






































These sulfate minerals show that the chemistry of
weathering of reduced organic shale (oxidation of
sulfide) is largely a reversal of the chemistry of its
early diagenesis (reduction of sulfate) (Murata, 1977,
Berner, 1984). During burial and compaction of
marine sediments, sulfate from sea water is reduced
and pyrite (FeS,) is formed. When the sediment is
then exposed to weathering during uplift and emer-
gence, the reduced sulfur is again oxidized to the
sulfate form (SO%‘). Ion exchange also plays a part
in the cycling of elements as exemplified by the
Upper Cretaceous marine Mancos Shale which is a
major contributor to the dissolved mineral load in the
Colorado River (Whittig and others, 1982). As
Evangelou and others (1984) describe it, sodium and
magnesium are preferentially adsorbed by phyllosili-
cates within the shale and calcium is precipitated as
calcite and gypsum. This cycle is essentially reversed
in the present-day environment, where dispersed
gypsum and alkaline earth carbonates provide soluble
calcium to displace adsorbed sodium and magnesium.

Some attention has been paid to general effects of
salt on soils of arid and semiarid regions (Driessen
and Schoorl, 1973) and quantitatively predicting salt
production in wildland watersheds (Wagenet and
Jurinak, 1978), but the study of the interrelation
between the mineralogy of efflorescent salts on shales
and soil materials has been limited (Whittig and
others, 1982). Eight hydrated sulfate salts of sodium
and magnesium, including mirabilite and bloedite,
were found associated with the Mancos Shale by
Whittig and others (1982).

Fractional crystallization during wet and dry cycles
of the semiarid climate in the Coast Ranges could
produce brines which deposit different minerals.
During evaporation, calcium would be eliminated by
precipitation as calcite or gypsum, resulting eventually
in a sodium-magnesium-sulfate brine that could
deposit bloedite (Murata, 1977). Trace clements con-
tained in pyrite (for example, selenium) could be
greatly concentrated by this “pumping effect" in
minerals that result from weathering reactions
(Bames, 1986).

GEOLOGY
STRATIGRAPHY OF THE COAST RANGES

Simplified descriptions of the formations in the
study area are given below in ascending order.

Jurassic

Ultramafic rocks--Includes ophiolite sequences
and serpentinites at the base of the Upper Jurassic
to lower Tertiary Great Valley sequence (Page,
1966). In the study area, the serpentine core
rimmed by the Franciscan assemblage was up-
lifted in stages mostly in late Cenozoic time, and
was locally extruded at the surface in middle
Miocene time (Eckel and Myers, 1946; Linn,
1968). Thickness: 2,000 ft

Upper Jurassic to Upper Cretaceous

Franciscan assemblage (eugeosynclinal)--
Dominant graywacke, but shale, altered mafic
volcanic rocks (greenstone), chert and minor
limestone are part of the assemblage; includes
metamorphic rocks of the zeolite, blueschist (glau-
cophane schist) and eclogite facies. Ultramafic
rocks, largely serpentinites, are associated with the
assemblage, but are now excluded from it (Bailey
and others, 1964). Thickness: 5,000 ft

The following geologic descriptions of sedimentary
formations are taken from Anderson and Pack (1915)
and Sullivan and others (1979).

Upper Cretaceous
Panoche Formation (marine)--Interbedded mas-
sive yellow-brown concretionary sandstone and
thin gray to black shales and conglomerates; part
of Great Valley sequence. Thickness: 5,000 to
20,000 ft

Upper Cretaceous to Paleocene
Moreno Formation (marine)--Foraminiferal and
diatomaceous chocolate-brown to maroon platy,
friable shales; lower section contains numerous
beds of sandstones with concretions and dikes;
upper section contains diatomaceous and organic
shale more pure than those which occur later;
forms extensive colluvial slopes; type locality is
Moreno Guich; part of Great Valley sequence.
Thickness: 1,000 to 3,000 ft

Paleocene and Eocene

Lodo Formation (marine)--Gray shale or mud-
stone; includes Cantua Sandstone Member: yellow-
brown sandstone with subordinate beds of gray
shale. Thickness: 5,000 ft

Laguna Seca Formation (marine)--Previously
considered as lateral equivalent of Lodo Forma-
tion; massive sandstone lacking organic shale and
conglomerate (Payne, 1951); of minor extent.
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Eocene
Domengine Sandstone (marine)--Tan to white
sandstone and minor brown to pale-green shale
and siltstone; of minor extent.

Eocene and Oligocene
Kreyenhagen Formation (marine)--Homogeneous
white diatomite interbedded with chocolate-brown
diatomaceous and foraminiferal shale and clay
shale; feldspathic sandstone near base and
quartzitic sandstone beds in higher horizons.
Thickness: 1,500 ft

Oligocene
Tumey Formation (marine)--Assigned to
Kreyenhagen at times; a sequence of brown to tan
diatomaceous shale, and gray and buff to brown
friable sandstone; base is coarse, pebbly sandstone
(Atwill, 1935). Thickness: 1,600 ft

Miocene
Temblor Formation (marine)--Interbedded
sandstones and siltstones; of minor extent.
Big Blue Formation--Serpentinous mudstone,
sandstone and breccia; of minor extent.
Monterey Formation (marine)--Siliceous shale
with diatomaceous, cherty and porcelaneous
members; some shale of high organic content
exists as lamina; of minor extent.
Santa Margarita Formation (marine)--Sequence
of fine-grained, brown, pebbly or fossiliferous
sandstone; of minor extent.

Miocene and Pliocene

Etchegoin Formations (marine and lacustrine)--
Includes Jacalitos of former usage (Dibblee, 1973);
cross-bedded bluish and brownish consolidated
sandstones with reddish and greenish clay or clay
shale and coarse sand; of minor extent.

Oro Loma Formation (non-marine)--A sequence
of loose, reddish, sand, silt and gravel (Briggs,
1953); may be lateral equivalent of Jacalitos and
Etchegoin (J.A. Bartow, U.S. Geological Survey,
personal commun., 1990); of minor extent.

Pliocene and Pleistocene

Tulare Formation (continental)--Brown sands,
argillaceous sand and mudstones containing gravel
lenses; northern exposures reflect the influence of
the Franciscan assemblage; contains the Corcoran
Clay Member which is a homogeneous
diatomaceous greenish to bluish silty clay.
Thickness: 3,000 ft

STRUCTURAL GEOLOGY AND FLUIDS OF THE
COAST RANGES

A simplified structural model of central and
northern California is given by Irwin and Bames
(1975). It shows the Salinian block along the west
side of the San Andreas fault and the Franciscan
assemblage and Great Valley sequence along the east
side. The Coast Range thrust fault is the regional
contact between the Franciscan assemblage (lower
plate) and serpentinite at the base of the Great Valley
sequence (upper plate). A thick sequence of Tertiary
sediments and some volcanic rocks locally overlie the
region. Tectonic piercement of the Great Valley
nappe by the underlying Franciscan rocks occurs at
Mt. Diablo, the Diablo Range, New Idria, and
Parkfield. In the northern Coast Ranges, most of the
nappe has been removed by erosion, so the
structurally lower Franciscan rocks are exposed over
a wide area.

Characteristic fluids issue from these principal
tectonic blocks. Magnesium bicarbonate waters (with
low pCO,) are common to ultramafic rocks and
serpentinites of the Alpine type in the Coast Ranges
(Bames and O’Neil, 1969). The occurrence of a
unique calcium-hydroxide water of pH greater than 11
is restricted to fresh ultramafics and is related to the
near surface formation of serpentine; the process
leaves lime (CaO) behind in a water saturated with
brucite (Barnes and others, 1967). Chloride springs
emanate from Great Valley sequence rocks (Panoche
and Moreno Formations) and identify the Great
Valley geochemical province. Fluids rich in carbon
dioxide (with high PCO,) are found in the Coastal
geochemical province (Bames and others, 1973a).
The carbon dioxide in these springs, which issue from
the Franciscan and along faults between the
Franciscan and Great Valley sequence rocks, is
postulated to be a separate phase being derived from
metamorphic reactions at depth (Bames and others,
1973b). Metamorphic fluids also participate in the
alteration of serpentinite to silica-carbonate rocks
which are the host of many mercury deposits in the
Coast Ranges.

The New Idria piercement structure (Page, 1966)
is a prominent feature in the area of the Coast Ranges
implicated to be the source of selenium contamination
at KNWR. Acid mine drainage from the New Idria
Mining District discharges into Panoche Creek via
Silver Creek. The district consists of about 20
quicksilver deposits that rim a fault-bounded core of
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serpentine and Franciscan rocks which have been
extruded through beds of Upper Cretaceous Panoche
Formation. The most productive mercury deposits are
found in hydrothermally altered and fractured
Panoche Formation along the perimeter of the core
(Linn, 1968; Bames and others, 1967; Eckel and
Myers, 1946). The mine ranks second in all-time
production of mercury in North America.

Although examples of all the previously described
waters were identified in the study area, most waters
were of the sodium- and sodium-magnesium-sulfate
type, some with a pH of 4. Although the rules
defined by Barnes and others (1975) were followed to
classify the springs in the study area as chloride,
bicarbonate or mixed chloride-bicarbonate, they did
not address sulfate concentrations. In the original list
of eight springs from Berkstresser (1968) in the study
area, chloride was dominant in one, bicarbonate in
two, and sulfate in three; one was a mixed chloride-
bicarbonate and one a mixed bicarbonate-sulfate-
chloride water. Therefore historically, the importance
of sulfate waters have been ignored in the discussion
to identify geochemical provinces.

Davis (1961) sampled streams of the Coast Ranges
at low flow, when the contributions from ground
water to stream flow would be maximized. He
showed that both bicarbonate and sulfate waters are of
perennial supply in the area. Streams were classified
by comparing chemical analyses of water with the
percentage of different geologic units exposed in the
respective drainage areas which were determined by
planimeter from the 1:750,000-scale geologic map of
California. Bicarbonate waters were thought to be
predominantly from the Franciscan assemblage and
Cretaceous marine sediments and sulfate waters from
Tertiary marine sediments and continental deposits.
Davis included both the Panoche and Moreno
Formations in his Cretaceous division, but noted that
the Moreno is an exception to the general lithology of
the rocks of Cretaceous age; it is predominantly a
siliceous organic shale and in part diatomaceous.
From the original Anderson and Pack (1915)
description of the formation, it was concluded that the
organic siliceous deposits were formed during a time
when physical conditions were different from those
prevailing in the rest of Cretaceous time.

Murata (1977) found minor occurrences of bloedite
as an efflorescent mineral in the Miocene shale and
other shales of the Diablo and Temblor Ranges of the
Coast Ranges. He found that the occurrence of
bloedite was noteworthy because it had not been
previously reported except in regard to saline lakes.

He also reported two spring waters and one brine
water (in Tumey Gulch) which are sodium-sulfate
waters with large amounts of magnesium. The brine
pool water contained 134,000 mg/L sulfate and
deposits bloedite.

STUDY DESIGN AND SAMPLING SITE
LOCATIONS

The purpose of this reconnaissance level study is
to identify the principal geologic sources of selenium
within the Coast Ranges study area, the probable
mobilization processes, and the pathways by which
selenium is transported from the Coast Ranges to the
west-central San Joaquin Valley floor. The phases
attendant to the dispersal of such a chemically and
biologically complex element as selenium are then
organized into a comprehensive model.

Little information was available at the beginning of
the study on selenium concentrations in primary
geologic source materials. In California, an elevated
value of selenium (28 ppm) was reported for the
Moreno Formation, a marine Upper Cretaceous-
Paleocene shale implicated from the fact that other
Upper Cretaceous marine shales e.g. Pierre and
Niobrara Shales, were elevated in selenium (Lakin
and Byers, 1941). The geology of the study area is
complex.  Bedrock units include the Jurassic
eugeosynclinal Franciscan assemblage, serpentinites,
marine sedimentary formations ranging in age from
Late Cretaceous to Miocene, and continental deposits.
Also located in the study area is the New Idria
Mercury Mining District whose cinnabar or
accompanying pyrite could contain selenium. Boctor
and others (1987) reported that the CO vein of
metacinnabar ore at New Idria contained up to 6.15
weight percent selenium with most analyses of the
vein containing between 1 and 2 percent; selenium
analysis was not performed on the accompanying
pyrite. They postulated that the sulfur in the mercury
ore was derived at least in part by leaching of
syngenetic, framboidal pyrite from the surrounding
shales.

Interfan soils between Panoche and Cantua Crecks
were found by Tidball and others (1986) to have the
highest known selenium concentrations on the San
Joaquin Valley floor. This suggests that one or more
of the middle to late Tertiary marine formations
present in the Monocline Ridge area above this
interfan area have elevated selenium concentrations;
Monocline Ridge is dominated by the Eocene-
Oligocene Kreyenhagen Formation.

Study Design and Sampling Site Locations ¢



Based on this minimal information, the study
design was developed to allow broad based sampling
of soils and weathered geologic materials. Specific
geologic formation locations were derived from the
maps of Dibblee (1971, 1975) and Bartow (1988a,
1988b). Emphasis was placed on the Moreno and
Kreyenhagen Formations whose surficial exposures
are displayed on the study area base map in figure 3.
Figure 4 shows the sampling sites of geologic mate-
rials for which total selenium was determined. The
initial USGS study included 96 samples from 68
locations. Additional sampling and data in the study
area was provided by the U.S. Soil Conservation
Service (SCS) (K. Arrouse, written commun., 1988).
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EXPLANATION

MORENO FORMATION
KREYENHAGEN FORMATION

USGS SAMPLING SITE

e Soil or weathered rock -- Selenium
concentrations given in table 13

+ Stream sediment -- Selenium
concentrations given in table 15

4o Transect -- Selenium concentrations given
in tables 2 through 10 and figure 9

SCS SAMPLING SITE

o Soil or weathered rock -- Selenium
concentrations given in table 14

For the 21 SCS samples, soil type and pH of
saturated pastes was determined in addition to total
selenium. Forty-seven percent of the SCS sampling
locations were classified as badlands, that is, lands
85 percent barren of vegetation; five locations were
not designated.

Current concern locally to landowners and water
managers is the impoundment of floodflows and
suspended solids containing selenium. Agricultural
interests have proposed the construction of flood
control structures to prevent discharge of these flows
to the Panoche Creek alluvial fan on the valley floor.
Effects of grazing practices on runoff and erosion in
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Figure 4. Areal distribution of the U.S. Geological Survey (USGS)and U.S. Soil Conservation Service

(SCS) geologic sampling sites in the study area.

10 Geologic Sources, Mobilization, and Transport of Selenium, San Joaquin Valley, California



the area are suspected to be significant and adverse.
Pronounced terracing and soil disturbance with
associated mass wasting occurs under heavy grazing
on steep, comparatively well vegetated north and east
facing hillslopes.

To address this concern, stream sediments in
ephemeral channels discharging directly to the valley
floor were sampled. These 48 sampling sites are
shown at 43 locations in figure 4. The samples were
collected in 1986 with supplemental sampling in 1987
and 1988, all on a one-time basis. In addition, a
longitudinal transect of the San Carlos/Silver
Creek/lower Panoche Creek stream bed was taken. At
the 21 transect sites shown in figure 4, the two banks
and the center of the channel bed were sampled.
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Selenium concentrations in the various geologic
formations were evaluated by both direct and indirect
methods. Evaporative salts and spring/seep waters
were frequently used as proxies for direct analysis of
soils and rocks in evaluating a given formation as a
potential source of selenium. Relying on recent geo-
logic mapping of the study area, water sampling
points were selected on the basis of specific geologic
formations affecting different drainages. Figure 5
shows the different drainages in detail in the study
area and the 62 hydrologic sampling sites. These
drainage basins, from north to south are: Little
Panoche Creek, Moreno Gulch, Escapardo Canyon,
Panoche Creek, Griswold Creek, Silver Creek, Tumey
Gulch, Arroyo Ciervo, Arroyo Hondo, Cantua Creek
and Salt Creek.
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Figure 5. Location of creeks and water sampling sites in the study area.
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In order to evaluate selenium transport temporally,
water and evaporative salts from some sites were
resampled periodically from 1984 to 1989. Water
sampling was handicapped due to a continuing
drought in the region and the paucity of water
available even during the wetter years.

Samples collected in the latter part of the study
may be representative of a water-stressed system. An
example of this is shown in the five samplings of a
perennial spring in the upper reaches of Panoche
Creck drainage whose selenium concentration
increased from 24 to 141 pg/L in the period from
September 1985 tc February 1989 as the drought
progressed.

After sufficient information from the earlier years
of the study had been accumulated, runoff sampling
was considered.  Because runoff events were
relatively infrequent and short-lived, sampling was not
successful until the winter of 1987-88 when the
California Department of Water Resources installed
computerized monitoring of precipitation events. The
two runoff events sampled were in October 1987 and
January 1988; there were no subsequent runoff events
in 1988, or during the winter of 1988-89.

STUDY METHODS

Our methods of elemental analysis of waters were
adapted for geochemical environments; complete
sampling and analytical method references are given
by Presser and Bames (1985). In general, grab
samples of water were filtered through 0.45-um
membrane filter and acidified for trace and major
cation analysis. Major cations were analyzed by
atomic absorption spectrophotometry (AAS) while
major anions were measured by either colorimetry or
ion chromatography. The trace elements selenium,
arsenic and mercury were analyzed by vapor
generation AAS; other trace elements were analyzed
by sequential inductively coupled argon plasma
atomic emission spectrometry.

Initial efforts to isolate the suspected toxicant
selenium at KNWR were hampered by complex
analytical methodology for aqueous samples (Presser
and Barnes, 1984). Chemical complexities involved
both the high salinities present in the water samples
and the existence of the different species or oxidation
states that are known to exist for selenium. These
oxidation states are: SeO}‘, selenate (Se +6); SeO%',
selenite (Se +4); elemental selenium (Se 0); and H,Se
and organic forms, (Se -2).

The method of choice for the analysis of selenium
in water and soluble minerals proved to be hydride
generation with heated quartz tube atomization and
detection by atomic absorption spectrophotometry
(Pierce and Brown, 1977; Gunn, 1981; Nakahara,
1983). Inherent in the hydride technique is the
removal of gaseous selenide from its interfering back-
ground, as the gas is physically purged from the
liquid sample. Great care must be taken however, in
sample pretreatment, in a method to determine total
dissolved selenium. Steps must be included both to
digest organic selenium and to convert all forms to
selenite, as only the +4 oxidation state is detected in
the hydride method. After digestion of the sample, it
proved imperative that conversion conditions used in
the laboratory be optimized because too mild a
reduction could lead to incomplete reduction of sele-
nate and too rigorous a reduction to plating out of
elemental selenium (Cutter, 1978; Presser and Barnes,
1984). It was estimated that failure to include the
reduction step for the analysis of subsurface agricul-
tural waters in the hydride generation technique could
have accounted for up to 98 percent of the total
selenium not being measured initially (Presser and
Barnes, 1984). Recovery of selenium added averaged
98 percent; results of selenium analysis compared
favorably with those from two independent labo-
ratories (U.S. Fish and Wildlife Service and U.S.
Geological Survey Central Laboratory, Denver) and
within specified limits of a standard reference water
sample (Presser and Barnes, 1984).

Because different sensitivities are exhibited for
selenite and selenate in the hydride generation
technique, this supposed disadvantage has potential
for use in the selective determination of the different
oxidation states of selenium (Presser and Barnes,
1984).

A sequential analytical procedure for determining
the soluble forms of selenium was developed for
shales and sediments. A solid sample was put into
suspension with water, allowed to stand and then
filtered. The filtrate was collected and analyzed for
selenite and total selenium. The solids remaining on
the filter paper were resuspended in water and
analyzed for total selenium.

Soils and geologic materials were sampled by
auger or from exposed soil profile and integrated over
various depths up to 6 feet. In the laboratory, all
samples were air dried, sieved through a 2 mm
stainless steel screen, and a subsample was ground in
a ceramic mill to pass a 100 mesh screen. During the
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dry season, stream sediment samples at depths of 0.5
to 1.5 inches were collected which consisted of the
less than 2 mm size particles.

Total selenium was analyzed in solids by hydride
generation AAS after digestion in acids (nitric,
sulfuric, perchloric, hydrofluoric, and hydrochloric) or
persulfate and acids (Briggs and Crock, 1986).

Minerals were identified by x-ray diffraction using
a Nicolet Model 12 Diffractometer. X-ray analysis
was difficult because of the transient nature of some
of the hydrated salts. These are labile salts which
change in response to changes in temperature and
humidity.

Computer programs used for reduction of data
were SOLMNEQ (Kharaka and Bames, 1973;
Kharaka and others, 1988) and SNORM (Bodine and
Jones, 1986). SOLMNEQ gives solution-mineral
equilibrium data for 162 aqueous species and 158
minerals at the measured temperature. SNORM gives
the types of salts (from a possible list of 63) which
would crystallize if the water were evaporated to dry-
ness at 25 °C. Stff (1951) plots were used to show
comparisons of water type and ionic composition.

MODELING OF THE SOURCES,
MOBILIZATION, AND TRANSPORT OF
SELENIUM

The conceptual model consists of three main
components: sources of selenium; selenium mobiliza-
tion mechanisms; and selenium transport mechanisms.
Under each component are listed general statements
of observations and consequences deduced from the
collected data.

Data used in the delineation of the model are given
in tables 1 through 15. Efflorescent salts identified in
the study area are given in table 1. Waters sampled
were divided into nine categories: creeks (table 2);
springs (table 3); acid seeps in the Moreno Formation
and acid mine drainage from New Idria Mercury
Mine (table 4); evaporatively concentrated ephemeral
streams (table 5); seeps in the Moreno Formation,
Kreyenhagen Formation, and Panoche Formation
(table 6); integrated watershed samples (table 7);
headcuts, channel seeps and contact seeps (table 8);
wells (table 9); and runoff (table 10). Given in these
tables are location, concentration of selenium in salts,
salt type, concentration of selenium in stream sedi-
ment transects, concentration of selenium in waters,

water type, and water chemistry. Trace element
analyses for selected representative water samples are
given in table 11. Headspace gas analyses for
selected acid seep samples are given in table 12.
Solids sampled were divided into four categories:
surficial materials collected by the USGS (table 13);
surficial materials collected by the Soil Conservation
Service (table 14); stream sediments (table 15); and a
longitudinal transect of San Carlos Creek/Silver
Creek/lower Panoche Creek (tables 2-10). Given in
these tables are location and selenium concentration
in the solid.

SOURCES OF SELENIUM

e A sulfate/selenate chemical regime dominates
drainage from the eastern flanks of the central
Coast Ranges. Cretaceous and Tertiary marine sedi-
ments dominate the eastern flanks of the central Coast
Ranges. These marine shales and sandstones weather
into a sulfate regime evidenced by extensive surficial
salt efflorescences and evaporites at water and shale
surfaces. A list of the eighteen predominately sodium
and magnesium sulfate minerals found in the study
arca are given in table 1. Chemistry of stream and
seep waters of the drainage basins in the study area is
controlled by sodium and magnesium sulfates and
contain selenium as selenate (tables 2-10; fig. 5).
Characteristic of these waters is high dissolved solids
(up to 421,409 mg/L). The highest concentration of
sodium is 44,000 mg/L, magnesium, 56,000 mg/L,
and sulfate, 318,000 mg/L. The significance of the
selenium concentrations in these waters and salts will
be discussed specifically as they relate to the aspects
of the model given below.

o Water issuing from other chemical regimes is
barren of selenium. Previously reported types of
waters in California in the Coast Ranges are:
bicarbonate waters from the Franciscan assemblage;
chloride waters from the Great Valley sequence
(Panoche and Moreno Formations) and a zone of
hydrothermal alteration (Mercey Hot Springs);
ultrabasic, high magnesium waters from serpentinites;
and acid mine drainage from the New Idria Mercury
Mining District. In our reconnaissance these water
types are represented by the following.

Waters influenced by both the Franciscan assem-
blage and Tulare Formation, Little Panoche Creek and
Mine Creek, contain sodium and bicarbonate as major
components and less than 2 pug/L. selenium (table 2).
Secondary chloride shows up in Little Panoche Creek
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because of contact with the Panoche Formation.
Monthly sampling of Little Panoche Creek by the
USBR from March 1984 to May 1986 showed no
concentration of selenium greater than 2 pg/L (U.S.
Bureau of Reclamation, 1987).

Alkaline seeps surveyed as part of the Great
Valley sequence in the Panoche Formation (table 6)
are mainly sodium-chloride waters that contain less
than 2 pg/L selenium. One extremely concentrated
magnesium-sulfate water was found but it contains
less than 2 pg/L selenium. Additionally, efflorescent
salts from the Panoche are predominantly halite
(table 6).

Waters discharging from serpentine, Larious Creek
and Clear Creek at the San Benito River, are of the
magnesium-bicarbonate type (table 2). The creek
downstream of the New Idria Mercury Mine, San
Carlos Creek, at its confluence with Silver Creek,
yields a magnesium-sulfate water (table 2) showing
influence by both serpentine (Mg) and acid mine
drainage (H,SO,). All these waters contain 3 pg/L
selenium or less.

Zones of hydrothermal alteration and mercury
deposits exist at the south end of Little Panoche
Valley in the study area. Some are near Mercey Hot
Spring, a sodium-chloride spring with less than
2 ug/L selenium (table 3). This spring water was
included among the waters in which trace elements
were analyzed and contains 0.1 ug/LL mercury
(table 11).

Water from the New Idria Mercury Mine
discharges into San Carlos Creek and consequently
into Silver and Panoche Creeks. The water is an acid
(pH 3) iron-magnesium-sulfate water containing less
than 2 pg/L selenium (table 4). The constituents of
this water are interpreted to be derived from the
oxidation of the sulfides associated with the mercury
ore. Dissolved solids concentrations are as high as
9,553 mg/L. High concentrations of metals are
transported in this pH 3 water (iron 640 mg/L,
aluminum 88 mg/L, manganese 10 mg/L, zinc
3.0 mg/L, nickel 1.4 mg/L, cobalt 0.6 mg/L, cadmium
0.1 mg/L and chromium 0.07 mg/L) (table 11).
Additionally at New Idria a transect (table 4, fig. 4)
was taken across San Carlos Creek below the
discharge point from the mine. The bank material
contains 0.6 ppm selenium. The channel material,
including an iron-hydroxide mat, is mostly jarosite
and the efflorescent salts are hexahydrite, bloedite,
and epsomite; both mat and salts contain less than
0.1 ppm selenium.

» Springs and intermittent flow of lower reaches
of streams do not represent a significant source of
selenium. Our early reconnaissance of Panoche and
Cantua Creeks, two of the larger creeks draining into
the western valley, showed selenium concentrations of
5 and 6 pg/L selenium, respectively (table 2).
Sampling by the USBR at monthly intervals (not in
response to precipitation events) from March, 1984 to
May, 1986 showed an average selenium concentration
for Panoche Creek of 3.7 pg/L with a high of
10 pg/L; a smaller sampling of Cantua Creek showed
an average of 6 pug/L (U.S. Bureau of Reclamation,
1987). Silver Creek and Griswold Creek, tributaries
to Panoche Creek showed concentrations of selenium
of 2 and 13 pg/L (average) respectively (table 2).
Other creeks in the study area were not represented
by intermittent reaches.

In the vicinity of Salt Creek, a main tributary to
the valley, are located Harris and Greenwater Springs
and a developed spring near the creek itself. All
these spring waters contain less than 2 pug/L selenium
(table 3). Harris spring yields a sodium-bicarbonate
water; Greenwater and the developed spring yield
sodium-sulfate waters. Ciervo Spring in Arroyo
Ciervo yields a sodium-magnesium-calcium-sulfate
water containing less than 2 pg/l. selenium (table 3).

Larious Spring on Larious Creek yields a
sodium-sulfate water containing less than 2 pg/L
selenium (table 3). It was sampled when there was
no flow in the creek. Larious Creek is a tributary to
Silver Creek, which discharges into Panoche Creek.

e Geologic samples from the Moreno and
Kreyenhagen Formations show elevated selenium.
From a survey of 117 geologic samples (fig. 4;
tables 13 and 14) taken in 1986 in the area, the
marine sedimentary Upper Cretaceous-Paleocene
Moreno Formation and the Eocene-Oligocene
Kreyenhagen Formation (which traditionally includes
the Tumey Formation) contain elevated levels of
selenium, with medians of 6.5 and 8.9 ppm
respectively (fig. 6; table 16). Selenium contents of
these shales are compared with the following medians
(fig. 6; table 16): the Upper Cretaceous Panoche
Formation, 1.0 ppm; the Paleocene-Eocene Lodo
Formation, 0.8 ppm; the Eocene Domengine Forma-
tion, 0.4 ppm; the Pliocene-Pleistocene Tulare
Formation, 1.2 ppm; and the non-marine rocks,
0.7 ppm. The Panoche and Lodo Formations contain
extensive sandstones. The Miocene Series is not well
represented in the study area and therefore cannot be
assessed. The Oligocene is represented by the Tumey
Formation (median 7.3 ppm selenium). The Moreno
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Figure 6. Mean, median, and range of selenium
concentrations in geologic materials by forma-
tion.

and Kreyenhagen Formations are not as extensively
exposed to the north or to the south of the area
implicated to be the source of selenium at KNWR.

In the study area, the over-all median for
seleniferous formations is 7.3 ppm selenium; for
non-seleniferous rocks the median is 0.8 ppm sele-
nium (table 16). The highest selenium concentrations
measured are 45 ppm for a sample from the
Kreyenhagen Formation and 35 ppm for a sample
from the Moreno Formation. Lakin’s compilation
(1961b), the most complete to date, of Cretaceous
sedimentary rocks in the United States, showed the
upper part of the Niobrara Shale and the lower part of
the Pierre Shale to contain the highest selenium
concentrations and to average 20 ppm selenium (range
0.6 to 103 ppm). The median values of weighted-
average concentrations of selenium in the Pierre and
Niobrara Shales, were 2.2 and 6.5 ppm selenium
respectively. Lakin further concluded that in sedi-
mentary rocks, concentrations of greater than 2 ppm
selenium was abnormal.

SELENIUM MOBILIZATION MECHANISMS

o Pyritic shale is weathered. Berner (1984) con-
siders pyrite to be the main source of sulfur in marine
shales forming from the reduction of sulfate-
containing pore waters during diagenesis. Pyrite,
FeS,, the reduced iron sulfide, is disseminated
throughout the Coast Range marine sediments. In the
study area, it constitutes approximately 1 percent of

e @
M‘\e@ 8 o

the sandstones and up to 10 percent of the siltstones
and shales (Ivan Barnes, U.S. Geological Survey,
personal commun., 1985). The general reaction for
weathering (oxidation) of pyrite (Berner, 1984,
Garrels and Lerman, 1981) modified to show the
inclusion of sulfuric acid (H,SO,) is:

8FeS, +8CaC0; +7TMgCO;+75i0, +23H,0+150,—
15CH,0+8CaS0O, +4Fe,04+7TMgSiO; +8H,80, (1)

Sulfate ion (SO3), acid ion (H*1), and ferric oxide
(Fe,05) or hydrated ferric oxide (limonite) are end
products. The oxidation of reduced iron from pyrite
is postulated to be biologically mediated/microbially
catalyzed (Stumm and Morgan, 1981).

Physical and chemical weathering of diagenetic
sediments in the Coast Ranges is extensive and per-
vasive; no unweathered shale material was available
from the study area. Large amounts of oxidized iron
are seen in veins and joints in the sediments of the
study area. In a humid climate, the iron would be
almost all oxidized and precipitated as the oxide; in
an arid climate where soluble compounds may persist,
ferrous sulfate (ferrohexahydrite) and ferric sulfate
(jarosite) would also be produced (Krauskopf, 1967).
These latter minerals have been identified as coatings
or crusts on sediments of the Coast Ranges (ferro-
hexahydrite is soluble; jarosite is less soluble) and are
the subject of further investigation on the span of
oxidation potentials for the weathering of the primary
minerals.

e Selenium occurs in association with sulfur.
Selenium can occur in substitution for sulfur
(Wedepohl, 1970; Coleman and Delevaux, 1957) such
as in the selenium analog of pyrite, ferroselite
(FeSe,), because of its similar chemical and physical
properties. It occurs in concentrations of as much as
1000 ppm in remobilized sulfides associated with
oxidized sandstone-type uranium deposits (Davidson,
1963; Coleman and Delevaux, 1957) and in the
Sudbury pyrites at between 50 and 100 ppm (Hawley
and Nichol, 1959). Krauskopf (1955) cites a maxi-
mum of 28 ppm for selenium in sedimentary pyrite in
his report on enriched concentrations of metals in
shales, organic deposits in swamps, and semiarid
slopes and basins.

Significant selenium enrichment in geologic
materials was thought to have occurred through the
increased volcanic activity of the Cretaceous Period.
Davidson and Powers (1959) summarized the earlier
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literature on the primary source of selenium. One
alternative is that the selenium contained in the
enriched Niobrara and Pierre Shales was a primary
constituent of extrusive and intrusive igneous rocks
which were eroded and deposited into the Cretaceous
sea (Trelease and Beath, 1949). A second alternative
is that these two formations may have acquired
selenium from gaseous emanations and volcanic dust
which accompanied eruptive activity and which were
subsequently washed into the oceans by rainfall
(Byers, 1936; Byers and others, 1938). The data of
Davidson and Powers (1959), from a limited sample
set from the western United States, show that the
volcanic rocks composed of ash are more seleniferous
than crystalline ones. In either case, the Cretaceous
sea provided an environment in which selenium could
be biologically concentrated in bottom sediments
(Presser and Ohlendorf, 1987) to yield the enriched
shale concentrations seen today. Black shales have
been noted as containing elevated concentrations of
minor elements (Krauskopf, 1955; Vine and Tourtelot,
1970) but few reliable selenium data are available
(Davidson and Lakin, 1961; Lakin, 1973; Desborough
and others, 1984).

Pyritic cuttings from a 16,000 foot-deep well
located on the San Joaquin Valley floor near Mendota
(outside the study area) may be representative of
unweathered material. The well encompasses the
geologic section from the Tertiary non-marine rocks
to the Upper Cretaceous Panoche Formation.
Preliminary analysis on a small sample set from seven
different intervals shows an average concentration of
7 ppm selenium for pyrite samples and 1.7 ppm for
whole rock samples.

« Acid sulfate seeps and soils are generated. The
sulfuric acid shown produced in equation 1 is in the
dissociated form (H* +SO§‘). Evidence for the oxida-
tion of disseminated pyrite or ferroselite in the study
arca is shown in the occurrence of acid (pH 4)
sodium and magnesium sulfate seeps (table 4) issuing
from landslides in the Moreno Formation. Five
examples of these pH 4 seeps with elevated levels of
selenium were found in widely separated areas of the
Moreno Formation: Arroyo Hondo (up to 420 pg/L
selenium), Tumey Gulch tributary (up to 211 pg/L
selenium), Escapardo Canyon (42 pg/L selenium), the
confluence area of Silver and Panoche Creeks (up to
38 pg/L selenium), and Moreno Gulch (87 pg/L
selenium) (fig. 5). The pH ranges from 3.6 to 4.5.
Acidity (species titratable with base) ranges up to 67
mg/L. H" and amounts of sulfate up to 50,000 mg/L.
Representative pH 4 seep sample analyses are shown
as Stiff plots along with the analysis of the acid

drainage water from the New Idria Mining District
(fig. 7A). With these plots, comparison of water type
and ionic content can be made.

Besides elevated levels of selenium, these acid
waters contain high levels of dissolved metals
(table 11); maximum concentrations are: 188 mg/L
aluminum, 95 mg/L manganese, 13 mg/L zinc,
8.8 mg/L nickel, and 1.7 mg/L cobalt. Iron occurs at
approximately the 0.4 mg/L level. Again the analysis
of water from the New Idria Mercury Mine (pH 3) is
shown for comparison; this water contains up to
640 mg/L iron but Iess than 2 pg/L. selenium.

To determine if carbonic acid (H,COj3) is a
contributing factor to the acidity of pH 4 samples, the
chemistry of several headspace gases w<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>