GP171 Tectonics Field Trip

May 29-June 2, 2009
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Marianne Karplus
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Friday 5/29

Depart Stanford 1800

University Ave to CA-84 E (Dumbarton Bridge)

(One vehicle via USGS to pick up Joe Colgan)

Merge onto I-880 N via the ramp to Oakland



After 10.0 mi
take the exit onto I-238 S toward Castro Valley/I-580/Stockton



Merge onto I-580 E; after 30 miles continue on I-205 E

Take the exit onto I-5 N

After 13 mi
Take exit 472 for CA-4
 Merge onto CA-4 E

After 3 mi
Take the exit on the left onto CA-99 N toward Sacramento



After 2 mi
Take exit 255 for CA-88/Waterloo Rd toward Jackson



(right after exit there are good places for gas, pit stop, fast food) 

Continue on CA-88/E Hwy-12/E Hwy-88/CA-12, 130 miles

Minden, NV (4hrs 30mins)

At JCT 395, turn right / SE on 395=Main St to Holiday Lodge, 1591 Main St, cross street 1st St and Zerolene Road, 775 782 2288, 4 rooms in name of “Klemperer”

Carson Pass:

The contact between Cretaceous granites and the overlying Tertiary volcanic rocks is nearly horizontal, and contrasts with today’s mountainous, highly dissected topography.  East-west drainage was established in the late Miocene, when major pre-Sierran valleys were cut into the batholith and filled with volcanic and fluvial debris, such as along the early San Joaquin Valley to the south.  Down-dropped and tilted Plioceene volcanic and sedimentary rocks along the east side of the Sierra Nevada have equivalents uplifted atop the present range, indicating that much of the uplift of the Sierra Nevada is a late Pliocene-Pleistocene phenomenon.  

Hope Valley:

This picturesque glaciated valley was occupied by Tioga (10-25 ka) and Tahoe (56-118 ka) ice that flowed from Carson Pass to the southwest, up to 200m above the present valley floor.  The valley is floored by Cretaceous granite-ganodiorite, but the valley flanks are capped by Miocene-Pliocene-age volcanic rocks.  Low-relief knolls in the valley represent hummocky ground moraine material deposited by Tioga glaciers.  Many of the erratics in the deposit show string weathering and pitting, so the mounds may be remnants of older Tahoe recessional moraines that were overridden by Tioga ice.

Saturday 5/30

Depart Holiday Lodge after breakfast, before 0800

15 minute drive

Stop 1: Genoa Faut Scarp, 0815-0900

25 min drive

Stop 2 (drive-by or photo –op)

Carson City normal fault

20 min drive

Stop 3: Occidental Fault, 0945-1015

1hr 50min drive

Stop 4: Sand Mt, Lake Lahontan overview, lunch 1200-1245

1 hr drive into Dixie Valley

Stop 5: Box Canyon 1345-1430

Stop 6: Spreading ridges 1500-1515

Stop 7: The Mirrors 1530-1630

1hr 30min drive to camp-site

Arr. Camp-site 1800

Two volunteers drive vehicles to Battle Mt for gas, water

Return at 1900 for dinner

Time-space diagram of Great 
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Time-space diagram of Great Basin

[image: image89.wmf]Miocene: San Andreas Fault

CALIFORNIAN:

Paleogene: 

Laramide (flat-slab)

Cretaceous: Sevier orogen

[image: image90.wmf]Jurassic: 

Nevadan orogen

ANDEAN:

Triassic: 

Sonoma Orogen, Golconda allochthon

Devonian: Antler orogen, Roberts Mt. allochthon
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Saturday 5/30

Stop 1.  Genoa Fault scarp

The Genoa fault zone is a classic range-bounding normal fault that has a vertical slip rate of around 1 to 3 mm/year. Earthquakes as large as magnitude 7.4 can occur along this fault zone. Taken with the slip rate, the estimated displacement from earthquakes of this size can be used to estimate a possible average earthquake recurrence interval. For the Genoa fault zone, this works out to be the occurrence of an earthquake about once every 3,000 years. It last slipped by as much as 5.7 m, along a a fault length 25-75 km, around ??1400 AD.; the range-front system probably has had two large earthquakes in the last 2000 yrs.

At the fault: 

Footwall: Mesozoic metavolcanics (roof pendant in the Carson Range (Sierran) granite.

Hanging wall: Recent slope wash

Measure strike and dip: 010/58

Look for slickenlines and determine direction of motion (as if you already didn’t know).

Looks for encrustations of alluvium, several inches long, plastered on the footwall, elongate in the direction of motion.  (Note comment in Ramelli paper about striations on other faults implying earlier strike-slip faulting).

Note springs (hence cottonwoods) (and hot springs, hence resorts) line the fault.

Note location of Carson River on west side of valley, not axi-symmetric.

Significant Historical Earthquakes in the Reno-Carson City Urban Corridor

Date             
Nearest Community   Intensity    Magnitude

1845(?) or 1852  Pyramid Lake?       VIII?        7-7.3 

1860, Mar. 15    Pyramid Lake?       
VI           7 

1868, May 29     Virginia City       
VII          6 

1869, Dec. 26    Virginia City       
VI           6.7 

1869, Dec. 27    Steamboat Springs   VIII         6.1 

1887, June 3     Genoa               
VIII         6+ 

1894, Nov. 18    Virginia City       
VI           ? 

1896, Jan. 2     Carson City         
VI           ? 

1914, Feb. 1     Reno                
VI-VII       6 

1914, Apr. 24    Reno                
VII-VIII     6.4 

1930, Apr. 9     SE Lake Tahoe       
VI           4.3 

1933, June 2     Wabuska             
VII          6.1 

1942, Dec. 3     Reno                
VI           5.9 

1948, Dec. 2     Verdi               
VII          6 

1952, May 9      Steamboat Springs   VII          5.1 

1966, Sep. 1     Truckee             
VII          6 

1978, Sep. 4     Genoa               
VI           5.2 

1991, Jan. 2     Carson City         
V-Vl         4.6 
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Guide and local map from “Where the Sierra Nevada meets the Basin & Range”, NAGT 1997 Field Conference, QE138 L27 1997 BRAN

Strip map and trench log from Ramelli et al., BSSA , 1999; 


Gravity from Cashman et al., 2009, GSA SP447
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Stop 2: Carson City Fault:


Follow Rte 395 north of where Rte 50 splits off to the east.

Turn right on Long Street, continue a few blocks to the abrupt slope, which is the normal fault scarp faces east.  This young scarp, no more than a few thousand years old, cuts lake and stream deposits of the valley.  It seems not to have been recognized as an active fault when the split-level house was built directly on it.

[image: image9.wmf]
The Carson City Fault generated a major earthquake, M ≥ 7, about 500 years ago, possibly at the same time as the northern Genoa Fault earthquake. Estimates for the interval of recurrence for these faults range from once every 1350 years, to less than once every 16,000 years.

For a magnitude 7.1 earthquake on the Genoa fault, HAZUS estimated:
up to $2.5 billion in economic loss 
major damage to approximately 12,000 buildings 
800 to 3,000 people needing public shelter

80 to 300 fatalities
For a magnitude 6.5 earthquake on the Carson City fault, HAZUS estimated:
up to $2.2 billion in economic loss
(~$665 million in Carson City alone) 
major damage to approximately 3,900 buildings 
170 to 700 people needing public shelter
30 to 110 fatalities.
Probability of an earthquake of magnitude 6.5 or greater occurring within 50 km in 50 years (from USGS probabilistic seismic hazard analysis)
[image: image10.wmf]
After crossing the fault, turn south from Long Street to Rte. 50 and head east.

Drive 6 miles east on 50, then 3 miles north on 341 towards Virginia City.  

Stay right on 341 up Occidental Grade for a further 3 miles.

[image: image11.wmf]
Stop 3 to Stop 4: Head north thru’ Virginia City, site of Comstock Lode, and now the location of a commercialized ghost town.

Take Mill St./NV79 to US 50, 45 miles east to Fallon, then 25 miles east to Sand Mt.

Stop 3: Occidental Fault

39.2844°N, 119.6322°W, + 1268m

Key reference: THOMPSON, G. A. 1956. Geology of the Virginia City

Quadrangle, Nevada. USGS Bulletin,1042-C, 45–77.
The Occidental fault displays the common characteristics of normal faulting in the Basin & Range.  During slip the originally horizontal violcanic strata tilted westward about 25°, and the fault dip flattened from 65° to 40° (= 65° - 25°).  This is “domino” or bookshelf” faulting.  The fault zone was mineralized by quartz and calcite (± Au ± Ag) during slip, so that it is a hard vein instead of gouge and breccia, and it preserves slickensides beautifully.  Because the fault strikes N-S and the B&R was extending NW-SE, the fault has a component of right-lateral slip.  In fact, the slicks are reliable statistical indicators of the direction of BR extension.

Genoa fault is a young high-angle normal fault. The Occidental fault formed at high-angle but has been rotated to moderate-angle.
[image: image12.png]



[image: image13.wmf]
Effects of normal faulting on fluid flow in an ore-producing hydrothermal system, Comstock Lode, Nevada

M.J. Singleton, R.E. Criss, JVGR 115 (2002) 437-450
[image: image14.wmf]
Contours of 345 whole-rock d18O values on geologic map of Comstock district, NV, record a circular, ‘bulls-eye type’ alteration zone displaced by normal faulting, centered on Mount Davidson and mostly contained within the Alta andesite. Normal faults coeval with hydrothermal alteration are associated with low d18O belts bounded by high isotopic gradients. Virginia City-VC, Sutro Tunnel-ST, Silver City-SC. 
Normal faults in the Comstock Lode mining district are delineated by low d18O belts and strong isotopic gradients perpendicular to strike. These faults perturb and also offset the regional pattern of d18O contours produced by pervasive hydrothermal alteration of the Alta formation. Fluid-rock interaction was greatly enhanced within >200-m-wide zones centered on the normal faults where permeability was increased and fluids were focused parallel to the fault plane. Oxygen isotope profiles record both post-hydrothermal displacement and syn-deformational enhancement of fluid flow around the Comstock and Occidental faults. Fluid focusing along normal faults perturbs the d18O values by increasing the water-rock ratio. Normal faulting coeval with hydrothermal flow acts as a fluid focusing mechanism by enhancing permeability and possibly by seismic pumping along the fault zone. Field relations and oxygen isotope mapping demonstrate that the ore-producing hydrothermal system in the Comstock district was coeval with deformation along the normal faults that host the bonanza deposits. This hydrothermal system was initiated by the cooling of the Davidson granodiorite stock. Upward advection of hot fluids along fault zones during this period promoted fluid-rock exchange and led to the formation of highly concentrated precious metal deposits.

The Comstock Lode district has more than 300 km of mine workings and produced >8 M oz Au and ~ 200 M oz Ag, mostly recovered from 1863 to 1880. Precious metal deposits occur along and near the major normal faults (Comstock, Silver City and Occidental) - mostly along the Comstock fault, but an additional $1.5 million worth of ore was mined along the Occidental fault, approximately 2.5 km east of Virginia City. 

The Occidental fault strikes NNE and dips 35° to the east. Westward tilting rotated structural blocks by as much as 30°, and decreased dips of the major normal faults. Steeper normal faults likely post-date faults with intermediate to low dips such as the Occidental faults, similar to structures documented by Proffett at Yerington.

[image: image15.wmf]
Oxygen isotope cross section, with no vertical exaggeration, along the eastern part of the Sutro Tunnel, showing enhanced hydrothermal flow along the Occidental and Coryell faults. 
The 3D fault and vein architecture of strike-slip releasing and restraining bends: evidence from volcanic-centre-related mineral deposits

B.R. Berger, 2007, Geol Soc Lond, Spec Pub 290, 447–471.
[image: image16.wmf]Circled numbers: interpreted sequencing of principal points of interruption of strike-slip faulting and nucleation of extensional stepping. Dates are 40Ar/39Ar. 
In the Lower to Middle Miocene magmatic arc in Nevada, right-lateral strike-slip fault stepovers played a primary role in the localization of volcanic centres at Virginia City, as well as related hydrothermal systems. Strike-slip transtension dominated in the Virginia City district, and the loci of strike-slip faulting and related points of interruption of strike-slip faulting and nucleation of extensional stepovers migrated through time. 

When hydrothermal activity occurs on faults that were abandoned during stepover migration, there is a possibility that the resulting permeability structure of the orphaned faults is favorable to high-grade ore formation. The mass flux of hydrothermal fluids in the discharge regime of shallow, high-temperature volcanic-rock-related hydrothermal systems is typically 100–400 kg/s. The flows and discharge occur predominantly on networks of critically stressed fractures. The coupling of hydrothermal fluid flow with deformation produces the volumes of veins found in epithermal mineral deposits.  Sustaining such flow rates and high temperatures for long periods of time requires that fluid flow be predominantly through networks of interconnected fractures. Stress-dependent fracture permeability forms when fractures open and close depending upon orientation with respect to loading and applied stresses. Epithermal, volcanic-centre-related hydrothermal systems produce economically recoverable concentrations of metals (i.e. orebodies) that are discrete entities along longer-strike-length, subeconomic veins. 

Virginia City is considered a ‘world-class’ epithermal mining district, based on the amount of gold and silver produced. What made it world-class is an important problem in economic geology. A migration in the locus of strike-slip displacement spatially correlates with a change from predominantly andesitic magmatism to predominantly dacitic magmatism. Further, hydrothermal activity concurrent with the dacitic magmatism overlapped a period during which the locus of extension migrated. High-grade, bonanza ores were deposited in the orphaned, formerly normal-fault zones, following the spatial migration. Since ores deposited prior to the migration in each district are sub-economic to lowgrade and/or smaller in volume than ore following the migration, it may be inferred that the change in permeability structure of the fault zone in the wake of the migrated extension played some role in the formation of major volumes of bonanza-grade ores.

[image: image17.wmf]

Stops 4 and more: Dixie Valley area

Following from Caskey et al., Friends of the Pleistocene 2002 Field Guide

Start in Fallon
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 (note break in mileage)
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Stop 4: Sand Mountain, Lahontan overview
Lake Lahontan would have had to top over Sand Springs Pass, between Lahontan Basin and Fairview Valley, to connect to pluvial lake basins in the Great Basin interior. Sand Mountain, north of HWY 50 just before Sand Springs Pass from the west, offers an excellent view of the ~15 ka Lake Lahontan highstand (and lower shorelines) etched into gently tilted Miocene basalt flows (~9 Ma) on the east side of Sand Mountain that clearly predate much or all of the modern B&R physiography in this area.
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[image: image28.png]to muddle Fleistocene, and may well have served as a conduut for overflow from Lake Lahontan
mnto Fairview and Dixie Valleys.




Sand Mountain, Nevada

http://www.schweich.com/sbdA.html; Trexler & Melhorn, Cal. Geol., 1986

Sand Mountain is a terminal, seif dune complex. Longitudinal dunes (also called Seif, Arabic for "sword"), are elongate parallel to the prevailing wind, possibly caused by a larger dune having its smaller sides blown away (e.g. a barchan (crescentic) dune in response to a change in wind direction). Seif dunes are sharp-crested, range up to 300 m high and 300 km long, and are common in the Sahara and the Empty Quarter. On a seif dune the slip face develops on the side facing away from the strong wind, while the slip face of a barchan faces the direction of movement. 

Some of the sand of Sand Mountain traveled more than 40 km NE from the source in the Campbell Valley delta of Walker River where it was debouched into ancient Lake Lahontan more than 20,000 years ago. The dune is nearly 400 feet higher than the surrounding terrain, and is 4 miles long and > 1 mile wide.

“Booming sounds were produced at Sand Mountain by initiating an avalanche by moving down the lee slope of the dune. The sound at first was a basal beat frequency, but after several seconds the sound resembled the overflight of a squadron of propeller driven aircraft. However, less than 0.1 percent moisture can adversely affect the ability of the sand to produce sound.”

Vriend et al., 2007, GRL, 34, L16306.

“Solving the mystery of booming sand dunes”

Desert booming can be heard after a natural slumping event or during a sand avalanche generated by humans sliding down the slip face of a large dune. The sound is remarkable because it is composed of one dominant audible frequency (70 to 105 Hz) plus several higher harmonics, resulting from a natural wave-guide. The booming frequency is fixed by the depth of the surficial layer of dry loose sand sandwiched between two regions of higher Vp. 
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(seismic data reduced at 350 m/s ~ velocity of sound in air)
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[image: image35.wmf]
(note break in mileage)
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[image: image39.wmf]
Turn off to Little Box Canyon:Mile 74.2  (22.9 miles N of Hwy 50) left turn onto jeep trail at crest of the large alluvial fan.  Turn west and go ~1 mile to Little Box Canyon 

401200mE
4385700 mN
=
39.61535672
-118.151008

It's easy to miss so keep a sharp lookout. If you miss the correct left, a second jeep trail a short distance to the north will lead you astray. You want to be on the south side of the Little Box Canyon drainage as you approach the range front (that's how you'll know you took the correct left). From the correct left turnoff, it's about 1.7 km up to LBC. As you approach the range front, the road splits; take the split that veers right toward LBC.

Break in mileage; turn at mile 11.3
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John Caskey writes:

“The 1954 ruptures between Little Box Canyon and Big Box Canyon are excellent examples of fault trace graben. The LBC channel is also an excellent example of deep fan head trench. Looking north across the channel from the main scarp on the south side you can see that the 1954 rupture "V's" down into the wash and then abruptly turns left, projecting up the side of the channel wall to the opposite ridge crest. The projection of the scarp through the fan alluvium suggested to me at the time of my original mapping that the fault-plane must have a low dip angle to cut such a surface trace.  The apparent trace of the fault also parallels a prominent low angle fracture set in the Tertiary granitics. The fracture set is very well expressed at other locations along this section of the rupture zone especially at Big Box Canyon, the next slot canyon to the south. These observations were the motivation for the geophysical tests we conducted to determine if the fault indeed has low dip angle along this particular reach. We do believe it has a low dip, but only along a 15-20-km-long section of the fault south of the Bend area. I don't believe Blackwell's 80°  farther north, but I also don't believe it's a low-angle normal fault (30° or less) north of the Bend.” 

Stop 5: Little Box Canyon, Dixie Valley
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Stop 6: Lateral-spread Paleoscarps 

409350 mE
4406130 mN
=
39.80030712
-118.0588875

This stop works best if everyone climbs up onto one of the large head scarps where you can gaze out along the disrupted zone.  The affected fan surface overlies fine grained deposits containing the ~6.9 ka Mazama ash nearby.
[image: image56.wmf]
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John Caskey writes:

“The most impressive zone of lateral spreading I've ever seen; caused by shaking during the Gap Event. The spreads were almost certainly triggered by liquefaction, but the extreme lateral spread displacements that produced crumpling of sediments along the playa margin seem to require slow down slope movement along thick clay beds we find in boreholes. Slow movement seems to be required because of the ductile folding produced across the broad zone of folding (and "thrusting" locally) involving both soft, unconsolidated sediments and a very hard interbedded salt pan.”

[image: image58.wmf]
Stop 7: Late Pleistocene Lake Dixie Shorelines 

Mile 31.8 Location for Stop 3-1

412800 mE
4410350 mN
=
39.83868453
-118.0191554

[image: image59.wmf]
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John Caskey writes:

“Different types of Lake Dixie shorelines visible from a distance: tufa-cemented beach rock strandlines (kind of faint), strandline terrace (with a large Gap Event fault scarp sitting just valleyward of the terrace, and farther north there is a V-bar complex built onto older fan gravels. Although we primarily relied on east shore shorelines to best constrain the shoreline flexure story, these are the highest shoreline elevations in the basin. These visible shorelines are also the same shorelines surveyed with an altimeter by Thompson and Burke (1973). We resurveyed them with a total station. High shoreline tufa has been dated by Thompson and with 14C ages of about 12 ka.”

[image: image61.wmf]
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Drive c. 8 miles north to The Mirrors turn off, 39°56.074' N 117°55.912' W, then 1.5 mile NW to the Mirrors, 39°56.825' N 117°56.621' W

Stop 8: The Mirrors, Dixie Valley 

Laboratory characterization of hydromechanical properties of a seismogenic normal fault system.

Seront et al., J. Struct. Geol., 1998, v. 20, 865-881.

Little Box Canyon: Total displacement across the fault is ~ 6 km. The clearly visible scarp from the 1954 earthquake is located in Quaternary sediments. Although sediments cover the fault core at the scarp, several side canyons, oriented perpendicular to the fault, offer good cross sectional views through the damage zone to the protolith. 

The Mirrors locality is situated in footwall rocks within the Stillwater seismic gap (39°57' N, 117°57' W). Holocene scarps found in the region are evi-dence of large earthquakes during the last 12,000 years. The Mirrors locality is so named because it exposes large, striated and polished slip surfaces over 100 m2 in area. This part of the fault zone provides good exposures of the fault core. Total displacement at the Mirrors locality is esti- mated at 3±6 km, even though the exposed slickenside surfaces were formed at depths of less than 2 km. The fault core, damage zone and protolith samples were characterized at several different scales. 

At the Mirrors locality, the rocks that constitute the basement of the fault form the Stillwater Range. They are mainly Upper Jurassic to Mesozoic gabbroic and dioritic rocks and early, variably metamorphosed, Cretaceous granodiorites. These units are overlain by a Tertiary volcanic sequence. Dixie Valley itself is a graben filled with late Pleistocene and Quaternary alluvial sediments that overlie the Tertiary volcanic rocks that correspond to those found in the Stillwater Range. Relative displacement of the volcanic sequence between the Stillwater Range and the graben floor suggests that total displacement on the fault is approximately 3±6 km, generally increasing southwards. Hydrothermal alteration is present along the entire fault zone, including along the 1954 rupture segment. 

In the samples we studied, hydrothermal activity is marked by the presence  of the following minerals: potassium feldspar, biotite, epidote, chlorite, smectite, kaolinite, chalcedony, quartz, calcite and dolomite. Silicification of the foot- wall rocks is due to fluid circulation through the fault zone and is extensive.  We define two basic structural components in the fault zone: a fault core and a damage zone. The undeformed rock adjacent to the fault is termed protolith (Fig. 2). The fault core is the active part of the fault where large strain is pervasive. The damage zone is more diffcult to define. We identify it as the region where accumulated strain or localized slip is minimal, but brittle deformation is greater than that of the sur- rounding protolith. The damage zone typically includes extensive fracture and vein networks, but can also include subsidiary faults and localized zones where cataclasis has occurred. The transitional boundary between the damage zone and the protolith is marked by a decrease in fracture intensity that makes the contact diffcult to precisely locate. Identifying this contact is additionally complicated because estimates of fracture intensity depend on the scale of observation.  

Fault core 

The fault core samples are characterized by intense grain size reduction through cataclasis, the occurrence of brecciation, and the presence of slip or slickenside surfaces. Field observations indicate that the fault core is predominantly made up of cataclasite and micro-breccia that surrounds pods of implosion breccias. Our fault core samples (all collected at the Mirrors locality) can accordingly be separated into two groups. The first group includes a cataclasite (CATA) and a microbreccia (MB). These samples are very similar and are characterized by a very fine-grained (<10 mm) matrix, containing no more than 10% by volume of clast of protolithic origin. The fracturing is so intense that the rock can be characterized as a breccia with the original cataclasite now forming the clasts, in a matrix of fracture filling material (about 20% by volume). The microbreccia has composition similar to that of the cataclasite: quartz 64%, kaolinite 21%, and minor amounts of oxides and calcite. The matrix, however, is exclusively composed of quartz. The rock has an interconnected porosity of 03% due exclusively to poorly cemented parts of the fracture and vein network. Open microcracks are seldom located in the clasts. The second category of fault core rock, sample (IB), is represented by implosion breccias. These rocks are composed of angular clasts of all sizes (from <10 mm to 100 mm or more) with a jigsaw texture in a very fine-grained (<1 mm) silicified matrix. Implosion breccias can form by catastrophic failure associated with pore fluid pressure differentials in active fault zones (Sibson, 1986a). The clasts are internally brecciated, with the larger ones containing smaller clasts of identical breccia. The most interesting feature of the rock is its matrix supported fabric revealed from image analysis of the distribution of clasts vs matrix in hand samples where the matrix represents at least 54% of the rock volume. 

Damage zone and protolith 

The damage zone is extensively fractured at the outcrop scale, with a gradational decrease in fracture intensity as the protolith is approached. The rock type is granodiorite, which exhibits a variable degree of hydrothermal alteration. The fracture network is mainly mesoscopic, with fracture lengths on the order of 1-10 m.  Usually the contact between the fault core and the damage zone is clearly marked by the lack of pervasive cataclasis or brecciation outside the fault core, although the damage zone does include occasional small subsidiary faults. There is no clearly marked boundary between the damage zone and the protolith, as the extent of fractures is variable along the fault. The damage zone width is estimated by mapping the fracture density across different parts of the fault is 50-100 m. One protolith sample (PL) was collected at the Mirrors locality. This rock is a fine-grained altered granodiorite. The rock contains a few long (~100 mm) widely spaced transgranular fractures. A major characteristic of the hand sample is that it contains many intergranular pores (in contrast to all the other samples), with a total interconnected porosity of from 05% to 5.5%. The protolith at the Mirrors locality is structurally and mineralogically complex with overprints of older magmatic and tectonic events. Early Tertiary alteration and weathering of the rock are also probable. Significant alteration of the rock is manifested by the deposition of chlorite (4 wt% total) and smectite (4 wt% total) on the intergranular pore walls. 
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Forster et al., 1997, Stanford 22nd Geothermal Workshop.

Protolith exposed at the Mirrors locality is altered, fine to medium grained granodiorite. Alteration assemblages found in veins that are kinematically compatible with the master fault zone suggest that hydrothermal alteration within the fault zone was assisted by fluid flow through fracture networks open during faulting. Permeability testing of small (1-inch to 2-inch diameter) core plugs under a range of confining pressures suggests that the in-situ matrix permeability of the protolith is likely less than 10-18m2 (less than 10-3 md). 

Damage zone rocks are also exposed in footwall rocks at the Mirrors locality. A gradational contact between the damage zone and protolith is marked by a decrease in fracture intensity when moving from damage zone to protolith. Damage zone thickness varies from 50 to 150 meters. Although the lack of hanging wall information complicates our effort to infer fault zone architecture within the hanging wall rocks of the nearby geothermal system, the fracture networks mapped within the damage zone provide direct insight into the permeability heterogeneity and anisotropy that control subsurface fluid flow. Permeability testing suggests an in-situ matrix permeability for the damage zone that is less than 10-18m2 (less than 10-3 md). This is similar to the results obtained for the protolith samples. 

The highly fractured and veined granodiorite protolith found in the damaged zone contains extensional, shear, and cross fractures. Rough-walled, extension fractures are strike-parallel with the master fault but the fractures dip more steeply than the fault. These fractures often contain precipitated mineral fillings. Shear fractures containing small faults with less than 5 cm of offset are also strike parallel with the master fault but the fractures dip less steeply than the fault. Some shear fractures have polished and striated surfaces, and when filled, often contain porphyroclasts. Two moderately dipping sets of cross fractures are identified that are not strike parallel with the master fault. 

The fault core at the Mirrors locality comprises a 15 to 40 meter wide zone with large curviplanar, striated, and polished slip surfaces up to 25 m2 in area. These surfaces cut, and in some locations bound, a tectonically- derived quartz-breccia zone that marks the silicified core of the range bounding fault. The breccia zone is typified by pods of highly silicified breccia enveloped by less silicified, fine grained, and pervasively veined cataclastic rocks. Breccia pods range from 3 to 30 meters in length and from 2 to 6 meters in thickness. Sample and outcrop observations suggest that the breccia zones may rapresent localized sites of tectonically-driven hydrothermal implosion brecciation [Sibson, 1981] that originally produced localized zones of high permeability that are now silicified. Permeability testing suggests that the in-situ matrix permeability of the core rocks is less than either the rotolith or damage zone with values less than 10-19m2 (less than 10-4 md). Prior to silicification, however, unfilled fractures would likely have yielded much higher permeabilities [Lutz, 19951. Although the fault core is fractured and contains veins, fracture intensities are typically lower than those of the adjacent damage zone while fracture orientations in the core are similar to those identified in the damage zone) [Forster et al., in press]. Fracture intensity varies within the fault core with minimal fracturing found in the highly silicified breccia pods.
Sagy, Brodsky, Axen, 2007, Geology, v. 35, 283-286.

Evolution of fault-surface roughness with slip
[image: image65.wmf]
New laser-based methods to map exposed fault surfaces over scales of 10 μm to 120 m provide quantitative evidence that fault-surface roughness evolves with increasing slip. Small-slip faults (slip <1 m) are rougher than large-slip faults (slip 10–100 m or more) parallel to the slip direction. Surfaces of small-slip faults have asperities over the entire range of observed scales, while large-slip fault surfaces are polished, with RMS values of <3 mm on profiles as long as 1–2 m. 

This difference in geometry implies that the nucleation, growth, and termination of earthquakes on evolved faults are fundamentally different than on new ones. The mature faults should have more homogeneous stress fields and preferentially accumulate slip over geological time. High-frequency radiated energy should be less for mature faults than immature ones.

Faults evolve with slip toward geometrical simplicity. Slip surfaces of small-slip faults are relatively rough at all measured scales, whereas those of large-slip faults are polished at small scales but contain show smooth, elongate, quasi-elliptical bumps that are meters long and as high as ~1 m.
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10 miles NE of the Mirrors turn-off, cross the COCORP profile that crossed over Fencemaker Pass, famously shows no Moho offset, and got me my PhD. 

Caetano Complex

05-30-2009 (Saturday)
Gas up in Battle Mountain; fill up water carriers. 

Drive south on 305 (towards Austin) about 20 miles.

Waypoint W1: 
40°23.585' N
117°02.617' W 

signed “Haul Road, Graystone Barite Mine”; intersection at large gravel parking lot with graders, etc.  Drive c. 4 miles up dirt road.

Waypoint MILL-CRK: 40°21.376' N
116°59.718' W
  5322ft.

Camp at Mill Creek Recreation area.  

24 miles south of Battle Mountain on State Route 305. Year-round use, 11 tent camp sites, three RV sites, two accessible sites, one dual accessible vault-type toilet, day-use area, tables, grills. No fee. No drinking water

05-31-2009 (Sunday) (led by Joe Colgan) 
We will drive east and south up Mill Creek through the southern Shoshone Range, along the haul road for the Greystone barite mine (Waypoint W2), being careful to watch out for barite trucks (usually they only run on weekdays). The rocks on both sides of the road in Mill Creek Canyon are Lower Paleozoic (mostly Silurian and Devonian) chert, argillite, quartzite, and greenstone deposited in deep water off what was then the west coast of North America. Barite deposits in such environments often form around hydrothermal vents near mid-ocean rifts, and we will pass a large barite mine near Mill Creek Summit. These deep-water rocks—known as the “Roberts Mountains allochthon”—were highly deformed and thrust eastward onto equivalent-age shallow-water rocks (mostly limestone) during the Mississippian Antler Orogeny. 

Stop #1 View south of Caetano caldera. Roadcuts of Roberts Mountains allochthon.

Follow dirt roads south and east (Waypoints W3, W4) to meet County Road at W5.

Follow NE up Crescent Valley (road becomes NV306 to Beowawe at the Pipeline mine complex), then turn SE across valley (at W6, Pipeline Mine) 

W7 - Cross Crescent Fault (with Quaternary motion; Friedrich et al., 2004). The prominent gray, bedded outcrops along the road here (if we are on the old county road) are the Devonian Wenban Limestone. The deformed deep-water rocks of the Roberts Mountains allochthon overlie the Wenban here along the Roberts Mountains Thrust.

Carbonate rocks in the lower plate of the Roberts Mountains allochthon are the host rocks for Carlin-type gold deposits, named for the town of Carlin along I-80 west of Elko. These deposits, which occur in relatively small area of northern Nevada, are some of the world’s most important and prolific gold deposits, enabling the state of the Nevada to be the world’s 3rd largest gold-producer behind South Africa and Australia. But you won’t find gold nuggets in a Carlin-type deposit—the gold is disseminated in the carbonate host rocks at parts-per-million concentrations and extracting it requires the massive open-pit operations you can see nearby at Pipeline (to the northwest) and Cortez (to the east). A key unresolved question here is whether or not the Caetano caldera provided heat and hydrothermal fluids for the nearby gold desposits. 

Northwestern margin of the Caetano caldera (W8 and nearby):

The northwestern margin of the Caetano caldera is continuously exposed for almost 4 vertical kilometers, making it one of best-exposed (possibly the best) caldera margins in the world. This part of the caldera is described on p. 93–97 of John et al. (2008), with a geologic map on p. 94. It is east-tilted about 40° and we will see progressively shallower levels as we travel across it from east to west. The road network through this part of the caldera changes continuously due to Barrick’s ongoing exploration projects around the Cortez-Pipeline complex of gold mines, and the exact location and order of our stops may change at the last minute. However, we should see the following features of the caldera margin:

Caldera-bounding fault: At deeper levels of exposure, the caldera margin is a discrete high-angle fault that places intracaldera tuff against Paleozoic wall rocks. Compaction foliation (defined by flattened pumice fragments) indicates that the intracaldera tuff welded against the caldera wall. 

Megabreccia: At shallower levels of exposure, the caldera margin is a complex zone that is partly a fault and partly the slumped topographic wall of the caldera (location “C” on Fig. 15 (geologic map) of John et al, 2008). Massive chunks of Paleozoic wall rock (mostly chert) fell off the caldera wall and into the growing pile of hot intracaldera tuff during the eruption. The hot tuff welded around the cool slide blocks to form a very complicated, chaotic deposit.

Dikes: We will see several outcrops of rhyolite dikes along the caldera margin. Although not much to look at, these dikes provide the key link—or absence of a link—between the Caetano caldera and massive nearby gold deposits. Similar dikes are intimately related to gold mineralization, but they are about a million years older than the main caldera eruption (35 Ma vs. 33.8 Ma). This is tantalizingly close—perhaps they represent the early stages of magma chamber buildup prior to eruption? Or perhaps they are an earlier episode of magmatism that is unrelated to the caldera itself. Chris Henry has been working on the dikes for the past year and can elaborate on this if he is with us at this point. 

Leave the caldera margin and drive south into Grass Valley (W9) and east to Wenban Spring (W10) along a very dusty road.
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Lunch on caldera margin (W8) or Wenban Spring (W10) depending on time.

Stop #
W10: Stop on caldera floor at Wenban Spring W10. Here, we can stand on the caldera floor, at the base of the Caetano Tuff that filled the caldera during the main eruption (this location is described on p. 97–99 of John et al., 2008; geologic map on p. 98). At this locality, pre-Caetano rocks on the caldera floor consist of a Tertiary (undated but most likely Eocene) conglomerate containing abundant clasts of limestone from the lower plate of the Roberts Mountains allochthon. This proves that the lower plate was exposed when the Eocene gold deposits were forming, indicating that the deposits formed relatively close to the ground surface. These rocks also dip more or less the same as the overlying tuff, indicating that pre-Caetano Teritary tilting (and presumably extension) was not significant.

Drive west into the Toiyabe Range, through massive thickness of intracaldera Caetano Tuff.

Stop #
W11: Here, the Caetano tuff is deposited on Paloezoic rocks that we think belong to the upper Paleozoic “Antler overlap sequence”, which was deposited on the deformed Roberts Mountains allochthon after the Antler Orogeny had ended. To the east, Mt. Caetano exposes nearly 1 km of monotonous intracaldera Caetano Tuff—the total thickness of intracaldera tuff here is at least 3600 m (probably more). The lower 3000 meters of tuff are a homogenous high-silica rhyolite (>76% SiO2) with a distinct rare-earth element pattern, but the upper 500-1000 meters have a distinctly different rare-earth element pattern and a much more variable and overall lower SiO2 (ranging from ~72–75 weight %). Because the magma chamber erupted from the top first, this zoning is the inverse of the zoning in the original magma chamber, in which the more evolved, silica-rich material would have been near the top. The relationship of these two magma batches is not yet clear—did they both fractionate from the same parent magma? Did one fractionate from the other? Or do they represent different “batches” of magma from completely different sources?

Continue west past the Caetano Ranch fault, a west-dipping, down-to-the-west normal fault that places soft, poorly exposed sedimentary rocks against the uplifted caldera floor to the east. We interpret the sediments as lacustrine deposits from a lake that filled the caldera after the eruption (think of Crater Lake in Oregon). 

Stop #W12: View stop of Miocene basin at Wood Spring Canyon. This basin is described on p. 122 of Colgan et al. (2008). Depending on time, we may look at one or two outcrops before heading home.

Drive north past Rocky Pass (W13) and back to camp the way we came. From here, SFSU can head north around the Pipeline complex and take the paved road up to Beowawe (1hr) and Lamoille (another 1 hr 40 mins). 

Stanford head back to Mill Creek and back to camp via W14, W15, W3, W2.

06-01-2009 (Monday) (led by Joe Colgan, possibly joined by Chris Henry)

Drive to Carico Lake Valley via Mill Creek Road (look out for barite trucks), W2, W3, W15, W14. The county road goes through a ranch near Rocky Pass—please drive slowly.

South of the ranch, along the county road, we will examine exposures of the Carico Lake pluton (described on p. 99 of John et al., 2008). The pluton appears to have forcibly intruded the Caetano tuff within the caldera after the main eruption, and represents the frozen magma chamber that fed the original eruption. It is chemically similar to the upper part of the Caetano Tuff but different from the lower part of the tuff (the initial stages of the eruption). The granite itself is unaltered, while the tuff it intrudes is locally very strongly altered (we will see the altered tuff later in the afternoon). 

Stop #
W16: Carico Lake pluton. We will make several stops to look at outcrops of the pluton and its southern margin where it intrudes altered Caetano Tuff near Carico “Lake” (some years it has water, some years it has none). The granite contains many interesting inclusions or features that record different aspects of the Caetano magmatic history. Every time we visit the pluton we find new and interesting inclusions, so keep your eyes open and you may see something new. Some things to look for that we’ve seen so far include:

Miarolitic cavities—open spaces in the rock with quartz crystals growing in them. These indicate shallow emplacement of the granite.

Fragments or lumps of magma. Gray, almost “frothy” looking pieces of much finer-grained rock that the surrounding granite. They may represent an unexposed and more mafic part of the magmatic system.

 “Unidirectional solidification texture.” Massive intergrown quartz and k-feldspar crystals that apparently form in the very uppermost parts of magma chambers from the last reservoir of liquid to crystallize.

Xenoliths of metamorphic rock. Dark, angular, sometimes layered rock fragments. In thin section they contain the assemblage sillimanite + cordierite + kspar + biotite + opaque oxides ± quartz with no white mica, indicating high temperatures and low pressures (>650º C but <4 kilobars). Preliminary U-Pb zircon dating of one xenolith revealed a mix of 34 Ma (Caetano-age) zircon and >1500 Ma (Proterozoic) zircon, and our tentative interpretation is that they record wall-rock metamorphism at deeper levels of the Caetano magmatic system (~10-12 km depth). 

From W16, Drive back northeast to W14 through ranch (slow down), then west to W17 (direct north-south road is washed out). 

W17, Here, we cross steeply east-dipping Caetano Tuff in the footwall of the Greystone Fault. 

Stop #
W18 at Wilson Canyon. Here, we will examine outcrops of Miocene sedimentary rocks inferred to have been deposited during extensional faulting (this exposure is described on p. 122 of Colgan et al., 2008). At this locality they are deposited on the 25 Ma Nine Hill Tuff (also called Bates Mountain D). The Nine Hill is one of many Oligocene tuffs that are very widely distributed across the Basin and Range and indicate that topography at the time was much more subdued than it is now. This particular tuff was able to flow over the land surface from somewhere in western Nevada all the way to the Central Valley in California. 

Argon dates (Colgan et al., 2008) from tephras at the base of the Miocene section are as old as 15.4 Ma, indicating a 10 million-year gap between the arrival of the Nine Hill Tuff and the onset of Miocene deposition. The Miocene deposits consist mostly of sand and conglomerate; they are inferred to have been deposited in alluvial fan, fluvial, and lacustrine settings (see p. 124 of Colgan et al., 2008). 

Drive west towards Redrock Canyon, past east-dipping outcrops of light gray sediments deposited in the Caetano caldera after the eruption, probably in a lake that was deeper near the caldera margins.

W19 Lunch at the pass (if weather is OK). We will stop at the low pass separating Carico Lake Valley from Redrock Canyon. The intracaldera Caetano tuff here is strongly altered, with plagioclase and sanidine crystals either replaced by powdery white clay (mostly kaolinite) or leached out entirely, leaving square holes in the rock. Alteration occurred very shortly after the eruption and was driven by intrusion of the Redrock Canyon pluton into intracaldera tuff, probably at the bottom of a caldera-filling lake. The Redrock Canyon pluton is widely exposed along the ridge south of here and is intensely altered, with hydrothermal breccias near its upper contact with the Caetano Tuff. This type of alteration is called “argillic alteration” and is indicative of an oxidezed, acidic, and relatively sulfur-poor fluid (see p. 100 of John et al., 2008). 

Our mapping of the altered parts of the caldera was greatly advanced with the acquisition of ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer) satellite data processed to show different mineral assemblages. Not only does this easily discriminate between altered and unaltered Caetano tuff; because the overlying sediments and Bates Mountain tuff are unaltered, it also reveals stratigraphy that we have used to map faults more accurately.

Although the intensely altered rocks at the surface are everywhere magnetically dead (effectively no magnetic susceptibility), the aeromagnetic map shows several prominent magnetic highs here, which may indicate unaltered plutonic rocks at depth. We hope that modeling of these anomalies may reveal something about their depth and possibly their shape.

Stop #
W20, view of intracaldera sediments north of road but don’t hike over to look at them. 

Drive west to mouth of Moss Creek Canyon, W21. We will drive across the middle Miocene Redrock Canyon basin, from which Colgan et al. (2008) report dates of about 16–12 Ma. This basin is inferred to have filled during slip on the Redrock Canyon Fault, which we will cross at the basin’s eastern edge. It is no longer an active Basin and Range basin, however—to the west, it is being eroded and drained through Moss Creek Canyon out to the modern basin in Reese River Valley.

Afternoon hike: 3 miles round-trip, elevation +150ft on return, W21 to W22. We will hike down Moss Creek Canyon from Smith Flat until we reach the Caetano Tuff, then work our way back east through the stratigraphic section of lower Caetano Tuff, upper Caetano Tuff (both highly altered here), post-caldera-collapse sediments and distal ash-flow tuffs, and middle Miocene extensional basin fill. This section is east-tilted and identical to the section we drove through before lunch, and was displaced westward and tilted during slip on the Redrock Canyon Fault. Based on cross-sections restored using stratigraphic matches like this, we (Colgan et al., 2008) estimated that total extension of the entire caldera complex was about 22 km or >100% strain. In most cases, however (including the Redrock Canyon fault), these faults are not actually exposed and we have no seismic data or drill holes to tell us their location in the subsurface. 

Drive north out Redrock Canyon, via W23, W24.

If time permits, those who wish may drive 5 miles north of camp (W25) then up Mt Lewis (9600 ft, W26) to the FAA radar station on the summit, for scenic views, a look at more of the Roberts Mountains allochthon than you’ll ever want, and more tilted Tertiary rocks. The trip is worth it just to see the road itself—this may be the only high-mountain summit in Nevada where you could drive to the top in anything from passenger car to a semi trailer.

Return to Mill Creek Camp.

A volunteer will drive Joe Colgan into Battle Mountain to meet Dave John, either before or after dinner.

Sunday 5/31

0800 Break camp.

Drive to Pyramid Lake stops, 3.5 hrs

11:30-15:00 Pyramid Lake Fault, optional Paiute Museum visit, Indian Head tufa, optional swim, lunch, includes 1 hr driving

Drive to Donner Pass, 2 hrs

17:00-17:30 Sierran batholith, Magma mingling 

Drive to Auburn (1 hr) or Davis (2 hrs), dinner.

Drive to Stanford (2.5 or 1.5 hrs), arrive 22:00

From Mill Creek Camp: 24 miles to Battle Mountain, NV; gas-up;

185 miles on I-80 west to exit 46, NV-427, Wadsworth.

Set odometer at junction with NV-447 north towards Nixon.

Field Guide from Faulds et al., GSA Field Guide #6, 2005.

In Wadsworth, start Hwy 447. About 9 mi to the north, Hwy 447 crosses the trace of the Pyramid Lake fault. At ~10 mi north on Hwy 447, note Lake Lahontan sedimentary rocks in Truckee River Canyon to the east. At 11.5 mi, Pyramid Lake and Anaho Island can be observed to the north. After traveling north for 12.5 mi on Hwy 447, turn left onto the dirt road and proceed through gate. After 0.25 mi veer left and continue 1.4 mi to Stop. We take a short hike on the ridge to the east of the road.

Stop: Pyramid Lake Fault (on Tribal land)

The ridge provides an excellent view of a small pull-apart along the right-lateral Pyramid Lake fault (Fig. 12), as well as surrounding mountain ranges. To the west, well exposed but altered Oligocene ash-flow tuffs fill a paleovalley in the Pah Rah Range - best exposed in the southern Pah Rah Range, where they comprise colorful bands of rock seen just north of Wadsworth. To the east, a thick sequence of middle to late Miocene basalt flows dominates the Truckee Range. The Pyramid Lake fault lies directly to our west at the foot of the ridge. It is the easternmost of four major left-stepping, NW-striking dextral faults in the northern Walker Lane (moving west: Warm Springs, Honey Lake, Mohawk Valley F). The broad left steps between the faults are not typical restraining bends, as evidenced by the lack of shortening within the intervening fault blocks. The en-echelon left-stepping pattern may instead reflect primary Riedel shears developing above a through-going fault within the lower crust and/or upper mantle. Considering the tendency of the San Andreas fault system to step inland through time, this underlying through-going fault may be an incipient transform fault. All major strike-slip faults within the northern Walker Lane have Holocene scarps along much of their lengths. Based on recent trenching and the apparent offset of drainages near here, Briggs and Wesnousky (2004) concluded that the Pyramid Lake fault has ruptured in four major earthquakes after desiccation of Lake Lahontan ( 15.5 ka), with the

most recent earthquake occurring in the past 1700 yrs. Inferred slip rate is 2.6 ± 0.3 mm/yr, bu tif some strands of the Pyramid Lake fault have accommodated primarily normal offset, slip rates may be significantly less.
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[image: image73.wmf]
General kinematics of the northwestern Great Basin. Walker Lane accommodates northwestward translation of the Sierra Nevada block relative to the central and eastern Great Basin. As the Walker Lane terminates northwestward, dextral motion is diffused into northwest-directed extension along north-northeast-striking normal faults within the northwestern Great Basin. With little relative motion between them, the northern part of the Sierra Nevada block and northwesternmost part of the Great Basin are essentially a coherent structural block.

[image: image74.wmf]
Riedel shear model for northern Walker Lane and analogous clay model. Coeval northwest-directed dextral shear and west-northwest

extension may account for slight counterclockwise rotation of

fault blocks that collapse in domino-like fashion to accommodate

extension. B: Schematic block diagram of incipient strike-slip fault

system with primary Riedel shears developing above a through-going

fault at depth. A, away; T, toward.
[image: image75.wmf]
Briggs & Wesnousky, 2004, JGR, v. 109, B08402. 

(a) Location of the northern Walker Lane (shaded) with respect to the San Andreas fault (SA) and the Sierra Nevada. PP, Pacific plate; NA, North America plate. (b) Location of the Pyramid Lake fault zone with respect to known and suspected active faults of the northern Walker Lane. Light shaded area: approximate area of the northern Walker Lane.

Return to NV-447; drive 2.5 miles N to Nixon.

Right/west on NV-446 towards Sutcliffe.

Optional stop at Paiute Tribe Museum & Visitors Center after 100 m.

Continue 11.4 miles NW to Indian Head rock (tufa dome) 0.1 mile NE of highway, with radiocarbon ages as large as 30 ka BP.

Return to NV-446, continue 0.5 mi NW: optional swimming stop by  following dirt road 0.7 mile NE to lake shore. 
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Return to NV-446; continue 0.7 miles NW then turn left/SW on NV-445, Pyramid Hwy

0.7 miles to Pyramid Lake Overlook and historic Marker: Good views of Lahontan shorelines

Pyramid Lake: general information

Pyramid Lake is a remnant of Pleistocene Lake Lahontan that existed in western Nevada and eastern California during the late Pleistocene, when the climate was wetter and cooler. At its maximum size during the most recent glacial period, Lake Lahontan was the second largest pluvial lake in the Western Hemisphere, covered an area approximately the size of Lake Erie, and reached a depth of 950 feet at what is now Pyramid Lake. As it appears today, Pyramid Lake is about 26 miles long, varies from 4 to 11 miles wide, and up to 350 feet deep. Pyramid Lake is fed by the Truckee River, which flows from Lake Tahoe, through the Truckee Meadows, and into Pyramid Lake. There is no outlet, but evaporation amounts to almost four feet per year.
· Salinity: 4.3 parts per thousand (about 1/6 as salty as the ocean)

· pH: 9.2

· Average Summer Water Temperature: 75 degrees

· Average Annual Precipitation: 7 inches

· Lake Turnover: typically between December and February

· Blue-Green Algae (Nodularia spumigena)

· Bloom: typically occurs between August and September

Pyramid Lake level was c. 1170 m in 1844 when discovered by Fremont, and reached a historic maximum of c. 1176 m in the 1860s.  A steady decline accompanied water diversions at Derby Dam along Truckee River.  A historic lalow of 1147 m was reached in 1967.  Since the mid-1980s the lake level has been stabilized at about 1155 m.  

Pyramid Lake lies within the Pyramid Lake Indian Reservation of the Paiute (2,327 enrolled members, established 1874). The tribe has built and maintained fish hatcheries to attempt to preserve the fish of the lake: Lahontan cutthroat trout and cui-ui. Pyramid Lake is the only habitat for the endangered species cui-ui, a species first appeared about two million years ago. Trout spawning occurs April through June in Sutcliffe.  Cui-ui spawning occurs April through June in the Truckee River via the fish ladder at Marble Bluff Dam
Anaho Island within the lake is home to thousands of American white pelicans. (one of only eight white pelican nesting grounds in North America). Other species include California gulls and great blue herons. 
Wesnousky & Adams, 1999, GSAB, “Isostatic rebound …”

The high shoreline of the late Pleistocene lake in the Lahontan basin is now

deflected vertically about 22 m. Most of the deformation is attributed to isostatic rebound above an upper mantle with viscosity of 1018 Pa s that implies a Maxwell relaxation time of about 300 yr. 
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9.1 miles SW: jct Whiskey Springs Road.
View of Warm Springs Valley: The Warm Springs Valley fault is a major 96-km-long right-lateral fault system in NW Nevada and NE California capable of producing earthquakes as large as ~M=7.3. Recent trenching along the fault shows evidence for five to eight earthquakes since ca. 21 ka, as evidenced by offset channels, liquefied deposits, and colluvial units shed from low scarps.    Late Pleistocene fault scarps bound the NE side of a prominent linear ridge (pressure ridge) trending up the middle of Winnemucca Valley (to the NW). 
20 miles to I-80 west; 

then 40 miles to exit on Billie Mack/ Donner Lake Road.
Sierra Nevada Magma Mingling sites

Set odometer at CA state line

mile 5.4
Truckee River

6.5-7.0 mi
Lahar flows in Truckee River Canyon (N side)

10.5 mi
Red soil from cinder cone eruption (N side)

13.1-13.3 mi
Columnar joints in crater of a Pleistocene volcanic cone, eroded by, and on the south side of, Truckee River:

This is part of the post-subduction history of the region, after the triple junction had migrated northward.  Volcanism changed from primarily andesitic during the period of active subduction, to primarily basaltic post-subduction. 

West of Truckee: On the north of the highway, well-stratified mudflow/lahar deposits in high cliffs and roadcuts.  They are part of the Miocene Kate Peak Formation, deposited upon an old erosional surface of Paleogene age.  Note the very gentle west dip of units.

mile 24: exit I-8- on Billie Mack Road; cross under freeway on Donner Lake Road, 1.2 mile, then right at Donner Pass Road.

3.5 miles to Donner Lake overlook, large turn-out on E of road.

Eastern escarpment of the Sierra Nevada:
As we climb from Reno to Donner Summit, we cross from the Sierra Nevada block to the Basin and Ranges physiographic and structural province.  The western boundary of the Basin and Range province consists of one or more major east-dipping normal faults that create the impressive topographic escarpment along the eastern front of the Sierra Nevada.  This topographic escarpment is in part a function of this faulting and the westward tilting of the Sierra Nevada block, and in part related to the fact that the thickness of the crust changes from ~40 km beneath the Sierra Nevada to 28-30 km beneath the Basin and Range province.

Donner Lake is a typical glacially formed lake.  It was carved out approximately 12-16,000 years ago during the Tioga glaciation.  The terminal moraine of the former glacier forms a dam of sorts at the lake’s east end

Walking west along the road (or clambering around the turn-out) find good exposures of the Cretaceous Donner Summit pluton that has yielded a K-Ar biotite age of 97 Ma (Everden and Kistler, 1970).  This is a favorite stop to look at relations bearing on the origin of mafic enclaves that are so common in many of the plutons of the Sierra Nevada.  The outcrop contains large masses of enclave-rich granodiorite intruded or surrounded by a more enclave-poor granodiorite.  Enclaves are diorite porphyry with phenocrysts of hornblende and plagioclase.  Many different origins have been proposed for these mafic inclusions.  These include (1) the possibility that the enclaves represent fragments of mafic dikes, disseminated and incorporated into the granodiorite before it had completely solidified, (2) possibly pieces of slightly more mafic, previously crystallized magma entrained and carried upward within the ascending magma, and (3) that they represent blobs of co-existing but immiscible magma.  At this stop all rock types are but by more felsic, aplitic dikes. 

Continue 3.9 miles west on Donner Pass Rd to I-80

2.8 miles west on I-80

Exit 171-Kingvale exit: turn right at junction, then immediately left on frontage road (Donner Pass), traveling west parallel to I-80

“Hibbard stop”: 0.3 miles: turn left onto very small road leading immediately to an old parking area now overlooking I-80 and Truckee River: granodiorite outcrop containing magma-mixing features.

And/or “Schulz stop”: 1.2 miles west on Donner Pass Rd, left at S. Yuba Dr to River, 150 ft

“Hibbard stop”: “Plutonic Magma Mixing”
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“Schulz stop”: “Dike Emplacement in the Donner Summit Pluton”
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Barbarin, 2005, Lithos: Mafic magmatic enclaves
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Frost & Mahood, 1987, GSAB: Mafic-felsic magma interaction[image: image88.wmf]
Return to I-80.

Continue west to Stanford.
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