which accounts for the volcanic center being to the south of the migrating
junction. After a few million years of operation the meltable fraction of the mantle
wedge is used up and the old center dies out, while a new one is established farther north.
This process continues today, as shown by the northward migration of eruption centers
within the Clear Lake field and discovery of probable midcrustal magma near Lake
Pillsbury,~ 30 km N of the north end of the Clear Lake field.
Perhaps two remaining questions for the Clear Lake field are (1) what is the
influence, if any, of the Clear Lake graben system on the evolution of the field, and (2)
how is the Clear Lake system related to the ~2 Ma Sutter Buttes system 50 km ESE?
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Figure 9: Block diagram showing plate geometry of the northern
Coastal Ranges volcanic rocks at~ 20 Ma. From Fox, et al, 1985, Figure 5,
p.653

2. Clear Lake and Its Predecessor Lake Basins
Clear Lake is a long-lived natural lake, which has been enlarged by means of an
11 foot dam on Cache Creek, its outlet, a few miles east of the lake. Its present area is
113 km2 and average depth is 9 meters. Sediments in the present basin have been dated
to > 13 0 Ka. Toe water and sediments partly fill a structural basin defined by
do\\ndropping along several faults; many of these faults have not been identified and are
schematically presented on Figure 2. The sediments are dominantly a bro\\n mud, but a
lens of gravel deposited from the south and many tuffs related to local volcanism are
present, as are abundant peat layers. Several cores were taken; one, core 7, has become
the standard. It contained 26 ash beds between 0.5 and 26 cm thick, which could be ·well
dated indirectly using C 14 on interlayered peat. The chief botanical information is that
over the present lake's history there have been several cycles of alternating pines and oaks
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as the dominant forest tree, reflecting wet/dry cycles linked to glacial and interglacial
stages.
At the west end of Clear Lake, above the rhyolite of Thurston Creek, lie outcrops
ofthe~ 0.3 Ma Kelseyville Formation (Fig.2). This water-laid unit is composed ofsand
and gravel. It was laid down in a basin that was an early stage of the modem one. It has
a single undated tuff member (Kelsey tuff) in it and is circa 500 m thick.
At the east end of Clear Lake lie outcrops of the Lower Lake Formation (Fig.2).
It is locally over 130 m thick, and is composed of sand and gravel. It lies on top of the
dacite ofDeiner Drive, 0.92 ± 0.03 Ma, and has the dacite of Cache Creek, 0.40 ± 0.04
Ma, interbedded in its upper part; it is ~ 0.40 Ma old.
Beneath all these more recent deposits lie those of the Cache Formation (Fig. 2),
composed of elastic sediments and carbonate beds. The unit is 1.6 - 3.0 Ma old and up to
1500 m thick. The basalt of Schoolteacher Hill (1.66 ± 0.10 Ma) is interbedded with its
upper part. Its present exposure is fault-bound and lies east of the modem lake.

3. A Review of Rb-Sr Isotopic Systematics

In this system Rb87 decays to Sr87 by beta decay with a half-life of 50 X 109 a.
We measure the amount of Sr8 7 relative to a wholly stable isotope, Sr86, in a ratio,
87
Sr/86Sr. Rb is one of the most abundant trace elements and Rb87 is 27.8 % of it, so the
parent isotope is abundant. Rb is lithophile and "crustophile"; during partial melting in
the mantle it fractionates strongly into the melt and is transported into the crust when the
niagma intrudes upward. Sr is lithophile but less so than Rb, and less "crustophile" and is
not transported upwards by magmas with the same efficiency as Rb. The Rb/Sr chemical
or elemental ratio therefore is much larger in the crust than in the mantle.
As time goes by Rb 87 slowly decays and the 87Sr/86Sr ratio in any material goes
up. It goes up much faster in the crust than in the mantle, and the two reservoirs become
increasingly distinct with the passage of time. The original 8 7Sr/86Sr ratio ofthe Earth
was ~0.699; the mantle under Clear Lake has reached ~0. 70320 after 4.5 Ga of decay,
while the crust is (based on one sample� 0.70638. The Coast Range crust is relatively
young; in older Precambrian crust the 8 Sr/86Sr ratio could be 0.850 or higher.
In a partial melting event the melt and the mineral residue will have the same
87
86
Sr/ Sr ratio. The two isotopes are so neatly identical in mass that normal physical
processes like melting won't :fractionate them. In crystallization, the same is true; the
melt and the crystals that have formed from it will have the exact same 87 Sr/86Sr ratio. A
series of volcanic units related only by fractional crystallization alone will all have the
same 87Sr/86Sr ratio.
If, as at Clear Lake in some dacites, mineral phenocrysts and the whole rock have
different 8 7Sr/86Sr ratios, the crystals didn't grow in that magma; they came from
someplace else, and this is modeled as due to magma mixing.
And if primitive basalts in the volcanic system normally have 87Sr/86Sr ratios
of about 0.70320 and andesites, dacites, and rhyolites have higher ratios, then more than
fractional crystallization of basalt was involved in their formation. This is usually
modeled as being due to crustal assimilation, since local crustal rocks have ratios much
higher than mantle values. Franciscan rocks range 0.7058 to 0. 73096 and Great Valley
rocks 0.7037 to 0.7060 (L. Hammersley, pers. comm 2003).
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4. Volcanic Rock Classification and Nomenclature
Volcanic rocks can be classified in many ways; for both lavas and P}Toclastic
rocks, the simplest is by silica: content and that is used here in Table 1. The initial USGS
investigators used this scheme and so has everyone else since.
Rock type

Silica % Range

basalt
basaltic andesite
andesite
dacite
rhyolite

<54%
54-58 %
58-62 %
62-71%
>71%

Table 1 : Silica (SiO2) % ranges of major volcanic rock types
Pyroclastic rocks may also be classified by the size of their clasts as shown in
Table2.
Pyroclast Name

Size

Block (erupted solid)
Bomb (erupted plastic, deforms
in air)
Lapilli (sing. lapillus)
Ash Grain

>64mm
>64mm
2-64mm
<2mm

Table 2: Size ranges for pyroclasts
The ejecta blanket for a particular pyroclastic eruption is a chronostratigraphic
unit called a tephra. A lithified tephra is called a tuff. Both terms apply whatever the
pyroclast size. In naming a unit, for example, the clast size name goes first and.then the
state of the material; thus lapilli tu.ff or block and bomb tephra would be correct names.
A chemical name may also be part of the name, so dacite lapilli tuff would be correct

5. Environmental Problems and EPA Actions at the Sulphur Bank
Superfund Site
The major problem in Clear Lake as a whole and around the Sulphur Bank in
particular is the presence of methyl mercury in the bottom sediments and water. This
soluble mercury enters the food chain and accumulates in the bodies of successive
members of it, ending \\ith fish. Eating fish is the main mercury hazard. The present
advisory notice for anyone who catches fish an)''\Vhere in Clear Lake is to eat no more
than two a month. Pregnant women should not eat am;.
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The whole area around the lake is a mercury province, and some of the mercury in
Clear Lake is carried in from tributary streams. The Sulphur Bank is a major source, and
efforts are under way to shut it down.
The mine open pit is flooded, and the level of water is about fifteen feet higher
than the lake. The thin septum of material between the pit and the lake is mostly mine
tailings, with a small rocky core. Water from the mine pit percolates through this barrier
into the lake, where it deposits a flocculent aluminosilicate material that carries mercury;
the aluminosilicate material is neutrally buoyant and floats around the lake, gradually
dropping mercury all around the lake as well. Mine tailings with mercury in them
probably are also distributed around the lake by bottom currents and waves.
To date (7/03) the EPA has graded the tailings in the septum to a low slope so
little material will slump into either the pit or the lake. It has installed a surface runoff
pickup system that diverts rain runoff into the lake, bypassing the pit. They have removed
tailings material from the Indian reservation. Some of the tailings piles will be capped
with impermeable material. The next step will hopefully be to lower the water level in
the pit below that in the lake, so water percolation will be into the pit and no mine water
escapes into the lake; that will shut down the mine as a pollution source, but will require
an expensive permanent installation.
(This information courtesy of Mr. Richard Segarek, EPA site administrator)

6: The Geysers Geothermal System.
Introduction: Directly southwest across the Collayomi fault zone from the Clear
Lake volcanic field and partly overlapping it at Mt. Cobb lies the Geysers geothermal
system, the largest in the world. Like the Clear Lake volcanics, it is underlain by a
vigorous magmatic system, which in its case produces steam rather than volcanic rocks.
In all likelihood the two systems are part of some larger whole not yet well understood.
Geology: The Geysers area lies in the Franciscan Complex, and its geology is
dominated by several generally subhorizontal tabular rock units a few hundred to a few
thousand feet thick, separated by subhorizontal thrust faults that extend for many miles,
and broken before and after thrusting by subvertical faults of limited range (Fig. 10).
Individual slabs have a characteristic lithology and metamorphic grade. The slab called
the main greywacke is the main steam reservoir, and the slabs above it function as
caprock to the reservoir. Steam seems to be mostly held in fractures in the greywacke.
The name Geysers was coined for the abundant steam :fumaroles once present.
The natural fumaroles have been extinguished by the process of steam development.
The preexistent strata are intruded by the Geysers felsite, a felsic pluton
greater than 30 square miles in extent; age dates range from 0.9 to 2.4 Ma (Thompson,
1991, p. 62). The author notes that it seems very odd that no surface flows or tuffs from
this large body are present anywhere in the Geysers area.
Geothermal System: The steam producing system at the Geysers is a closed
loop in which deep-seated boiling water produces steam that rises upward along major
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fractures in the greywacke sandstone. At the top of the system the steam condenses and
flows back into the boiling zone again, in an endless loop. The whole system is heated
NORTHWEST
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Figure 10: Geology in a NW-SE section through the Geysers geothermal system:
(From Thompson, 1991, Fig.5.)
by very young magma at a shallow depth below the field (Fig. 11 ). Gradual loss of fluid
has recently compromised the long-term health of the field. Natural recharge of the
water is largely from rain falling in the Mt. Cobb area, and has not kept up. Isotopic
analysis of the water shows it to be rainwater. To partly compensate for this, the City of
Santa Rosa has begun a project to pump sewage effluent to the Geysers and inject it.

l
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Figure 11: The Steam Production System at the Geysers (Figure 8 of Truesdell et all,
1993, p. 277)
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The steam field is developed by nwnerous small wells whose steam is piped
directly to small power plants scattered throughout the area. Total electrical production is
enough to run a small city.
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