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FIELD INVESTIGATION REPORT
HYDROLOGY ANALYSIS

3M REDDING HARD-ROCK AGGREGATE QUARRY
SHASTA COUNTY, CALIFORNIA

1. INTRODUCTION

This report presents the result of field activities conducted for the Hydrology Assessment at the
proposed 3M Hard Rock Aggregate Quarry located in Shasta County, California (Figures 1 and 2).
The objective of this study is to provide the hydrology data and analyses appropriate for the
application package and subsequent review under the California Environmental Quality Act
(CEQA). The proposed project is a greenfield quarry site in an area that has not been previously
mined. The scope of work conducted for this project is as described in the May 5, 2009 proposal
from Brown and Caldwell to Resource Design Technology and included completion of the
following four tasks:

Task 1 — Review and compilation of readily available existing data
Task 2 — Drilling and well installation

Task 3 — Surface Water and Groundwater Sampling

Task 4 — Preparation of this report.

A detailed discussion of the methods and procedures used to complete each of these tasks is
presented in Section 2.0. The results and summary of this testing are presented in Sections 3.0.

1-1
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FIELD INVESTIGATION REPORT
HYDROLOGY ANALYSIS

3M REDDING HARD-ROCK AGGREGATE QUARRY
SHASTA COUNTY, CALIFORNIA

2. METHODS AND PROCEDURES

This section presents the methods and procedures used to complete the field activities for the
hydrology assessment.

2.1 Review of Existing Data

The initial task for this project included obtaining and reviewing available records related to the
overall geology and hydrogeology in the vicinity of the site. To develop this knowledge base for the
project, the following information was obtained:

*  Core logs for the site produced by 3M in 1980.

*  The 1906 United States Geological Survey (USGS) geologic map for the Redding
Quadrangle.

*  Master Thesis by Fudge (2008) entitled Evidence for Regional Extensional Faulting at Grey Rocks
Ridge, Eastern Klamath Monntains, California.

*  USGS Open-File Report 91-595 discussing gold-bearing quartz veins in the Klamath
Mountains.

* Paper by Potter et al (1990) entitled Early Paleozoic stratigraphic, paleoeographic, and
biogeographic relations of the eastern Klamath belt, northern California.

* The 2008 aerial photo and topographic map produced by Pace Engineering for Resource
Design Technology.

The findings of this review were used to focus the drilling and well installation described in Section
2.2. Copies of the 1980 core logs, 1906 USGS geologic map, Fudge (2008) Master Thesis, and
USGS Open-File Report 91-595 are presented in Appendix A. The aerial photo and topographic
map produced by Pace Engineering is shown on Figure 2.

As discussed in the May 5, 2009 proposal, the original scope anticipated looking at 4 aerial
photographs in stereo sets. However, no readily available photos were found for the site.

2.2 Drilling of Boreholes and Installation of Monitoring Well

The locations of the new boreholes, designated B-1 through B-3, and new monitoring well,
designated MW-1, are shown on Figure 2. The drilling of these boreholes was conducted by WDC
Exploration of Zamora California using air-rotary methods. WIDC Exploration is a C-57 California
State licensed driller.

21
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Section 2: Methods and Procedures Field Investigation Report - Hydrology Analysis
3M Redding Hard-Rock Aggregate Quarry

Following utility clearance, the drilling of the boreholes was conducted on April 28, 2009 through
May 1, 2009. Initially, a 10-inch drilling bit was used for installation of a 20-foot conductor casing as
required by the Shasta County Environmental Health Department (SCEHD) as part of the drilling
permit. A 6-inch diameter steel conductor casing was then grouted into place with an approximate
above ground stickup of 1 foot. After installation of this conductor casing, the pilot boring was
drilled to total depth using a 6.625-inch diameter downhole button hammer bit. During drilling,
rock samples were collected at 5-foot intervals or change in material type for lithologic logging.
Samples were described by a California Professional Geologist using common rock nomenclature
and recorded on a geologic boring log. Copies of the geologic boring logs for the four new
boreholes are presented in Appendix B.

After drilling to total depth in each boring, a two-inch diameter PVC casing was installed to total
depth. Well construction diagrams for each of these wells are presented in Appendix B and are
summarized on Table 1.

2.3 Water Quality Sampling

Both surface water and groundwater samples were collected and analyzed to establish a baseline for
CEQA analysis. The methods and procedures used for collection of these samples are discussed
below.

2.3.1 Surface Water Sampling

Three surface water samples, designated SW-1 through SW-3, were collected on March 30, 2009
from drainages located to the east and west of the proposed quarry location at the approximate
locations shown on Figure 2. Samples were collected as follows:

* (lean disposable tubing attached to a low flow pump was placed directly into the stream flow at
each location.

» Approximately 3 tubing volumes were then pumped through the system.

= After purging, the sample containers supplied by the analytical laboratory were then directly filled
from the discharge end of the tubing.

Samples collected for metals analysis were field filtered with a 0.45 micrometer inline filter prior to
placement in the appropriate container. Prior to collection, field parameters including temperature,
pH, oxidation-reduction potential (Eh), and specific conductance (also referred to as electrical
conductivity, or EC) were measured in the field. The meter was calibrated prior to field use
following the manufacturer’s guidelines.

Each sample was submitted under chain-of-custody for analysis at a California State certified
analytical laboratory, California Laboratory Services (CLS). CLS is located in Rancho Cordova,
California. Samples collected were analyzed for the following parameters:

® Metals using EPA Methods 6010 B, 6020, and 7470;
= Alkalinity (total and as carbonate/bicarbonate) by Standard Test Method 2320B;

2-2
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Section 2: Methods and Procedures Field Investigation Report - Hydrology Analysis
3M Redding Hard-Rock Aggregate Quarry

* General Water Chemistry: total dissolved solids (TDS) by Method 160.1, Specific Conductance
by Method 150.1, pH by Method 160.1, and Anions (7) by EPA Methods; and

* Hardness by EPA Method 130.2

For water quality assurance/quality control (QA/QC) purposes, a duplicate sample was collected
from SW-1 and submitted for the same analysis listed above. Copies of the field records of water
sample forms, chain-of-custody forms, and the analytical laboratory reports are presented in

Appendix C.

2.3.2 Groundwater Sampling

The first round of groundwater sampling was conducted on May 27, 2009. Based on information
collected during drilling of the boreholes that indicated the recovery of water was slow into each
boring with the exception of B-1, prior to collecting water samples, water level measurements were
collected on May 26, 2009 to assess the potential for wells going dry during purging. Based on this
information, well MW-1 was purged dry on May 26, 2009 using a submersible pump and allowed to
recover overnight. The groundwater sample was then collected on May 27, 2009 with no additional
purging. The water levels recorded for wells B-2 and B-3 indicated only a 1 to 2-foot water column
in each well (see Table 1). As such, these groundwater samples were collected without purging of
the well. Water samples collected from MW-1, B-2, and B-3 were collected using a clean disposable
bailer. After collection, the water was placed into containers supplied by the analytical laboratory.

Prior to sampling well B-1, the well was purged a minimum of 3 well casing equivalents using a
submersible pump. During purging, field parameters (pH, conductivity, Eh, and temperature) were
monitored for stabilization. The sample for this well was collected from a clean disposable bailer, as
was done with other borings, following a 15-minute recovery period and removal of the
groundwater pump used in purging. Samples collected for metals analysis were field filtered with a
0.45 micrometer inline filter prior to placement in the appropriate container. Samples were
submitted to CLS for the same parameters listed above for surface water samples.

For water quality assurance/quality control (QA/QC) purposes, a duplicate sample was collected
from B-1 and submitted for the same analysis listed above. Copies of the field records of water
sample forms, chain-of-custody forms, and the analytical laboratory reports are presented in

Appendix C.
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FIELD INVESTIGATION REPORT
HYDROLOGY ANALYSIS

3M REDDING HARD-ROCK AGGREGATE QUARRY
SHASTA COUNTY, CALIFORNIA

3. RESULTS

This section summarizes the results of the field investigation completed at the proposed 3M quarry.
The analytical laboratory reports for this analysis are presented in Appendix C and summarized on
Table 2a and 2b. A summary of the field measurements is provided on Table 2c.

3.1 Hydrogeology/Geology

As described by Potter et al (1990), the site lies within an area referred to as the eastern Klamath
terrane of the eastern Klamath belt. Units within the eastern Klamath terrane include in ascending
order the Copley Greenstone, Balaklala Rhyolite, and Kennett Formations. The 1906 USGS
geologic map showing these formations in the vicinity of the site is included in Appendix A. The
Copley Greenstone consists mainly of altered basaltic-andesitic flows, tuffs, and breccias and is
estimated to be about 1,800 meters thick. It is overlain by the Balaklala Rhyolite along a contact that
is locally gradational. This unit is mostly altered silicic flows, dikes, sills, tuffs, and breccias and is as
much as 1,100 meters thick. The Kennett Formation depositionally overlies the Balaklala Rhyolite
and consists of a lower part made up of volcaniclastic sandstone to mudstone and siliceous
mudstone and siltstone and upper part made up of lenses of limestone inferred to have been
deposited by sediment gravity flows. As discussed in the USGS Open-File Report 91-595
(Appendix A), precious metal deposits have been observed throughout this area. Figure 4 from this
report shows the distribution of identified lode gold deposits.

In 1980, 3M conducted an extensive coring program at the proposed quarry site. A map showing
the location of these core holes is included in Appendix A. Thirteen of these core logs were
provided by 3M and are also included in Appendix A. As seen in these core logs, greenstone
divided as “greenstone”, “greenstone breccia, “conglomerate”; and “weathered/broken” is the main
rock type indentified and is most likely the Copley Greenstone Unit. The 1906 USGS map also
indicates a unit in this area referred to as the Bass Mountain Diabase that would also consist of
greenstone type material. A rhyolite unit was identified in one of the core logs provided (R-23-80)
from an elevation of approximately 1,146 feet above mean sea level to 1,050 feet above mean sea
level. Itis not known if this unit is part of the Balaklala Rhyolite. The geologic boring logs
produced for this investigation are consistent with the 1980 core logs with the exception that no
rhyolite unit was identified. Pyrite mineralization was identified in the 1980 coreholes and boreholes
completed for this investigation.

As discussed on Section 2.3.2, groundwater was encountered in each of the four boreholes drilled
for this investigation. In two of the boreholes, B-2 and B-3, water was not observed in the
boreholes up to 4 days after drilling. During the groundwater sampling event conducted

3-1
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Section3: Results Field Investigation Report - Hydrology Analysis
3M Redding Hard-Rock Aggregate Quarry

approximately 26 days after drilling, 1 to 2 feet of water was recorded in each of these wells. For
well MW-1, water was not recorded immediately after drilling but was recorded the day after. Based
on information collected during sampling of MW-1, it was estimated that the recharge rate was
significantly less than 1 gallon per minute.

Borehole B-1 was observed during drilling and groundwater sampling to produce minor amounts of
groundwater. The groundwater production rate was estimated at 1 to 2 gpm during drilling and was
observed at less than 1 gpm during groundwater sampling purging operations. The groundwater
purging operated at a flow rate of approximately 2 to 3 gpm and dewatered the well within 45
minutes.

3.2 Surface Water Sampling

The three surface water samples had similar water quality signatures and were all dominated by
calcium-bicarbonate, as illustrated on Figures 3 and 5. Surface water samples SW-2 and SW-3 were
collected on the east side of the ridge where the proposed quarry is located and had similar total
dissolved solid values. SW-1 was located on the western side of the ridge and demonstrates total
dissolved solid measurement of neatly twice that of SW-2 and SW-3. Metals detected in all three
water samples included calcium, magnesium, and sodium (Table 2a). A single detection of barium at
22 ug/L was detected in SW-3. Other general minerals and anions detected in these samples include
bicarbonate, chloride, and sulfate (Table 2b). The field parameters (Table 2c) were all consistent
with natural surface water conditions with temperatures ranging from 12 to 14 °C, pH ranging from
6.99 to 7.65, and conductivity ranging from 145 to 200 uS/cm. Oxidation reduction potential
measurements indicate a moderately oxidizing environment.

3.3 Groundwater Sampling

As indicated in Section 2.3.2, samples collected from borings B-2 and B-3 are highly suspect with
respect to the nature of the water observed in the borehole. The lack of a significant water column
and inability to recharge rapidly may suggest that this water is not necessarily representative of
typical groundwater in the vicinity of the boreholes and should be used with caution. These water
samples were analyzed to document the water quality of the water that was present for comparison
purposes. Three of the four borings, B-1, B-2, and MW-1 demonstrate a calcium-bicarbonate water
type, as illustrated on Figures 4 and 5. Water in borehole B-3 demonstrated a sodium-bicarbonate
water type and may not be representative of typical groundwater.

Metals (Table 2a) detected in all four water samples included calcium, magnesium, manganese, and
sodium. The sample from B-2 also had low detections, slightly above the detection limits, of barium
and iron. The sample from B-3 also had low detections, slightly above the detection limits of
antimony, arsenic, molybdenum, potassium, and vanadium. Other general minerals and anions
detected in these samples (Table 2b) include bicarbonate, chloride, and sulfate. The sample from B-
3 also contained low detections, slightly above the detection limit of ammonium and fluoride. The
field parameters (Table 2c¢) for the groundwater samples had temperatures ranging from 17 to 23 °C,
pH ranging from 7.74 to 8.29, and conductivity ranging from 210 to 650 uS/cm. Oxidation

3-2
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reduction potential measurements indicate both slightly oxidizing and slightly reducing
environments.

3-3
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Table 2a. Summary of Analytical Results - Metals
Proposed Moody Creek Quarry, Shasta County, California

Water Location Sample | Aluminum | Antimony | Arsenic | Barium | Beryllium | Cadmium | Calcium | Chromium | Cobalt | Copper | Iron | Lead | Magnesium | Manganese | Mercury | Molybdenum | Nickel | Potassium | Selenium | Silver | Sodium | Thallium | Vanadium | Zinc
Type Name Date (Hg/L) (Hg/L) (Mg/L) | (Mg/L) | (Mg/L) (Hg/L) (Hg/L) (ug/L) | (ug/L) | (Hg/L) | (Mg/L) | (ug/L) (Hg/L) (Hg/L) (Hg/L) (Hg/L) (Mg/L) | (ug/L) (Mg/L) | (ug/L) | (Mg/L) | (Hg/L) (ug/L) | (Hg/L)
® SW-1 3/30/2009 <50 <6.0 <5.0 <20 <5.0 <10 21000 <10 <20 <10 <100 [ <5.0 8300 <20 <0.20 <20 <20 <1000 <5.0 <10 3900 <1.0 <20 <20
8 § SW-1 Dup | 3/30/2009 <50 <6.0 <5.0 <20 <5.0 <10 21000 <10 <20 <10 <100 [ <5.0 8500 <20 <0.20 <20 <20 <1000 <5.0 <10 3900 <1.0 <20 <20
'§ § SW-2 3/30/2009 <50 <6.0 <5.0 <20 <5.0 <10 9000 <10 <20 <10 <100 [ <5.0 4100 <20 <0.20 <20 <20 <1000 <5.0 <10 2800 <1.0 <20 <20
@ SW-3 3/30/2009 <50 <6.0 <5.0 22 <5.0 <10 9900 <10 <20 <10 <100 [ <5.0 4100 <20 <0.20 <20 <20 <1000 <5.0 <10 2900 <1.0 <20 <20

B-1 5/27/2009 <50 <5.0 <5.0 <20 <5.0 <10 28000 <10 <20 <10 <100 [ <5.0 8800 31 <0.20 <20 <20 <1000 <5.0 <10 5700 <1.0 <5.0 <20

'g 5 B-1 (Dup-1) | 5/27/2009 <50 <5.0 <5.0 <20 <5.0 <10 30000 <10 <20 <10 <100 [ <5.0 9100 26 <0.20 <20 <20 <1000 <5.0 <10 5800 <1.0 <5.0 <20
3 k] B-2 5/27/2009 <50 <5.0 <5.0 38 <5.0 <10 77000 <10 <20 <10 150 <5.0 30000 150 <0.20 <20 <20 <1000 <5.0 <10 34000 <1.0 <5.0 <20
I s B-3 5/27/2009 <50 8.1 6.2 <20 <5.0 <10 15000 <10 <20 <10 <100 [ <5.0 7700 25 <0.20 35 <20 1900 <5.0 <10 | 190000 <1.0 7.0 <20

MW-1 5/27/2009 <50 <5.0 <5.0 <20 <5.0 <10 48000 <10 <20 <10 <100 [ <5.0 15000 81 <0.20 <20 <20 <1000 <5.0 <10 8500 <1.0 <5.0 <20
Note:
ug/L = micrograms per liter
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Table 2b: Summary of Analytical Results - Non-Metals

Proposed Moody Creek Quarry, Shasta County, California

Alkalinity, Alkalinity, Alkalinity, Alkalinity, Ammonia as Hardness Total
Bicarbonate as| Carbonate as | Hydroxide as Total as Nitrogen, Electrical as Nitrate | Nitrite Dissolved

Water | Location Sample CACO3 CACO3 CACO3 CACO3 Total Bromide | Chloride | Conductivity | Flouride CACO3 | asN asN Sulfate Solids

Type Name Date (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) | (umhos/cm) (mg/L) (mg/L) | (mg/L) | (mg/L) (mg/L) (mg/L)
° SW-1 3/30/2009 96 <5.0 <5.0 96 <0.10 <0.10 1.0 200 <0.10 88 <0.50 | <0.10 7.6 130
b § SW-1 Dup | 3/30/2009 97 <5.0 <5.0 97 <0.10 <0.10 1.0 200 <0.10 87 <0.50 | <0.10 7.6 130
E § SW-2 3/30/2009 38 <5.0 <5.0 38 <0.10 <0.10 0.82 100 <0.10 40 <0.50 | <0.10 13 65
@ SW-3 3/30/2009 38 <5.0 <5.0 38 <0.10 <0.10 0.83 110 <0.10 42 <0.50 | <0.10 15 75
B-1 5/27/2009 120 <5.0 <5.0 120 <0.10 <0.10 1.1 230 <0.10 100 <0.50 | <0.10 4.1 140
'lé 5 |B-1(Dup-1)[ 5/27/2009 110 <5.0 <5.0 110 <0.10 <0.10 1.1 230 <0.10 100 <0.50 | <0.10 4.1 140
3 S B-2 5/27/2009 350 <5.0 <5.0 350 <0.10 <0.10 3.4 710 <0.10 310 <0.50 | <0.10 29 440
15 = B-3 5/27/2009 420 <5.0 <5.0 420 0.14 <0.10 5.4 910 0.18 43 <0.50 | <0.10 73 700
MW-1 5/27/2009 190 <5.0 <5.0 190 <0.10 <0.10 1.2 370 <0.10 180 <0.50 | <0.10 3.3 210

Note:

mg/L = milligrams per liter

pmhos/cm = micromhos per centimeter
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Table 2c. Summary of Field Water Quality Measurements
Proposed Moody Creek Quarry, Shasta County, California

Oxidation Reduction

Water | Location | Sample Temperature Conductivity pH Potential
Type Name Date (°C) (uS/cm) (pH units) (mV)
8 P SW-1 |3/30/2009 14.24 149 7.65 69
‘g g SW-2 |3/30/2009 14.62 200 7 95
n SW-3 |3/30/2009 12.9 145 6.99 100
3 . B-1 5/27/2009 17.8 210 8.14 -42
S % B-2 5/27/2009 18.7 650 7.74 4
(% = B-3 5/27/2009 22.5 573.8 8.29 -30

MW-1 [ 5/27/2009 18.6 351 6.19 40

Notes:

°C = Degrees Celcius

uS/cm = Microseimens per centimeter
mV = millivolts



Appendix A

Previous Reports and Investigations

Core logs for the site produced by 3M in 1980.

The 1906 United States Geological Survey (USGS) geologic map for the
Redding Quadrangle.

Master Thesis by Fudge (2008) entitled Evidence for Regional Extensional
Faulting at Grey Rocks Ridge, Eastern Klamath Mountains, California.

USGS Open-File Report 91-595 discussing gold-bearing quartz veins in
the Klamath Mountains.



*  Core logs for the site produced by 3M in 1980.
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* The 1906 United States Geological Survey (USGS) geologic map for the Redding
Quadrangle.









*  Master Thesis by Fudge (2008) entitled Evidence for Regional Extensional Faulting at Grey Rocks
Ridge, Eastern Klamath Mountains, California.
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ABSTRACT

Geologic mapping of the Grey Rocks Ridge area identified three klippes of
Devonian Copley Greenstone separated from the underlying Trinity terrane by an
undulating extensional fault and preserved by oblique down-dropping on NW-NE
striking faults. The Grey Rocks klippe and the Horse Heaven Meadows klippe dip
shallowly (5 to10 degrees) to the N-NE and have convex boundaries. The basal fault is
associated with regional extensional faulting that extends across the Eastern Klamath
Mountains.

Geochemical analysis links the greenstone pillows of the Grey Rocks and Panther
Rock klippes to the Copley Greenstone of the Redding terrane. The Horse Heaven
Meadows klippe is comprised mainly of fractured slate with minor amounts of volcanic
breccias and tuffs, forming a localized lens within the Copley Greenstone. A similar
metasedimentary and metavolcanic lens is located in the southern section of the Grey
Rocks klippe.

The three klippes form the hanging wall of a regional extensional fault that
juxtaposes the three klippes over the underlying Trinity terrane. The undeformed
greenstone pillows of Grey Rocks and Panther Rock klippes and the fractured
metavolcanic and metasedimentary units of the Horse Heaven Meadows klippe clearly
contrast with the mylonite and fault breccia at the contact and with the serpentinized
mafic/ultramafic complex (Trinity terrane) of the footwall. Geochemical values of fault

zone mylonite indicate elevated values of Al,O3 and depleted values of MgO when

il



compared to ultramafic compositional values, supporting a mixing of upper and lower
plate components.

Fault outcrop characteristics include mylonite, foliated fault breccia zones, and
parallel foliation observed in proximal greenstone and ultramafic rocks. Quartz veins run
both parallel and perpendicular to foliation, suggesting that injection of hydrothermal
fluids accompanied faulting and accommodated extensional deformation of more
coherent rock. In thin section, fault proximal rocks in the upper and lower plate exhibit
shear microstructures including foliation, s-c fabrics, planar mineral alignment, sigma
clasts, pull-apart clasts, and perpendicular to foliation quartz veining.

Felsic dikes intrude the fault breccia at the base of the Horse Heaven Meadows
klippe and intrude parallel to the fault zone at the base of the Grey Rocks klippe.
Emplacement of the parallel dike is interpreted to be syntectonic with the extensional
faulting event based on shear and extensional microstructures such as anastomosing

foliation and perpendicular to foliation quartz veining.

v
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INTRODUCTION

At Grey Rocks ridge, located in the Klamath and Trinity Mountains of northern
California, three small bodies of greenstone and fine-grained metasedimentary rocks
overlie the Trinity ultramafic complex. The -Grey Rocks outlier” (Irwin, 1966) occupies
a key position in the tectonic evolution of the Klamath Mountains provenance.
Conflicting interpretations on the structural relations and stratigraphic affiliation of the
Grey Rocks outliers include: formation as part of a classic ophiolitic sequence (Brouxel
and Lapierre, 1988), formation in an island arc (Irwin, 1981; Albers and Bain, 1985; Doe
et. al, 1985), formation in a suprasubduction zone (Wallin and Metcalf, 1998), remnant of
a thrust plate (Irwin, 1966; Brouxel et al., 1989), and tectonic emplacement by
extensional faulting (Schweickert and Irwin, 1989; Masson, 2002; Cashman and Elder,
2002).

The project concentrates on mapping three klippes in the Grey Rocks area (Plate
1), identifying the nature of the contact between the Trinity ultramafic complex and the
structurally overlying metasedimentary and metavolcanic units, and geochemically and
descriptively correlating the geologic units with known formations using x-ray
fluorescence analysis.

The three klippes are termed the Panther Rock klippe, the Horse Heaven
Meadows klippe, and the Grey Rocks klippe. To maintain continuity the term greenstone
will relate to both hydrothermally altered basalts and basalts altered in the greenschist

facies. The term mylonite refers to fine-grained fault rocks that form as a result of ductile



deformation at temperatures between 250 °C — 350 °C and depths of 10 to 15 km.
Mylonitic texture includes a planar foliation and recrystallization of minerals (Twiss and

Moores, 1992).

Geologic Setting

Regional Geology

The Klamath Mountains Province is comprised of a series of arcuate, accreted
terranes resulting from Paleozoic to Mesozoic subduction along the western plate
boundary of the North American plate (Irwin, 1960; 1963; 1966; 1972; 1994). Terranes
young to the west and are separated by major north-south-striking, east-dipping thrust
faults (Irwin, 1966; 1972; 1994). Mesozoic plutons and dikes intrude the terranes (Irwin,
1966; 1994). N-S Tertiary extensional faulting cuts across all terranes of the Eastern
Klamath Mountains (Schweickert and Irwin, 1989; Cashman and Elder, 2002).

Eastern Klamath Belt

The study site is located within the Eastern Klamath Belt, which is the oldest and
eastern-most accreted terrane (Fig. 1). The Eastern Klamath Belt is subdivided into the
Trinity, Yreka, and Redding terranes based on distinctive stratigraphic successions,
magmatic histories, and age relations of rock units (Irwin, 1966; 1972; 1994). Mesozoic
post-amalgamation plutons, including the Shasta Bally batholith, Castle Crags pluton,
and Craggy Peak pluton area, have intruded all three terranes within the Eastern Klamath

Belt (Irwin, 1994).



Figure 1A: Geologic Map of the Klamath and Trinity Mountains, Northern California,
compiled by Irwin (1994). Bounding box shows the location of the Grey Rocks study
area.



Figure 1B: Legend for the geologic map in Figure 1A (Irwin, 1994).




Trinity Terrane. The Trinity terrane, at the center of the Eastern Klamath Belt, is
the oldest of the three terranes dating from Vendian to Siluro-Devonian (Jacobsen et al.,
1984; Lindsley-Griffin et al., 2006), and is stratigraphically the lowest terrane in the
Eastern Klamath Belt (Irwin and Lipman, 1962). The Trinity terrane is estimated to be
between 6.5 and 8 km thick based on models combining seismic, gravity, and
aeromagnetic data (Zucca et al., 1986).

The polygenetic Trinity terrane consists of tectonically foliated, ultramafic
packages and two crustal sequences, one Vendian and one Siluro-Devonian with minor
associated Siluro-Devonian volcanic rocks (Lindsley-Griffin, 1977; 1991; Quick, 1981;
Irwin, 1994; Metcalf et. al., 2000; Lindsley-Griffin et al., 2006). One tectonically foliated
ultramafic package contains the Vendian gabbroic to felsic plutonic suite and represents
an ophiolitic crustal sequence (Lindsley-Griffin et al., 2006). Ordovician felsic dikes and
plutons intrude the tectonically foliated, ultramafic packages and the Vendian sequence
(Mattinson and Hopson, 1972; Lindsley-Griffin et al., 2006). The Siluro-Devonian
gabbroic to felsic plutonic suites intrude units throughout the Trinity terrane and part of
the Yreka terrane. The Siluro-Devonian suites are cogenetic with the Yreka terrane
Siluro-Devonian volcanic flows and the Siluro-Devonian Redding volcanics (Wallin et
al., 1991; Wallin and Metcalf, 1998; Metcalf, et al. 2000; Lindsley-Griffin et al., 2006).

Yreka Terrane. The Yreka terrane is structurally and stratigraphically complex,
and consists of thin, fault-bounded slices of Vendian to Devonian shale, sandstone,
phylite, schist, greenstone, and mélange units (Lindsley-Griffin, 1977; Potter et al., 1977,

Lindsley-Griffin et al., 1991; Irwin, 1994; Lindsley-Griffin et al., 2006). Volcanic flows



within the Yreka terrane are the extrusive component of the Siluro-Devonian intrusive
suite found within the Trinity terrane (Wallin and Metcalf, 1998). The Trinity-Yreka
contact is faulted in all locations (Lindsley-Griffin, 1977; 1991; Potter et al., 1977;
Schweickert and Irwin, 1989; Miller and Harwood, 1990; Lindsley Griffin et al., 1991,
Cashman and Elder, 2002; Lindsley-Griffin et al., 2006).

Redding Terrane. The Redding terrane consists of Devonian to Jurassic volcanic
and marine sedimentary units (Kinkel et al., 1956; Miller, 1989; Miller and Harwood,
1990; Irwin, 1994). The Devonian Copley Greenstone comprises the oldest stratigraphic
layer of the Redding terrane and consists of pillow lavas, tuffs, volcanic flows and
breccias, and some shales (Kinkel et al., 1956; Lapierre et al., 1985; Brouxel et al., 1988).
Massive flows dominate the lower half of the unit, whereas the upper half is
characterized by pillow lavas and interbedded pyroclastic deposits (Kinkel et al., 1956).
Near Redding the upper Copley Greenstone is dominated by pillow lavas with minor
amounts of -tuffaceous slaty sediments and sandstones with granitic debris” (Lapierre et
al., 1985).

The Copley Greenstone is estimated to be at least 1800 meters thick (Diller, 1905;
Lapierre et al., 1985; Brouxel et al., 1988). The contact between the Devonian Copley
Greenstone and the Ordovician Trinity terrane is faulted at all locations (Wagner and
Saucedo, 1987; Schweickert and Irwin, 1989; Irwin, 1994; Cashman and Elder, 2002).
Overlying and interfingering with the Copley Greenstone are the Devonian Balaklala
Rhyolite, dated by a Devonian fish fossil plate (Boucot et al. 1974), the mid-Devonian

Kennett Formation, and the Mississippian Bragdon Formation (Kinkel et al., 1956).



The Mississippian Bragdon Formation consists mainly of argillite with minor
amounts of conglomerate, silt, and sandstone, and rare fossiliferous units in the upper
section (Kinkel et al., 1956; Miller 1989; Miller and Harwood, 1990). Chert pebble
conglomerate is a distinctive unit within the formation and used for identification (Albers
and Robertson, 1961). The majority of the conglomerate beds are located in the lower
section of the Bragdon Formation, within 165 to 500 meters from the base. The
conglomerates form lenticular beds that range up to several hundred meters thick and
contain large portions of chert and limestone clasts (Kinkel et al., 1956; Albers and
Robertson, 1961). The upper portion of the Bragdon Formation (structurally upper-most
2800 m) is dominated by sand-rich turbidites (Watkins, 1986; Miller and Cui, 1989).
Sedimentary lithics dominate clast compositions throughout the formation, with some
beds containing minor amounts of epiclastic volcanic lithics mixed in heterogeneously
with the sedimentary clasts, and fewer beds with reworked pyroclastic debris (Miller and
Cui, 1989). Internal deformation skews thickness measurements, but stratigraphic
thickness estimates range from 900 m (Diller, 1905) to >2000 m (Watkins, 1986).
Structural thickness estimates range up to 4400 meters thick (Watkins, 1986). In some
locations, the Bragdon Formation conformably overlies the Balaklala Rhyolite and
Kennett Formations, but elsewhere, the Bragdon Formation unconformably overlies the
Kennett Formation (Kinkel et al., 1956) or Devonian Copley Greenstone (Kinkel et al.,
1956; Albers and Robertson, 1961), or is faulted against the Balaklala Rhyolite or Copley

Greenstone (Kinkel et al., 1956). The upper contact conformably grades into the



overlying Baird Formation, which contains Mississippian fish fossils (Watkins 1986;
Miller and Cui, 1989).

Contact Relations. Faults bound the Trinity terrane both with the overlying Yreka
terrane in the north (Potter et al., 1977; Miller and Harwood, 1990; Cashman and Elder,
2002; Lindsley-Griffin et al., 2006) and with the overlying Redding terrane in the south
(Wagner and Saucedo, 1987; Schweickert and Irwin, 1989; Irwin 1994; Cashman and
Elder, 2002). The structurally complex Yreka terrane contains multiple fault slices that
displace Yreka fault blocks with the underlying Trinity terrane (Potter et al., 1977;
Lindsley-Griffin, 1977). Outliers observed in the Callahan and Cecilville/Richter mine
areas contain upper plate Yreka units with low-angle basal faults (Cashman and Elder,
2002).

The faults in the south, including the La Grange, Carrville, and Deer Creek faults,
separate the Redding terrane from the underlying Trinity terrane and have been identified
as low-angle, extensional faults (Schweickert and Irwin, 1989; Goldstein, 1997; Cashman
and Elder, 2002). The Deer Creek and Carrville faults separate Devonian Copley
Greenstone from the underlying Trinity terrane (Goldstein, 1997; Cashman and Elder,
2002); a similar relationship of greenstone overlying Trinity terrane mafic and ultramafic
rocks is observed at Grey Rocks. Earlier interpretations have identified faults that bound
the Trinity terrane with the Redding and Yreka terranes and underlie various outliers as
thrust faults, including the basal contacts of the klippes at Grey Rocks (Irwin, 1966;

Potter et al., 1977; Harwood and Miller, 1990; Charvet et al., 1990; Lindsley-Griffin,



1991). The significance of these faults as extensional faults is that they record an
extensional event within a classically compressive zone.

The ambiguous nature of the contact between the Grey Rocks, Panther Rock, and
Horse Heaven Meadows klippes and the underlying Trinity ultramafic complex has
resulted in multiple conflicting interpretations. Depositional and tectonic hypotheses for
the origin of Grey Rocks greenstone and metasedimentary bodies include: 1) part ofa
single, complete ophiolite sequence formed along a slow spreading ridge (Lindsley-
Griftin, 1977; Brouxel and Lapierre, 1988; Boudier et al., 1989), 2) part of a single,
complete ophiolite displaced by Paleozoic thrust faulting (Charvet et al., 1990), 3) part of
a polygenetic ophiolite (Wallin et al., 1988; Lindsley-Griffin, 1991; Lindsley-Griffin et
al., 2006), 4) the extrusive component of the Siluro-Devonian intrusive suite
depositionally overlying a polygenetic Trinity terrane (Wallin and Metcalf, 1998; Metcalf
et al., 2000), and 5) an upper plate remnant of Yreka and/or Redding terrane resulting
from Tertiary detachment faulting (Schweickert and Irwin, 1989; Masson, 2002;
Cashman and Elder, 2002).

Greenstone units at Grey Rocks and Panther Rock klippes were mapped as
—Frinity basalts” and interpreted as part of a complete ophiolitic suite by Brouxel and
Lapierre (1988). Boudier et al. (1989) suggest the Trinity ophiolite formed at a slow
spreading ridge citing spatial relations between ultramafic rocks, cumulate gabbros,
dikes, and pillow basalts as evidence. In this interpretation, the basal contacts of the Grey

Rocks greenstone and metasedimentary units were identified as depositional and the
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structurally high location of the greenstone and metasedimentary units as evidence for
their position in a classic ophiolitic sequence.

The basal contacts of greenstone, metavolcanic, and metasedimentary rocks at
Grey Rocks, Panther Rock, and Horse Heaven Meadows have been described as partially
depositional and partially tectonic (Charvet et al., 1990). According to this interpretation,
Grey Rocks and Panther Rock klippe greenstones represent part of an ophiolite that has
experienced Paleozoic thrust faulting. The basal contacts of the Grey Rocks and Panther
Rock klippes are described as thrust faults. The faulting event occurred after the
greenstone pillows formed, but predated deposition of sedimentary rocks at Horse
Heaven Meadows klippe. The Horse Heaven Meadows klippe is interpreted by Charvet et
al. (1990) as an in-place section of Mississippian Bragdon shale with a depositional basal
contact.

In contrast, geochronological analysis of metagabbro, gabbro, and tonalite in the
Trinity terrane shows that the Trinity terrane consists of two ophiolitic sequences, one
Vendian and one Siluro-Devonian in age, and formed over a period of 180 m.y. (Wallin
et al., 1988; Lindsley-Griffin, 1991; Wallin et al., 1991; Wallin et al., 1995; Metcalf et
al., 2000). These data, combined with mapping and description of the Yreka and Trinity
terranes (Quick, 1981; Lindsley-Griffin, 1991; Lindsley-Griffin et al., 2006) indicate a
complex polygenetic history for the Trinity terrane, which is the basis for the most recent
interpretations of the Eastern Klamath Belt. Wallin and Metcalf (1998) indicate that the
basal contact of greenstones at Grey Rocks could be faulted but interpret this contact as

depositional.
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First to suggest that the contact between the Trinity terrane and the Redding
terrane is a low-angle detachment fault were Schweickert and Irwin (1989). They
extended their observation of a low-angle normal fault at the La Grange mine, southwest
of the Trinity terrane, to speculate that the imbricate faulting observed in the Yreka
terrane may represent the break-away region of a south moving Redding terrane block
that forms the upper plate of a regional-scale detachment fault. Masson (2002) identified
a possible fault beneath the Grey Rocks klippe. According to Masson’s (2002)
interpretation, metasedimentary rocks at the Horse Heaven Meadows klippe
depositionally overlie Trinity terrane peridotite and a deeper fault cuts through the
peridotite, juxtaposing Trinity terrane against Trinity terrane. Cashman and Elder (2002)
support a low-angle normal fault interpretation through identification of several klippes
with low-angle basal faults separating Yreka and Redding terrane units with the
underlying Trinity terrane.

The purpose of this study is to identify the nature of the basal contacts of the Grey
Rocks, Panther Rock, and Horse Heaven Meadows klippes, and to utilize detailed
mapping, petrography, and XRF analysis to associate each of the three klippes with a

known rock assemblage (Plate 1).



PETROGRAPHY

The following rock descriptions, listed from oldest to youngest, describe the units
observed at Grey Rocks, Horse Heaven Meadows, Panther Rock, and surrounding area
(Plate 1). Unit names follow those of [rwin (1994) and Lindsley-Griffin et al. (2006). For

locations mentioned in text, refer to Figure 2.

Trinity Terrane

Rock units of the Trinity terrane observed within the study area include 1) the
Ordovician Trinity ultramafic sheet (Oum), termed the —Frinity peridotite” (Quick, 1981),
and 2) various Ordovician to Siluro-Devonian gabbroic and dioritic suites (O/SDgb)
(Irwin, 1994). Undated hornblende porphyry dikes (SDd) are also described here; these
may be related to the Siluro-Devonian volcanic suite described by Lindsley-Griffin
(1991) and Lindsley-Griffin et al. (2006). These units are mapped together here as Trinity
ultramafic complex, (Ouc), with the exception of mappable dikes (SDd) near contacts
with the Horse Heaven Meadows, Grey Rocks, and Panther Rock klippes. Lindsley-
Griffin (1991) and Wallin et al. (1988) have used the Trinity ultramafic complex (Ouc)
description to refer to the combination of the Trinity ultramafic sheet (Oum) and various
intrusive suites (O/SDgb).

Mapping the extent of the O/SDgb intrusions is complex and beyond the scope of
this project. For a detailed description of the various intrusions, refer to Lindsley-Griffin
(1977; 1991), Lindsley-Griffin and Griffin (1983), Quick (1981), Cannat and Lecuyer

(1991), Boudier et al. (1989), Metcalf et al. (2000), and Lindsley-Griffin et al. (2006).
12
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Figure 2: Location Map. Letters refer to sites noted within text. Numbers refer to samples
listed in Table 1.
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The three Trinity units comprising the Trinity ultramafic complex in the study area are
described and listed in order of known ages, oldest to youngest.

Ultramafic Rocks (Oum)

The Trinity ultramafic unit, comprised mainly of serpentinite, is the oldest, most
abundant unit in the mapped area and corresponds with the Trinity ultramafic sheet
(Oum). The majority of the Trinity ultramafic sheet is Ordovician in age (Jacobsen et al.,
1984), although minor sections of the northwest Trinity terrane near the Yreka terrane are
dated as Vendian (Wallin et al., 1988; Wallin, 1990; Lindsley-Griffin, 1991; Wallin et al.,
1995; Lindsley-Griffin et al., 2006). The majority of geologic mapping of the Trinity
ultramafic sheet details the northern boundary adjacent to the overlying Yreka terrane.
There, the ultramafic unit includes Ordovician feldspathic harzburgite, lherzolite, and
dunite and Vendian plagiogranite and metagabbro (Lindsley-Griffin, 1977; 1991; Quick,
1981; Brouxel and Lapierre, 1988; Wallin et al., 1988; Boudier et al., 1989; Wallin et al.
1995; Lindsley-Griffin et al., 2006). Further east, in the Mt. Eddy area, the Ordovician
units collectively termed the —Frinity peridotite” are 20 to 50% serpentinized with
serpentinization increasing near intrusions (Quick, 1981). However, serpentinization in
the western and northwestern parts of the Trinity ultramafic unit (Lindsley-Griffin, 1991),
and within the Grey Rocks area (this project), is more extensive ranging up to complete
serpentinization.

Location A (Fig. 2) near the southern contact of the Grey Rocks klippe, exhibits
the complexity and altered nature of the Trinity ultramafic sheet. Undeformed dark to

blackish green serpentinitized peridotite is layered within pale green serpentinite,



15

possibly representing a layered peridotite. Fractures parallel the layering in the
serpentinite, striking N75W and dipping SONE (Fig. 3).

The dark to blackish green serpentinized peridotite has undergone complete
psuedomorphic alteration to serpentine and opaque magnetite forming serpentinite (Fig.
4). The opaque magnetite, which is faintly aligned in hand sample, preserves the original
grain boundaries and idiomorphic granular texture. The dark to blackish green
serpentinized peridotite can be observed in the north at Location B (Fig. 2).

A range of mafic to intermediate discontinuous dikes and plutons of the
Ordovician to Siluro-Devonian intrusive suites O/SDgb have intruded the Trinity
ultramafic sheet (Oum) and caused alteration zones near intrusion contacts. Along the
steep banks of Castle Creek, serpentine country rock displays local metamorphism,
shearing, and development of schistose at intrusive contacts (Fig. 5). In other locations,
for example Helen Lake at Location C (Fig. 2), the intrusion-serpentinite contacts are
broadly gradational. The integrated, gradational, and discontinuous nature of the contact
zones are reasons for ambiguity and variation on different published maps.

Mafic Intrusive Rocks (O/SDgb and unofficial SDd)

The Ordovician and Siluro-Devonian intrusive suites include plutons and dikes of
tonalite, plagiogranite, diabase, diorite, aplite, basalt, gabbro, and pyroxenite that have
been described and mapped in detail throughout the Trinity terrane (Lindsley-Griffin,
1977; 1991; Quick, 1981; Brouxel and Lapierre, 1988; Wallin et al., 1988; Boudier et al.,
1989; Metcalf, et al., 2000). A detailed description of the Trinity ultramafic complex

(Ouc), specifically the intrusive suites, is presented in Quick (1981) and Lindsley-Griffin
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Figure 3: Photograph of pervasive parallel fractures, striking N75W and dipping SONE, in
the massive light green serpentinite of the Trinity ultramafic sheet (Oum), SW of Grey
Rocks klippe, Location A (Fig. 2). The fractures parallel 15 cm thick sections of dark to
blackish green serpentinite (Oum), interpreted as a layered peridotite. View is to the NW.
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Figure 4: Photomicrographs of dark to blackish green serpentinite unit of the Trinity
ultramafic sheet (Oum). Sample UM-2, Location A (Fig. 2), width of image is 1.75 mm,
A) in plane polarized light and B) in cross polarized light. Serpentinite is comprised
mainly of serpentine, opaque magnetite, and minor magnesite. Psuedomorphic alteration
of pyroxene and olivine preserve the original idiomorphic granular texture, large equant
grains outlined by smaller opaque minerals.
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Figure 5: Photograph of dike-serpentinite contact. Intrusion of an aphanitic basalt dike
(O/SDgb) causes contact metamorphism and localized foliation zones within the massive
serpentinite of the Trinity ultramafic sheet (Oum). Foliated zone is approximately 8 cm
thick. Photo location is from Castle Creek near Location 4 (Fig. 2), view is to the NE.
Local zones of schistosity within the serpentinite are commonly observed adjacent to
dikes and plutons.
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(1991). The Trinity ultramafic unit is described as polygenetic with several dikes ranging
in composition from plagiogranite to gabbric and ages spanning from Ordovician to
Siluro-Devonian (Wallin et al., 1988; Wallin et al., 1991; Wallin et al., 1995; Wallin and
Metcalf, 1998). Tonalitic plutons and dikes are dated as Ordovician, ranging from 455 to
485 Ma (Mattinson and Hopson, 1972). The Siluro-Devonian gabbroic and dioritic suite,
dated by Jacobsen et al. (1984), includes a characteristic pegmatitic gabbro along with
intrusions of pyroxenite, gabbro, diorite, and aplite (Quick, 1981; Lindsley-Griffin,
1991). Cannat and Lecuyer (1991) mapped basalt dikes and plutons south of Grey Rocks
klippe at Tamarack Lake and northeast of Horse Heaven Meadows klippe at Castle Lake.

Within the Grey Rocks study area, small plutons of fine-grained diabase, diorite,
and gabbro intrude the Trinity ultramafic sheet (i.e., Locations D and E, Fig. 2).
Composition, grain-size, and texture are variable from pluton to pluton and given the
multitude and variety of intrusions, a detailed description is beyond the scope of this
project. Observable at several locations, the diabase, diorite and gabbro grade into each
other and are intruded by the pegmatitic hornblende gabbro (i.e., Location D, Fig. 2). All
felsic to gabbroic dikes and plutons within the study area are small and discontinuous
with the exception of the pegmatitic hornblende gabbro (O/SDgb) that covers large areas
to the north of Horse Heaven Meadows klippe and east of Grey Rocks klippe.

Pegmatitic Hornblende Gabbro (O/SDgb). The pegmatitic hornblende gabbro,
comprising the area near Helen Lake (Location C, Fig. 2) and Boulder Peak, the eastern
side of Grey Rocks Basin and Mears Ridge area (Location D, Fig. 2), and the Seven

Lakes Basin area, corresponds to the younger plutonic component of O/SDgb in Irwin
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(1994) and Silurian gabbroic suite of Lindsley-Griffin (1991). The pegmatitic gabbro is

comprised primarily of aggregates of coarse-grained (0.5 to 5 cm) pyroxene, hornblende,
plagioclase, and quartz. Unlike the smaller dikes and sills, this unit forms large plutons.
Near Helen Lake (Location C, Fig. 2), the irregular and complex O/SDgb pluton
boundary with the Trinity ultramafic sheet (Oum) can be observed, displaying a zone of
O/SDgb intrusions interfingering with hydrothermally altered Trinity ultramafic sheet.
Other units associated with the pegmatitic hornblende gabbro include intrusions of
pyroxenite, gabbro, diorite of various compositions, and aplite (Lindsley-Griffin, 1991).
Porphyritic Hornblende Andesite. (SDd). Small discontinuous hypabyssal plutons
of porphyritic hornblende andesite intrude Trinity terrane ultramafic rocks on the
southeastern side of the Horse Heaven Meadows klippe, near Locations 4 and 2 (Fig. 2).
These plutons are irregularly shaped, appear undeformed, and are up to 1700 m in
diameter. In the field, the andesite is lavender grey with black hornblende phenocrysts up
to 3 mm in length. In thin-section, the andesite contains euhedral hornblende crystals
about 3mm in length (locally altered to fine-grained amphiboles, chlorite, and calcite),
euhedral 1mm plagioclase phenocrysts altered to saussurite and fine-grained clay; and
minor pyrite phenocrysts. The fine-grained groundmass consists of microcrystalline

quartz, plagioclase, chlorite, and small laths of clinozoisite.

Devonian Copley Greenstone (Dc and Dcs)

The Devonian Copley Greenstone is the basal unit of the Redding terrane (Kinkel

et al., 1956; Miller and Harwood, 1990; Irwin, 1994). Massive greenstone and pillow
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greenstone of Panther Rock and Grey Rocks klippes have been mapped as Copley

Greenstone based on petrographic characteristics (Wagner and Saucedo, 1987; Irwin,
1994) and as —Frinity ophiolitic basalts” based on petrographic and geochemical
characteristics (Brouxel and Lapierre, 1988; Brouxel et al., 1988).

Panther Rock Klippe: Greenstone Pillows (Dc)

Greenstone caps Panther Rock klippe (Location F, Fig. 2) and exhibits classic
pillow structures, aphanitic texture, and irregular quartz veins. Only the very top of
Panther Rock contains in-place pillow structures with float comprised solely of
greenstone blocks blanketing the slopes. The basal contact between the pillows and the
underlying Trinity ultramafic complex is obscured; however, based on map relations, the
minimum unit thickness is estimated at 27 meters.

The greenstone of Panther Rock klippe is aphanitic, comprised of radial, fibrous
actinolite, chlorite, plagioclase, fine-grained microcrystalline and larger quartz, euhedral
clinozoisite, square 0.5 mm relict pyroxenes that are being replaced by chlorite, and fine-
grained clays (Fig. 6). The intergranular texture is overprinted by alteration minerals.

Grey Rocks Klippe

Greenstone Pillows (Dc). Greenstone pillows form the majority of Grey Rocks
klippe. A minor metavolcanic/metasedimentary lens (Dcs) is interstratified with pillow
greenstone in the southern section of the klippe (Location H, Fig. 2; and Fig. 7). In
outcrop, classic aphanitic, green to reddish brown pillow structures are apparent (Fig. 8).
The greenstone unit is coherent and lacks a pervasive tectonic fabric, only exhibiting a

faint foliation near the basal contacts with the Trinity ultramafic complex, (Location I



Act.

Cl

Qtz

Qtz

Act.

Figure 6: Photomicrographs of Panther Rock greenstone pillows, Dc. Sample PR-1,
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Location F (Fig. 2), width of image is 3.2 mm, A) in plane polarized light and B) in cross
polarized light. Mineralogy includes radial, fiberous actinolite (Act.), chlorite (Cl), quartz
(Qtz.), euhedral clinozoisite, square 0.5mm relict pyroxene (PX) replaced by chlorite, and

fine-grained clay.
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Figure 7: Stratigraphic columns of Grey Rocks klippe (Location 1, Fig. 2), and Horse
Heaven Meadows klippe (Location 2, Fig. 2).
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along Mears Ridge and in the saddle at Location J, Fig. 2). The basal contact of the
greenstone is a fault and will be further discussed in the Structure section. The minimum
thickness of the Grey Rocks klippe greenstone is 340 meters.

The greenstone pillows of Grey Rock klippe have a fine-grained intergranular
texture and are comprised mainly of chlorite, plagioclase, microcrystalline quartz,
clinozoisite, opaque minerals, relict clinopyroxene altering to actinolite and chlorite, and
fine-grained clays (Fig. 9). Plagioclase display sparrow-tail edges and are altering to
epidote group minerals and clays. The intergranular texture is consistent with pillow
basalts and the sparrow-tail plagioclase laths are indicative of rapid cooling. Based on the
mineral assemblage: albite-actinolite-chlorite-epidote observed in the Panther Rock and
Grey Rocks greenstones, these rocks have been metamorphosed to greenschist facies.

Meta-Volcanic/Sedimentary unit (Dcs). The Grey Rocks klippe
metasedimentary/metavolcanic lens, Dcs, consists of both fine-grained slate and
volcaniclastic tuffaceous beds that are discontinuous, conformable, and syndepositional
with the greenstone unit (Location G, Fig. 2). An exact thickness was not determined
because of the lenticular nature of the unit, but the maximum thickness of the
metasedimentary/metavolcanic lens is less than 60 meters thick. The fissile slate is dark
reddish brown to dark brown and fine-grained. The dark brown tuffaceous medium
pebble breccia is a massive, unsorted, angular, polymictic, clast-supported volcanic
medium pebble breccia with a fine-grained quartz, chlorite, and clay matrix (Fig. 10).
Clast sizes range up to 0.75 cm. Clast compositions include a) microcrystalline quartz, b)

aligned fine-grained plagioclase, epidote, and chlorite, and c¢) single grain clasts of quartz
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Figure 8: Photograph of greenstone from the Grey Rocks klippe, D¢ (Location H, Fig. 2).
Photograph depicts the classic pillow structure typical of greenstone in the study area.
View is to the NW. Hammer for scale.
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Figure 9: Photomicrographs of greenstone from Grey Rocks klippe, Dc. Sample GR-6,
Location H (Fig. 2), width of image is 3.2 mm, A) in plane polarized light and B) in cross
polarized light. Mineralogy includes microcrystalline quartz (Q), relict plagioclase
crystals degrading to saussurite (P), large unidentified minerals degrading to fine-grain
clay, and relict clinopyroxenes (CPX) rimmed with chlorite. Secondary alteration
minerals include clinozoisite (CZ), saussurite, chlorite (Cl), and fine-grained clay.
Plagioclase crystals display swallow-tail textures typical of pillow basalts.
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Figure 10: Photomicrographs of tuffaceous breccia, from the Grey Rocks klippe
metasedimentary unit, Dcs. Sample SV-6, Location G (Fig. 2), width of image is 3.2 mm,
A) in plane polarized light and B) in cross polarized light. Poorly-sorted, angular,
polymictic, clast-supported tuffaceous medium pebble breccia with a fine-grained quartz,
chlorite, and clay matrix. Pebble to sand sized clasts include: clasts of microcrystalline
quartz; diorite clasts comprised of aligned fine-grain plagioclase, epidote, and chlorite
(not photographed); and single grain clasts of quartz, plagioclase, and chlorite (Cl). Large

sections of the matrix appear to have been recrystallized into chlorite, possibly replacing
volcanic glass.
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plagioclase, and chlorite (originally clasts of volcanic glass). Large sections of the matrix
appear to have been recrystallized into chlorite, possibly replacing original volcanic
glass.

Horse Heaven Meadows Klippe: Slate, Tuff, and Volcanic Breccia (Dcs)

Horse Heaven Meadows klippe consists of tilted, highly fractured, fine-grained
dark reddish brown to dark brown slate with minor amounts of interbedded tuffs and
volcanic breccias. The metasedimentary unit is juxtaposed with the Trinity ultramafic
complex by faults at all contacts. An accurate thickness is hard to determine because the
klippe is tilted, has irregular bedding, and is highly fractured. At the western edge
(Location K, Fig. 2), a coherent section approximately 20 meters thick is exposed;
however, the sedimentary unit appears to be at least 60 meters thick based on dip
measurements, exposure width, and topography.

Tuffs and volcanic breccias display maximum clast sizes ranging from sand to
cobbles. An example of a coarse tuff is exposed at Location K (Fig. 2) and in Figure 11.
This glass-rich, matrix-supported unit exhibits poorly sorted, angular to sub-rounded
clasts of volcanic glass, single grains of subhedral and microcrystalline quartz, and
subhedral relict grains now comprised of actinolite. The fine-grained matrix is composed
of chlorite, micas, volcanic glass, and fine-grained clays.

The pyroclastic breccia (Location L, Fig. 2) is a discontinuous, unsorted, angular,
polymictic, matrix-supported metavolcanic unit with clasts ranging up to cobble size and
a chlorite, microcrystalline quartz, epidote, and fine-grained clay matrix (Fig. 12). Clasts

are volcanic, containing a) epidote and quartz, b) microcrystalline quartz, c)



Figure 11: Tilted shale and sandy tuff beds from the NW margin of the Horse Heaven
Meadows klippe, Location K (Fig. 2). View is to the SE with rock hammer for scale.
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Figure 12: Photomicrographs of pyroclastic breccia of the Horse Heaven Meadows
klippe, Dcs. Sample SV-2, Location L (Fig. 2), width of image is 3.2 mm, A) in plane
polarized light and B) in cross polarized light. Unsorted, angular, polymictic, matrix
supported pyroclastic breccia with a chlorite, microcrystalline quartz (MQ), epidote (E),
and fine-grained clay matrix. Clasts consist of 1) epidote and quartz; 2) microcrystalline
quartz; 3) microcrystalline quartz with chlorite, plagioclase laths, and opaque minerals;
and 4) fiberous actinolite, microcrystalline quartz, chlorite, epidote, and saussurite.
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microcrystalline quartz with chlorite, plagioclase laths, and opaque minerals, and d)
fibrous actinolite, microcrystalline quartz, chlorite, epidote, and saussurite (relict
plagioclase). At the outcrop scale, clast boundaries are faint but become more
distinguishable in thin-section. The blending of clast boundaries is likely due to the
aphanitic and epidote overgrowths that have overprinted the unit and original grain

boundaries.

Felsic Dikes

Two felsic dikes cross-cut the foliation in fault breccia at the base of the Horse
Heaven Meadows klippe (Location 2, Fig. 2), and a third intrudes parallel to foliation in
fault rocks in the shear zone at the base of the Grey Rocks klippe (Location 1, Fig. 2).
The dikes are fine-grained, felsic, and only observed in the lower plate and fault zone
rocks. The dikes have not been dated.

The two felsic dikes that intrude fault breccia (Location 2, Fig. 2) are 4 meters
apart, 1.3 meters thick, strike parallel at N32E, dip 76N, and are similar in composition
and texture. The allotriomorphic granular grano-dioritic dike consists mainly of <0.5 mm
quartz, 1 to 1.25 mm mantled, poikilitic plagioclase with epidote group inclusions, and
minor orthoclase feldspar (Fig. 13). Other minerals include chlorite, saussurite, and
reddish brown opaque minerals.

The aphanitic rhyolite dike, classified based on the Jensen cation plot (Jensen,
1976), consists mainly of microcrystalline to <0.4 mm quartz, <0.5mm poikilitic

plagioclase with epidote group inclusions, and minor anorthoclase feldspar (Fig.14).
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Figure 13: Photomicrographs of allotriomorphic granular grano-diorite dike. Sample D-2,
Location 2 (Fig. 2), width of image is 3.2 mm, A) in plane polarized light and B) in cross
polarized light. Dike is comprised mainly of coarse (1.25 to Imm), mantled, poikilitic
plagioclase, orthoclase, and quartz. Plagioclase contains epidote group inclusions and has
altered to saussurite and chlorite.
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Figure 14: Photomicrographs of aphanitic rhyolite dike. Sample D-1, Location 2 (Fig. 2),
width of image 1.37 mm, A) in plane polarized light and B) in cross polarized light. Dike
is comprised of fine-grain (0.5 mm) plagioclase, anorthoclase feldspar, and coarse grain
to microcrystalline quartz, with some secondary alteration to chlorite and saussurite.
Plagioclase crystals display mantled edges and poikilitic texture with epidote group
inclusions.
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Figure 15: Photomicrograph of aphanitic rhyolite dike intruding parallel to the basal fault
of Grey Rocks klippe. Sample SHZD-8, Location 1 (Fig. 2), width of image 3.2 mm, A)
in plane polarized light and B) in cross polarized light. Dike consists mainly of strongly
aligned, poikilitic plagioclase containing fine-grain epidote group inclusions, minor
amounts of orthoclase feldspar, and quartz, in a groundmass of chlorite, fine-grained
white mica, saussurite, and fine-grained clay. Dike displays anastomosing, moderately
rough foliation (~horizontal in this photomicrograph) defined by thin bands of white mica
and quartz that flow around the plagioclase crystals creating augens.
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Some feldspar crystals exhibit mantling, myrmekite texture, and grid like twinning
typical of anorthoclase feldspar in hypabyssal intrusive rocks. Secondary minerals
include chlorite, saussurite, and reddish brown opaque minerals. The rhyolite dike
displays chilled margins.

The third aphanitic rhyolite dike, classified based on the Jensen cation plot
(Jensen, 1976), is about 1 meter thick and intrudes parallel to the fault zone in the Grey
Rocks klippe basal shear zone (Location 1, Fig. 2). Microscopic shear fabric, observed in
thin-section, shows that the sheared rhyolite consists mainly of strongly aligned, poikilitic
plagioclase containing fine-grained epidote group inclusions and quartz, with lesser
amounts of orthoclase feldspar, chlorite, fine-grained white micas, saussurite, and fine-
grained clays. An anastomozing and moderately rough foliation, defined by thin bands of
white mica and quartz, flows around the plagioclase crystals creating augens (Fig. 15).

Quartz veins cross-cut the dike approximately perpendicular to foliation.

Quaternary Deposits

Quaternary deposits in the Grey Rocks, Panther rock, and Horse Heaven
Meadows area include glacial moraines and till, alluvial deposits, and a variety of
landslides including debris slides and slumps. Because the glacial history is beyond the
scope of this project, only the large landslide deposits near bedrock contacts were
mapped (Plate 1 and Fig. 2).

The surficial deposits in the area are apparent in airphotos, where massive

landslides (i.e. Location M), glacial moraines (i.e. Location N), glacial erratics (i.e. near
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Location 3), and poorly sorted glacial till (everywhere) cover the landscape. Grey Rocks
ridge has been carved out, creating cirques, and glacial erratics have collected on the
slopes below.

Large Quaternary landslide and slump deposits (Qu) occur along the eastern edge
of the Horse Heaven Meadows klippe (near Locations 4 and M, Fig. 2) where they
obscure the fault contact (Fig. 16). The landslides and scarps start within the slate and the
toes extend to and locally fill Castle Creek valley. The coherent slump block at Location
M (Fig. 2) is about 20 meters high and consists of slate. This coherent block is
surrounded by a debris flow deposit consisting of an incoherent mixture of

metasedimentary blocks, Trinity mafic and ultramafic blocks, and indiscernible soil.
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Figure 16: Photograph looking north upstream of Castle Creek at northeast margin of
Horse Heaven Meadows klippe (Location 4, Fig. 2). A) Photograph and B) sketch depict
a slump block of upper plate shale that has slid into Castle Creek.



GEOCHEMISTRY

Geochemical studies have proved useful for determining the origin and
metamorphic history of rocks within the Eastern Klamath Belt (e.g. Lapierre et al., 1985;
Brouxel et al., 1987; Brouxel and Lapierre, 1988; Brouxel et al., 1988; Metcalf, et al.,
2000). The geochemical analyses conducted in this project were designed to test
proposed stratigraphic correlations between 1) the greenstones of the Grey Rocks and
Panther Rock klippes and the Copley Greenstone, and 2) felsic dikes in the Grey Rocks
project area and felsic dikes found at the other fault contacts in the Klamath Mountains
Provenance (e.g. Cashman and Elder, 2002). Geochemical analyses also were used to
look for evidence of the incorporation of upper and lower plate components in fault zone

samples.

GREENSTONE ANALYSES

Rocks from a similar source will display similar geochemical signatures
(Rollinson, 1993). To determine whether the greenstones of Panther Rock and Grey
Rocks klippes were derived from the same source as the Copley Greenstone, samples
from the three greenstones were crushed, powdered, and analyzed using x-ray
fluorescence spectrometry (Table 1, Fig. 2).

Pillow basalts typically undergo hydrothermal alteration during formation, as
heated water circulates through the fresh basalt (Humphris and Thompson, 1978a). In the
process of hydrothermal alteration, both major and trace element compositions are

commonly altered. Bulk elements Al,O3, TiO,, and P,Os are typically more stable than
38
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other major elements. However, the relative abundances of some more mobile elements,
such as CaO and MgO, can be used to determine the extent of hydrothermal alteration
(Humphris and Thompson, 1978a).

Humphris and Thompson (1978a) found a pattern of 1:1 CaO replacement by
MgO in hydrothermally altered basalts. Circulating water deposits MgO and removes
CaO. Graphing CaO against MgO content from fresh and altered basalts results in a
negative trend that signifies an increase in hydrothermal alteration. Samples displaying
extensive hydrothermal alteration no longer reflect original composition. To determine
whether Panther Rock klippe, Grey Rocks klippe, and Copley Greenstone have been too
altered for comparison, their CaO and MgO content have been plotted with both fresh
and altered samples from Humphris and Thompson (1978a) (Fig. 17).

The replacement trend of MgO for CaO is defined by basalt samples from
Humphris and Thompson (1978a) and outlined by the dashed line (Fig. 17). Greenstone
samples from Grey Rocks klippe, Panther Rock klippe, and the Copley Greenstone
exhibit generally varying extents of hydrothermal alteration, plotting both within and
outside the defined trend. Sample GR-6 is the only greenstone sample that plots near
fresh basalts, indicating the least amount of hydrothermal alteration. This particular
greenstone sample is from a site located the farthest from the basal fault zone (Location
H, Fig 2). The other greenstone samples are located closer to fault zones (Fig. 2) and
have experienced increased hydrothermal alteration.

Samples plotting with values outside the dashed line in Figure 17 have been left

out of further comparisons of bulk and trace compositional values. Other studies that
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Figure 17: Plot of CaO vs. MgO in Greenstones from Grey Rocks and Panther Rock
klippes, and the Copley Greenstone. Values are compared to those from fresh and altered
basalts (Humphris and Thompson, 1978a). Dashed outline represents hydrothermally

altered basalts.
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Figure 18: Plot of Al,O3 vs. SiO, for greenstone samples from Grey Rocks, Panther
Rock, and Copley Greenstone.
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have used data from Humphris and Thompson (1978a) have interpreted data that lie

outside the trend as either being from another magma source or as experiencing increased
alteration (Barrow and Metcalf, 2006). The samples from this study are unlikely to be
from different sources, as samples from similar locations lie both within and outside the
field of fresh and hydrothermally altered basalts (Fig. 17) (i.e., GR-4 and GR-5). The
samples that plot outside the dashed area are interpreted to have experienced increased
levels of alteration and are not reliable for comparison.

Bulk Rock Composition Comparison

Humphris and Thompson (1978a) found that bulk SiO, can be depleted or
enhanced as Si0; is leached from the altered rock and then precipitated in veins within
pillow rims. SiO; comprises the major portion of the bulk composition, so variation in
Si0; affects the rest of the bulk composition values. Harker diagrams have been used to
eliminate scatter due to variations in SiO,. The diagrams typically exhibit negative trends
between bulk elements and percent SiO,.

Plotting values from this project on Harker diagrams displayed only weak trends
and inconclusive results, with the best correlation between Al,O3 and Si0O, (Fig. 18).
Because of the lack of clearly defined trends, correlation of the trace elements between
the greenstones was used for further classification and identification.

Trace Element Composition Comparison

Some trace elements are more mobile than others and can be enhanced or
removed during alteration. Minor and trace elements that are more stable under

greenschist facies alteration include Cr, Zr, and REEs (Humphris and Thompson, 1978b).
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To compare the trace elements of all three greenstones, spider diagrams have been plotted
using MORB normalization values of Pearce (1983) (Fig. 19a), and chondrite
normalization values of Thompson (1982) (Fig. 19b).

From the trace element patterns exhibited in these two diagrams, the greenstones
of the Panther Rock and Grey Rocks klippes are geochemically related to the Copley
Greenstone of the Redding terrane. This interpretation supports other interpretations of a
cogenetic link between —Frinity basalts” (Brouxel 1988) and the Copley Greenstone
(Wallin and Metcalf, 1998). Wallin and Metcalf (1998) interpret the Siluro-Devonian
intrusive suite within the Trinity terrane as cogenetic with the Copley Greenstone. They
compared data of —Frinity terrane” gabbros, dikes, pillow basalts and Copley Greenstone
samples compiled from Lapierre et al. (1985), Brouxel et al. (1988), Brouxel and
Lapierre (1988), Brouxel et al. (1989), Brouxel et al. (1991), Cannat and Lecuyer (1991),
Petersen et al. (1991), and Gruau et al. (1995). Wallin and Metcalf (1998) interpret the
geochemical similarity, spatial relations, and age relations between these units as
indicative of a cogenetic system. Data from this project further supports this cogenetic

interpretation.

Felsic Dikes Analyses

Numerous dikes are observed intruding mafic and ultramafic rocks of the Trinity
terrane. Although none of the dikes are observed intruding the upper plate klippes, three
felsic dikes are observed intruding fault rocks. Two felsic dikes intrude fault zone rocks

at the base of the Horse Heaven Meadows klippe (D-1, D-2) and a third tectonized felsic
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A. Comparison of greenstones from Grey Rocks and Panther Rock klippes and Copley
Greenstone samples, normalized to MORB.

Grey Rocks klippe
Panther Rock klippe

Copley Greenstone

B) Comparison of greenstones from Grey Rocks and Panther Rock klippes and
Copley Greenstone samples, normalized to chondrite values.

Grey Rocks klippe
Panther Rock klippe

Copley Greenstone

Figure 19: REE patterns of greenstones from Grey Rocks and Panther Rock klippes and
Copley Greenstone samples using A) MORB (Pearce, 1983) and B) chondrite
(Thompson, 1982) values.
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dike (SHZD-8) intrudes parallel to the fault zone at the base of the Grey Rocks klippe

(Locations 2 and 1, Fig. 2). The mineralogy and bulk composition of the felsic dikes
support an affinity between the two dikes sets from this project (Table 2); however, the
structural relations of the two dike sets indicates a timing difference of emplacement that
also constrains timing for part of the basal faulting event. Sample D-1 and sample SHZD-
8 are both rhyolite dikes categorized by the Jensen cation plot (Jensen, 1976). Similarly,
the bulk compositional values reflect comparable elemental percentages (Table 2). The
structural relations of the dikes dates the fault parallel dike at Location 1 as syntectonic
with the basal fauting indicated by the shear microstructures (Fig. 15) and the other two
dikes at Location 2 as post-basal faulting by cross-cutting the fault breccia (Fig. 2). The
difference in emplacement timing between the dike sets could constrain the timing of
faulting if dated.

Fault parallel, felsic dikes (muscovite-bearing dacite, muscovite-bearing rhyolite,
and plagioclase porphyry) were mapped intruding detachment faults between the Copley
Greenstone and Trinity terrane mafic and ultramafic rocks at Deer Creek (Mt. Shasta
area) and along the Carrville fault (Trinity Lake area) (Table 2 and Fig. 20) (Goldstein,
1997; Cashman and Elder, 2002). Geochemical analyses were conducted to test
correlation between felsic dikes at Locations 1 and 2 (Fig. 2) and those observed at Mt.
Shasta area and Trinity Lake by Cashman and Elder (2002). Felsic dikes from Cashman
and Elder (2002) and the two rhyolite dikes (D-1, SHZD-8) were plotted on a TAS
diagram (Fig. 20); however, the plot yielded inconclusive results as to whether the dikes

are from a similar source.
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Table 2. Chemical Analyses of Felsic dikes that intrude faults that form the upper contact
of the Trinity terrane. Values are weight percent. Samples have been normalized to 100
percent.

SAMPLE # LOCATION Si02  Ti02 AI203 FeO MnO MgO CaO Na20 K20  P205
SHZD-8 Grey Rocks

klippe, LOC 1 8041  0.201 11.04 224 0.04 0.84 034 458 027 0.040
D-1 Horse Heaven

Meadows klippe,

LOC2 7691  0.087 1239  1.53 0.01 1.39 037 7.14  0.14 0.033
96-HG-8AM*  MT. SHASTA 69.09 0.235 16.26  3.45 0.06 128 1.22 485 352 0.032
96-HG-8B* MT. SHASTA 71.06  0.224 15.13 292 0.05 1.57 045 552  3.05 0.021
94-28* TRINITY LAKE 66.38  0.563 15.84  4.15 0.09 3.53 1.13 3.82 433 0.174
94-29A* TRINITY LAKE 72.09 0.137 16.00 191 0.05 0.55 0.67 5.19 334  0.063
93-31M* TRINITY LAKE 66.04  0.500 16.06  4.39 0.10 3.86 0.63 476 346 0.198
94-95% TRINITY LAKE 71.09 0.148 17.07 195 0.06 049 042 5.58  3.15 0.042
94-20M* TRINITY LAKE 68.30  0.399 17.18  3.37 0.05 1.61 1.03 457 334 0.147
94-35M* TRINITY LAKE 69.10  0.449 15.52  3.48 0.07 1.76  1.12 3.64 459 0.265
94-29B* TRINITY LAKE 70.53  0.150 14.83  3.40 0.07 0.72  0.70 625 326 0.090
94-35BM* TRINITY LAKE 67.68 0.485 16.05 4.38 0.11 3.01 0.13 5.17  2.81 0.169

*From Cashman and Elder, 2002.

Table 3. Chemical Analyses of Shear Zone rocks from Grey Rocks and Horse Heaven
Meadows klippes shear zones with Upper Plate rocks from Grey Rocks klippe and Lower
Plate rocks from the Trinity terrane.

Location/Descr. Sample # Si0, TiO, AlLO3 Fe, 03 MnO MgO CaO Na,O K,0 P,0Os

Gray Rocks klippe
Loc. H - greenstone ~ GR-6 55.17 0.68 14.07 7.74 0.13 8.45 10.56 3.07 0.03 0.09

Grey Rocks klippe
Loc. 1 - sheared
greenstone SHZ-6 66.28 0.73 13.02 7.08 0.09 7.52 3.57 1.59 0.04 0.07

Grey Rocks klippe
Loc. 1 - mylonite SHZ-7 53.11 0.07 6.24 9.76 0.12  20.92 9.44 0.29 0.03 .016

Trinity ultramafic
sheet Loc. A -
serpentinite UM-2 46.57 0.03 1.04 9.52 0.07 4247 0.19 0.03 0.07  0.018

Horse Heaven
Meadows klippe
Loc. 4 - mylonite SHZ 1 55.83 0.12 2.57 5.01 0.12 24.28 11.29 0.68 0.08 0.026

Horse Heaven
Meadows klippe
Loc. 2 - mylonite SHZ-3 54.75 0.05 4.68 10.01 0.19 23.85 6.05 0.36 0.04 0.024
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Figure 20: Total alkalis vs. silica plot (TAS) from LeBas et al. (1986). Circles - dikes
from Location 1 and 2 (this project). Black squares — Deer Creek; Half-white squares —
Cecilville; White squares — Trinity Lake (Cashman and Elder, 2002).
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Fault Rocks Analyses

Grey Rocks Klippe Basal Shear Zone

The shear zone exposed at the southeast contact of the Grey Rocks klippe
(Location 1, Fig. 2) is a nine-meter thick zone of coherent and sheared layers that
incorporate both upper and lower plate units. Rock types observed in the shear zone are
mylonite (SHZ-7), greenstone (SHZ-6), and rhyolite (SHZD-8). Bulk compositions of
shear zone samples were measured to determine the origin of fine-grained material in the
shear zone and to assess the relative importance of components from the upper and lower
plates of the fault.

Comparing bulk compositions of upper plate and lower plate samples with those
of shear zone samples indicates a mixing of upper and lower plate rock components in
the shear zone. The greenstone sample GR-6 from the upper plate and Trinity ultramafic
sheet sample UM-2 from the lower plate are used as limits, representing upper and lower
plate values of rock units proximal to the exposed shear zone near Grey Rocks basin,
(Table 3 and Location 1, Fig. 2). The shear zone mylonite, sample SHZ-7, has bulk
composition values that fall between the upper and lower plate values (Table 3 and Fig.
21A). A comparison of shear zone sample SHZ-7 with lower plate sample UM-2,
indicates increased amounts of Al,03; and depleted amounts of MgO in the shear zone.
This shift in bulk composition is interpreted as evidence for incorporation of Al,0;-rich

upper plate material in the shear zone during faulting.
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More coherent sections of the shear zone are comprised of greenstone,
represented by sample SHZ-6, and resemble upper plate greenstone (GR-6) samples
rather than lower plate (UM-2) and mylonite (SHZ-7) samples of the shear zone. Sample
SHZ-6 exhibits lower MgO, higher SiO,, and higher Al,O; values than the lower plate
sample UM-2 and the mylonite SHZ-7 (Table 3).

In comparison with the upper plate greenstone (GR-6), coherent greenstone
sections in the shear zone (SHZ-6) have higher Si0, and lower CaO content. The
coherent greenstone sections (SHZ-6) exhibit extensive quartz veining that accounts for
the elevated SiO, content. The quartz veining is also interpreted as accommodating some
of the extension within the shear zone. Other greenstone samples close to the fault zone
have exhibited low CaO content due to increased hydrothermal alteration. The lower CaO
content in sample SHZ-6 is interpreted as resulting from increased hydrothermal
alteration along the fault zone. An affinity of the coherent sections with upper plate
greenstone is expected as the lower plate is comprised of units that more readily deform
and would more likely exhibit extreme shearing.

Horse Heaven Meadows Klippe Shear Zone:

Shear zone exposures of the mylonitic basal contact of the Horse Heaven
Meadows klippe are located at Locations 2 and 4 (Fig. 2). The shear zone exposed at the
southeast contact of the Horse Heaven Meadows klippe (Location 2, Fig. 2) is the clearest
exposure, displaying a direct contact between slate of the upper plate and mylonite of the
fault zone. Here, the shear zone is at least 3 meters thick and is comprised of mylonite

(SHZ-3), fault breccia (SHZ-9), and felsic dikes (D-1 and D-2). Bulk compositions of
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mylonite samples from basal shear zones of Horse Heaven Meadows (SHZ-3, SHZ-4)
and Grey Rocks (SHZ-7) klippes are compared to determine whether the mylonite
samples are uniform.

Based on the geochemical affinity of the bulk compositions of the three mylonite
samples, the mylonitic layer observed at the base of Horse Heaven Meadows klippe
consists of the same mylonite as occurs at the base of the Grey Rocks klippes (Fig. 21B
and Table 3). All samples are enriched in Al,O3 and SiO, and are depleted in MgO

compared to ultramafic samples observed in the lower plate (UM-3, UM-2).
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A. Bulk composition comparison of mylonite Grey Rocks basal shear zone
with upper and lower plate units.

Upper Plate (Dcs)
Mylonite
Lower Plate (Oum)

B) Comparison of mylonite samples from Horse Heaven Meadows and
Grey Rocks klippe basal fault zones.

Location 2
Location 4

Location 1

Figure 21. Comparison of A) Grey Rocks shear zone mylonite with samples from the upper (Dc:
GR-6) and lower (Oum: UM-2) plate limits. Colored area defines values between upper and
lower plate values. Shear zone incorporates both upper and lower plate components resulting in a
bulk analysis that lies within the two compositional limits. B) Comparison of mylonite samples
from Location 1 (Fig. 2) at the base of Grey Rocks klippe and Locations 2 and 4 (Fig. 2) from the
base of Horse Heaven Meadows klippe. Mylonite samples are similar in composition indicating a
uniformity of mixing within the shear zone.



STRUCTURE

The basal contact between the Grey Rocks, Panther Rock, and Horse Heaven
Meadows klippes with the underlying Trinity ultramafic complex is a 9 to ~85 meter
thick fault zone, comprised of coarse-grained breccia, foliated breccia, and mylonite. The
fault displaces younger Copley Greenstone and metasedimentary units of the Redding
terrane over older Trinity ultramafic complex of the Trinity terrane. Foliation in the upper
plate is solely observed adjacent to the basal contact (i.e. Location J, I, 1, 2). Locations 1
through 5 are the best exposures of the basal fault zone between the three klippes and the
lower plate. Location 1 is located at the base of the Grey Rocks klippe, Locations 2, 3,
and 4 are located at the base of the Horse Heaven Meadows klippe, and Location 5 is

located near the base of the Panther Rock klippe.

Grey Rocks Klippe Basal Shear Zone

A 9 meter thick shear zone is exposed at the base of Grey Rocks klippe on the
southeast side of Grey Rocks ridge in Grey Rocks basin (Location 1, Fig. 2) Here, the
fault plane strikes N10W and dips 34SW, and consists of both coherent and foliated
zones (Fig. 22). At Location I (Fig. 2), foliation in the greenstone and ultramafic rocks
strikes N30W and dips 72NE. Rocks in the fault zone include mylonite, fractured
sections of greenstone with quartz intrusions, and a felsic dike.

Coherent greenstone units (SHZ-6) in the fault zone range from 25 cm to 1 meter
in thickness and are separated by 5 cm to 15 cm thick layers of micaceous mylonitic

shear rocks (SHZ-7). Coherent greenstone units are greenish dark-grey, fine-grained,

57
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A B

Figure 22: Photographs of Grey Rocks klippe basal shear zone at the fault contact
between the greenstone of the Grey Rocks klippe (Dc) and the Trinity ultramafic
complex (Ouc). SE margin of Grey Rocks klippe, Location 1 (Fig. 2). Fault zone consists
of both sheared and coherent sections of rock within the nine meter thick shear zone. A)
Thicker, 28 cm to 1 meter thick, coherent sections of greenstone are separated by thinner
layers, 5 to 18 cm, of sheared micaceous mylonite. B) 70 cm thick section of sheared
mylonite with Sharpie pen for scale.
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fractured, and intruded by multiple sets of offset quartz and calcite veins. The greenstone
is comprised of very fine-grained chlorite, quartz, clinozoisite, amphibole, plagioclase
degraded to saussurite, and clays. Faint mineral alignment, defined by elongate grains of
chlorite and amphiboles, is visible in thin-section (Fig. 23). Foliation in the greenstone
unit is solely observed adjacent to the basal fault zone (Location 1, I, and J, Fig. 2).

Incoherent sections are mylonitic, exhibit shear microstructures, and commonly
range in thickness from 5 to 15 cm with one section being 1 meter thick (Fig. 24A-D).
The 1 meter thick incoherent zone exhibits a strong foliation striking N10W and dipping
43SW. Mylonite is comprised mainly of talc, white micas, serpentine, chlorite, actinolite,
and clays. In thin-section, mylonitic foliation is defined by mineral banding, mineral
alignment defining a faint s-c fabric, and porphyroclasts of relic hornblendes forming
sigma clasts. (A sense of shear was not determined because samples orientation was
unclear.)

The sheared rhyolite dike (SHZD-8) has anastomosing and moderately rough
foliation. Thin bands of white mica, chlorite, epidote, and quartz flow around the
plagioclase crystals creating augins and defining the foliation. Shearing of the dike
indicates that dike emplacement may have been syntectonic. Veins cross-cut the foliation

perpendicularly and may indicate deformation within an extensional faulting regime.

HORSE HEAVEN MEADOWS KLIPPE BASAL FAULT ZONE

A 3 to ~85-meter thick shear zone is exposed at the base of Horse Heaven

Meadows klippe at Locations 2, 3, and 4 (Fig. 2). The klippe forms a convex bowl, with
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Figure 23: Photomicrograph of coherent greenstone from the Grey Rocks klippe basal
shear zone. Sample SHZ-6, Location 1 (Fig. 2), width of image 1.37 mm, A) in plane
polarized light and B) in cross polarized light. Sample consists of very fine-grained
chlorite, quartz, clinozoisite, amphiboles, and clay. Faint mineral alignment (from upper
left corner to lower right corner of image) is defined by aligned chlorite and amphibole
crystals.



61

"SJSB[O BWISIS pu® SUOIJBI[0) J-S AB[dSIp Jet)) SAYIIAYS Ik (] pue v
"$3se[o ewSIs SuruLIo} sopus[quioy Jo syse[oolAydiod pue ‘oLiqey o-s
‘Surpueq [eIOUIW SOPN[OUL AINIXD [, *SOOBJINS UOIIBI[0J-S SWOS SUOo[e

Jo[B) puE 9JI[OUIIdk 0} PAISI[EB PUI[qUIOH “N[OUIIIR ‘OPUI[qUIOY
‘QuIo[yo ‘QunuadIaos ‘BOIW ANUYM ‘O[B) JO SISISU0D YO0y “(J PUB V JO
SaU039ys (J pue D ‘W31 pazurejod ssoxd ur (g pue g ‘W31 pazirejod
oueld ur (q pue v ‘wwg' ¢ 9wl Jo yIpim ‘L-ZHS o[dures

"(Z 'S1) 1 uonedo7 ‘(98ed 1xau UO PAINUNUOD) JUOZ JBIYS [eseq
addipy syo0y 4210 woy duojAw Jo ydeioromuoloyd g I3

1SE[D mEm_k
\P\l

uonerjoj-o

qQH oL D
sunuadiag <

I SN

0V
deL

PV

aunuadiog

9qH







63
the basal fault dipping shallowly to the N-NE. The basal fault zone rocks consist of

sheared slate, mylonite, coarse-grained breccia, foliated breccia, and felsic dikes.
Foliation in upper plate rocks and increased quartz veins in en echelon patterns are
observed solely adjacent to the basal fault.

Location 2) Mile Marker 8.75

Mile Marker 8.75 is a key locality because it is the only place exhibiting direct
contact between the Horse Heaven Meadows klippe and the Trinity ultramafic complex
(Fig. 25A-B). This location has been described and was previously interpreted as a
conformable depositional contact (Boudier et al., 1989; Charvet et al., 1990) (Fig. 25C).
Based on identification of shear microstructures in both upper and lower plate rocks, the
contact is reinterpreted as a fault contact.

The sequence includes upper plate slate of the Horse Heaven Meadows klippe,
fault mylonite, fault breccia, two dikes, and lower plate serpentinized peridotite (Fig. 7B
and Fig. 25). The slate directly overlies the fault zone mylonite. The basal fault between
the upper plate slate and the ultramafic rocks is defined by mylonitic foliation that strikes
N41E and dips 35NW. Fault breccia is juxtaposed with the slate/mylonite block on either
side by two younger oblique normal faults. Two felsic dikes approximately 1 to 1.3
meters thick intrude the fault breccia on the western side of the outcrop, striking parallel
to the younger faults.

Near the basal fault, the blocky, dark reddish grey, fine-grained slate has two
pervasive cleavage planes striking N8OE and dipping 25N and striking N26W and

dipping 21SW. Bedding was not determined.
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Figure 25: Interpretations of the basal fault contact between upper plate metasedimentary
rocks and lower plate ultramafic rocks of the Trinity terrane at the SE margin of the

Horse Heaven Meadows (Location 2, Fig. 2).

A) Photo mosaic of Location 2, continued on next page. View is to the NW. Outcrop is
approximately 17 meters wide. Eastern edge continues on next page. Inset is a photo of
foliated mylonite at the direct contact between the slate (Dcs) and Trinity ultramafic

complex (Ouc). Hammer for scale.

B). Interpretive sketch of 25A photo mosaic showing sample locations.
C) Previously published interpretation of Location 2 as a sedimentary sequence
conformably overlying altered peridotite (Charvet and others, 1990).
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Microstructures within the upper plate slate, visible in thin-section, include sigma
clasts, s-(flattening) foliation, c-(shear) foliation, and thin quartz veins oriented either
parallel to foliation, or, more commonly, cutting obliquely across foliation (Fig. 26). Both
the rough s and c-foliations are defined by shape-preferred orientation of fine-grained
crystals of actinolite, chlorite, and epidote. The sigma clasts are replaced by fine-grained
chlorite-actinolite-epidote group minerals, and have actinolite and chlorite —tails”.

Several episodes of quartz veining have occurred, evident from the web of veins
that cut through each other. Quartz veins account for 15 percent of the slate thin section.
The offset displayed in several veins represents a change from a ductile deformation
regime to a brittle deformation regime.

Directly beneath the upper plate slate is a thin (15 to 25 cm) mylonite zone. The
light-green sheared mylonite displays a strong foliation, striking N41E and dipping
35NW. The foliation parallels the contact of mylonite with the slate. Both the mylonite
zone (Fault 3) and the upper plate slate are cut by the younger fault (Fault 2, Fig. 25B).

In thin-section, the mylonitic texture is defined by very strong compositional
layering into bands, very strong shape-preferred orientation of minerals, and sigma clasts
(altered to tremolite and opaque minerals) (Fig. 27). The mylonite consists of fine-
grained white mica, serpentine, chlorite, tremolite, and opaque minerals.

The fault breccia, comprising the thicker part of the shear zone, is visible on
opposite sides of the younger, oblique-normal faults (Fig. 25A,B). The dark blackish
green fault breccia with mafic and felsic clasts is at least 4 meters thick. The fault breccia

is comprised of clasts ranging up to boulder size in a serpentine, quartz, chlorite, and



67

"S9IN)BdJ WOIJ PALIdJUI UOIIOW JO ISUIS PU. saImdnsotoru surnordap O jo yo1oys (g
"S[eIoUTW UTeI3-ouly Jo juowudIfe pue ISe[o oy} JO S[Ie} AY) ul
moiI3 [e1sk1o sAerdsi(q -1se[o ewdis & Jo mata dn-0sopo & Sunordop ‘i /¢ MI1A JO poy yum 31 pazirejod sued ur ydeioromuoloyd (O

uorjeIoj-s

uoryer[0y-o

da

o

‘Tejuozrioy st (Surreays) driqej o pue I
o) 03 A[morreys sdip ‘uoryerjoy Suruanepy
‘OLIQBJ-S "UONJOW JO OSUIS PALIdJUI pue
soxmonysotoru Junordop v Jo yoles (g
"SUTOA Z)Ienb pawIojop pue sise[o

BUISTS QUIT[BISAIO0IONU APNOTO [BIOADS
Sunordop ‘W '¢ MITA JO P[OY (M 31|
pazurejod aueld ur ydeiSoronuojoyg (v

"7 uoned0] ‘oddipy oy Jo widrew S oy
woJj St Z-ZHS ojdwes -oddipy smopeajn
UQABIH 9SIOH JO dSeq Y} J& QUOZ Jedys
Q) WOJJ 9)B[S PAIBIYS UI JLIGR) O-S JO
sayojays pue ydeigoiomuoioyd ‘9 In3i

v




68

Figure 27: Photomicrographs of mylonite from the fault contact at the SE margin of the
Horse Heaven Meadows klippe. Sample SHZ-3, Location 2 (Fig. 2), width of image is
3.2mm, A) in plane polarized light and B) in cross polarized light. Mylonitic unit consists
mainly of fine-grained white mica, serpentine, chlorite, tremolite (T), and opaque
minerals. Texture includes mineral alignment, sigma clasts, and undulatory extinction in
crystals.
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Figure 28: Photograph of an angular 20 cm plagiogranite boulder within the fault breccia
zone at the base of the Horse Heaven Meadow klippe (Location 2, Fig.2). Sample SHZ-9.
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Figure 29: Photomicrographs of a clast within the fault breccia from the basal fault
contact between the Horse Heaven Meadows klippe and the Trinity ultramafic complex,
Ouc. Sample SHZ-10, Location 2 (Fig. 2), width of image is 3.2 mm, A) in plane
polarized light and B) in cross polarized light. Mineralogy includes actinolite, serpentine
and fine-grained clays. Anastomosing cleavage planes are defined by the serpentine and
clays that flow around the actinolite crystals.
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Figure 30: Photomicrographs of fault breccia from the fault zone at the base of the Horse
Heaven Meadows klippe. Sample SHZ-9, Location 2 (Fig. 2), width of images are 3.2
mm. Photomicrographs A) in plane polarized light and B) cross polarized light display
serpentine matrix with fractured pyrite. Photomicrographs C) in plane polarized light and
D) in cross polarized light, display typical angular plagiogranite clasts within the
serpentine matrix (Plag-plagioclase, Cl-chlorite, Q-quartz). Photomicrographs E) in plane
polarized light and F) in cross polarized light display the serpentine matrix flowing
around the plagiogranite clasts.
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smectite matrix (Fig. 28). Blocks in the breccia are plagiogranite, amphibolite, and
serpentine, (Fig. 29 and Fig. 30). In thin section, the serpentine breccia matrix consists of
serpentine around small angular plutonic clasts, creating planar crystal alignment
between clasts (Fig. 30). Several clasts exhibit pulled apart clasts with quartz fibers in
spaces between fragments (Fig. 30A,B) indicating an extensional deformation regime.

Although the source of the plagiogranite clasts within the fault breccia cannot be
uniquely identified, the rock types in the breccia unit occur in the Trinity terrane. Several
different generations of plagiogranite are described within the Trinity ultramafic complex
(Quick, 1981; Lindsley-Griffin, 1991).

Location 3) Tamarack Creek Junction

Location 3 (Fig. 2), near Tamarack Creek junction with forest road 25, was
previously mapped as Devonian Copley Greenstone (Dc) (Irwin, 1994). Many of the
greenstone —eutcrops’” near this area are not actually bedrock but boulder-sized glacial
erratics, ranging up to 3-meters in diameter. Based on the composition of rocks along the
contact, the contact is reinterpreted here as part of the fault zone breccia that comprises
the basal fault of the Horse Heaven Meadows klippe.

In outcrop the foliated fault breccia contains clasts ranging up to 15 cm in
diameter and deformed quartz veins within a foliated, fine-grained matrix. The fault zone
matrix consists mainly of white mica, talc, and serpentine with some tremolite and
chlorite. Clast compositions resemble those at Location 2 (Fig. 2) and consist primarily of
plagiogranite, amphibolite, and diorite. Quartz veins are folded and boudinage. A strong

foliation is prominant, striking N74W and dipping 68SW (Fig. 31).
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Figure 31: Photograph of fault breccia, sample SHZ-5, in outcrop at Location 3 (Fig. 2),
at the base of the Horse Heaven Meadows klippe.
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In thin-section, the texture includes faint mineral alignment (defined by the
serpentine, white mica, and talc), ghost augins, and cracks in the tremolite. The foliation
is defined by faint mineral banding and alignment of talc and white mica.

Location 4) Loop Road Contact

The fault contact at Location 4 (Fig. 2) has mylonite and shear zone structures
similar to the fault exposures at Locations 2 and 3 (Fig. 2). In outcrop, the mylonite is
pale green and fine-grained. The mylonite consists of white mica, talc, fibrous tremolite,
opaque minerals surrounded by fine-grained serpentine, and chlorite. In thin-section, a
strong foliation is defined by mineral alignment of elongate minerals and by
compositional banding of tremolite-rich layers, white mica, and talc. The opaque
minerals appear to be replacing pre-existing minerals; they occur in augins with diffuse

boundaries.

Panther Rock Klippe

The base of the Panther Rock klippe greenstone is completely obscured by glacial
till; however, down-slope of the greenstone approximately 85 meters, a fault breccia zone
is exposed. This section of fault breccia represents the basal fault of Panther Rock klippe.
The thin remnant of greenstone that comprises the klippe is more extensively altered than
the greenstone of the Grey Rocks klippe. The high degree of alteration may be a result of

closer proximity to the basal fault.
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Location 5: Lower Panther Rock klippe Fault Breccia

A small outcrop of fault breccia can be observed between Panther Rock klippe
and Tamarack Creek (Location 5, Fig. 2). The outcrop of fault breccia separates the
Panther Rock klippe greenstone from the underlying ultramafic sheet. Similar to the other
fault breccias, the fault breccia at Location 5 contains angular plagiogranite, diorite, and

amphibolite blocks ranging up to 20 cm in diameter within a serpentine matrix.

High Angle Faults

Younger, high angle normal faults bound the east and west margins of the Grey
Rocks and Horse Heaven Meadows klippes, down-dropping the klippes and preserving
them. The bounding normal faults tend to strike N-NW along the east and west sides of
the Grey Rocks klippe and N, NE, or E along the margins of the Horse Heaven Meadows
klippe.

Location P) Grey Rocks Klippe

The younger faults bounding the Grey Rocks klippe are best observed at Location
P (Fig. 2) on the eastern side of the klippe. Here, the pegmatitic hornblende gabbro of the
Trinity terrane comprises a ridge directly adjacent to the klippe. Although the saddle
between the Grey Rocks greenstone and the gabbro ridge is covered, foliated serpentine
between upper plate greenstone and the gabbro ridge strikes N9E and dips 61NW. This
foliation orientation is similar to the strike and dip of the high-angle bounding fault, as

inferred from the map pattern of the faults.
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Location 2) Mile Marker 8.75

The best example of high angle normal faults bounding the Horse Heaven
Meadows klippe is exposed at Location 2 (Fig. 2) in a road-cut exposure at the southeast
margin of the Horse Heaven Meadows klippe (Fig. 25). In the road-cut, two high-angle
faults juxtapose fault breccia on either side of a down-dropped segment of the basal shear
zone and overlying slate of the Horse Heaven Meadows klippe. The fault surface of the
eastern-most fault (Fault 2, Fig. 25A,B) is exposed, striking N42E and dipping 60NW.
The fault surface of the western-most fault (Fault 1, Fig. 25A,B) is inferred to be parallel-
subparallel to a dike, which strikes N32E and dips 76NW. The amount of displacement
on either fault is speculative because of the lack of continuous stratigraphy across either
fault; however, based on the location of the rest of the Horse Heaven Meadows klippe
and the basal fault, the sliver has been down-dropped at least 15 meters.

The younger faulting may be responsible for tilting the basal shear zone contact
and for the highly fractured nature of the metasedimentary rocks in the Horse Heaven
Meadows klippe. Other normal faults may be present within the klippe but are hard to
distinguish because the metasedimentary rocks have little compositional variation and are
also fractured. The irregular basal contact of the Horse Heaven Meadows klippe suggests
the presence of many small internal faults within the klippe. Several active landslides and
slumps on the eastern border of the klippe occur along the steeply dipping normal faults

that bound the klippe (Plate 1).



DISCUSSION

Relationship of Grey Rocks and Panther Rock Klippe Greenstones to the Trinity and
Redding Terranes.

Petrologic and geochemical analysis of the greenstones from Grey Rocks and
Panther Rock klippes links them with the Copley Greenstone of the Redding terrane (Fig.
19). Based on trace element comparisons of the three units normalized to either MORB
or chondrites, samples from the three units are indistinguishable; therefore, the
greenstones of Grey Rocks and Panther Rock klippes are interpreted as Devonian Copley
Greenstone.

This interpretation conflicts with the previously published interpretations of
Brouxel et al. (1988). Although greenstone and slate of the -Grey Rocks outlier” were
originally assigned to the Redding terrane (Copley Greenstone) by Irwin (1966) and
Wagner and Saucedo (1987), Brouxel and Lapierre (1988) reinterpreted the greenstones
of Grey Rocks and Panther Rock klippes as —Frinity pillow basalts.” The Trinity terrane
pillow basalt unit of Brouxel and Lapierre (1988) also included greenstone at Sanford
Pass (near the Carrville Fault area) and at Deer Creek near Mt. Shasta. This interpretation
of the greenstones as —Frinity pillow basalts” deposited within the Trinity terrane was
based on their geochemical affinity with and proximity to gabbroic plutons and dikes in
the Trinity terrane, and the considerable distance between these greenstone units and the

Copley Greenstone (Brouxel and Lapierre, 1988; Fig. 25C).
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Subsequent mapping of the Sanford Pass/Carrville Fault area by Cashman and
Elder (2002) identified greenstone as Copley Greenstone and the basal contact of the
greenstone as a fault. Similarly, remapping of the Deer Creek outlier by Goldstein (1997)
also identified the Deer Creek outlier as part of the Copley greenstone and the basal

contact as a fault.

Relationship of Metasedimentary Rocks in Horse Heaven Meadows and Grey Rocks
Klippes to the Redding Terrane.

Metasedimentary rocks in the Horse Heaven Meadows and Grey Rocks klippe
have been previously interpreted as a section of Mississippian Bragdon Formation
(Charvet et al., 1990). In contrast, based on stratigraphic description comparisons with
the Bragdon Formation and the Copley Greenstone, metasedimentary rocks in the Horse
Heaven Meadows and Grey Rocks klippes are interpreted here as lenses within the
greenstone and are assigned to the Copley Greenstone as Dcs.

The Bragdon Formation is comprised mainly of argillite; however, the formation
is characterized by thick lenticular conglomerate beds dominated by rounded clasts of
chert, limestone, shale, and sandstone, and, most notably, by lenses of chert pebble
conglomerate, (Diller, 1905; Kinkel et al., 1956; Albers and Robertson, 1961). Although
clasts in the Bragdon Formation are typically non-volcanic (Diller, 1905), some layers
exhibit rounded volcanic clasts that are mixed with rounded sedimentary clasts (Miller
and Cui, 1989). In contrast to Bragdon Formation conglomerates, the volcanic breccias
and coarse tuffs within the Horse Heaven Meadows and Grey Rocks klippes are

comprised solely of angular metavolcanic and single-grain clasts.
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The Copley Greenstone has been separated into lithologically distinctive lower
and upper sections (Lapierre et al., 1985). The upper section consists primarily of pillow
lavas but also contains minor pyroclastic and tuffaceous sedimentary beds (Kinkel et al.,
1956; Lapierre et al., 1985). Near Redding, Lapierre et al. (1985) describe —tuffaceous
slaty sediments” interbedded with the Copley Greenstone. The southern section of Grey
Rocks klippe exhibits a similar relationship of interbedded greenstone and tuftaceous
metasedimentary beds.

The lack of conglomerate beds and rounded clasts, lack of limestone, chert, shale,
and sandstone clasts in the breccia units and the dominance of volcanic clasts and
ash/volcanic glass matrix compositionally distinguishes the metasedimentary and
metavolcanic units of the Horse Heaven Meadows and Grey Rocks klippes from the
Bragdon Formation and compositionally links the klippes units to the Copley Greenstone.
Based on these compositional and spatial relations, the metasedimentary and
metavolcanic units of Horse Heaven Meadows and Grey Rocks klippes are interpreted as

localized sedimentary deposits within the Copley Greenstone.

Basal Shear Zone Contact of Grey Rocks, Horse Heaven Meadows, and Panther Rock
Klippes.

The basal contact between the Grey Rocks, Panther Rock, and Horse Heaven
Meadows klippes and the underlying Trinity ultramafic complex is a fault contact (Fig.
32A,B). The conclusion that the basal contacts of the klippes are faults is consistent with
prior work that has suggested regional tectonic extensional events (Schweickert and

Irwin, 1989; Masson, 2002; Cashman and Elder, 2002). The interpretation of basal fault
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contacts for these greenstone bodies conflicts with the depositional contact interpretation
of Grey Rocks, Panther Rock, and Horse Heaven Meadows klippes suggested by Brouxel
and Lapierre (1988), Boudier et al. (1989), Charvet et al. (1990), and Wallin and Metcalf
(1998).

The basal fault is a low-angle undulatory normal fault that dips shallowly to the
N-NE, places younger Redding terrane units over older Trinity terrane units, and has fault
zone microstructures that record extensional deformation, (Figure 32B). The shallow,
generalized N-NE dip of the Grey Rocks and Horse Heaven Meadows klippes (Figure
32) was determined based on structural relations between the klippes and the underlying
Trinity terrane. Fault zone microstructures such as pulled-apart clasts, boudinage quartz
veins, and perpendicular to foliation and fault plane quartz veins identify the fault as
extensional.

The minimum stratigraphic separation on the fault is 1400 meters based on the
correlation of Grey Rocks, Panther Rock, and Horse Heaven Meadows klippes with the
upper section of the Copley Greenstone and omission of the massive flows that typify the
lower half of the Copley Greenstone. The greenstone pillows and minor metasedimentary
and metavolcanic lenses observed at Grey Rocks, Panther Rock, and Horse Heaven
Meadows klippe have been correlated with the upper 400 meters of the Copley
Greenstone as described by Lapierre et al. (1985) and Kinkel et al. (1956). This
correlation and the structural thickness observed in the field identifies an omission of
stratigraphy, namely, 1400 meters of massive basalt flows comprising the lower Copley

Greenstone.
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The basal fault contains mineral assemblages and microstructures that indicate a
passage from a deep to shallow pressure and temperature regime during deformation.

Deformation on the fault occurred under greenschist facies conditions evident by
greenschist mineral assemblages in deformational microstructures. The mineral
assemblages in the Grey Rocks klippe shear zone are albite-epidote-actinolite-chlorite in
the greenstone, white mica-epidote-chlorite-albite-quartz in the fault parallel rhyolite
dike, and talc-tremolite-antigorite-chlorite in the mylonite, of which all are indicative of
metamorphism under greenschist facies conditions (Raymond, 1992). Greenschist facies
conditions generally occur at a depth of 10 to 15 km and in temperatures of 300-450°C
(Twiss and Moores, 1992). Greenschist facies minerals, chlorite and actinolite, are
observed defining foliation in the greenstone of the Grey Rocks klippe shear zone
(Location 1, Fig. 2). Chlorite, white mica, and epidote define the foliation that flows
around plagioclase crystals in the fault-parallel rhyolite dike. In the mylonite, serpentine,
chlorite, and talc minerals are within sigma —tails” and talc, serpentine, white mica, and
chlorite define foliation. These metamorphic minerals within the deformational features
identify the presence of greenschist metamorphic conditions at the time of formation, and
in turn, identify the approximate depth of faulting as ~10 to 15 km.

Although not as indicative of specific pressure/temperature regimes as the mineral
assemblages in Grey Rocks klippe shear zone, the basal fault of the Horse Heaven
Meadows klippe similarly has some greenschist minerals within the microstructures of

fault zone rocks. The mylonite at Location 2 (Fig. 2) has foliation defined by white mica
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and serpentine; the slate has actinolite, epidote, and chlorite defining s-c foliations and
actinolite and chlorite in sigma —tails”.

The passage from a deeper pressure-temperature regime (of greenschist facies) to
relatively shallower conditions is marked by a change in deformation behavior. At
temperatures and pressures less than 250 °C and 10 km, the fault zone no longer
deformed ductilely through recrystallization of minerals and formation of s-c fabric.
Brittle deformational features, such as fault breccia, fractures, and fault perpendicular
vein intrusions of quartz and calcite formed within the fault zone.

Although the Grey Rocks, Panther Rock, and Horse Heaven Meadows basal fault
zone structures record both brittle and ductile deformation, it is unclear whether the
majority of slip on the fault occurred in the brittle or the ductile regime. The regional
model for the sequence of events that may have lead to the present-day structural
relations of the klippes is depicted in Figure 34. Neither this model nor the present day
exposure can completely define the full extent of the pressure-temperature-depth regime
history of the faulting. It remains unclear as to whether the majority of the slip occurred
prior to uplift and exhumation of the footwall thereby mainly faulting within a ductile
regime, or whether the majority of slip accompanied exhumation of the footwall thereby

mainly faulting within a brittle regime.

Regional Implications

Schweickert and Irwin (1989) were first to propose a regional extensional faulting

event that involved the La Grange Fault, Carrville Fault, and the entire contact between
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the Redding and Trinity terrane (Fig. 33 and Fig. 34). The detachment fault interpretation

is based on consistencies in the N-NE trend of faults in the Yreka area, spatial relations of
younger on older units, the structural omission of units along the La Grange Fault, and
orientations of grabens of younger deposits (Schweickert and Irwin, 1989). A—Frinity
arch” trends NE and sets the ultramafic center topographically higher than younger units
to the north (Yreka terrane) and south (Redding terrane) (Schweickert and Irwin, 1989;
Figure 34). Based on the tilt of dated gravels at the La Grange mine (McDonald, 1910;
Irwin, 1963), the faulting would be confined to the Oligocene but may have begun in the
early Tertiary.

Mapping and petrographic analyses of rocks from Grey Rocks, Panther Rock, and
Horse Heaven Meadows klippes support interpretations of a regional extensional faulting
event that extended across the eastern Klamath Mountains region (Schweickert and Irwin,
1989; Masson, 2002; Cashman and Elder, 2002). The klippes are located at a midpoint
between the breakaway faults of the Yreka/Trinity terrane boundary and the faults of the
Redding/Trinity terrane boundary. The importance of the extensional basal fault
identified at Grey Rocks, Panther Rock, and Horse Heaven Meadows klippes is that it
provides a link between faulting in the north and faulting in the south. These three klippes
represent a portion of the upper plate that contain Redding terrane units and record
extensional faulting that once extended across the eastern Klamath Mountains region.

Both Redding and Yreka terrane units occur in the upper plate of the extensional
fault. In addition to Grey Rocks, Panther Rock, and Horse Heaven Meadows klippes,

other Redding and Yreka terrane allochthons with extensional basal faults near Callahan,
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Deer Creek, Oregon Mountain, Cecilville, and Richter mine have been interpreted as
relating to the same extensional faulting event (Cashman and Elder, 2002). Cashman and
Elder (2002) identified allochthons with extensional basal faults with upper plate
components of both Redding terrane units (near the Callahan fault and at Deer Creek) and
Yreka terrane units (Oregon Mountain, Cecilville, and the Richter mine in southern Scott
Valley). Grey Rocks, Panther Rock, and Horse Heaven Meadows klippe have Redding
terrane Copley Greenstone and metasedimentary units comprising the upper plate.

Felsic dikes are an additional structural feature similar among all of the
allochthons (Cashman and Elder, 2002). The felsic dikes intrude parallel to the basal fault
or cross-cut the fault breccia. The felsic dike that intrudes parallel to the shear zone of
Grey Rocks klippe is significant in that it contains shear fabric. The shear fabric identifies
emplacement as syntectonic. This dike could be used in a future project to identify the
exact timing of the faulting event and to test correlation to a Tertiary age as suggested by

MacDonald (1910) and Schweickert and Irwin (1989).
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Figure 33: Simplified structural map modified from Schweickert and Irwin (1989) and

Cashman and Elder (2002), showing major structural elements supporting a regional

detachment fault system. GR represents Grey Rocks area. Cross-section in Figure 34 is

along line A-A’.
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Figure 34: Schematic diagram of cross-sections depicting development of a simplified
detachment fault in the EKB, modified from Cashman and Elder (2002). Grey Rocks area

is located on the Trinity arch.



CONCLUSIONS

The greenstones of the Grey Rocks and Panther Rock klippes are geochemically
linked with the Devonian Copley Greenstone of the Redding Terrane, despite the spatial
disparity between the outliers and the Redding terrane. The metasedimentary and
metavolcanic units of the Horse Heaven Meadows klippe and metasedimentary units of
the Grey Rocks klippe comprise localized sedimentary lenses (Dcs) within the Copley
Greenstone Formation (Dc). Younger NW-NE trending faults have down-dropped the
klippes and preserved them.

The basal fault contacts of the Panther Rock, Grey Rocks, and Horse Heaven
Meadows klippes are part of a regional extensional fault system. The basal fault zone
strikes N-NW and dips 5-10 degrees to the E-NE. The fault forms a 9 to 85 meter thick
zone of deformation, comprised of both mylonite and fault breccia. Although the fault
zone structures record both brittle and ductile deformation, the pressure-temperature-
depth regime history of faulting remains. Both the present-day structural relations and the
regional model are inconclusive as to whether the majority of slip on the fault occurred in
the brittle or the ductile regime.

All intrusions within the study area solely intrude footwall rocks of the Trinity
ultramafic complex or the fault zone, and are not observed intruding the overlying
klippes. A syntectonic rhyolite dike intrudes parallel to the fault zone at Grey Rocks

klippe shear zone and two younger felsic dikes cut through the fault breccia at the Horse
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Heaven Meadows klippe. Radiometric age dating of these dikes might provide a

minimum age for the faulting event.
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Figure 3. Map showing pre- and post-accretion plutons and lode gold mining districts in €T = Eastern Kiamath Tacrane

the Redding 1 x 2 degree quadrangle. Modified from Fraticelli and others, 1987.
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greater than $100,000 (5,000 oz) production in the Klamath Mountains.
Modified from Lanphere and others, 1968.
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CLS - Labs

CHAIN OF CUSTODY

S3AILVAHISIHd

REPORT TO: CLIENT JOB NUMBER _
NAME AND ADDRESS T .
Tovd et ttie 5o o
) DESTINATION LABORATORY
ol et e &
o R CLS (916) 638-7301
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