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I ntroduction

The Mule Hill 7.5 quadrangleis part of the southernmost tier of quadranglesin the state of
Oregon. Figure 1 provides the detailed geographic context for the Mule Hill quadrangle and
the immediately surrounding area. The California-Oregon state-line crosses the southern
section of the quadrangle in such a manner that Oregon constitutes approximately 90
percent of the map area while California makes up the remaining 10 percent. The Klamath
River flowsin aV-shaped canyon through the southeast quarter of the Mule Hill quadrangle
thus providing excellent stratigraphy, particularly on the river’s northern flank. The
Klamath River is one of only three that transect the north-south axis of the Cascade
Mountain Range. The other two through-flowing rivers are the Pit River in northern
California and the well-known Columbia River that forms the boundary between the states
of Oregon and Washington. A second feature that adds to the distinctiveness of the Mule
Hill quadrangle is the presence of relatively older volcanic rocks that erupted during a pre-
Cascade phase of Cenozoic volcanism. In the southern portion of the quadrangle, erosion by
the Klamath River and its tributaries has cut down through the veneer of younger Cascade
Mountain-related volcanic rocks and has exposed this basement, so to speak: older, more
weathered, more altered, primarily igneous rock that is several tens of millions of years old.

Before embarking on a broad examination of the geology of the Mule Hill quadrangle, a
comment on rock nomenclature isin order. When geoscientists classify igneous rock
samples they often come at it from two points of view. One is based on identifying the
visible mineralsin a hand sample (a modal mineral classification) and the other is based on
achemical analysis of that sample (a chemical classification of igneous rocks — see Figure 2
as an example). Naturally the latter is more precise and rigorous, and the former is looser
and less precise and is open to more opinions. The most common volcanic rocks (basalt,
basaltic andesite, andesite, dacite, rhyolite) define a sequence in which the iron- and
magnesium-bearing silicate minerals (olivine, orthopyroxene, clinopyroxene, hornblende,
biotite) are most abundant on the left side of the sequence, forming upwards of 50 to 60
percent of the minerals present and decreasing to nearly zero to the right, namely, in
rhyolite. The remaining 40 to 50 percent of the rock consists mostly of plagioclase feldspar,
anon-iron- and magnesium-bearing silicate mineral, plus afew percent of chromium-, iron-
, and titanium-dominated oxide minerals. With regard to rock chemistry, silica (SiO,)
increases from basalt to rhyolite and correlates directly with increasing viscosity and greater
explosivity.

Table 1, which accompanies the geologic map of the Mule Hill quadrangle, contains the
chemical and age datafor all the analyzed rock samples. Figure 1 also depicts the location
of all the samples for which age dates exist, both within the Mule Hill quadrangle and
immediately adjacent to it. These adjacent dated-samples are depicted because they are
from extensions of the volcanic rock units found within the Mule Hill map area. The goal
was to show all the ages for each volcanic unit discussed below in the Explanation of Map
Units. Figure 2 isatotal alkali (NaO + K,0) versus SiO, diagram that summarizes the rock
names that are most germane for the volcanic materials present in this quadrangle. In
addition, Figure 2 displays the chemical data of the samples from the stratigraphic units
below, each of which is denoted by a unique symbol as ascribed in the accompanying
legend. Lastly, Mertzman (2000) and Mertzman (unpublished data, 2007 and 2008) provide
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many new ages, derived from both awhole rock K-Ar method and “°Ar/**Ar technology,
that have been measured through December, 2008.

Three major phases of Cenozoic volcanism are evident in thisregion. The oldest phase,
known as the Early Western Cascade Episode, extends from 35 to 17 Ma (late Eocene to the
beginning of mid-Miocene time [Gradstein and others, 2004]), while the middle phase of
volcanism is known as the L ate Western Cascade Episode and covers the block of geologic
time from 16.9 to 7.5 Ma (mid- to late Miocene) (Priest and others, 1983; Priest, 1990).
However, evidence of this older volcanic activity is apparent only when erosion has
removed the veneer of igneous rocks erupted in the third and youngest vol canic phase, the
High Cascade Episode. Figure 3 is a histogram that summarizes whole rock K-Ar and
“OAr/*Ar ages determined on rock samples from the Mule Hill quadrangle in conjunction
with the lead author’ s regional geologic mapping efforts. There is an unconformity (age
gap) of nearly six million years, from 13.2 to 7.4 Mato be exact, that characterizes the
volcanic activity within the Mule Hill quadrangle. The Heppsie Formation encompasses all
the volcanic material erupted during Early Western Cascade Episode, whereas the Basalt to
Andesite of Hayden Creek includes al the volcanic rocks within the Late Western Cascade
Episode; referring to Figure 3, thereis at least a one million year gap in geologic time
between these two rock units. The magnitude of this unconformity may be significantly
larger perhaps by even afactor of three to four since the Heppsie Formation ages result
from the whole rock K-Ar method. This age dating technique is prone to argon retention
issues, particularly in those cases, such as this one, where either tuffaceous or pyroclastic
volcanic materials are involved (Faure, 1986). Figure 4 builds upon the Mule Hill data
displayed in Figure 3 (red color) by adding age-dated samples from the eight surrounding
gquadrangles (black color); the histograms end up remarkably similar in their pattern of age-
date distribution. The only discrepancies fall within the 13.2 to 7.4 Maage gap. The older
two “rogue” ages are whole-rock K-Ar samples from the Secret Spring Mountain
guadrangle, which islocated immediately to the south of the Mule Hill quadrangle (see
Figure 1). Secret Spring Mountain is alarge basaltic shield volcano and the two samplesin
guestion are from areas located relatively close to the exposed shallow plutonic conduit-
forming rocks exposed in the summit region of the mountain. It isrelatively easy to imagine
that some amount of argon gas could have been lost from these two rocks as younger
magma batches were intruded into the volcano in close proximity to these samples (Faure,
1986). The youngest and third “rogue” data point is a “’Ar/**Ar age date from the Copco
guadrangle, which islocated to the southwest of the Mule Hill quadrangle (see Figure 1).
This sample was collected in an area of dikes, lava flows, and a plug-like mass of
hornblende andesite located on the north side of Copco Reservoir. The total area
encompassed by these late Miocene outcrops is less than two km?. It is surrounded on all
sides by younger volcanic rocks, thus forming a kipuka. Figure 5A provides aview of the
largest outcrop north of Copco looking from the south towards Oregon and Figure 5B is a
close-up of the columnar-jointed dike located on the far left (western side) of this prominent
outcrop. The geochemistry of these 9 Maold volcanic rocks strongly suggests they are best
classified as part of theinitial phase of the Early High Cascade Episode rather than being
thought of as the absolute youngest activity associated with the waning stage of the Late
Western Cascade Episode.

Erosion in the Klamath River Canyon has exposed the regiona unconformity between the
Late Western Cascade and the Early High Cascade Episodes of volcanism. The actual
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contact is clearly and unmistakably exposed on the north side of the Klamath River Canyon,
quite near the junction of the Mule Hill and Chicken Hills quadrangles (see Figure 1).
Figure 6A islooking up-river to the northeast from the southernmost Mule Hill quadrangle
while Figure 6B was taken from the border region of the Chicken Hills and Mule Hill
guadranglesin section 9 of T41S, R6E and is oriented toward the west with a vehicle for
scale. These photographs provide an overview of this picturesque area with its well-exposed
geology. The nearly flat-lying lavas flowed primarily from north to south, range from 2 to
nearly 10 min thickness, and are stacked one on top of another, much like pancakes served
at your local diner, with ages of the flows decreasing from the bottoms to the tops of
Figures 6A and 6B. In the immediate foreground to the right of the vehicle track isthe lava
flow outcrop depicted in Figure 7A. Thislavaflow is between 2 and 3 min thickness, is
columnar jointed, isthe point of origin of sample 95-26, and is located immediately above
the pyroclastic flow unit (see Figure 7B) that marks the top of the Heppsie Formation in this
part of Oregon. With regard to sample 95-26, | measured awhole rock K-Ar age of 7.41 +
0.19 Ma, an age that is in quite good agreement with the age reported in Priest (1990) for
the inception of the Early High Cascade Episode much further to the north in Oregon. In
Figure 1 it ispart of the unit Tmbkr (Basalt of the Klamath Rim) that extends in age from
7.4 10 5.5 Ma, making this unit amost entirely Upper Miocene in age (Gradstein and others,
2004). Whole rock K-Ar ages from samples 96-3, 96-5, IM97-27D, and 96-10 (the latter
sample from Grizzly Butte in the southwest corner of the Chicken Hills quadrangle) pin
down the youngest ages from the Tmbkr unit. A partial stratigraphic section was collected
from the stack of Tmbkr flows depicted in Figures 6A and 6B, with sample 08SM-65 taken
from above 95-26 and hence younger, and sample 08SM-61 taken high up on the north
slope below the Grizzly Butte sample, 96-10, that is, from the top most layer in this area and
sufficiently to the east to be into the Chicken Hills quadrangle. Time correlative with the
youngest half of the Tmbkr lavas are the following volcanic rocks: 1) the basaltic andesite
lavas of Mule Hill that were extruded between 6.2 and 5.5 Ma ago, 2) the basalts of Grizzly
Mountain to the west in the Parker Mountain quadrangle that were erupted 6.5 + 0.2 Ma,
and 3) the basaltic lavas of Grenada Butte to the east in the Chicken Hills quadrangle that
were extruded between 6.60 + 0.19 Maand 6.15 + 0.17 Ma. Examining hand samples, thin
sections, and whole rock chemical data suggests the Basalt of the Klamath Rim (Tmbkr),
the Basalt of Grizzly Mountain (Tmbgm), and the Basalt of Grenada Butte (Tmbgb) are
closely related to one another and likely formed through avery similar series of magmatic
events. Mule Hill isthe primary source vent for the more silica-rich basaltic andesite lavas
that are time correlative to the basaltic activity (see Figure 8), and it is clear from the
outcrop pattern that much, if not most, of the lavas flowed in a southerly direction. Y ounger
volcanic rocks have subsequently covered whatever lavas may have flowed to the north. All
of the pre-Pliocene volcanic rocks are cut by a fabric of northwest-southeast trending faults
that have left a strong imprint on the present-day topography, particularly in the Chicken
Hills, Spencer Creek (Mertzman, 2008a), and Surveyor Mountain (Mertzman and others,
2008b) quadrangles (see Figure 1).

In Table 1, the compendium of whole rock chemical data and K-Ar and “°Ar/*°Ar ages, and
in Figure 2, the Na,O + K0 versus SiO, diagram, one can ascertain that data points for
three of the four oldest rock units (Tmbhc: Basalt to Andesite of Hayden Creek, Tmbkr:
Basalt of the Klamath Rim, and Tmbam: Basaltic Andesite of Mule Hill) plot cohesively as
parallel to sub-parallel assemblages at the highest NaoO + K,O values for agiven silica
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value. The fourth and actually the oldest unit, the Heppsie Formation, is markedly higher in
silicathan all the other Miocene-aged samples, a major point of geochemical distinction.
What is abundantly clear is the existence of a general pattern in which the older rocks have
higher Na,O + K,0 values and the younger rocks have lower NaxO + K,0 values (see
Figure 9). To put it another way, the volcanic rocks of the Mule Hill quadrangle become
less alkali-rich as afunction of decreasing age. A less apparent tendency is that the volcanic
rocks also become lower in silica as afunction of decreasing age (see Figure 10); that is, the
overall trend in regional geochemistry isfrom basaltic andesite to basalt and / or higher
silicabasalt to lower silica basalt as a function of decreasing age.

After something of alull (see Figures 3 and 4) Pliocene vol canism commenced with the
eruption of the Tpbac, the Basaltic Andesite of Camp Creek. The Pliocene Epoch (5.332 to
1.806 Ma) was atime of widespread volcanic activity. Lavas extruded during this interval
range from diktytaxitic olivine basalt through basaltic andesite. Figure 9 clearly indicates
that as the volcanic rocks get younger their Na;O + K,O values continue to decline. The
youngest volcanic activity recorded in the Mule Hill quadrangle is the approximately 1.79
Maold Basalt of Long Prairie (Tpblp), which lies virtually on the Pliocene-Pleistocene
boundary at 1.806 Ma. Even younger volcanic activity occurs in the quadrangles to the
north and to the east (see Figure 1).

Explanation of Map Units
Surficial Units

Qls Landslide deposits (Pleistocene to Holocene)—Unconsolidated volcanic
brecciafound in close association with the Klamath River, specificaly where it has
down-cut into pre-Pliocene weakly welded silicic pyroclastic rocks that have
relatively thick, massive, mafic lava flows resting unconformably on top of them.
Hazlett and others (1997) suggest that the unconformity is a zone of structural
weakness prone to slippage of the massive, dense stack of lavas downhill under the
influence of gravity given suitable friction-reducing circumstances (significant rain
or melting snows to lubricate this boundary zone) coupled with atriggering
mechanism like an earthquake. There exists an interesting correspondence between
Klamath River flow characteristics and the presence / absence of significant
landslide deposits. Until the Klamath River has cut down through the unconformity
that separates the predominantly pyroclastic flow deposits that are characteristic of
the top of the Heppsie Formation and the overlying, exclusively basalt lava flows of
the oldest Early High Cascade stratigraphic units (i.e., the Basalt of the Klamath
Rim [Tmbkr]), the rapids are exclusively class |1 to barely class |11 (See web site:
Mile-by-Mile Whitewater Rafting Guide for the Upper Klamath www.klamath-
river.com/uk-mile.htm). However, once the Klamath River has incised its channel
down through the unconformity then rapids like the class IV+ Calderaand Hell’s
Corner and araft of class |V challenges are encountered. The largest of these
landslides occurred on the northwest side of Secret Spring Mountain and moved in a
northwest direction. The surface upon which the landslide moved extends from the
conduit of the Secret Spring volcano, which is now exposed, al the way to the
Klamath River, a distance of several miles (see Figure 11A-C).
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The question mark on the Mule Hill Map Plate’s Time Rock Chart at the base of Qls
isto clearly indicate the lack of definitive chronological information with regard to
the timing of initial Qls deposition.

Volcanic Rocks

Basaltic to basaltic andesite vent deposits (Pliocene)— Poorly lithified to
unconsolidated lapilli to ash-sized cinders black to brown to red with lesser amounts
of similarly colored lava spatter, bombs, and scoria. These deposits mark volcanic
vents areas that are often scoria or cinder cones. The question marks on the Mule
Hill Map Plate’s Time Rock Chart both at the base and the top of Thv areto clearly
indicate the lack of definitive chronological information with regard to the timing of
initial and final Thv extrusion.

Basalt of Long Prairie (Middle Plioceneto Lower Pleistocene)— Similar
in age to Parker Mountain, fissures opened up on the southeast side of thislarge
composite volcano and basaltic lavas poured primarily southward eventually
flowing into the Klamath River drainage. When this activity finally waned, vesicular
basalt with vertically oriented platy jointing marked the vent locations. Thereis no
mistaking Parker-Mountain-related volcanic rock with that associated with these
fissure eruptions. Whereas the former are mildly porphyritic olivine two-pyroxene
basaltic andesite lavas, the latter is alight to medium gray diktytaxitic (finely
vesicular producing a spongy-looking texture), non-porphyritic plagioclase, olivine
basalt (Philpotts, 1989). Figure 12 is a microscopic view taken with crossed
polarizers of adiktytaxitic texture. Please notice the gray to white twinned
plagioclase crystals projecting into the inky blackness of the vesicles. Imagine
blowing up a balloon and poking one or more fingers into the thin skin of the
balloon without popping it. The plagioclase crystals projected into the walls of the
expanding bubbles as the magma neared the Earth’ s surface and the gas phase
effervesced out of the liquid phase. A diktytaxitic texture reflects relatively low
viscosity conditions (e.g., see pahoehoe lava flows), which are most easily
established near or at the liquidus temperature of lower silica basalt (45 to 50
percent SiO,). Lowering the temperature and / or raising the silica content
dramatically increases the viscosity of the magma and a diktytaxitic vesicular
texture no longer forms. The sequence of crystallization in this type of basalt is
nearly always the same: spindl first, followed by olivine, plagioclase, clinopyroxene,
and Fe-Ti oxide, namely titanomagnetite, last (see Figure 13). Plagioclase usually
constitutes approximately 50 percent of atypical hand specimen with olivine and
clinopyroxene making up 40 to 45 percent of the second half. In physical appearance
the Basalt of Tom Reservoir is a dead-ringer for the Basalt of Long Prairie.
However, close examination of Figure 2 clearly indicates that while these two units
have quite similar silica contents, the Basalt of Tom Reservoir consistently contains
ahigher alkali element content. When examined in thin section the groundmass
texture varies smoothly from intersertal to intergranular to subophitic to ophitic as
the cooling rate of the lava slows down, which is often related to the thickness of the
lavaflow (see Figure 14A-C for examples of these textures). The identical ness of
the silica contents of the two units leads to very similar lava flow morphologies and
physical appearance of hand samples. Three whole rock K-Ar ages and one
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OAr/*Ar age are available for thisunit, 2.6 £ 0.4 Ma, 2.1+ 0.3 Ma, 1.9+ 0.3 Ma,
and 1.79 + 0.12 Ma. Given the limited amount of potassium present in this basalt,
usually between 0.2 and 0.3 weight percent, and the relatively young age, it is quite
likely the “Ar/*Ar ageis closer to the actual time of eruption and cooling than are
the whole rock K-Ar ages.

Tpbapm Basaltic Andesite of Parker Mountain— (Middle Plioceneto L ower
Pleistocene) Parker Mountain is a composite volcano located in the northern half of
the Parker Mountain quadrangle, which is directly west of the Mule Hill quadrangle
(see Figure 1). Lavas, which have emanated from the summit region, extend outward
in all directions and have flowed into the westernmost sections of the Mule Hill
guadrangle. These lavas are medium gray with 8 to 10 percent plagioclase present
forming rectangular-shaped crystals 1 to 2 mm in diameter. A lesser amount of
olivineis present (3 to 5 percent) in somewhat larger crystals (2to 4 mm in
diameter) forming scattered glomeroporphyritic clumps of the two minerals. Each
Parker Mountain hand sample examined contains 5 to 10 easily visible clumps of
plagioclase and olivine. Finer grained matrix-forming minerals include much
additional plagioclase together with 25 to 30 percent pyroxene and 5 to 7 percent
scattered granules of titanomagnetite and olivine. Much of the olivine has rims and
veins of secondary iddingsite development, a clear sign of hydrothermal alteration.
Iddingsite is a product of olivine's exposure to a vapor-phase that contains both O,
and H,0O at arelatively low to moderate temperature, 300 to 500°C (Baker and
Haggerty, 1967). Iddingsite is not amineral per se: it isamineral assemblage that
can include nontronite (an Fe-rich clay mineral), Fe-rich oxides and hydroxides that
are mostly amorphous, and a silica phase. In those portions of lava flows where
cooling was relatively fast and in pyroclastic material, pyroxene is confined to the
matrix in crystals that are <0.5 mm in diameter. The size of the matrix-forming
mineralsis variable due to the cooling rate of the lava constituting the flow. If the
lavaflow isthicker and the sample is from the central portion, then the average size
of the matrix forming minerals will be larger; thinner flows result in faster cooling
and small-sized matrix-forming minerals. The pyroxene in the matrix includes both
ortho- and clinopyroxene. Two whole rock K-Ar ages are available for this unit,
2.48 £ 0.50 Maand 1.8 + 0.2 Ma. Both samples (95-34 and 97-41) are from the
Parker Mountain quadrangle (see Figure 1 for the exact locations).

Tpbms Basalt of Mud Spring Mountain (Middle to Upper Pliocene)— Ventsfor
the Basalt of Mud Spring Mountain are a series of scoria and cinder cones, stretched
out primarily in anorth-south direction, that give rise to at least seven distinct but
clearly related lava flow units. The geochemistry of this unit in terms of
nomenclature (see Figure 2) is directly on the cusp between basalt and basaltic
andesite. Outcrops are characterized by widespread flow jointing and spheroidally
weathered, reddish brown bouldersthat are often vesicular (see Figure 15A and B).
Several cinder pits are located within the vent areas of the Basalt of Mud Spring
Mountain and were used as a source of road-building materials for a number of
logging roads. Thin sections from pyroclastic material collected from these pits
provide clear evidence with regard to what happens to the minera olivine when
exposed to quite high temperatures in an oxidizing environment. Most frequently in
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Tpbsc

this unit olivine and plagioclase occur together in glomeroporphyritic clumps 1 to 3
mm in diameter. The olivine, rather than being itstypical green color, isiridescent in
purple to black due to pervasive high-temperature oxidation. In thin section the
olivine appears like something akin to wormy wood with magnetite exsolving out of
what used to be primary olivine (see Figure 16A and B). This process of exsolution
is caused by exposure of olivine, which contains Fe" but no Fe*, to hot vapor that
has some air mixed in with it. Air, dueto its nearly 21 percent O, content, rapidly
converts the Fe™ to Fe™. However, the Fe*™ does not fit into the olivine mineral
structure; therefore, the no-longer-stable olivine breaks down to form two minerals,
magnetite (FeFe,O,4) and the Mg-rich orthopyroxene, enstatite (Haggerty and Baker,
1967). The plagioclase crystals show little adverse effect from the high-temperature
oxidation process, quite likely because this mineral contains very littleiron. In lava
thin sections, olivine is characteristically partially altered to iddingsite, poikilitically
encloses afew euhedral spinel crystals, and quite commonly occursin
glomeroporphyritic clumps with plagioclase 2 to 3 mm across. Even though olivine
is the most apparent ferromagnesian mineral, it is not the most abundant.
Clinopyroxeneis, occurring with plagioclase as the dominant matrix-forming
minerals, together composing nearly 80 to 85 percent of atypical lava specimen.
One whole rock K-Ar age (see Figure 1, sample 95-30) is available for this unit,
257 £ 0.24 Ma, and it islocated within the Mule Hill quadrangle.

Basalt of Sheepy Creek (Middleto Upper Pliocene)— The ventsfor the
Basalt of Sheepy Creek are a set of fissures aligned in aNNW-SSE direction. These
vents are a series of scoria/ spatter cone structures and one main cinder cone located
in the extreme southwest corner of the northerly-adjacent Surveyor Mountain
guadrangle (see Figure 1). The cinder cone has been excavated by the State of
Oregon as a source of aggregate for road building purposes. This quarrying activity
has exposed some of the internal plumbing system through which the basaltic
magma moved to the Earth’ s surface. Figures 2 and 3 in Mertzman and others,
(2008b) illustrate the geology unearthed by the quarry activity—a vertically oriented
dike cutting through crudely layered pyroclastic material that rangesin size from ash
at the fine grained end of the size spectrum to bombs at the coarse end. In terms of
hand specimen mineralogy at the vents, 8 to 10 percent phenocrysts of plagioclase
feldspar and olivine are present and form singular crystals and glomeroporphyritic
clumps 1 to 4 mm in diameter. Due to pervasive high-temperature oxidation, the
olivineisiridescent in purple to black. In thin section the olivine appears like
something akin to wormy wood with magnetite exsolving out of what used to be
primary olivine (see Figure 16A and B). Lava flows of Sheepy Creek basalt have the
same phenocryst mineralogy as the vent facies rocks, but with olivine more
abundant than plagioclase feldspar. The olivine has not been affected by high-
temperature alteration, but rather by primarily low-temperature processes that have
produced the secondary mineral assemblage known asiddingsite. Iddingsiteis
brown and is found filling the fractures that cut through many of the olivine
phenocrysts. It is frequently encountered as a corona around the perimeter of the
olivine crystals (Baker and Haggerty, 1967). With the exception of small opague
mineral grains enclosed within early-formed olivine crystals, titanomagnetite is
largely confined to the groundmass. Pyroxene is also mostly found in the
groundmass crystallizing after both plagioclase and olivine. One “°Ar/*Ar ageis

Oregon Department of Geology and Mineral Industries Open-File Report O-08-08



Preliminary Geologic Map of the Mule Hill 7.5" Quadrangle, Klamath County, Oregon, and Siskiyou County, California

Tpbab

Tpbtr

Oregon Department of Geology and Mineral Industries Open-File Report O-08-08

available for the Basalt of Sheepy Creek, and itis2.6 + 0.2 Ma. The sample (03SM-
75) isfrom the eastern margin of the Little Chinquapin Mountain quadrangle (see
Figure 1). One K-Ar whole rock age date is also available for the Basalt of Sheepy
Creek; itis2.4+ 0.2 Maand is from the Mule Hill quadrangle (see Figure 1, sample
97-22).

Basaltic Andesite of Buck Mountain (Middle Pliocene)— The Buck
Mountain composite volcano is centered in the southeast section of the adjoining
Surveyor Mountain quadrangle (see Figure 1) and is segmented by NW-SE trending
normal faults. Most of the lava flows within this unit are medium gray moderately
porphyritic basaltic andesite, but there are several basaltic lava flows intercal ated
amongst them. Phenocrysts constitute 10 to 12 percent of atypica hand specimen,
forming 1 to 3 mm in diameter crystals that are dominated by plagioclase with
olivine constituting only 3 to 4 percent. The olivine has been marginally atered to
iddingsite, which also permeates through the fractures present in the crystals. In the
more mafic basaltic lavas olivine is the more abundant phenocryst-forming phase,
and plagioclase takes on a more secondary role. In either instance the matrix is
dominated by plagioclase with a smaller amount of pyroxene, both ortho- and
clinopyroxene, together with approximately 5 to 10 percent titanomagnetite and 3 to
5 percent olivine. Much of the matrix-forming plagioclaseis lath-like to acicular in
crystal form. One whole rock K-Ar ageis available for the Basaltic Andesite of
Buck Mountain that was determined on a sample from the adjacent Surveyor
Mountain quadrangle (see Figure 1, sample 95-46). The measured ageis 2.76 + 0.16
Ma. It is abundantly clear that the pervasive faulting that cuts through both Buck
Mountain and Surveyor Mountain post-dates the last eruptions associated with these
volcanoes. Therefore the faulting activity hasto be < 1.8 Ma and Pleistocene in age.

Basalt of Tom Reservoir (Lower to Upper Pliocene)—The geographic feature
“Tom Reservoir” islocated afew miles to the southwest from the northeast corner of the
Mule Hill quadrangle. Light gray aphanitic lava, often denoted by two distinct sizes of
vesicles, the larger 3 to 10 mm in diameter and the smaller the size of a head of apin,
gives each hand sample a spongy appearance. This physical characteristic is defined as a
diktytaxitic texture. If samples are magnified through a hand lens, plagioclase feldspar
grains projecting in and through the walls of the vesicle can be seen. In hand sample
these diktytaxitic basalts are fine grained, with all mineral constituents < 1 mmin
diameter. With regard to physical appearance, either plagioclase feldspar or olivine may
form dlightly larger crystals and therefore be more noticeable. Plagioclase forms nearly
50 percent of these lavas, while olivine constitutes 20 to 25 percent and clinopyroxene
another 20 percent. The remaining 5 to 10 percent is made up of spinel/chromite, most
often seen asinclusions in early-formed olivine crystals, and titanomagnetite, found
scattered about in the matrix together with the clinopyroxene. Fieldwork has confirmed
that all of the lava flows that constitute the Basalt of Tom Reservoir have been extruded
from dikes vented onto the Earth’s surface. These fissure-erupted lava flows follow a
gully pattern, forming ribbons of lavathat do not necessarily coalesce to form sheet-like
masses. Several millions of years of erosion make it devilishly difficult to trace some of
these “lava streams” back to their vents. One “Ar/*°Ar age, 2.49 + 0.06 Ma, and five
whole-rock K-Ar ages (3.66 + 0.24, 3.26 £ 0.16, 3.2+ 0.2, 2.27 + 0.24 and 2.26 + 0.26
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Ma) are available for the Basalt of Tom Reservoir. The “Ar/*Ar age comes from a
sample located in the Spencer Creek quadrangle (see 00-91 in Figure 1); the five whole-
rock K-Ar ages are from Mule Hill quadrangle samples (see CW6-9, 97-35, 97-46, 95-
77, and 95-33 in Figure 1 respectively).

Tpbgb Basalt of Grouse Butte (Lower to Middle Pliocene)— The Grouse Butte
scoria cone/ cinder cone complex is located in the southwestern part of the Surveyor
Mountain quadrangle. In hand sample the most noticeable feature is that plagioclase
feldspar and olivine phenocrysts are nearly equal in abundance and size, 8 to 10
percent and 1 to 3 mm, respectively. These two minerals exist asindividua mineral
grains and in glomeroporphyritic clumps that can reach 5 mm in diameter. Every
olivine phenocryst contains one or more quite small opaque mineral grains as
inclusions within the larger olivine. Thistextureis referred to as poikilitic and
indicates the opaque mineral crystallized first from the magma and at some later
time the olivine solidified around it. The opaque grains are most likely members of
the spinel solid solution series, the general formula for which is AB,O4. Mineral
examples include spinel (MgAl,Q,), titanomagnetite (Fe(Fe, Ti).0O,4), and chromite
(FeCr204). Along both fractures that cut across the olivine phenocrysts at a 90°
angleto the crystal’ s direction of elongation and around the perimeter of the grains,
the olivine has been altered to the yellow-brown to dark brown secondary mineral
assemblage known as iddingsite. In those portions of lava flows where cooling was
relatively fast and in pyroclastic material, pyroxene is confined to the matrix in
crystals that are <0.5 mm in diameter. Plagioclase, which is more abundant than the
pyroxene in the matrix, forms elongated rectangular shaped crystals called |aths that
are flow aligned, thus forming the texture known as trachytic. Small 0.1 mm
granular opague mineral grains are peppered through the matrix forming 5to 7
percent of the rock-forming mineral population. In the more slowly cooled portions
of lavaflows the augite-dominated pyroxene minerals are larger in size, typically 0.5
to 0.7 mm in diameter, and form microphenocrysts. One whole rock K-Ar ageis
available for this unit, 3.7 £ 0.3 Ma, and it is from sample 97-28 that is located
within the Surveyor Mountain quadrangle.

Tpbah Basaltic Andesite of Hayden Mountain (L ower to Middle Pliocene)—
Driving west on Oregon state highway 66 and crossing the Klamath River, the road
out of the valley ascends one of the prominent northwest-southeast trending fault
scarps through the use of switchbacks. The long climb ends at Hayden Summit, and
just to the south is Hayden Mountain, which at first glance is a cluster of coalescing
high points rather than one individual high point as at Mule Hill. Each of the quite
similar-looking high points at Hayden Mountain is a scoria or cinder cone (see
cinder pit 0.8 km east of Hayden Mountain) from which has emanated quite similar-
looking basaltic andesite lavas. Hayden Mountain lavas have several percent of
plagioclase-olivine glomeroporphyritic clumps that are 2 to 3 mm in diameter with
the backdrop being 10 to 12 percent 1 mm plagioclase laths embedded in a finer
matrix of plagioclase and pyroxene crystals. Even though there are no crystals of
pyroxene larger than 0.4 mm, pyroxene constitutes 25 to 30 percent of the lava.
Prominent faults oriented in a northwest-southeast direction cut through and displace
lava flows of Hayden Mountain basaltic andesite and therefore must be younger than
middle Pliocene in age. Three whole rock K-Ar ages (see samples 95-71, 97-51, and

Oregon Department of Geology and Mineral Industries Open-File Report O-08-08



Preliminary Geologic Map of the Mule Hill 7.5" Quadrangle, Klamath County, Oregon, and Siskiyou County, California

95-28) are available for this unit with ages of 3.83 £ 0.32, 3.7+ 0.1, and 3.69 + 0.11
Ma, respectively. All three samples were collected within the Chicken Hills
guadrangle (see Figure 1).

Tpbac Basaltic Andesite of Camp Creek (Lower to Middle Pliocene)— This unit
can be found at the southern margin of the Surveyor Mountain map and spreads out
southward and eastward into the Mule Hill, Spencer Creek, and Chicken Hills
guadrangles (see Figure 1). Hand samples are characteristically light to medium gray
and have 20 to 25 percent plagioclase phenocrysts that are 1 to 4 mm in diameter.
Besides being notable for the pronounced porphyritic texture, these basaltic andesite
lavas are somewhat unusual in that they contain nearly equal amounts of olivine and
clinopyroxene phenocrysts (2 to 3 percent of each mineral) that range from 1 to
rarely 3 mm in diameter. The olivine is substantially altered to iddingsite while the
clinopyroxene is pristine. Glomeroporphyritic clumps up to 5 mm across are
dominated by clinopyroxene with only minor amounts of plagioclase, olivine, and
orthopyroxene present. These features make the Basaltic Andesite of Camp Creek
relatively easy to identify. If this were not enough, at outcrops the Basaltic Andesite
of Camp Creek exhibits distinctive well-devel oped spheroidal weathering patterns.
In areas that have been heavily logged, the surface s littered with rounded to
ellipsoidal boulders 0.5 to 1 min diameter. Two whole rock K-Ar ages (S97-87 and
95-77) and one “°Ar/*°Ar age (S97-73) are available. The K-Ar ages are 3.79 + 0.10
and 3.44 + 0.12 Ma, and the “°Ar/*°Ar ageis 3.85 + 0.10 Ma. All three samples are
from the Mule Hill quadrangle (see Figure 1).

Tmbam Basaltic Andesite of Mule Hill (Upper Mioceneto Lower Pliocene)— The
remnant of the Mule Hill volcano can be found in the northeast corner of the Mule
Hill quadrangle just to the south of Oregon highway 66 (see Figure 1). Vestiges of
an old fire lookout tower can be seen at the summit of Mule Hill. Since Mule Hill
and itsrelated lava flows are cut off and surrounded on all sides by younger volcanic
material, it forms akipuka, a Hawaiian term meaning an island-like area of older
material surrounded by later lavas (Stearns, 1985). A hand specimen of Mule Hill
lavais distinctive compared to most other lavas that crop out in this quadrangle.
Scattered large solitary plagioclase phenocrysts, not in clumps with olivine, range
between 3 and 5 mm in largest dimension. Dominant are the 15 to 20 percent
plagioclase phenocrysts present in atypical sample with several percent smaller
pyroxenes followed by a percent or so of olivine. The olivine is much more dark
brown than green due to low temperature alteration to iddingsite (Baker and
Haggerty, 1976). Corroborating petrographic evidence is presented in Figure 17A
and B). Two whole rock K-Ar ages (see samples 95-29 and S97-62) are available for
thisunit, 6.24 £ 0.17 and 5.5 = 0.2 M@, and they are both located in the Mule Hill
quadrangle.

Tmbgm Basalt of Grizzly Mountain (Upper Miocene)— Grizzly Mountain is
located in the Parker Mountain quadrangle to the west of Long Prairie Creek that
flows through the northwest quadrant of the Mule Hill quadrangle (see Figure 1). It
is an eroded basaltic volcanic complex stretched out in a north-south orientation.
Several high points denote the top of Grizzly Mountain and an abandoned road
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material quarry has been dug into the south-facing side of the northern-most high
point. The excavation has exposed a 7 to 8 m wide vertical dike striking essentially
N-S that cuts through a series of moderately well bedded basaltic pyroclastics that
are quite similar in mineralogy to that of the dike. A somewhat thicker soil cover
and well-devel oped exfoliation features are two clues to the somewhat older age of
this volcanic center’ s activity. In hand sample thislavais olivine basalt with 5to 7
percent of partially to completely altered olivine phenocryststhat are 1 to 3mm in
diameter (see Figure 18). These brownish rather than greenish colored phenocrysts
are present in glomeroporphyritic clumps aswell as individual crystals. Plagioclase
feldspar and clinopyroxene dominate the groundmass of these basaltic rocks with ~5
percent small opaque crystals all less than 0.1 mm in diameter peppered through the
matrix. One whole rock K-Ar age (see sample 97-16) is available for this unit, 6.5 +
0.2 Ma, and it islocated within the Parker Mountain quadrangle (see Figure 1).

Tmbkr Basalt of the Klamath Rim (Upper Miocene)— The lava flows that
constitute the Basalt of the Klamath Rim are characteristically olivine-phyric; that is,
individual phenocrysts and glomeroporphyritic clumps of olivine1to 4 mmin
diameter are visible in hand-sized specimens of these lavas. These larger sized early-
formed crystals typically constitute 5 to 15 percent of arock sample. Upon
microscopic examination (See Figure 19A and B) several notable features become
evident. Darker colored, small, isotropic, subhedral to euhedral spinel crystals are
poikilitically enclosed within the olivine phenocryst, indicating it was actually the
first mineral to solidify from the magma. Olivine crystallized after the spinel and
grew around it, thus providing us with clearly interpretable evidence concerning the
sequence of crystallization. A second feature to note is the dark rim around the
olivine crystals that also seems to penetrate into the fractures and cracks within the
olivine. Thisdark brown material is a post-solidification alteration product of olivine
known asiddingsite (See Figure 19A and B). It is the result of both low-temperature
hydration and oxidation chemical reactions (Baker and Haggerty, 1967). Plagioclase
is the most abundant groundmass-forming mineral followed by pyroxene (mostly
clinopyroxene) and a Fe-Ti rich opaque oxide phase known as titanomagnetite.
Presently, no source vents for the Basalt of the Klamath Rim have been identified.
Large volcanic vent structures have been identified at Grenada Butte and Grizzly
Mountain that are similar in age to the Tmbkr lavas, but younger volcanic rocks that
preclude establishing a direct connection have covered the intervening region. It
should be noted, however, that the mineralogy and whole rock chemistry (see Table
1) of these three units are quite similar, and it appears plausible that they could have
been related to one regional magmatic event. Six whole rock K-Ar ages (see samples
95-26, 95-74, 96-10, 96-3, IM97-27D, and 96-5) are available for this unit, 7.41 +
0.19,6.15+ 0.17,5.9+ 0.2,5.8 + 0.2, 5.83 + 0.15, and 5.55 + 0.18 Ma, and all but
95-74 and 96-10 (Chicken Hills quadrangle) are located in the Mule Hill quadrangle.

Tmbhc Basalt to Andesite of Hayden Creek (Middle Miocene)— The Basalt to
Andesite of Hayden Creek is a geologic enigma lurking in the southern Oregonian
Cascade Mountains. In the region that stretches from the California— Oregon border
north to Crater Lake National Park there is no other occurrence of similarly aged
volcanic rocks on the west side of the main axis of the Cascade Mountains. The
unconformity that marks the upper stratigraphic boundary of the Heppsie Formation
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also marks the close of the Early Western Cascade Episode of Priest (1990). In most
areas this unconformity extends to the beginning of the Early High Cascade Episode
between 7 and 8 Ma ago (Priest, 1990). However, from the Mule Hill quadrangle
south into northern-most Californiathistime gap is interrupted by a period of
volcanism that is mostly focused between 15 and 13 Ma (Mertzman, 2000).

On the outcrop there are subtle clues available that make one suspiciousthat al is
not what it seemsto be. No pyroclastic flow material is present asistypical of the
youngest portion of the Heppsie Formation. The volcanic rocks themselves seem
more weathered and the outcrop pattern more subdued than is usual for extrusive
rocks belonging to the Early High Cascade Episode of volcanism. So it was not a
total surprise when the initial whole rock K-Ar dates were measured and ages
between 15 and 13 Maresulted. In thin section the basaltic rocks have up to 10
percent olivine phenocrysts that are partially to completely converted to iddingsite
through low temperature oxidation and hydration chemical reactions (See Figure
20). The vesicles present in the tops and bottoms of lava flows are lined to
occasionally partialy filled with secondary minerals (primarily calcite), a
characteristic that differs from the often completely filled vesicles in the rocks of the
older Heppsie Formation. In the more siliceous andesite lavas, pyroxene and olivine
are present as phenocrysts 0.5 to 2 mm in diameter, but these olivines have suffered
through complete conversion to iddingsite while the pyroxene crystals, due to their
greater stability at lower temperatures, show no vestige of alteration (see Figure 21).
Five whole rock K-Ar ages (see samples CW6-9, S97-21, 96-7, 96-6, and 96-8) are
available for this unit. The measured K-Ar agesare 15.0+ 0.4, 14.6 + 0.9, 145+
0.5,13.5+ 04, and 13.2 + 0.3 Ma. All five samples are located in the Mule Hill
quadrangle.

Tmvhf Heppsie Formation (L ower Miocene)— The Heppsie Formation
constitutes the youngest portion of the Little Butte Volcanic Series. In this segment
of the formation’s outcrop areathe older extrusive rocks are dominated by basalt,
basaltic andesite, and andesite lava flows whereas in the younger, upper portion,
poorly to moderately welded pyroclastic flows and air-fall tuffaceous material
dominate. These latter extrusive materials range from andesite to dacite to nearly
rhyolite in terms of their bulk composition (see Figure 2). On the outcrop the lavas
are greenish-brown in surface coloration often with several meters or more of soil
developed in situ. In the more mafic lava flows of this formation the dominant
ferromagnesian minerals, olivine and pyroxene, have reacted very differently to
changing physical and chemical conditions. Whereas olivine has quite often been
totally converted to iddingsite as aresult of relatively low temperature oxidation and
hydration, pyroxene has been quite stable and showsllittle if any sign of alteration
(See Figure 22A and B). The most abundant mineral present in these lavasisthe
nonferromagnesian mineral plagioclase feldspar. It is often unaltered, but in
numerous locationsit is cut by small cracks and veinsfilled by sericite micaand
calcite plus alittle quartz (?).

The ash flow tuff member of the Heppsie Formation is often found exposed on steep

landslide scarps. Thereisin fact agood reason for this: due to the Heppsie
Formation’s inherent structural weakness, numerous landslides and slumps have
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their beginnings at or near the contact between younger more massive basaltic lava
flows and the Heppsie' s underlying older poorly welded ash flow tuffs. In the
Robinson Butte quadrangle several good examples of arcuate headwall slump
structures can be easily found in the canyon of the South Fork of the Little Butte
Creek. As one road-building civil engineer said to me (S.A.M.) two summers ago
while working on a bridge replacement project across the South Fork, “Nothing in
thisvalley is actually stable. Everything is moving downhill pretty fast, particularly
in the spring as the winter snows melt.” Also, numerous excellent examples of
landslides / Slump development can be found in the Klamath River canyon aong the
California—Oregon border beginning just below the John C. Boyle Powerhouse at
what is known as the Caldera Rapid. In this region avery similar layering of
geologic rock units occurs as in the South Fork of the Little Butte Creek: older
siliceous poorly welded tuffaceous material is overlain by younger thick occurrences
of mafic lavaflows. It islikely that the same mechanism of slope failureis occurring
in both areas, giving rise to landslides / slumps that set the stage for rapidsto formin
the streams that are flowing through the valleys. Seven ages for various Heppsie
Formation samples, both whole rock K-Ar and “Ar/*Ar ages, are available. One
sample (03SM-11) with a “®Ar/**Ar age date is from the Little Chinquapin Mountain
Z(a)uadrangle. Itsageis 22.77 £ 0.13 Ma. A second sample (03SM-21) with a

Ar/**Ar age is from just across the boundary into the Hyatt Reservoir quadrangle.
This sample was taken from a small abandoned hillside quarry. Its age was 21.73 +
0.14 Ma. Five whole rock agesincluding 21.0 + 0.5 Ma (Anders-1), 21.6 = 0.5 Ma
(97-37),21.17+ 0.54Ma(A73),17.6 = 0.7 Ma(97-55), and 17.1 + 0.8 Ma(97-
547) are available and their locations can be found in Figure 1. Since the K-Ar
whole rock ages are more susceptible to alteration and weathering processes (please
note all Heppsie Formation K-Ar ages are < “°Ar/*Ar ages) the “°Ar/*Ar data are
likely to be more accurate (Faure, 1986).
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Figure 2. IUGS (International Union of Geological Sciences) classification system for volcanic rocks, which is
based on total alkali (Na,O + K,0) vs. silica (SiO,) content, with the superimposed data from analyzed Mule
Hill quadrangle samples (except specimens collected on landslides [QIs unit] and including additional data from
five Basalt of Grizzly Mountain [Tmbgm] samples collected within the Parker Mountain quadrangle; see Table
1) (Le Maitre, 2002).
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Figure 3. Histogram (number of samples with either a K/Ar or “Ar/3Ar age date plotted as afunction
of geologic time in millions of years) of the geochronologic data derived from Mule Hill quadrangle
samples.
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Figure 4. Histogram of the geochronologic data derived from Mule Hill quadrangle samples plus the
eight surrounding quadrangles as well (see Figure 1).
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Preliminary Geologic Map of the Mule Hill 7.5" Quadrangle, Klamath County, Oregon, and Siskiyou County, California

Figure 5A. Kipuka of unusual 9 Ma hornblende andesite formed by a series of layers of lava
flows and pyroclastics surrounded by younger volcanic rock that is located on the north side
of Copco Reservoir (see Figure 1).

Figure 5B. On the far left
side of the bluff depicted in
Figure 5Ais a dike of

i columnar jointed hornblende
andesite that is 5 to 6 m wide
with a chilled margin evident
on the right side.

i LR =SS A
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Preliminary Geologic Map of the Mule Hill 7.5" Quadrangle, Klamath County, Oregon, and Siskiyou County, California

>

Figure 6A. Lava flows of the Basalt of the Klamath Rim (Tmbkr) with the oldest to the
lower right and the youngest to the upper left. The slope depicted is on the north side of
the Klamath River near the junction of the Mule Hill and Chicken Hills quadrangles. In
this area 350 to 400 m of Tmbkr lavas are exposed (samples 08SM-61 through 65 are
located at the 95-26 position on Figure 1 at higher stratigraphic levels).

37l
= e

Figure 6B. The base of the stratigraphic section of Tmbkr lavas is depicted (vehicle for
scale). The arrows point to two light colored patches that are from the poorly welded
pyroclastic material that constitutes the upper most segment of the Heppsie Formation
(Tmvhf).
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Preliminary Geologic Map of the Mule Hill 7.5" Quadrangle, Klamath County, Oregon, and Siskiyou County, California

Figure 7A. This columnar jointed lava flow is the oldest Tmbkr lava flow and occurs at
the very bottom of the stack of flows depicted in Figures 6A and B. The lava flow is 2 to
3 m thick; see the rock hammer for scale. Age dated sample 95-26 was collected from
this particular outcrop.

Figure 7B. Beneath the lava flow depicted in Figure 7A is the top of the Heppsie
Formation (Tmvhf). In much of the local area poorly welded pyroclastic flow material
that aggregates 100 to 200 m in thickness constitutes the youngest portion of the Tmhvf.
Pumice lumps 1 to 5 cm in diameter in a finer grained matrix of volcanic material that is
poorly lithified make up the outcrop.
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Preliminary Geologic Map of the Mule Hill 7.5" Quadrangle, Klamath County, Oregon, and Siskiyou County, California

Figure 8. Located in the northeastern corner of the Mule Hill quadrangle is the Mule Hill basaltic
andesite volcano. The picture was taken from a clear-cut on the north side of the volcano near
Oregon state highway 66.
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Preliminary Geologic Map of the Mule Hill 7.5" Quadrangle, Klamath County, Oregon, and Siskiyou County, California
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Figure 9. This plot of the alkali elements Na,O + K,O versus age clearly portrays a pattern of
declining Na,O + K,0 values as the rocks get younger. Since rocks become more mafic in terms of
their color index (percent of ferromagnesian minerals present in an igneous rock hand sample
[Philpotts, 1989]) as Na,O + K,O decreases, the volcanic materials for which radiometric age dates
have been determined, are becoming more mafic with declining age.
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Figure 10. This plot of silica (SiO,) versus age also portrays a clearly delineated chemical trend,

in this case silica decreases with decreasing age. Since rocks become more mafic as the silica content
decreases (moving from andesite to basaltic andesite to basalt [Philpotts, 1989; also see Figure 2]),
the volcanic materials for which radiometric age dates have been determined are becoming more
mafic with declining age.
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Preliminary Geologic Map of the Mule Hill 7.5" Quadrangle, Klamath County, Oregon, and Siskiyou County, California

Figure 11A. Lookin south from the steep slope formed by Tmbkr Iva, B
Secret Spring Mountain forms the arcuate half-moon-like structure in the
distance. The relatively flat, forested surface in the foreground is underlain

by landslide material.

Figure 11B. The Secret Spring Mountain summit area consists of a plug-
like mass (dike or dikes?) of non-vesicular aphanitic to finely granular
igneous rock that is, in terms of its mineralogy and geochemistry, nearly
identical to the lava flows that outcrop and are visible on the slope to the
left of the conduit-forming rock. This rock mass provided the structural
strength to form the headwall of the massive landslide you see in the
foreground of Figure 11A.
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Preliminary Geologic Map of the Mule Hill 7.5" Quadrangle, Klamath County, Oregon, and Siskiyou County, California

Figure 11C. This view of the Klamath River canyon, taken from the same
vantage point as 11B, depicts what happens to the river once it begins to
cut down through the landslide debris. Both above and below the Secret
Spring landslide the Klamath River is a much more placid river in terms of
its everyday flow characteristics. Hell’s Corner is the name given to the
class IV+ rapids seen in the photo.

Figure 11D. Several rafts are clearly visible coming down the Klamath
River Canyon and going through Hell’s Corner.
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Preliminary Geologic Map of the Mule Hill 7.5" Quadrangle, Klamath County, Oregon, and Siskiyou County, California
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Figure 12. This photomicrograph is from a thin section of a Basalt of Long
Prairie (Tpblp) sample, taken under crossed polarizer conditions. The image
depicts the diktytaxitic texture so characteristic of this unit. The black voids in
the photomicrograph are vesicles, holes created by the effervescence of the
volcanic gases H,O and CO, as the lava was extruded onto the Earth’s surface.
The thin rectangular crystals that project into the vesicles and have gray to

white “stripes” are twinned plagioclase feldspar crystals.

Figure 13. This photomicrograph is from a thin section of a Basalt of Long
Prairie (Tpblp) sample, taken under uncrossed polarizer conditions. The left

hand arrow indicates an olivine phenocryst and the right hand arrow points out
one of a number of included early-formed crystals of spinel enclosed within the

later crystallizing olivine grain.
Oregon Department of Geology and Mineral Industries Open-File Report O-08-08
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Preliminary Geologic Map of the Mule Hill 7.5" Quadrangle, Klamath County, Oregon, and Siskiyou County, California

Figure 14A. This photomicro-
graph, taken with the polarizers
not crossed, shows an intersertal
texture in which the cooling has
been so sudden that basalt glass
has been preserved. The
centrally located arrow points
out the brownish colored glass.
Both the right hand arrow and
the center bottom arrow indicate
olivine crystals; the upper left
hand arrow points out a plagio-
clase feldspar crystal while the
arrow to the lower left hand
corner of the photo indicates a
clinopyroxene crystal.

Figure 14B. This photomicro-
graph taken with uncrossed
polarizers, depicts an intergran-
ular texture with three arrows
pointing out olivine pheno-
crysts, each with small included
grains of spinel. Surrounding
the olivine crystals are small
grains of light colored plagio-
clase feldspar and equally small
grains of colored clinopyroxene
and whitish colored olivine
together with black opaque
grains of titanomagnetite. An
intergranular texture results
from a slower rate of cooling
than an intersertal texture.

Figure 14C. This photomicrograph
taken with uncrossed polarizers,
demonstrates a subophitic texture.
This texture is more coarse-grained
due to a slower rate of cooling that
provides more time for the crystals
to grow to a larger size. The arrows
in the far left and far right corners
of the photomicrograph delineate
olivine crystals, which have been
partially altered through oxidation
and hydration chemical reactions
to iddingsite. The three remaining
arrows point out locales where
clinopyroxene has grown around
the terminations or ends of plagio-
clase feldspar crystals, the key
ingredient to recognizing a sub-

ophitic texture.
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Preliminary Geologic Map of the Mule Hill 7.5" Quadrangle, Klamath County, Oregon, and Siskiyou County, California

Figure 15A. Chemical and mechanical weathering of Mud Spring Mountain
lava flows typically develop elliptically to spherically shaped boulders.

Figure 15B. Continued lava flow movement down hill under the influence of
gravity has stretched vesicles out in a direction parallel to flow movement.
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Preliminary Geologic Map of the Mule Hill 7.5" Quadrangle, Klamath County, Oregon, and Siskiyou County, California
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Figure 16A. This photomicrograph taken with uncrossed polarizers shows an olivine pheno-
cryst (left arrow) that exhibits severe high temperature oxidation (Haggerty and Baker,
1967). Olivine, when exposed to O, bearing vapors / fluids at high temperature, breaks down
to a magnesian orthopyroxene and an Fe*3-rich oxide phase. The arrow to the lower right
side delineates a rectangular shaped plagioclase feldspar, the mineral most abundant in the
matrix of the Mud Spring Mountain lavas. The large white areas, some of which are elliptical
to spherical in shape, are vesicles.

b e pedl Y . A
Figure 16B. This photomicrograph focuses on the texture of the altered olivine
phenocryst shown in Figure 16A. The sheer number of exsolving opaque Fe*3-rich
grains is quite impressive.

Oregon Department of Geology and Mineral Industries Open-File Report O-08-08 28



Preliminary Geologic Map of the Mule Hill 7.5" Quadrangle, Klamath County, Oregon, and Siskiyou County, California
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Figure 17A. This photomicrograph take ndesite of
Mule Hill, specifically from a sample collected quite near a vent at the top of the mountain. Notice the
abundance of plagioclase feldspar phenocrysts as pointed out by the two black arrows. The crystal
shapes can vary from blocky to a more elongate rectangular habit. The two red arrows indicate small
olivine phenocrysts that constitute only several percent of the typical Mule Hill lava. The matrix is
intersertal in texture and is quite dark due to finely disseminated opaque iron oxide minerals.

Trhat u B

Figure 17B. This photomicrograph is from a Mule Hill lava flow sample wherein the black arrows are
indicating the second most abundant mineral after plagioclase feldspar; namely, clinopyroxene. The
two red arrows point out small olivine crystals that are lighter in color than the clinopyroxene and are
marginally altered to iddingsite, brown in color, which is a low temperature secondary mineral

formed as a result of oxidation and hydration chemical reactions (Baker and Haggerty, 1976).
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Figure 18. This photomicrograph is from a lava of the Basalt of Grizzly Mountain. The
olivine phenocrysts have been completely altered to iddingsite, yet clinopyroxene and

solidus temperature of the lava.

- 1"_,' -
S .

plagioclase feldspar that completely dominate the matrix are both free from alteration. This
photo demonstrates the unstable nature of olivine under oxidizing conditions well below the
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Preliminary Geologic Map of the Mule Hill 7.5" Quadrangle, Klamath County, Oregon, and Siskiyou County, California

itic clumps of olivine phenocrysts as depicted in this photomicrograph, which was taken
with uncrossed polarizers. The olivine crystals are completely rimmed with iddingsite,
which armors them and slows down the rate at which the alteration process can proceed.

Figure 19B. Under higher magnification the early formed spinel crystals that occur on
the inside of the olivine phenocrysts become more noticeable. The poikilitic texture
clearly indicates that the spinel mineral crystallized first and the olivine sometime later

and enveloped the spinel.
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Preliminary Geologic Map of the Mule Hill 7.5" Quadrangle, Klamath County, Oregon, and Siskiyou County, California

Figure 20. Olivine phenocrysts from the Basalt to Andesite of Hayden Creek (Tmbhc)
are marginally altered to iddingsite that penetrates further into the olivine than is
depicted in Figures 19A and B. Primary olivine still survives in the interior of the
phenocrysts along with a number of poikilitically enclosed early-formed spinel crystals.

Figure 21. This photomicrograph is from a more siliceous lava flow from the Basalt to
Andesite of Hayden Creek. In this case notice the four small olivine crystals that are
indicated by arrows are completely altered to iddingsite while the closely juxtaposed
clinopyroxene crystal and the large white rectangular plagioclase crystal are pristine,
with no hint of chemical alteration.
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Preliminary Geologic Map of the Mule Hill 7.5" Quadrangle, Klamath County, Oregon, and Siskiyou County, California
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Figure 22A. From left to right are a larger phenocryst of plagioclase feldspar, an
olivine phenocryst that has been completely converted to iddingsite, and a large
clinopyroxene phenocryst that demonstrates two cleavage directions intersecting at
a nearly 90°angle, one of the salient physical characteristics of the pyroxene
family of minerals. This photomicrograph is from a rather typical Heppsie Form-
ation basaltic lava and was taken under uncrossed polarizers.

_ll ¢ . Ly

Figure 22B. Focusing on the clinopyroxene phenocryst under higher magnification
and with the polarizers crossed, an albite twin crosses the clinopyroxene crystal
from lower left to upper right. The twin has several fault-like fractures that offset
the twin plane. Notice the darker concentric bands in the darker segment of the
phenocryst to the lower right of the photo. These bands reflect changing chemical
composition within the clinopyroxene and that chemical equilibrium between the
crystal and the surrounding magma could not be maintained.
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Geologic Map of the Mule Hill 7.5" Quadrangle, Klamath County, Oregon, and Siskiyou County, California
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Geologic Map of the Mule Hill 7.5" Quadrangle, Klamath County, Oregon, and Siskiyou County, California
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Geologic Map of the Mule Hill 7.5" Quadrangle, Klamath County, Oregon, and Siskiyou County, California
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