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DAY 1

0.0 - Red Rock Canyon State Park Visitors Center (35°22'24"N, 117°59'24"W). From the Visitor's
Center proceed south on Ricardo Road - "
toward CA 14. — v—e S .

0.5 (0.5) STOP - Ricardo Volcanics _(35° Alkali basalt Tholeiite
22'11"N, 117°59'10"W). The Miocene ¢
Ricardo volcanics consist of twenty-three ‘e,
basaltic to andesitic flows as well as rhyo- ° //
litic pyroclastic flow and fall deposits. The »
pyroclastics have been used to age date

the Ricardo volcanics from 8.2 to 10.1 Ma. Olivine tholelite Q/
The other units within the Ricardo Group \/

are fluvial and lacustrine rocks whose R

ol

compositions range from conglomerate to # Ricardo Volcanics

mudstone and siltstone. The field lies to the north of the left-slip Garlock fault with some researches sug-
gesting the offset equivalent of the field can be found tens of kilometers to the east on the south side of
the fault. The source vents for the volcanics have been removed by erosion, however, the lateral continu-
ity of flows suggests the Ricardo basalts were sheets flows that may have traveled some distance from
their source.

Anderson (2005) sampled and analyzed the basalts from the Ri-
cardo volcanics. The figure to the right summarizes her results.
Note that nearly all samples are tholeiitic basalts, in marked con-
trast to many of the basalt fields in the Owens Valley and Mojave
Desert (see later discussion). Wang et. al., (2002) suggested that
Neogene basalt composition across California and western Ari-
zona varied as a function of depth of melting. Basalts to the west
would be generated at relatively shallow depth. Takahashi and
Kushiro, (1983) demonstrated that shallow partial melts lead to
basalts of tholeiitic composition. Thus, the tholeiites of the Ricardo
field represent shallow partial melts. They may represent the wan-
ing stages of volcanism from an underplated East Pacific Rise or
be related to tectonic evolution of the Owens Valley (see discus-
sion at the next stop). The basalt flow at this stop is typical of
those within the Ricardo Group. If you examine a hand sample
you will note the fine-grained matrix of plagioclase and pyroxene
with an occasional phenocryst of pyroxene. The most interesting
feature of this outcrop are the nearly-circular dark gray to black
phenocrysts that are soft and easily removed from the matrix. The thin section to the left reveals that
these are comprised largely of a calcium-rich variety of siderite (Photo a). It is believed these have formed
from the alteration of preexisting grains of iddingsite (Photo b). At this locality much of the iddingsite has
been replaced by siderite, but if you stop along CA 14 just north of the intersection with Ricardo Road
(there is very little room to pull off so be careful) you will find much fresher samples in roadcuts consisting
of iddingsite surrounding cores of olivine. Although siderite is most likely formed during weathering, id-
dingsite is more controversial. Baker and Haggerty (1967) stated that iddingsite can form both as a prod-
uct of weathering and primary dueteric alteration at both high and moderate temperatures. This primary
alteration may represent changes in oxygen fugacity of the crystallizing magma. They listed numerous
criteria for the recognition of primary iddingsite, leading Darrow (1972) and Lusk (2007) to conclude the
iddingsite of both the Big Pine and Darwin fields was of primary dueteric origin. It seems likely that this
would also be the case for Ricardo. Speculation centers on just what have been responsible for the
changes in oxygen fugacity. Perhaps it may be indicative of magmas that were ponded at shallow depth
before being extruded? It could also reflect vertical changes in the chemistry of flows although none of
our research, to date, supports this hypothesis.




0.8 (0.3) - Turn left on CA 14.

24.8 (20.0) - Junction with U.S. Highway 395, continue north.
31.9 (7.1) - Inyo County Line

44.7 (12.8) - Cinder Road, turn right to Fossil Falls.

46.9 (2.2) STOP - Fossil Falls Parking Area  (35°58'19"N, 117°54'39.5"W) . From the parking area follow
the well marked trail south to Fossil Falls. Owens
River draining from the lake that occupied Rose
Valley to the north of Red Hill cinder cone carved
Fossil Falls. The water flowed from Rose Lake into
China and Searles Lakes and from there to the
Panamint Lake. Drainage from Panamint Lake was
to Lake Manley in Death Valley. The last overflow
into China and Searles Lakes probably occurred
within the last 5000 years.

The Coso volcanic field lies to the east of the Sierra
Nevada Range at the western edge of the Basin
and Range. It consists of Pliocene to Quaternary
rhyolite domes and basaltic cinder cones covering
150 sq miles. The youngest eruptions are bimodal,
with basaltic lava flows intruded by 38 rhyolite lava
flows and domes. Volcanic activity in this field began in the Mid/Late Pliocene. has continued into the
Holocene.

If you look to the south you can see a prominent valley cut by the Owens River between the Coso Range
and the Sierra Nevada Range to the west. The basalt flows within the valley have been dated allowing a
rough stratigraphy to be established. The oldest flows lie to the south. The Upper (prominent columnar
jointing) and Lower Little Lake Ranch basalts are 130,000 and 400,000 years old respectively. Here at
Fossil Falls, the basalt of Red Hill (click photo to the right for an enlarged view) overlies the Little Lake
basalts. It has not been dated, but is younger than 130,000 years and older than 10,000 years. The most
recent volcanic activity at Red Hill is dated at about 10,000 years although there is evidence for a more
recent flank eruption from the small vent of the northwest flank of the cinder cone. No exhaustive petro-
graphic study of the basalts here at Fossil Falls has been done, but they appear to be alkali basalts based
upon the prominent phenocrysts of olivine. This is consistent with the Master's Thesis of Groves (1996)
on the Coso field that reports a CIPW normative mineralogy typically including olivine and variable
amounts of nepheline.

It is interesting to compare data for the basalts of the Coso (Groves, 1996), Ricardo (Anderson, 2005)
and Darwin (Lusk, 2007) volcanic fields of the southern Owens Valley. The Table below summarizes the
age dates for each field, as well as the nature of the volcanism (dominant rock type in CAPS). The Ri-
cardo basalts are the oldest, while Coso is the youngest. Ricardo is a bimodal volcanic field, however,
basalts are clearly more voluminous than felsic volcanics. Coso is also bimodal with abundant rhyolites,
while Darwin volcanics are essentially all basalts. The Darwin and Coso fields appear to be structurally
controlled, while the Ricardo field is enigmatic.



Basalt Field Age Rock Types Structural Control

Coso <2.5 Ma rhyolite - basalt transform faulting

Darwin 8-4 Ma | rhyolite-andesitebasalt | transform and high angle norma

faulting

Ricardo 10-8 Ma basalt ?
The basalt tetrahedron (shown to M . ;3
the right) for the southern Owens \\ I 2 /
Valley depicts the geochemical X Alkali basalt \ 7

differences between the three
volcanic fields. As noted previ-
ously, Ricardo basalts (green) are
dominantly tholeiites. In contrast, A coso Volcanics
basalts from the Coso field

(purple) are generally alkali ba- ~ ® Darwin Volcanics
salt. Those of the Darwin field
(brown) show a wide spread en-
compassing the entire spectrum ol opx

of basalt composition. A plot of TiO2 vs Zr/P205 shows the field differences more dramatically. The black
line on this diagram represents the thermal divide separating quartz normative rocks from those contain-
ing normative nepheline. Theoretically, evolving magmas cannot cross this divide at low to moderate
pressures suggesting differing source regions for the Coso and Ricardo volcanics. However, Darwin ba-
salts do cross the thermal divide. This indicates Darwin magmas either have multiple sources or were
fractionated at very high pressures (~2Gpa).

#® Ricardo Volcanics \/

4 , , To better understand the contrasting nature of the
basalts one needs to look at the tectonic setting of
® Coso the southern Owens Valley. The valley has under-
@® Darwin gone both extension creating the typical Basin and
@® Ricardo Range graben-half graben, as well as dextral
shear along the Eastern California Shear Zone.
The timing of these events is controversial, but
recent motion is thought to be dominantly right-slip
(Stockli, et. al., 2003). The transition between dip-
-{  slip and strike-slip is thought to have occurred
sometime between 10Ma and 3Ma. If this is in-
deed the case, then Ricardo basalts were em-
placed during a period dominated by dip-slip fault
movement and Coso basalts during a period of
strike-slip. The Darwin field would record a record
of both events as it was emplaced during the tran-
sition from extension to dextral shear. As noted at
the previous stop, Ricardo basalts are generally
0 : ' thought to be the product of a shallow partial melt.
0.00 0.05 40'10 0.15 Perhaps Basin and Range extensional faults
Zr/(P;05"10°) tapped shallower pools of magma resulting in
tholeiites. Subsequent transform faulting (Coso)
penetrated deeper levels of the crust and mantle, hence the more alkaline basalts. Darwin basalts would
be a product of both environments. A word of caution: magmatic activity is not normally associated with

3 -
Alkali basalt

Tholeiitic basalt




transform faulting, however, accommodation zones associated with pull-apart basins (e.g. Death Valley)
have been the locus of basaltic volcanism. Also, we cannot neglect the role of changing oxygen fugacity
in the evolution of Owens Valley basalts. Basalts from the Ricardo field are dominated by iddingsite,
those from Darwin contain both iddingsite and olivine and Coso only olivine. Can changes in oxygen fuga-
city account for the differences in basalt chemistry? If so, what factors are controlling the changes in fuga-
city? Do these factors relate to the shifting tectonic picture? Also, does crustal contamination play a role
in the genesis of Owens Valley basalts? We will take up the latter topic during a stop in the Big Pine vol-
canic field.

Return to vehicles and US 395 and turn right (north).

89.3 (42.4) STOP - Alabama
Hills (36°33'15"N, 118°02'57"W) .
The Alabama Hills and Diaz Lake

Owrang Vallay

lie to the west and north of U.S. 2 '3_
. . . . = &
s T v o e ZEN 3
’ Elaiama z

to the east of the highway. For the
next 45 miles we will be in an area |
affected by the "great" March 26, |+
1872 Owens Valley earthquake REEtS
(M=8.3). Surface breaks and
scarps were common and many
have survived to the present day. - /
The main zone of faulting is along THrwxin. LA PR T inx
the east side of the Alabama Hills.

Lake Diaz (to the northwest) was created when a graben formed between the Owens Valley fault and a
small fault east of the lake.

-

Slururn

The Alabama Hills are a block of Triassic/Jurassic metavolcanics intruded by Mesozoic granite. The car-
toon sketch to the right illustrates the structural relationship of the Alabama Hills to the Sierra Nevada. On
the eastern side of the Alabama Hills geophysical surveys suggest that the depth to bedrock is approxi-
mately 9,000', about the same as the elevation difference between the floor of Owens Valley and the
summit of Mt. Whitney (14,495"). The base of the graben block thus sits nearly four miles below the crest
of the Sierras. The fact that the Alabama Hills outcrop at all indicates fault motion must have been a com-
bination of uplift of the Sierra Nevada Mountains with concurrent down dropping of the Owens Valley. The
valley that lies between the Alabama Hills and the Sierra Nevada escarpment has been a very popular
movie location. So many westerns were filmed in this locale that you can walk into almost any older res-
taurant in Lone Pine and find an autographed picture of John Wayne. Either he ate in many of Lone Pine
restaurants or one of the locals forged his signature and got numerous free meals.

92.6 (3.3) - Whitney Portal Road. Turn left (west).
93.2 (0.6) - Turn right on dirt road just beyond the aqueduct.

93.5 (0.3) STOP - 1857 Earthquake Scarp (36°36'17"N, 118°04'30"W) . This impressive scarp, on the
Lone Pine fault, preserves some of the clearest evidence of slip during the great earthquake of March
26,1872. Vertical offset is approximately 15 feet and right-slip 45 feet. While there is no general agree-
ment on the magnitude of this earthquake many believe it to be the largest to strike California in the last
200 years. John Muir was living in a cabin in Yosemite Valley at the time of the quake. He told me that the
guake frightened him to the extent that he spent three days outside sleeping in a tent. Twenty-seven resi-
dents of Lone Pine lost their lives in the disaster. The enterprising survivors buried the victims in a mass
grave atop a pressure ridge uplifted during the earthquake. The cemetery, located just north of town re-
mains today as a memorial.




Although historic accounts indicate the escarp-
ment you are examining was created during the
1872 earthquake, recent exposure dating sug-
gests that the vertical offset actually results from
three separate earthquakes over the past 10,000
years. Slip from the 1872 quake was about four
feet in the vertical plane and 18 feet in the hori-
zontal plane. Examine the fault scarp carefully.

. Can you find any evidence to support three sepa-
rate events? Despite numerous studies there is
=" no general agreement on Holocene slip rates for
__4 the Owens Valley fault. Estimates vary from a low
~ of 1.5 mm/yr to a high of 7mm/yr. Recurrence
interval is thought to be 3000-4000 years, but this is only for the strand of the fault broken in 1872. Recur-
rence interval for the entire fault zone may be much greater.

Return to US 395, turn left (north).
129.3 (35.8) - Tinemaha Road, turn left.
130.2 (0.9) - Birch Creek Road (dirt road) turn right.

130.8 (0.6) - Turn right just beyond power lines on Powerline Road.



131.5 (0.7) STOP - Big Pine Volcanic Field

(37°04'36"N, 118°16'20"W). From the parking

area, walk east toward the small knoll in the Fish Springs Wil Crater Mun, "“"’_“I‘l'""ﬂ‘
nu

foreground (see image to the right). The Fish ; .
Springs cinder cone lies along the scarp of the s Fish Springs
Fish Springs fault, a splay of the Owens Valley e = lader O
fault zone. Note the igneous and metamorphic
boulders as you are walking toward the crater.
Can you see where these have come from in
the Sierra Nevada mountains to the west? Do
you see the contact between the light-colored
intrusive and darker metavolcanics? The cin-
der cone we are standing on is one of 30 or
more in the 400 sq mile Taboose-Big Pine
volcanic field. All were emplaced during sev-
eral episodes of volcanism spanning 2 million
years. A fault scarp cuts the toe of this cinder cone, offsetting it more than 25 feet (in the vertical plane).
You walked up the offset portion of the toe to get to this overlook. If you wish, you can climb down the
fault scarp and up onto the cinder cone to look into its crater on the east side of the hill. (Note you can
see the crater from Fish Springs Road). This cinder cone, as well as most in the Big Pine field, is com-
prised or red, scoraceous pumice. To the north the summit of Crater Mountain is visible just south of the
town of Lone Pine. It's summit is 1500 feet above the valley floor, but the elevation is misleading since the
basal portion of the mountain is a block of Sierra Nevada granite. A case can be made for a frontal fault
system acting as feeders for the volcanics. Most cinder cones lie along the east or west side of the valley,
near the mountain fronts. To the east, in the center of the valley is Tinemaha Reservoir completed in
1928 by the City of Los Angeles as part of the "grand plan” to steal all of California’s water.
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Our research (Varnell and Jessey,
2006) indicates the Big Pine basalts

DN "
pliolelits (yellow squares) vary in composition

" .‘l He ]
‘o o " from tholeiitic to alkaline, a range that
Big Pine Volcanics (% 4 4 " is very similar to that of the Darwin
: Py ¢ volcanics. The Darwin field lies ap-
A Coso Volcanics /

proximately 60 miles to the south-
east, on the east side of the Owens
Valley fault system. Assuming a slip
: : rate of 5mm/year only accounts for 5-
ol opx 10 miles of this geographic separa-
tion. Therefore, the two fields do not represent offset equivalents. Trace element and isotope studies of
the volcanics from the Big Pine field suggest that crustal contamination played a role in genesis. A spider
diagram (see below) reveals that the Big Pine field (yellow squares) is enriched in incompatible elements.
While such enrichment might suggest a different source, it also can indicate crustal assimilation. Available
isotope data (see below) indicates the Big Pine volcanic field plots off the mantle array and on a mixing
line with the EMII reservoir of Zindler and Hart (1986). The EMII reservoir requires assimilation of conti-
nental crust to generate the high (>.720) strontium isotopic values. Note that the Coso field lies on the
mantle array indicating little or no interaction with crustal rocks. But where does the Darwin field fit into
this picture? On the spider diagram it plots closer to Coso and Ricardo and does not show the noticeable
trace element enrichment of Big Pine. This suggests a limited interaction with continental crust. Unfortu-
nately, isotopic data is unavailable for Darwin. Why then do the two fields have compositionally similar
basalts? Perhaps the Big Pine field had a similar evolutionary history to that of Darwin. Darwin was em-
placed during a period of transition, when both shallow and deep melts could have been tapped (see dis-
cussion at Fossil Falls Stop). Although the Big Pine field is younger (2-6 million years), it is underlain by
significantly thicker lithospheric crust. Thus the volcanic trends evident to the south may have manifested
themselves later in the Big Pine field 50-60 miles to the north. That field is experiencing the evolution from
the Pliocene to Recent times that characterized the Darwin-Coso-Ricardo Fields during the late Miocene
and Plio-Pleistocene.

@ Darwin Volcanics

® Ricardo Volcanics
L




Rock/MORB Pearce 1983
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Return to Highway 395 and turn left (north).

156.5 (31.0) - Bishop, intersection of 395 and Line Street. Turn left, proceed west, staying on the main
road (Line Street).

161.4 (4.9) STOP - Knopf's Knob _ (37°20'35.5"N, 118°28'39.5"W). Stop at the isolated hill on the north
side of the road. Use caution climbing this hill because the local's call it "Rattlesnake Hill"* with good rea-
son. Knopf's Knob was named for Adolph Knopf one of the first geologists to visit the Owens Valley. This
hill is an unusual exposure of columnar-jointed, Jurassic (Bateman, 1992) Tungsten Hills, quartz-
monzonite intruded by Pleistocene (?) basalt. (Note the ? mark for the age of the basalt. The author has
not been able to find a published age date for the basalt dike and assumes the Pleistocene age is most
probably the result of "guilt by association" with the basalts of the Big Pine field 25 miles to the south.)
Geochemical analyses by Varnell (2006) cast some doubt on this assumption.



