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ABSTRACT 

 The Klamath Mountains Province (KMP) preserves a history of Mesozoic 

accretion and subduction that occurred along the western North American margin during 

the formation of the North American Cordillera. Arc magmatism in the KMP was 

episodic, and it is becoming clear that most arcs have episodic magmatism. In this report 

are presented a compilation of over 300 zircon U-Pb crystallization ages from igneous 

intrusions in the KMP, as well as K-Ar and Ar-Ar dates when U-Pb geochronology data 

are unavailable, and these age data are integrated with calculations of the area and 

volume of plutons to quantify the space/time magmatic evolution of the KMP and 

calculate magma addition rates. These spatial data include measurements of the area of 

major igneous intrusions in the province as well as the area of host terranes. A new 

method was developed to calculate a minimum volume for intrusions using digital 

elevation models, and more in depth estimates of the volumes of individual plutons are 

provided based on subsurface projections of their shapes. 

 The KMP consists of a succession of accreted terranes from early in the Paleozoic 

to the Early Cretaceous. Therefore, the area of the terrane increased over time, and for 

this research the areas of terranes were measured to normalize magma addition rates to 

the present area of the terrane at the time of each magmatic event. The total initial extent 

of each terrane is now obscured due to thrusting and erosion; therefore, these values are 

minima. The KMP has a total surface area of about 29,807 km2, and about 4,980 km2 or 

17% of the exposed area is underlain by plutonic rocks. The KMP experienced three 

magmatic flare-ups at ~400–430 Ma, ~154–174 Ma, and ~136–150 Ma. The Jurassic 

episode (~154-174 Ma) was the largest, with at least 25,289 km3of magma added at a 

magma addition rate of 0.052 km3/myr/km2 and exposed over 3,005 km2.    

This analysis also finds two interesting trends in the distribution of plutonic 

activity: 1) the locus of plutonism migrated NNE during the Jurassic; and 2) the Early 

Cretaceous plutonism defines a NNW trend along the entire length of the KMP. The 

Middle Jurassic arc of California was active in the KMP, and the Middle Jurassic episode 

in the KMP reflects that seen in the western Sierra Nevada. However, the large 

Cretaceous event that built the Sierra Nevada batholith is not represented in the KMP, as 
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magmatism was finished in the KMP by at least 130 Ma. The magmatism in the KMP 

may have continued into the Late Cretaceous if it had not been displaced westward early 

in the Cretaceous.  
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CHAPTER I 

INTRODUCTION  

Magmatic arcs exhibit periodicity at multiple temporal and spatial scales. Arcs 

fluctuate between periods of lower magmatic activity, or lulls, and periods of higher 

magmatic activity, known as surges or flare-ups; these periods are distinguished by 

differences in the rates of magma addition (e.g., Paterson et al., 2011; Paterson and 

Ducea, 2015; Ducea et al., 2015; Cao et al., 2017; Ward et al., 2017). Flare-ups produce 

more magma overall even within shorter time spans. Episodicity of magma addition is 

recognized at the scales of individual magmatic systems (e.g., Gaschnig et al., 2016), to 

individual arcs (e.g., Jicha 2015), and up to the global scale of arc length on Earth (e.g., 

Cao et al., 2017). 

Based on a compilation of Phanerozoic continental arcs along the western 

Cordillera of the Americas, the average tempo for arc magmatism consists of 5-20 myr 

flare-ups separated by longer magmatic lulls of 30-40 myr (Paterson and Ducea, 2015). 

Mesozoic flare-ups in the Sierra Nevada province added 100-1000 times the volume to 

the arc than lulls (Paterson and Ducea, 2015). As expected, smaller systems have shorter 

timing between flare-ups, showing the relation between temporal and spatial scales (De 

Silva et al., 2015). 

This report is focused on the province/arc scale, and herein the evolution of 

magma addition is quantified in the Klamath Mountains Province (KMP). The KMP lies 

in northern California and southern Oregon, USA, and it consists of multiple accreted 

terranes and island arcs (Figure 1.1).  However, the tempo and growth evolution for arc 

magmatism in the KMP has not been defined even though the province lies in the heart of 

the North American Cordillera (e.g., Davis et al., 1978). 

The primary research goal is to quantify the spatial and temporal pattern of 

magmatism in the KMP. A compilation of existing age data indicates that the volume of 

magma added to the KMP spiked in the Silurian-Devonian, mid-Jurassic, and early 

Cretaceous, with the Jurassic episode being the largest. In this paper, the plutonic activity 
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in the KMP is quantified, allowing more precise comparisons of the flare-ups and lulls. 

Magmatism during lulls seems to be very subdued but not always absent. The ultimate 

quantity being calculated is the magma addition rate (MAR), which is a normalized rate 

of volume addition (further defined below), and it is normalized to host terrane area. 

Therefore, this thesis presents a compilation of previously published zircon U-Pb and 

hornblende and biotite K-Ar ages for KMP intrusions along with new areal and 

volumetric calculations of magmatic intrusions and new magma addition rates 

calculations. 

This study only addresses the intrusive magmatic history of the Klamath 

Mountains Province. This research does not attempt a volumetric calculation of volcanic 

rocks, although there is ample volcanic material in the province, especially in the 

Western Hayfork terrane and Redding subterrane (e.g., Barnes and Barnes, 2020; Wallin 

and Metcalf, 1998). For the purposes of this study, non-arc related magmatism associated 

with marginal basin formation and ophiolites is also not considered (e.g., the Josephine 

ophiolite, Harper, 1984; and the Trinity ultramafic sheet, Lindsley-Griffin, 1977). Future 

work could incorporate volcanic material into calculations of arc activity. 

This research is especially valuable when placed in the context of other arc 

systems. We expect the magma addition rates and magmatic tempos in the KMP to be 

similar to those of most continental arcs. The exact triggers for flare-up events, and 

whether all flare-ups share the same triggers, are still unclear. Therefore, research is still 

ongoing regarding relative importance of regional variations and large-scale subduction 

processes in controlling arc tempos. Now the KMP can be placed into syntheses and 

comparisons of magmatic rates among cordilleran-type arc systems, and variations 

between arcs can be considered in the context of their regional geology and subduction 

history. 

The KMP had similar magmatism to the nearby Sierra Nevada (SN) in the 

Jurassic and Early Cretaceous, but the Sierra Nevada had much higher MARs in the Late 

Cretaceous after magmatism had ceased in the KMP. This relationship supports the 

model that the SN to the southeast is an along-strike equivalent to the KMP, and they 
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share a Jurassic history but were no longer tied after the earliest Cretaceous (e.g., Davis, 

1969; Davis et al., 1978; Dickinson, 2008; Ernst, 2013).  

The distinctive arrangement of the Klamath Mountains Province with its 

recognized sequence of east-to-west younging accreted arcs and oceanic terranes makes it 

an excellent locality to evaluate crustal modification by accretion of terranes and 

magmatism (e.g., Irwin, 1960; Davis et al., 1978; Snoke and Barnes, 2006). This 

sequential building also provides a constraint as to what the KMP looked like at any time, 

as most terranes were accreted along the western margin. The main exception to this east-

to-west sequential assembly is the Condrey Mountain Schist, which was thrust far under 

the western margin and is exposed in the central KMP as a window. Knowledge of the 

spatial extent of host terranes can be used to evaluate areal/volumetric additions of crust 

and intrusive rocks. Many plutons are “stitching” plutons that intrude multiple terranes 

and thus must postdate terrane juxtaposition, allowing for bracketing of the time of 

faulting by using magmatic ages.  

This analysis focuses on the scale of magmatic suites, groups of magmatic bodies 

interpreted to be related due to their similar composition and age (e.g., Irwin and 

Wooden, 1994; Barnes et al., 1992). These defined suites give logical groupings of 

plutons, helping characterize the magmatism of the KMP in stages. 

Pluton Shapes 

 Plutons are three-dimensional bodies of crystallized magma that are usually only 

visible in a two-dimensional slice exposed at the surface. Topography may give a view 

into the third dimension. Tilted plutons (e.g., the Wooley Creek batholith and Ashland 

pluton of the KMP; Barnes et al., 1986) provide a valuable view of multiple levels of the 

same intrusion at once. Subsurface information, such as that collected by drilling (e.g., 

Duchesne et al., 2006) or gravity studies (e.g., Vigneresse, 1990, Simpson et al., 1986), is 

invaluable for constraining the third dimension of intrusions. It is from a compilation of 

these data that geologists have developed ideas of the 3-D shapes of plutons.  
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 In this study, the full volumes of Mesozoic intrusions are estimated based on their 

shapes. Relief volumes are calculated based on the exposed relief of the plutons. A 

method was developed to measure a topographic volume of the exposed extent of plutons 

using digital elevation models. Then projected volumes are calculated by projecting the 

surface observations into the subsurface to make estimates of the full volume of these 

plutons. Constraints used for 3-D shapes include outcrop shape, pluton wall orientations, 

zoning in the intrusions, and magmatic foliations. 

Magma Addition Rates  

To understand the growth of an arc through time, one must define a metric that 

quantifies the addition of igneous material through time. For this purpose, we chose the 

magma addition rate (Paterson and Ducea, 2015). We avoid using common terms such as 

flux, which technically refers to volume passing through an area over time (Paterson et 

al., 2011), for we do not have information about the feeder systems of the Klamath 

magmatism at any time in its history. Quantifying feeder systems requires knowledge of 

their mechanism, such as diking or diapirism. Moreover, most feeder systems of the 

Klamath plutons presumably lie deeper than the plutons. For a true calculation of magma 

flux, the horizontal footprint of the feeder would constitute the area that a volume of 

magma passes through over time. 

Instead, this study utilizes a more direct measure of magma addition rate. Along 

the way to MAR, one arrives at many helpful metrics, including aerial extent, volume, 

and time spans of intrusions. Addition rates are calculated by dividing the added volume 

by time range of the addition. To usefully compare addition rates across arcs, the rates 

should be normalized. A common normalizer is the arc length (Paterson and Ducea, 

2015). However, this project instead uses the total area of intruded terrane as the 

normalization factor in order to account for the lateral growth of the KMP as terranes 

were accreted. Moreover, the initial arc length is obscured due to erosion and faulting. 

Therefore, two rates of magma addition are calculated for this report: a volume addition 

rate (VAR) of volume added per time, and a magma addition rate (MAR) of volume 

added per time per host area.  
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While we are confident in our use of the term “magma addition rate”, as we are 

calculating a normalized “volume addition rate”, this is not the way that magma addition 

rate has been previously defined, since our normalization factor is host terrane area rather 

than arc length. Therefore, the MAR units used in this study are km3/myr/km2 rather than 

km3/myr/km. These calculations of MAR should not be confused with “volumetric 

magmatic flux” (Paterson et al., 2011) or “volumetric flux” (Paterson and Ducea, 2015), 

which also uses units of km3/myr/km2. Volumetric (magmatic) flux is a true flux 

measurement of magma moving through a feeder system. Therefore, the km2 in 

volumetric flux represents the cross-sectional area of magmatic plumbing while the km2 

in this study’s MAR calculations represent the total area of the host rocks of the 

magmatic bodies as they are exposed today.  See Paterson et al. (2011), and Paterson and 

Ducea (2015), for further discussions on the terms and units used to quantify magma 

movement and emplacement.   
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Figure 1.1. Geologic map of the Klamath Mountains Province. After Irwin (1960) and 

Snoke and Barnes (2006). See Appendix A for a list of all maps referenced.    
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CHAPTER II 

GEOLOGIC BACKGROUND 

Tectonic Setting and History of the Klamaths 

The Klamath Mountains Province (KMP lies in northwestern California and 

southwestern Oregon (Fig. 1.1). Overall, the province is arcuate in shape, consisting of 

numerous terranes that are slightly curved concave to the east. The Klamath Mountains 

are the result of long-term accretion and amalgamation of marginal basins and arcs to the 

North American craton (Davis et al., 1978; Irwin, 1994; Snoke and Barnes, 2006; 

although see Hildebrand, 2009, and Sigloch and Mihalynuk, 2013, for an alternate global 

tectonic setting).  

Lithotectonic Terranes and Belts  

The KMP is built from Paleozoic and Mesozoic terranes of primarily oceanic or 

arc affinity, and the terranes are imbricated in a stack of eastward dipping thrust sheets 

separated by thrust faults (Fig. 1.1; Irwin, 1969). This geometry results in a general 

pattern of lithologic units and faults being younger to the west, as progressively younger 

terranes were accreted to the western margin of the continent.  The terranes are grouped 

into four arcuate litho-tectonic belts bounded by regional, east-dipping thrust faults. The 

four lithic belts, first designated by Irwin (1960), are, from east to west and oldest to 

youngest: (1) the eastern Paleozoic belt, (2) the central metamorphic belt, (3) the western 

Paleozoic and Triassic belt (actually Middle Jurassic to Triassic in age), and (4) the 

western Jurassic belt. Subsequent work further subdivided the belts into terranes (for a 

summary see Snoke and Barnes, 2006). The terrane concept is invaluable for evaluating 

groups of rocks as not only sharing lithologic characteristics but also a common history 

and origin. In this work, a “tectonostratigraphic terrane” is recognized as defined by 

Howell et al. (1985, p. 4): “a fault-bounded package of rocks of regional extent 

characterized by a geologic history which differs from that of neighboring terranes.”  
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The igneous activity in the KMP has been invaluable in constraining the tectonic 

history of the province because igneous material can be reliably dated. Many Mesozoic 

plutons in the province intrude multiple terranes, thereby indicating the youngest 

potential age of their juxtaposition; these are known as “stitching” plutons (Saleeby et al., 

1982; Harper et al., 1994; Snoke and Barnes, 2006; Dickinson, 2008). Additionally, 

cross-cutting relationships of plutons with faults constrain the timing of movement along 

the faults.  

The eastern Klamath belt consists of the Yreka, Trinity, and Redding subterranes 

of the Eastern Klamath terrane. The Paleozoic Trinity and Yreka subterranes are made of 

Ordovician to Devonian aged rocks (Irwin, 1960; Wallin and Metcalf, 1998). The 

Redding subterrane records a sequence of sedimentation, volcanism, and plutonism from 

Silurian-Devonian to Jurassic times. The sequence on its eastern edge has a secession of 

east-dipping Permian to Jurassic volcanic rocks (Irwin and Wooden, 1999). In this study 

the areas of exposed Mesozoic rocks are still ascribed as part of the area of the KMP at 

the time of the Silurian-Devonian Eastern Klamath magmatism, since the Mesozoic 

volcanic rocks of the Redding subterrane simply overlie older rocks and do not reflect 

accretionary events.  

The central metamorphic belt is made of greenschist to amphibolite facies 

metavolcanic and metasedimentary rocks (Snoke and Barnes, 2006). The belt’s protoliths 

were thrust under the eastern Klamath belt during the Devonian (Irwin and Wooden, 

1994; Barrow and Metcalf, 2006).  

The western Paleozoic and Triassic belt (wTrPz; Irwin, 1960; Irwin, 1972) is 

actually Triassic and Jurassic in age (e.g., Snoke and Barnes, 2006; Wright and Wyld, 

1994). It consists of multiple terranes that are mostly in thrust contact with each other, 

though there is evidence for some depositional relations later obscured by faulting 

(Donato et al., 1996; Barnes and Barnes, 2020). As successive terranes accreted to the 

western margin, each was thrust eastward beneath the terranes already in place. The 

terranes of the belt are, east-to-west in descending structural position: Fort Jones terrane, 
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North Fork terrane, Eastern Hayfork terrane, Western Hayfork terrane, and the 

Rattlesnake Creek terrane.  

The Fort Jones terrane includes blueschist facies rocks metamorphosed and 

exhumed in Late Triassic time (Hotz et al., 1977; Ernst, 1999). The North Fork terrane is 

an ophiolitic terrane overlain by two mafic igneous extrusive suites of mildly alkaline 

basalts and basaltic-diabasic-gabbroic arc tholeiites (Ando et al., 1983; Ernst, 1999). The 

Eastern Hayfork terrane consists of tectonic mélange and broken formation (Wright, 

1982).  These three terranes may be part of a subduction complex and basaltic arc formed 

from eastward subduction from Late Triassic to Middle Jurassic time (Wright, 1982; 

Ernst, 1999). 

The Middle Jurassic (Wright and Fahan, 1988; Donato et al., 1996) Western 

Hayfork terrane consists of clastic sediments and sparse lavas and reworked ash beds 

derived from an oceanic arc (Wright, 1982; Barnes and Barnes, 2020). It was deposited 

between 177 and 168 Ma based on K/Ar and 40Ar/39Ar ages on magmatic amphibole 

(Wright and Fahan, 1988; Hacker et al., 1995; Donato et al., 1996); The Rattlesnake 

Creek terrane consists of an ophiolitic mélange basement unconformably overlain by 

sequences of coherent strata of volcanic and clastic sedimentary rocks (Wright, 1982; 

Wright and Wyld, 1994). The cover sequence rocks are of Upper Triassic to Lower 

Jurassic age (Wright and Wyld, 1994). 

The May Creek terrane is composed of the May Creek Schist and associated 

amphibolite (Donato, 1991). It is in fault contact with the adjacent Rattlesnake Creek 

terrane to the north and west and the Western Hayfork terrane to the south. Previous work 

(Irwin, 1960; Irwin, 1994; Snoke and Barnes, 2006) does not group the May Creek 

terrane with any lithotectonic belt.  Herein the May Creek terrane is grouped with the 

wTrPz belt because it is contained within the Rattlesnake Creek and Western Hayfork 

terranes of this belt, and it is intruded by the ~160 Ma Wimer pluton (Yule, 1996) of the 

Wooley Creek suite (see Figure 1.1), which predates the accretion of the western Jurassic 

belt.  
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The Condrey Mountain Schist is exposed in a structural dome that formed in 

Neogene time (Saleeby and Harper, 1993). The terrane is exposed as a window in the 

Rattlesnake Creek, Western Hayfork, and Eastern Hayfork terranes, making it entirely 

enclosed within the western Paleozoic and Triassic belt. However, the Condrey Mountain 

Schist is not lithologically or structurally part of this belt, and the interior unit is 

Cretaceous, making it younger than the wTrPz belt. This interior unit is related to the 

Franciscan complex and was likely underthrust shortly after formation during the 

Cretaceous, while the outer unit arrived at its current location at ~157-155 (Hotz, 1967; 

Saleeby and Harper, 1993; Helper, 1985; Tewksbury-Christle, 2021). Due to its younger 

age and late exposure, the Condrey Mountain Schist is the only KMP terrane not 

attributed to a lithotectonic belt in this thesis, and it is not used in any host terrane 

calculations. 

Finally, the western Jurassic belt or Western Klamath terrane accreted at ~150-

155 Ma during the Nevadan Orogeny. The belt consists mainly of the Galice Formation, 

the Rogue Formation, and the Josephine ophiolite (Irwin and Wooden, 1999).  

Intrusive Igneous Suites  

The intrusions in the KMP are classified into suites based on similar composition, 

age, and/or geographic association (Fig. 2.2; e.g., Irwin, 1960; Hotz, 1971; Lanphere et 

al., 1968; Barnes et al., 1990, 1992, 1996, 2006; Irwin and Wooden, 1994; Barnes et al., 

1996; Wright and Wyld, 1994). In addition, there are a few small outliers of intrusive 

rocks that do not correlate with any of the recognized suites (~8 km2). These are listed 

below for completeness (see Fig. 2) and included in line graphs. The plutonic suites of 

the KMP are, in chronologic order, the Eastern Klamath suite; the Rattlesnake Creek 

suite; the Western Hayfork suite; the Ironside Mountain suite; the Wooley Creek suite; 

the Chetco Complex; the Western Klamath suite; the tonalite-trondhjemite-granodiorite 

(TTG) suite; and the granodioritic suite (see supplementary table Appendix B).  

The Eastern Klamath suite is primarily Silurian to Early Devonian gabbroic to 

dioritic rocks intruded in the Trinity subterrane. This main cluster spans 430 to 404 Ma 



Texas Tech University, Andrea Richardson, August 2021 

11 

 

and includes the Billy’s Peak, China Mountain, Porcupine Lake, and Bonanza King 

plutons, as well as the northeastern lobe of the Craggy Peak pluton (Figure 1.1; Table 

4.1). There are multiple large unnamed mafic bodies in this same area that may also be 

safely attributed to the Eastern Klamath suite although they remain undated. These 

intrusions are likely the root of an oceanic arc (Peterson et al., 1991; Irwin and Wooden, 

1999). However, there are still a few named bodies intruded into the Eastern Klamath 

terrane that are older than 250 Ma, so they are still attributed to the Eastern Klamath 

suite. The Mule Mountain stock is only about 4 million years younger than the main 

cluster of the suite at 400 Ma, but it lies much farther south in the Redding subterrane and 

is granitic in composition.  The Pit River stock intruded the Redding subterrane at ~260 

Ma. Skookum Gulch is a series of tonalite blocks within the Skookum Gulch mélange in 

the Yreka subterrane; the tonalite is dated to ~567 Ma (Wallin, 1990). It is placed with 

the Eastern Klamath suite because of its relation to the Eastern Klamath terrane and its 

old age, but it is undoubtedly not tied to the Paleozoic magmatic activity that formed the 

rest of the suite.   

The next suite to form was the Rattlesnake Creek suite, which is only found as 

small (<25 km2 exposed area) bodies in the southern exposure of the Rattlesnake Creek 

terrane. The plutons of the suite are the Saddle Gulch, Bear Wallow, White Rock 

(California), Somes Bar, and Star Mountain plutons. These plutons are most likely pre-

accretionary, meaning they intruded the terrane before it accreted to the Klamath margin 

in the Middle Jurassic. Most of these plutons have U/Pb ages between 189-198 Ma 

(sources in Appendix B). However, the very small (~1 km2) Somes Bar intrusion’s U/Pb 

date has a large uncertainty, being 193-208 Ma (Gray, 1985).  

The Western Hayfork suite of plutons is coeval with the magmatism of the 

Western Hayfork volcanic arc. Within the Western Hayfork suite are the Squaw 

Mountain, Forks of Salmon, Price Creek, Pigeon Point, and Uncle’s Creek plutons 

(Figure 1.1; Table 4.1). The plutons of the suite are gabbro to quartz-diorite. While these 

few plutons are dated to the time span 172-174 Ma, the Western Hayfork arc was active 

much longer, likely 177-168 Ma (Barnes and Barnes, 2020). The Western Hayfork arc 
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consists of metamorphosed reworked volcanic rocks with sparse interbedded lavas 

(Wright & Fahan, 1988; Barnes and Barnes, 2020). The plutons assigned to the Western 

Hayfork suite were emplaced into the Western Hayfork terrane and into the already 

accreted Eastern Hayfork, North Fork, and Eastern Klamath terranes of the KMP, and 

they show magmatic similarities to the volcanic rocks of the Western Hayfork arc 

(Barnes and Barnes, 2020).  

Hogback Mountain pluton is not attributed to a plutonic suite in this study. It has a 

single K-Ar plagioclase cooling date (Renne, 1987), and it lies on the eastern edge of the 

province, not near any other intrusions of ages near its 167 Ma cooling age. Considering 

this, as well as the relative lack of petrologic data about Hogback Mountain, there are 

very few constraints for attributing the intrusion to any suite or estimating a true 

crystallization age. 

The Ironside Mountain suite was emplaced between 168-170 Ma, shortly after 

amalgamation of the Rattlesnake Creek terrane and overlying Western Hayfork terrane 

with the Eastern Hayfork terrane. The namesake Ironside Mountain pluton is the largest 

intrusion in the Klamath Mountain Province, and it is exposed over nearly 500 km2. Also 

in the suite are its satellite plutons, the Denny Creek complex and West China Peak 

pluton; other members are the Wildwood/Chanchelulla Peak pluton, Basin Gulch pluton, 

and Walker Point pluton (Figure 1.1; Table 4.1). Previous work (Lanphere et al., 1968; 

Hotz, 1971) has posited that the Ironside Mountain suite is correlative with the Western 

Hayfork rocks, but recent work by Barnes et al. (2006) and Barnes and Barnes (2020) 

demonstrated that the Ironside Mountain suite was formed by completely different 

magma types, based on bulk-rock and augite compositions. The suite intrudes the Eastern 

Hayfork, Western Hayfork, and Rattlesnake Creek terranes (Figure 1.1). This intrusive 

relationship demonstrates that the Ironside Mountain suite postdated the juxtaposition of 

the Western Hayfork terrane to the Eastern Hayfork terrane along the Wilson Point 

Thrust (Wright and Fahan, 1988). This cross-cutting relationship underscores the 

interpretation that the Ironside suite is not related to the Western Hayfork arc.   
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The Wooley Creek suite is the largest plutonic suite of the KMP, and it includes 

many plutons with surface areas over 100 km2, including the White Rock, Wimer, 

Ashland, Grayback, Slinkard, Russian Peak, and English Peak plutons, plus the 

eponymous Wooley Creek batholith; smaller plutons include the Jacksonville, Shelly 

Lake, Indian Rocks, Thompson Ridge, Ukonom Mountain, Heiney Bar, Castle Crags, 

Vesa Bluffs, Heather Lake, Orleans Mountain, Independence Creek, Youngs Peak, and 

Jackson Peak intrusions (Figure 1.1; Table 4.1). The suite shows calc-alkaline 

geochemical signatures with arc affinities and commonly shows evidence of crustal 

assimilation (Barnes, 1983; Barnes et al., 1986a). The suite was emplaced during a time 

of the extension in the Klamaths (Hacker et al., 1995; Wright and Fahan, 1988), and 

temporally overlapped with formation of the Josephine ophiolite to the west (Harper et 

al., 1994). Plutons in the Wooley Creek suite intruded the Eastern Klamath, Fort Jones, 

North Fork, Eastern Hayfork, Western Hayfork, Rattlesnake Creek, and Central 

Metamorphic terranes from 170 to 156 million years ago.  

The Chetco complex was emplaced concurrently with the Wooley Creek suite, at 

155-160 Ma (Yule, 1996). Active eastward subduction was occurring during the 

formation of the Josephine ophiolite, forming the offshore Rogue-Chetco arc, of which 

the Chetco plutonic complex is the root (Harper et al., 1994). The plutonic complex is 

predominantly comprised of two-pyroxene gabbro and hornblende gabbro (Garcia, 1979; 

Yule et al., 2006; Weiss, 2014).  

The Western Klamath suite plutons intruded during and after Nevadan-age 

accretion of the western Jurassic belt (155-150 Ma; e.g., Saleeby et al., 1982; Harper and 

Wright, 1984; Harper et al., 1994). Most Western Klamath plutons intruded in the 

western portion of the KMP into the Rattlesnake Creek and Western Klamath terranes, 

but the China Creek pluton intruded farther east into the Central Metamorphic terrane. 

The other plutons in the suite are the Gold Hill, Buckskin Peak, Blue Ridge, Bear 

Mountain, Bear Peak, Summit Valley, Pony Peak, Ammon Ridge, Glen Creek, and East 

Fork plutons (Figure 1.1; Table 4.1). Plutons of this suite have arc geochemical 

characteristics such as high H2O contents in the primitive members, (Barnes et al., 2006), 
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and they are ultramafic to tonalitic in composition (Snoke et al., 2006; Allen and Barnes, 

2006).  

The plutons of the tonalite-trondhjemite-granodiorite (TTG) suite formed 142-136 

Ma and are clustered just west of the main cluster of Eastern Klamath suite plutons 

(Figure 1.1). The suite includes the following plutons: Craggy Peak, Deadman Peak, 

Sugar Pine, Horseshoe Lake, Caribou Mountain, Middle Fork, Canyon Creek, Gibson 

Peak, Granite Peak, and Monument Peak (Figure 1.1, Table 4.1). The suite is 

characterized by low K2O abundances, and its plutons are entirely calcic (Barnes at al., 

1996).  

The rocks of the granodioritic suite are characterized by higher K2O than the TTG 

suite, and they range from calcic to calc-alkalic (Allen and Barnes, 2006). These plutons 

intruded at 145-136 Ma and show no spatial grouping. The main plutons in the suite are 

the Grants Pass and Shasta Bally plutons which intruded in the northern and southern 

ends of the province, respectively (Figure 1.1). The small Kettle Mountain pluton and 

Lower Coon Mountain pluton crop out in the far east and west edges of the province, 

respectively. The Yellow Butte pluton is exposed about 20 km east of the main KMP in a 

window through Quaternary volcanics, and it presumably intrudes Paleozoic rocks of the 

Eastern Klamath terrane (Allen and Barnes, 2006).  
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CHAPTER III 

METHODS 

Spatial Measurements  

  ArcMap (ESRI) is the primary program used for spatial measurements in this 

research. This project uses the projected coordinate system UTM Zone 10N in the 

geographic coordinate system WGS 1984. The accuracy of the UTM (Universal 

Transverse Mercator) coordinate system in representing area was confirmed by drawing a 

3.0 km x 5.0 km rectangle in ArcMap and calculating its area at the north and south of the 

research zone. This rectangle should be exactly 15.0 km2, and the calculated areas of 

14.9971 km2 (north) and 14.9997 km2 (south) are well within the accepted margin of 

error for this research, where areas are being reported to the tens place.  

 A new geodatabase was created and filled with features formed by tracing the 

outline of geologic features on georeferenced map images. Polygon features were created 

to represent igneous intrusions and host rock terranes. Multiple geologic maps (see 

Appendix A) of the province and areas within it were georeferenced for reference and as 

bases for digitizing features. The regional Klamath Mountains Province geologic map of 

Irwin (1994) was used to create the initial shapes, and many georeferenced larger-scale 

geologic maps of quadrangles or smaller areas were used to refine the boundaries of 

terranes and intrusions. In resolving discrepancies between boundary locations on maps, 

preference is given to more recent and more detailed or larger scale maps.  

The intrusions mapped and measured in this study meet one or more of the 

following criteria: being named, being dated, and having an areal extent >1 km2. 

Individual dikes and sills are not included because they would be difficult to map 

correctly, and their volume is insignificant. There are multiple small to medium 

intrusions (>1.5 km2) that are not named or dated but are most likely related to a certain 

plutonic suite based on composition, host terrane, and location relative to other plutons of 

the suite in question. These intrusions are used in calculations of suite area and volume 

but not in age histograms because their exact ages are unknown.  
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Areas were not calculated for the Pigeon Point and Price Creek intrusions, even 

though they are dated, because they are barely distinguishable on regional maps, and as 

seen on the detailed map of the area by Wright and Fahan (1988, their Figure 6), the 

bodies are only about 200 m long.  

The definitions of terrane boundaries in this study mostly rely on previous 

mapping, though certain terrane definitions were adjusted based on updated lithologic 

data and new, unpublished mapping by the Texas Tech University Klamath working 

group. 

A major caveat for this data is that all presented areas are currently exposed areas, 

so thrusting, sedimentary cover, erosional patterns obscure the true extents of terranes 

and plutons. The amount of pluton lost to erosion is near impossible to constrain, though 

the presented calculations run on the assumption that the current exposures are near the 

tops of plutons. Much other material is lost from these calculations, including underthrust 

rocks and erupted material. Perhaps future drilling as well as palinspastic cross-section 

reconstructions of the province could account for the effects of thrusting, but that is 

beyond the scope of this study. Shallow angle underthrusting has removed the roots of 

many plutons so that their full initial volume is no longer continuous.  

Moreover, the boundaries of geologic features are based on the current state of 

geologic mapping in the Klamath Mountains. The level of precise geologic mapping 

varies greatly throughout the province. Much of the Klamath Mountains is vertically 

extensive and covered by forest, so access and exposure are not ideal in much of the 

province, making detailed geologic mapping difficult. At the spatial scales of this study, 

however, it is unlikely that further precise mapping would greatly change absolute values, 

though it would allow for more precision. 

Area  

Calculating the exposed areas of intrusions is straightforward, as ArcMap 

calculates areas for all polygon features. Individual polygons were created to represent all 

plutons. Then, the “calculate geometry” tool was used to calculate the area of all features 
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in the feature class in square kilometers, and the data was recorded from the attribute 

table. The level of precision in the area value is limited by the precision and scale of the 

reference maps used to create the polygons. Any errors made in area calculations are 

propagated through volume and addition rate calculations.  

 Plutons must be considered in determining host terrane areas. If a plutonic 

exposure lies completely within a single host terrane, then the entire area of the pluton is 

used in the terrane area. Many plutons in the Klamaths, however, intrude a contact 

between two terranes, obscuring the exact path of the contact. In these cases, the contacts 

must be projected through the plutons so that all area is allocated to a terrane. In the 

Wooley Creek batholith, xenoliths from the host rocks have preserved a “ghost 

stratigraphy” of the host terranes, constraining their initial extents (Coint et al., 2013b). In 

some cases, such as the Ironside Mountain pluton and the Orleans fault, field evidence 

supports that the fault cuts the pluton rather than the pluton intruding it, so the boundary 

on that side of the pluton is interpreted as the location of the terrane contact and thrust 

fault.  

Volume  

Calculating the volume of intrusions presents a host of problems. The current 

exposures of plutons are slices through 3-dimensional bodies, and the exposed depth of 

different bodies is not necessarily the same. Additionally, there is evidence that multiple 

bodies in the KMP have been tilted from their original orientation (e.g., Barnes et. al., 

1986), especially around the Condrey Mountain dome, so the exposed slice is not the 

original horizontal plane of the pluton. Having constraints on the exposure level and 

tilting is critical for accurate calculation of volumes. Another complication arises because 

the amount of eroded material is unknown. In this research, three volume calculations 

were made for every major intrusion: relief, topographic, and projected volumes (see 

Figure 3.2).  

A first order estimate for intrusion volume was made by multiplying the exposed 

relief by the map area. This measurement is called the relief volume. This calculation 

conceptualizes the shape of the intrusion as an irregular tabular cylinder, with the 
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footprint of the intrusion as the cylinder face and the exposed relief as the height. The top 

and bottom of the cylinder are flat, horizontal, planes located at the highest and lowest 

exposed elevations of the pluton.  

A new method was developed to calculate the present volume using digital 

elevation models (DEMs) and tools in ArcGIS, resulting in a precise calculation of the 

amount of material currently lying above the lowest exposed elevation in the pluton. The 

elevation data are 1/3 arc second resolution DEMs from the USGS National Map 3DEP 

Downloadable Data Collection (USGS, 2017). The vertical data are referenced to the 

North American Vertical Datum of 1988 (NAVD88). The DEM data are in the North 

American Datum of 1983 (NAD83), but all other work in this project is performed in 

WGS84, so the DEMs were transformed to match the other data. Then, the DEMs were 

projected to UTM Zone 10N. At the latitude of study, the 1/3 arc second resolution of the 

DEM data translates to ~10m.  

For each pluton, a DEM raster was clipped to the polygon shape of the pluton. 

Rasters needed to be stitched together to cover the full area of many plutons. Then, the 

Con tool was used to create a copy DEM where every value is set to the lowest elevation 

in the pluton; this is the base raster. Finally, the Cut-Fill tool in ArcGIS calculates the 

volume between the initial DEM and the base DEM (see Figure 3.1). This volume is 

called the topographic volume.  

The topographic volume represents the amount of intrusive rock between the 

topographic surface and the elevation of the lowest exposed point within the pluton map 

area. This calculated volume is inherently smaller than the relief volume (see Figure 3.2). 

The difference between the topographic and relief volumes represents the amount of 

material eroded between the current land surface and a flat potential roof the extent of the 

area. Eroded material higher than the highest elevation of the intrusion is lost from both 

calculations. 

Minimum volume calculations based on topographic relief are augmented by 

utilizing subsurface projections of contacts based on geologic maps and cross sections. A 
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combination of field, petrologic, and geochemical constraints are used to extrapolate 

pluton shapes into the subsurface. These data sets provide additional information on the 

subsurface projection of the unit below the lowest elevation of exposure as indicated by 

topography, augmenting the topographic and relief volume calculations.  

Published barometric results from the province indicate that Mesozoic plutonism 

was dominantly shallow to middle crustal (Rice and Ferns, 1980; Snoke et al., 1982; 

Barnes et al., 1986, 1992, 1995, 2006; Bushey et al., 2006). The petrology and chemistry 

of multiple plutons within the KMP support a vertically extensive system with magma 

mixing and differentiation at depth throughout (e.g., Davis, 1963; Barnes et al., 1995, 

2006; Johnson and Barnes, 2006; Coint et al., 2013a, b; Barnes et al., 2019, 2020; Ernst 

et al., 2016).  

Available data in KMP plutons supports the model of plutons being vertically 

extensive. In a few plutons, petrologic observations and textures vary approaching the 

roof, but no such variations occur towards the bottom of the exposure (e.g., Wooley 

Creek batholith; Barnes, 1986) indicating that the pluton likely extends well into the 

subsurface. Therefore, it is unlikely that the floors of the plutons lie just below the 

exposure. Moreover, the walls of the major intrusions are near-vertical. This is 

observable where contacts are exposed and visible (e.g., Grayback pluton, Barnes et al., 

1995; Caribou Mountain pluton, Davis, 1963), by steep magmatic foliations near pluton 

walls (e.g., Deadman Peak pluton, Davis, 1965; Castle Crags pluton, Machek et al., 

2003), and by applying the rule of V’s.  These contacts cut straight across topography in 

map view indicating that the pluton walls are steep to vertical.  We contend that because 

of the variation in elevation of wall exposures across several kilometers that most larger 

plutons in the province are not thin, tabular bodies (e.g., McCaffrey and Petford, 1997). 

Given the variation in topographic relief, one would expect that horizontal exposures 

would be evident. Moreover, if the plutons were tabular, it seems unlikely that most 

plutons in the KMP would have eroded such that the map plane coincidentally intersects 

the steep walls (see Figure 3.3). The Slinkard and Vesa Bluffs intrusions are distinctly 

thin but wide bodies; however, they are located near each other and are exposed by the 
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Condrey Mountain doming, so their special case does not negate this point about 

exposure.   The structurally highest exposures of some plutons in the province are roofs 

that are often flat to gently dipping and transition sharply to steeply dipping walls (e.g., 

Wooley Creek batholith; Coint et al., 2013a). However, horizontal contacts, either roofs 

or floors, are notably absent. Nearly half of the KMP plutons measured have current 

exposed reliefs of over 1 km, and the Wooley Creek batholith has the highest present 

relief of 1,922 m (Table 4.1). That so many plutons have over a kilometer of relief 

currently exposed supports that the thickness of these bodies is on the scale of 

kilometers.  

With the knowledge of the vertically extensive nature of the plutonic systems in 

the Klamaths, pluton volumes are calculated to incorporate the subsurface projections of 

the pluton shapes. Therefore, this third volume calculation is called the projected volume. 

This new calculation of projected volume is most important in calculating volumes and 

rates to an order of magnitude closest to the likely true scope of the bodies. The projected 

volume calculations for individual plutons are treated in depth in Appendix C.  

Time Integration 

A compilation of nearly 300 biotite and hornblende K-Ar and zircon U-Pb ages 

from the literature is used to characterize the temporal history of plutonism in the 

province (Appendix B). Zircon U-Pb crystallization dates are used where available, but 

for some intrusions the only geochronology is K-Ar cooling dates on biotite, hornblende, 

or plagioclase, which may represent initial magmatic cooling or later metamorphic 

events.  Dates of igneous activity are useful by themselves for tracking when activity 

occurred, but much more robust measures of evolution through time come from 

integrating dates with associated volumetric and spatial data. The geochronology 

available for KMP varies greatly in amount and precision across intrusions, which does 

limit the robustness of rate calculations.  

The first step was to associate the volume and aerial extent of individual 

intrusions with their ages. From this level of data one can extract temporal patterns of 
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volume of magma intruded, area intruded, distribution of intrusions, and average size of 

individual bodies.   

The primary goal is to calculate volume addition rates for intrusive suites and 

individual flare-ups.  Volume addition rates can be calculated for plutons with precise 

dating and long histories, but the level of precision in dating these Mesozoic and 

Paleozoic intrusions is usually not good enough to distinguish a timeline for the intrusion 

of individual plutons.  Additionally, smaller and less studied intrusions often have only 

one or two dates.  

Volume addition rates and normalized magma addition rates were calculated from 

integrating temporal data with the topographic and projected volumes. One calculates 

volume addition rates by simply dividing the volume of magma by the time span of 

intrusion. The units for volume addition rates are km3/myr. To derive magma addition 

rates (MARs), volume addition rates are normalized to the area intruded. Area intruded is 

defined as the total area of all terranes of the KMP that were in place by the time of 

magmatism. The units of MAR as it is defined here are km3/myr/km2, representing the 

volume of magma per time span of intrusion per square area intruded into.   
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Figure 3.1. Visualization of topographic volume. (A) Pluton area is calculated using a 

polygon representing its footprint. (B) Topographic volume utilizes a DEM cropped to 

the footprint of the pluton. The distance between the DEM and the lowest elevation 

(shadow) is calculated for each point in the shape to result in a volume.  

 

 

 

Figure 3.2. Models of volume calculations.  There is a DEM of the surface of the 

Grayback pluton with a “shadow” representing the area at the level of lowest exposure. 

Relief volume is the volume in a cylinder between the highest and lowest exposed 

elevation. Topographic volume is the space between the ground surface and a flat plane 

at the lowest elevation. Projected volume is calculated by projecting the topographic 

volume down below the surface. Vertically exaggerated.  
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Figure 3.3. Plutons of varying thicknesses intersecting sample topography. It is unlikely 

that thin plutons would coincidentally intersect the surface at different elevations (top). 

On the other hand, the steep walls of thick plutons (bottom) can intersect the topographic 

surface at any height in the plutons, which all occur at similar depths in the crust.  
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CHAPTER IV 

RESULTS 

 The following data are presented below: calculations of area, relief volume, 

topographic volume, and projected volume for individual plutons and suites (Table 4.1). 

Then are presented calculations of rates of volume addition and magma addition for 

every plutonic suite (Table 4.2; Figure 4.4, 4.5). Finally, the plutonic activity of the 

province is split into flare-ups and lulls, and these events are quantified (Table 4.4; Figure 

4.6).  

Regional Area and Volume Data  

The plutonic suites of the KMP in decreasing areal exposure include the Wooley 

Creek (1,957.7 km2), granodioritic (619.7 km2), Ironside Mountain (606.7 km2), Eastern 

Klamath (499.3 km2), TTG (489.2 km2), the Chetco complex (398.5 km2), Western 

Klamath (277.8 km2), Rattlesnake Creek (53.0 km2), and Western Hayfork (46.8 km2) 

suites (Table 4.2; Figure 4.1).  

The plutonic suites in descending order of relief volume are the Wooley Creek 

(3,110 km3), Ironside Mountain (975 km3), TTG (726 km3), granodioritic (669 km3), the 

Chetco complex (501 km3), Eastern Klamath (486 km3), Western Klamath (302 km3), 

Western Hayfork (44 km3), and Rattlesnake Creek (37 km3) suites (Table 4.2; Figure 

4.2).  The suites in descending size order of topographic volume are the Wooley Creek 

(1,421 km3), Ironside Mountain (505 km3), TTG (386 km3), the Chetco complex (265 

km3), granodioritic (252 km3), Eastern Klamath (242 km3), Western Klamath (142 km3), 

Rattlesnake Creek (22 km3), and Western Hayfork (16 km3) suites (Table 4.2; Figure 

4.2). The suites in descending size order of projected volume are the Wooley Creek 

(15,920 km3), granodioritic (5,679 km3), Ironside Mountain (5,363 km3), the Chetco 

complex (3,851 km3), TTG (3,162 km3), Eastern Klamath (1,902 km3), Western Klamath 

(1,110 km3), Rattlesnake Creek (178 km3), and Western Hayfork (154 km3) suites (Table 

4.2; Figure 4.3). 
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The Wooley Creek suite has by far the largest aerial extent and volume of any 

intrusive suite, having over three times more area and nearly three times more projected 

volume than the granodioritic suite, which is the second largest suite (Figure 4.1, 4.2; 

Table 4.2). The smallest suites are by far the Rattlesnake Creek and Western Hayfork 

suites, which are less than a fifth the size of the third smallest suite, the Western Klamath 

suite. 

 Topographic volume is systematically smaller than relief volume (Figure 4.2). 

Topographic volume is inherently smaller than relief volume due to the values’ 

definitions. This is because the topographic volume represents the volume beneath a 

complex surface (representing the ground) that stretches between the highest and lowest 

elevation used in relief volume (Figure 3.1). On the other hand, relief volume calculates 

the entire volume between the highest and lowest elevations as if there are flat horizontal 

surfaces bounding the top and bottom. A noteworthy observation is that topographic 

volume is typically on the order of half of relief volume, ranging from 37% to 59% in this 

dataset of plutonic suites. Also of note is that all these data represent zones of intrusive 

igneous rock, and lithology affects their erosion pattern.  

Addition Rates 

 Calculations of volume and magma addition rates (VAR and MAR) reveal a 

different pattern than spatial values alone because of the varying lengths of time over 

which the individual suites formed (Table 4.2; Figure 4.4, 4.5). The Eastern Klamath 

suite formed over 31 myr while the Ironside Mountain suite was only active for about 3 

myr.  While the Wooley Creek suite has the highest area and volume by far of any suite, 

it has a lower average VAR and MAR than the Ironside Mountain suite because it formed 

over nearly 16 myr. Important to note is that these are average rates calculated for the 

suites, and the long-lived suites varied in productivity over their time span. All discussion 

below is based on rates calculated from projected volumes, but calculations of VAR and 

MAR were also made from topographic volumes (Table 4.2, 4.4). 
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 The highest volume addition rate in the KMP using projected volume is in the 

Ironside Mountain suite, at 1,788 km3/myr (Table 4.2; Figure 4.4). The Wooley Creek 

suite is second, with a VAR of 995 km3/myr. The Chetco complex (642 km3/myr) and 

granodioritic suite (631 km3/myr) have similar VARs. The remaining suites with lower 

VARs are the TTG (351 km3/myr), Western Klamath (139 km3/myr), Eastern Klamath 

(61 km3/myr), Western Hayfork (51 km3/myr), and Rattlesnake Creek (16 km3/myr) 

suites (Figure 4.4; Table 4.2). 

Magma addition rates are volume addition rates normalized to host terrane area 

(Table 4.2, 4.3; Figure 4.5). MARs take into account how the area of the KMP expanded 

over time due to accretion. The highest average magma addition rates based on projected 

volumes occurred in the Chetco complex and Ironside Mountain suite, with similar rates 

of 0.10 and 0.075 km3/myr/km2, respectively. The Wooley Creek suite had about half that 

rate at 0.042 km3/myr/km2. The remaining suites, in descending order of MAR, are as 

follows: the granodioritic (0.021 km3/myr/km2), TTG (0.012 km3/myr/km2), Eastern 

Klamath (0.0086 km3/myr/km2), Western Klamath (0.0047 km3/myr/km2), Western 

Hayfork (0.0022 km3/myr/km2), and Rattlesnake Creek (6.8*10-4 km3/myr/km2) suites.  

Though the Chetco complex has a moderate VAR, it has the highest MAR of any 

KMP intrusive suite. The complex has a higher MAR because it is pre-accretionary, so its 

activity is normalized to only the western Jurassic belt into which it intruded. On the 

other hand, the coeval Wooley Creek suite and the earlier Ironside Mountain suite were 

normalized to the accreted KMP terranes during their formation, which include all of the 

eastern Paleozoic, central metamorphic, and western Paleozoic and Triassic belts.  

However, if one considers the entire province as one area, both the accreted 

terranes and the material rifted away by the Josephine spreading center, then the Wooley 

Creek suite and Chetco complex might be counted together. It is likely that the 

subduction zone during this period (~165-155 Ma) was west of the Rogue-Chetco arc and 

dipping east. If this model is true, either the Rogue-Chetco belt or the Wooley Creek belt 

was the main supra-subduction zone arc, and the other was either forearc or backarc 
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magmatism. The MAR of the Wooley Creek and Chetco plutonism together normalized 

to the entire KMP is 0.042 km3/myr/km2, the same as the Wooley Creek suite MAR 

calculated above.  

Identification of Flare-ups 

The Klamath Mountains Province experienced three major periods of magmatic 

activity: the Silurian-Devonian, the Mid-Late Jurassic, and the Late Jurassic to Early 

Cretaceous (Table 4.4; Figure 4.6). The latter two episodes are separated by only a short, 

<5 myr (~150-154 Ma) period of quiescence, yet rock correlations and regional events 

also support this division, the break correlating with the Nevadan orogeny and the 

accretion of the western Jurassic terrane.   

 The first flare-up occurred 431-400 Ma, lasting 31 million years. During the flare-

up, at least 1,893 km3 of plutonic material was emplaced in the KMP (Table 4.4). Magma 

was emplaced at an average rate of at least 61 km3/myr and 0.0086 km3/myr/km2. This 

flare-up was the smallest of the three KMP flare-ups with the lowest addition rates. Only 

the Eastern Klamath terrane was part of the KMP at this time, and only Eastern Klamath 

plutons are part of this flare-up. The dated Eastern Klamath plutons in the Trinity 

subterrane are spaced out temporally at 431, 415, and 404 Ma. There are several undated 

bodies in the suite of comparable sizes and compositions, which most likely formed in 

the 431-400 Ma range; thus, these undated bodies are used in the spatial calculations for 

the flare-up. 

The Mule Mountain stock is slightly younger at 400 Ma, and it is the only pluton 

of this age range exposed in the Redding subterrane. The Mule Mountain pluton lies in 

the Early Devonian volcanic Copley Greenstone, which overlies the Trinity ultramafic 

sheet (Irwin, 1994). Much of the Redding terrane exposed between the Mule Mountain 

stock and Trinity plutons is Mississippian in age, thus younger than this magmatic 

episode. Therefore, the Mule Mountain stock is grouped in the same flare-up event as the 

Trinity plutons, as it is also a Silurian-Devonian pluton that is likely an arc root. The 
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younger volcanic rocks of the Redding subterrane probably cover any other Silurian-

Devonian plutons that may be in the subterrane. 

 The Pit River stock (260 Ma) and Skookum Gulch mélange tectonic blocks (567 

Ma) are not associated with any flare-ups, as they are the only known “intrusions” from 

their times.  

 The second KMP flare-up occurred 154-174 Ma, lasting 21 million years. At least 

25,289 km3 of plutonic material was added to the KMP during this flare-up at an average 

rate of at least 1,204 km3/myr and 0.052 km3/myr/km2 (Table 4.4). The flare-up includes 

the Western Hayfork, Ironside Mountain, and Wooley Creek suites, as well as the Chetco 

plutonic complex. The Western Hayfork suite plutonism of 172-174 Ma was followed 2 

million years later by the Ironside Mountain suite and the first surges of Wooley Creek 

magmatism. Ironside Mountain suite magmatism ceased at 168 Ma while the Wooley 

Creek suite magmatism continued until 154 Ma. The Chetco complex is counted as part 

of this flare-up even though it formed offshore across the Josephine ophiolite basin as a 

pre-accretionary intrusion. This was a period of extensive magmatism, as the Wooley 

Creek and Ironside Mountain suites are the two most voluminous suites of the KMP. This 

flare-up contains four of the five largest plutonic bodies in the province: the Wooley 

Creek batholith, Ironside Mountain pluton, the Ashland pluton, and Chetco complex (see 

Table 4.1).    

The most voluminous span of magmatic activity in the KMP was 155-160 Ma. 

There was a dip in magmatic activity during the 165-169 Ma time span compared to 

during 170-175 Ma and 155-164 Ma (Figure 4.6). However, this dip is still a time of 

relatively high magmatism compared to most of the KMP history. Considering this as 

well as the fact that the Wooley Creek suite and Ironside Mountain suite both are active 

between 168 and 170 Ma, this flare-up is not split into two flare-ups. This potential 

division would have a flare-up grouping the Western Hayfork and Ironside Mountain 

suites, and another grouping of the Wooley Creek suite and Chetco complex The Ironside 

Mountain and Wooley Creek suites only overlap from the dating of the Orleans Mountain 
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pluton at 170.7 ± 1.7; otherwise, the oldest pluton in the Wooley Creek suite is Vesa 

Bluffs at 167.1 ± 1.8 Ma (Allen and Barnes, 2006), which is about a million years after 

the last Ironside Mountain magmatism of the Denny Creek complex at 168 Ma (Wright 

and Fahan, 1988). The suite of the Orleans Mountain pluton is not certain, as its date 

aligns best with the Ironside Mountain suite, but it fits better with the Wooley Creek suite 

based on similarities in geochemical data and zircon inheritance (Allen and Barnes, 

2006). Nevertheless, the age uncertainties of Vesa Bluff and the Denny Complex overlap. 

Therefore, while the Wooley Creek and Ironside Mountain suite events are distinct 

magmatic events, they are part of the same arc flare-up. 

The Rattlesnake Creek suite finished forming 15 million years before the Western 

Hayfork and Ironside Mountain suites. It consists of sparse, small plutons (<30 km2) 

spread out in age over almost 20 myr (189-207 Ma). Therefore, this activity does not 

constitute its own magmatic flare-up. The Western Hayfork and Rattlesnake Creek suites 

are consistently the smallest suites in terms of area, volume, and addition rates (Table 

4.2). However, the volcanic part of the Western Hayfork system is largely preserved and 

incorporated into an expansive terrane (the WHt’s area is 3,973 km2), so integration of 

the volume of lavas and volcanogenic sediments of the Western Hayfork arc would 

greatly shift these calculations to better reflect the full magmatic history of the arc.  

The third and final magmatic flare-up in the KMP occurred 150-136 Ma, lasting 

17 million years. This flare-up saw the emplacement of at least 9,952 km3 of plutonic 

material in the KMP, emplaced at a minimum average rate of 585 km3/myr or 0.020 

km3/myr/km2. This last stage of magmatism includes the Western Klamath, granodioritic, 

and TTG suites. The majority of Western Klamath magmatism occurred 150-148 Ma, and 

most activity in the TTG and granodioritic suites occurred between 145 and 136 Ma.  

Younger than this time span lies only the Kettle Mountain and Horseshoe Lake 

plutons. These two small plutons, only 1.7 km2 and 4.0 km2, respectively, have only K-Ar 

dates.  The Kettle Mountain pluton has only one K-Ar cooling date on plagioclase with 

the wide range of uncertainty of 120-130 Ma (Renne, 1987). The Horseshoe Lake pluton 
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has a single biotite K-Ar cooling date of 133 Ma (Davis, 1961). K-Ar dates are cooling 

dates that could therefore be millions of years younger than the crystallization of the 

pluton; additionally, the available dates for these intrusions are decades old (1961 and 

1987), and thus do not hold the level of precision attainable today. Therefore, these dates 

are not used in determining the time span of magmatic activity. The youngest true 

crystallization age in the Klamaths is ~136 Ma for the Shasta Bally pluton (Lanphere and 

Jones, 1978).  Therefore, there is not sufficient evidence to declare that magmatism 

occurred in the Klamaths past ~136 Ma.  

With this difference between suites, one could split the Western Klamath suite to 

a separate flare-up than the TTG and granodioritic suites. There is, however, some 

overlap in time, with a Western Klamath pluton of 144.2 Ma and another at 142 Ma. 

Comparing the time difference between the Western Klamath suite and the TTG and 

granodioritic suites to the difference of the Western Klamath suite versus the Wooley 

Creek suite, the second makes a more distinct division. This division is also evident in 

Figure 4.6.   
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Figure 4.1.  Aerial extents of KMP intrusive suites.  

 

 

Figure 4.2. Relief and topographic volumes of KMP intrusive suites.  
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Figure 4.3. Projected volumes of KMP intrusive suites. 

 

 

Figure 4.4. Minimum volume addition rates of KMP intrusive suites. Calculated using 

projected volume.  
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Figure 4.5. Minimum magma addition rates of KMP intrusive suites. Calculated using 

projected volume.  

 

 

Figure 4.6. Added aerial extent of KMP intrusions. Times of flare-ups are bracketed, 

though rounded to 5 myr increments. The one data point older than 450 Ma is not shown.  
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Table 4.1. Compilation of age, area, and volume measurements for plutons of the KMP. Sources for geochronology in 

supplementary table (Appendix B). Ages are zircon U-Pb where available, K-Ar hornblende, biotite, or plagioclase where 

zircon dates are not. Simplified age is age used in graphs, without uncertainties. 

Pluton Pluton suite Age (Ma) 
Simplified 
age (Ma) 

Aerial extent 
(km2) 

Relief 
(m) 

Relief 
volume 
(km3) 

Topographic 
volume 
(km3) 

Projected 
volume 
(km3) 

Kettle Mountain granodioritic 120-130 130 1.7 372 0.6 0.1 7 

Shasta Bally granodioritic 136 136 323.3 1671 540 226 3135 

Yellow Butte granodioritic 136.4 ± 0.9 136.4 0.5 94 0.05 0.02 1 

Grants Pass granodioritic 139 ± 2 139 278.9 439 122 23 2533 

Lower Coon Mountain granodioritic 145 +1/-2 145 9.8 570 6 4 3 

Horseshoe Lake TTG 133 133 4.0 614 2 1 7 

Sugar Pine TTG 136.3 ± 1.0 136.3 87.1 1616 141 66 458 

Craggy Peak TTG 136.6 ± 1.4 136.6 146.9 1542 227 127 1449 

Caribou Mountain TTG 138.1 ± 1.1 138.1 20.2 1137 23 12 103 

Canyon Creek TTG 140.8 ± 1.5 140.8 85.7 1644 141 79 465 

Deadman Peak TTG 142.3 ± 1.1 142.3 85.3 1302 111 70 454 

Gibson Peak TTG   7.4 797 6 3 14 

Granite Peak TTG   35.2 1739 61 20 179 

Monument Peak TTG   10.9 829 9 5 21 

Middle Fork TTG   6.5 859 6 3 13 

Bear Peak Western Klamath 143 ± 1.3 143 29.0 1343 39 19 150 

Pony Peak Western Klamath 146 ± 3 146 31.7 1349 43 21 164 

Gold Hill Western Klamath 148 148 6.1 304 2 1 10 

Buckskin Peak Western Klamath 148 148 15.1 623 9 4 27 

East Fork Western Klamath 149 149 1.4 445 0.6 0.3 2 

China Creek Western Klamath 149 149 19.3 1206 23 8 37 

Ammon Ridge Western Klamath 147 147 25.4 1008 26 12 126 

Glen Creek Western Klamath 147 147 12.3 771 9 3 22 

Summit Valley Western Klamath 150 150 14.4 853 12 4 26 

Bear Mountain Western Klamath 149; 153 149 79.0 1306 103 49 405 
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Table 4.1. Continued. 

Pluton Pluton Suite Age (Ma) 
Simplified 
age (Ma) 

Aerial extent 
(km2) 

Relief 
(m) 

Relief 
volume 
(km3) 

Topographic 
volume 
(km3) 

Projected 
volume 
(km3) 

Blue Ridge Western Klamath  148 28.8 948 27 13 143 

Jacksonville Wooley Creek 154 154 24.7 715 18 9 120 

White Rock Wooley Creek 156 156 249.4 1092 272 125 2370 

English Peak Wooley Creek 156 ± 0.7 156 127.8 1686 215 141 1292 

Russian Peak Wooley Creek 159 159 190.0 1613 306 154 1864 

Wooley Creek Wooley Creek 158.0-159.2 159 321.2 1922 617 349 3240 

Shelly Lake Wooley Creek 159.1 ± 1.3 159.1 15.3 961 15 7 30 

Wimer Wooley Creek 160 160 103.6 710 74 13 945 

Grayback Wooley Creek 160 160 200.0 1809 362 123 1923 

Indian Rocks Wooley Creek 160.5 ± 1.9 160.5 0.9 396 0.4 0.2 2 

Ashland Wooley Creek 161 161 336.5 1777 598 296 3324 

Slinkard Wooley Creek 162 162 103.8 1653 172 69 172 

Thompson Ridge Wooley Creek 163 ± 2 163 43.5 1341 58 32 228 

Ukonom Mountain Wooley Creek 165 165 9.5 925 9 4 18 

Heiney Bar Wooley Creek 166 ± 1.6 166 5.1 611 3 0.9 9 

Castle Crags Wooley Creek 166.8 ± 1.8 166.8 30.9 1310 40 20 159 

Vesa Bluffs Wooley Creek 166.9 ± 1.9 166.9 91.1 1116 102 44 102 

Heather Lake Wooley Creek 167 167 15.6 1096 17 10 33 

Orleans Mountain Wooley Creek 170.7 ± 1.7 170.7 16.0 1215 19 10 34 

Independence Creek Wooley Creek   10.9 547 6 3 19 

Youngs Peak Wooley Creek   12.8 1083 14 7 26 

Jackson Peak Wooley Creek   4.9 920 5 3 10 

unnamed intrusions Wooley Creek   45.8     

Chetco complex Chetco complex 155-160 157.5 398.5 1257 501 265 3851 

Denny Creek Ironside Mountain 168 168 13.8 855 12 4 25 

Walker Point Ironside Mountain 169 169 6.6 474 3 2 12 

Wildwood Ironside Mountain 169; 173±16  169 86.5 1137 856 456 4882 
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Table 4.1. Continued. 

Pluton Pluton suite Age (Ma) 
Simplified 

Age  
(Ma) 

Aerial extent 
(km2) 

Relief 
(m) 

Relief 
volume 
(km3) 

Topographic 
volume 
(km3) 

Projected 
volume 
(km3) 

Ironside Mountain Ironside Mountain 170 170 491.8 1741 98 41 430 

Basin Gulch Ironside Mountain 170 170 1.5 252 0.4 0.1 2 

West China Peak Ironside Mountain   6.5 854 6 3 12 

Uncles Creek Western Hayfork 172.3 ± 2.0 172.3 8.8 995 9 3 16 

Squaw Mountain Western Hayfork 174 174 26.4 971 26 10 129 

Forks of Salmon Western Hayfork 174 174 5.0 1175 6 2 9 

Saddle Gulch Rattlesnake Creek 189 189 0.6 272 0.2 0.1 1 

Bear Wallow Rattlesnake Creek 193 193 15.2 793 12 8 31 

White Rock Rattlesnake Creek 193 193 1.4 280 0.4 0.1 2 

Star Mountain Rattlesnake Creek 198 198 25.4 812 21 11 126 

Somes Bar Rattlesnake Creek 193-208 200 1.0 353 0.4 0.3 2 

Brushy Mountain Rattlesnake Creek   6.9 395 3 2 12 

Silver Creek Rattlesnake Creek   2.5 246 0.6 0.3 4 

Pit River Eastern Klamath 260 260 5.8 250 1 0.4 9 

Mule Mountain Eastern Klamath 400 400 84.1 699 59 38 416 

Craggy Peak Eastern Klamath 403 403 18.9 1176 22 10 39 

Porcupine Lake Eastern Klamath 404 404 93.2 1556 145 76 496 

China Mountain Eastern Klamath 415 415 69.7 1446 101 47 361 

Bonanza King Eastern Klamath 431 431 75.8 1405 106 43 384 

Skookum Gulch Eastern Klamath 567 567 3.8 739     

Billy's Peak Eastern Klamath   38.2 1337 51 25 197 

unnamed intrusions Eastern Klamath   109.8     

Hogback Mountain unknown 167 167 6.6 629 4 2 22 
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Table 4.2. Compilation of calculated area, volume, and addition rates for plutonic suites of the KMP. 

   Volume (km3) 
Non-normalized volume 
addition rates (km3/myr)  

Normalized magma addition 
rates (km3/myr/km2) 

Plutonic suite 
Age range 

(Ma) 
Aerial extent 

(km2) 
Relief 

volume 

Topo-
graphic 
volume 

Projected 
volume 

Topographic 
VAR 

Projected 
VAR 

Topographic 
MAR 

Projected 
MAR 

granodioritic 125-145  619.7 669 252 5679 28 631 9.4E-04 2.1E-02 

TTG 133-142 489.2 726 386 3162 43 351 1.4E-03 1.2E-02 

Western Klamath 143-150 277.8 302 135 1110 17 139 6.0E-04 4.7E-03 

Wooley Creek 154-170 1957.7 2923 1421 15920 89 995 3.8E-03 4.2E-02 

Chetco Complex 155-161 398.5 501 265 3851 44 642 7.2E-03 1.0E-01 

Ironside Mountain 168-170 606.7 975 505 5363 168 1788 7.1E-03 7.5E-02 

Western Hayfork 172-174 46.8 44 16 154 5 51 2.3E-04 2.2E-03 

Rattlesnake Creek 189-200 53.0 37 22 178 2 16 8.4E-05 6.8E-04 

Eastern Klamath 400-431, 
567, 260 

499.3 486 242 1902 8 61 1.1E-03 8.6E-03 
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Table 4.3. Calculated minimum areas for accreted terranes of the KMP.  

Terrane  Subterrane Area (km2) 

Condrey Mountain schist 
 

565 

Western Klamath terrane 
 

6128 

May Creek terrane 
 

513 

Rattlesnake Creek terrane  
 

5647 

Western Hayfork terrane 
 

3973 

Eastern Hayfork terrane 
 

2057 

North Fork terrane 
 

1651 

Fort Jones terrane 
 

827 

Central metamorphic terrane  1320 

Eastern Klamath terrane Yreka subterrane 741 

Trinity subterrane 2215 

Redding subterrane 4170 

 

Table 4.4. Timing, size, and rates of magmatic flare-ups of the KMP.  

   Volume (km3) 
Non-normalized volume 
addition rates (km3/myr)  

Normalized magma addition 
rates (km3/myr/km2) 

Age range 
(Ma) 

Suites involved 
Aerial extent 

(km2) 
Relief 

volume 

Topo-
graphic 
volume 

Projected 
volume 

Topographic 
VAR 

Projected 
VAR 

Topographic 
MAR 

Projected 
MAR 

400-431 Eastern Klamath  489.7 484 241 1893 8 61 1.1E-03 8.6E-03 

154-174  

Western Hayfork, 
Ironside Mountain, 
Wooley Creek, 
Chetco complex 3004.7 4439 2206 25289 105 1204 4.5E-03 5.2E-02 

150-136  
Western Klamath, 
TTG, granodioritic  1365.9 1690 774 9952 46 585 1.6E-03 2.0E-02 
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CHAPTER V 

DISCUSSION  

The following discussion begins with a review of the plutonic history of the 

Klamath Mountains Province in the context of the tectonic amalgamation of the KMP 

and aerial/volumetric growth of the orogen through time. This is followed by a 

consideration of the tempo of magmatism in the KMP and a discussion of periods of 

magmatic flare-ups and lulls. The discussion concludes with a comparison of magmatism 

in the KMP with other Cordilleran orogens where such data are available.   

Magmatic Evolution of the Klamath Mountains Province  

Using the new spatial calculations of Klamath plutonism and lithotectonic 

terranes from this research in addition to temporal constraints, one can explore the 

building of the Klamath Mountains Province over time. The areal values of terranes are, 

however, only the present-day exposure, for this work does not attempt to reconstruct 

terranes before thrusting, erosion, and covering by younger sedimentary and volcanic 

materials. Additionally, at the actual times in the Paleozoic and Mesozoic, the plutons 

being measured would have been still buried, and the surface area exposed today was 

underground.  

 Figure 5.1 shows a sequence of maps of the extent of the KMP during different 

stages of accretion and plutonism, and Table 5.1 lists the areal extent added to the 

province in each event. The initial rocks in the Klamaths were those of the eastern 

Paleozoic belt, and 1,902 km3 of magmatic material intruded the belt around 400-430 Ma, 

which is exposed today as 7% of its area. This magmatic phase was followed by the 

accretion of the central metamorphic belt, also in the Paleozoic. Then aerially extensive 

magmatism effectively ceased until the Jurassic. The eastern Paleozoic belt comprised 

7,126 km2, but the addition of the central metamorphic and western Paleozoic and 

Triassic belts increased the area of the KMP to 23,114 km2. The next magmatic phase 

started during the assembly of the terranes of the wTrPz during the latest Triassic and 

continued through the Middle Jurassic. 21,495 km3 of magmatic material were added to 

the province in this phase, covering 11% of the province area. At this point, ~154 Ma, 
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14% of the aerial extent of the Klamaths was plutonic. The final accretionary phase of the 

KMP occurred in the Late Jurassic with the assembly and suturing of the western Jurassic 

belt, which added a minimum of 6,128 km2 to the province, bringing the orogen to at 

least 29,242 km2 in area. The final magmatic phase occurred in the Late Jurassic and 

Early Cretaceous and added 13,923 km3 of plutonic rock. This plutonic material covers 

only 6% of the province. Today, ~17% of the exposed material in the KMP is plutonic.  

Although the Chetco complex predates the accretion of the western Jurassic belt, 

it is intruded into that belt as a pre-accretionary intrusion. Therefore, its area is only 

validly counted in the area of the KMP including the western Jurassic belt.   

 The Condrey Mountain schist occupies an area of 565 km2, bringing the total area 

of the KMP to 29,807 km2. However, the Condrey Mountain schist is not included in this 

analysis, as it is a structural window that was formed during the Neogene (e.g., Helper, 

1986; Tewksbury-Christle, 2021). 

Temporal Variations in Magmatic Focusing and Spatial Trends 

The plutonic focus migrated over the history of the Klamath Mountains Province 

(Figure 5.2). In the Paleozoic, magmatism occurred only in the eastern part of the 

province, but this is a consequence of the province being limited to this eastern part at 

this time. 

In the Mesozoic, plutonism migrated over time. The Western Hayfork arc and its 

volcanism stretched to the north and south of the province. However, most of the 

plutonism in the bin of 174-168 Ma occurred in the southwest of the province, as the 

Ironside Mountain batholith and nearby plutons (Figure 5.2, Figure 1.1). The next part of 

this flare-up focused plutonic activity farther to the north and to the east. The large 

Wooley Creek batholith lies northeast of the Ironside Mountain batholith, and most other 

bodies of the Wooley Creek suite are found farther north or east than the WCb. 

Therefore, activity moved along the arc trend, and plutonism was not as concentrated to 

one distance from the trench during the Wooley Creek suite event. 

While the voluminous plutons of the Wooley Creek suite primarily intruded in the 

northern KMP, dikes of the same age, ~160 Ma, formed in the southern KMP. Dikes of 
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this set are porphyritic garnet andesites (Barnes and Allen, 2006), and they intrude the 

Eastern Hayfork terrane, the Western Hayfork terrane, and the Ironside Mountain 

batholith. This shows that while voluminous plutonism migrated north from the Ironside 

Mountain suite during the Middle Jurassic, magmatism was not absent around the 

Ironside Mountain batholith during Wooley Creek time.  The difference in intrusive style 

~160 Ma may be due to tectonics. One model posits that large late Middle Jurassic 

plutons in the central and northern Klamaths were associated with extension while there 

was a relative lack of extension in the southern KMP at that time (Hacker et al., 1995; 

Barnes and Allen, 2006).  

The Chetco complex formed coeval with the Wooley Creel suite but across the 

Josephine basin. Nevertheless, it accreted parallel to the trend of many plutons in the 

Wooley Creek suite, such as the White Rock, Wimer, Greyback, Wooley Creek, and 

Russian Peak intrusions. When the Josephine basin closed, the two magmatic systems 

were brought closer and kept parallel as the western Jurassic belt accreted.  The margin 

configuration around 155-160 Ma was likely as follows, from west to east and outboard 

to inboard: the trench, the Rogue-Chetco arc, the extensional back-arc or intra-arc 

Josephine basin, and the back-arc Wooley Creek suite (Barnes et al., 1995). 

This north-northeast trend shifts during the next stage of magmatism to north-

northwest. This new trend is defined by the granodioritic and TTG suites (130-145 Ma 

age bin: yellow in Figure 5.2). Taken alone, the TTG suite plutons seem to form a 

northeast trending pod in their location in the central KMP. However, the largest 

intrusions of the late-stage magmatism, the Grant’s Pass and Shasta Bally plutons of the 

granodioritic suite, are located at the northwest and southeast ends of the province. A 

trace between these two plutons is subparallel to their elongation and passes right through 

the TTG cluster (yellow line in Figure 5.2). While there is little geologic evidence of a 

magmatic arc existing at this time (Barnes et al., 1996), this north-northwest trace may 

indicate a spatial relationship between the TTG and granodioritic suites.   

Further investigation into this potential shift is important because of implications 

for the tectonic evolution of the orogen. In arc magmatism, the dynamics of the two 

plates had an important control on the location of magmatism in the upper plate. The dip 
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and depth of the slab is a major control on the distance of the arc from the trench, though 

it is not the only control (Syracuse and Abers, 2006). Therefore, a shift in the spatial 

trend of active magmatism could reflect a shift in the interactions between the upper and 

lower plates, possibly a shift in the convergence angle or dip angle of the slab. A change 

in the composition or age of the slab could also impart a change in the overhead 

magmatism. Moreover, the location of the trench relative to the continent likely shifted as 

terranes were accreted, shifting the continental margin and trench outboard and 

potentially changing their shape. The occurrence of magmatism later than the Ironside 

Mountain suite event farther inboard may indicate a shallower subduction angle or 

migration of magmatic activity to a different part of the arc.  

Arc Tempos  

Previous studies have discussed the episodic nature of arc magmatism. Some 

determined average timings for Cordilleran magmatic arcs are as follows: DeCelles et al. 

(2009) determine that the peak times of Cordilleran arcs flare-ups, termed “high-flux 

events” in their paper, are separated by 25-50 myr, and these events last 10-15 myr.  

Paterson and Ducea (2015) analyzed eight sections of Mesozoic and Cenozoic 

Cordilleran arcs along the entire western trace of the Americas, not including the 

Klamaths. They concluded that the length of magmatic cycles averaged ~60-70 myr 

during the Mesozoic but seemingly shortened in the Cenozoic to ~20-30 myr. They 

defined flare-ups lasting up to 30 myr.  Ducea et al. (2015) provided a flare-up length of 

5-20 myr with 30-50 myr lull periods for major long-lived Phanerozoic arcs. Kirsch et al. 

(2016) did not find a single tempo to attribute to all continental arc systems. For the 

North American Cordillera, they found a period of 60-80 myr, though the relative 

magnitude of this periodicity is variable in different regions. They do include the KMP in 

their analysis, grouping it with the Sierra Nevada. 

These discrepancies in numbers are quite interesting, considering that all four 

articles cited are focusing on Cordilleran arcs of the Americas. Additionally, the authors 

of these four articles overlap greatly, with each of the papers sharing at least one author 

with another. These different numbers speak to the importance of defining exactly what 
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the given number is referring to. Therefore, we take care to compare data of the two 

Mesozoic flare-ups in the KMP for all metrics in the paragraph above.  

As defined in this study, the flare-ups in the KMP last 16, 21, and 31 million 

years. These are longer than the 10-15 myr events defined by DeCelles et al., and they are 

within or longer than the range of 5-20 myr given by Ducea et al. (2015). The Klamath 

flare-ups mostly fit within the flare-up length provided by Paterson and Ducea (2015) of 

up to 30 myr.  

In the Klamath Mountains Province, there are ~20 myr between the midpoints of 

the two Mesozoic flare-ups. The peak time of magmatism in both flare-ups occurs later 

than the midpoint, yet the spacing between the peak magmatism is also ~20 myr for these 

two flare-ups.  This 20 myr length of a magmatic cycle is shorter than the period 

proposed by most authors, such as the 60-80 myr period noted by Kirsch et al. (2016). It 

does fit at the short end of the Cenozoic tempo found by Paterson and Ducea (2015) of 

20-30 myr, but the Mesozoic Klamath data do not fit into the Mesozoic tempo they define 

at 60-70 myr.  

The weakest fit of this KMP data to arc tempo models is in the timing between 

flare-ups. Considering the over 200 myr between the Paleozoic and Jurassic events, this 

gap is not a lull in an active arc in the sense of the arc tempo concept. Therefore, only 

two flare-ups serve as datapoints to measure the spacing between events, not enough to 

truly establish a pattern. The single magmatic gap measured lasts only ~5 myr, much 

shorter than the 25-50 myr long lulls of DeCelles et al. (2009) or the 30-50 myr long lulls 

of Ducea et al. (2015).  

These comparisons, especially the relative spacing between flare-ups, call into 

question whether the KMP fits validly into the arc tempo framework. While the Klamaths 

certainly exhibit episodic magmatism, the system’s arc is not active over a long enough 

continual time frame to wax and wane the way seen in many other systems, such as the 

Sierra Nevada or the Coast Mountains (see Figure 5.3). If the spacing between the two 

flare-ups in the Mesozoic is too small to make them different events in the arc tempo 

model at the regional scale, then a single Mesozoic flare-up combining the two would last 
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39 myr, nearly 10 myr more than the longest flare-ups proposed by other authors. 

Therefore, it still does not fit the model well.  

Nevertheless, it is possible that there is no true single “tempo” for continental 

arcs.  The periods measured by Kirsch et al. (2016) vary among their regions of focus, 

and Kirsch et al. mentioned how previous works have found different tempos for other 

regions. The change in tempo between the Mesozoic and Cenozoic American Cordilleras 

found by Paterson and Ducea (2015) suggests that individual systems can change their 

period over time, further weakening the idea of any specific time span of magmatic 

cycles.  

A major caveat for this analysis is that the given timings and distinctions of the 

flare-ups are not definite. The choice of separating the Mesozoic events is based on 

relative ages and plutonic suite definitions. Later dating and geochemical work could 

refine the ages and groupings of certain intrusions. We do not expect this later work, 

however, to redefine the flare-up events in a significant way. The most likely outcome 

would be the shifting of the timing of the flare-ups by only a few million years, especially 

considering that many of the youngest intrusions are only dated through K-Ar 

thermochronology.  

The exact triggers for magma flare-up events, and whether they all share the same 

triggers or a multitude of feedbacks, are still unclear.  Some proposed factors include 

convergence rate, decompression melting in the mantle wedge, upper plate thickness, and 

volatile fluxing into the mantle wedge (Paterson and Ducea, 2015). In trying to decipher 

subduction zone magma additions, the chemistry and thermal structure of the upper plate, 

subducting plate, and mantle wedge must be considered, but their relative importance in 

driving magmatic variations is contested (Till, 2019).  

Comparison to Other Cordilleran Arcs 

The Klamath Mountains Province is located northwest of the Sierra Nevada in 

California. The Cascades core lies in northern Washington and stretches farther north 

(Figure 5.4). The Coast Mountains batholith is relatively far north of the Klamaths and 

runs along the west coast of British Columbia and Alaska. The Coast Mountains, SN, and 

KMP all experienced a flare-up around 160 Ma, as part of the extensive Middle Jurassic 
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arc (Figure 5.3, vertical dashed black line; e.g., Davis, 1978; Hacker et al., 1995; Barnes 

and Barnes, 2020). The apparent intrusive flux of the KMP and SN magmatism are 

similar during the Middle Jurassic flare-up (Figure 5.3), supporting relating the two 

provinces and their magmatism.  However, the Coast Mountains and the southern Sierra 

Nevada were in a magmatic lull during the time of the KMP’s early Cretaceous flare-up. 

Magmatism in the Klamath Mountains then ceased, though it continued in the Coast 

Mountains and Sierra Nevada (Figure 5.3). Magmatism in the Cascades core started in 

the Early Cretaceous. The SN and Cascades core shared a large flare-up in the late 

Cretaceous while the KMP between these two provinces was no longer magmatically 

active, leaving a magmatic gap in the Cordillera (Figure 5.3, 5.4). 

The northern Sierra Nevada and Klamaths were still tied magmatically during the 

Early Cretaceous Klamath flare-up, though the southern SN was in a relative magmatic 

lull (Paterson and Ducea, 2015). Several Late Jurassic to Early Cretaceous, syn- to post-

tectonic plutons, intruded the Western and Central metamorphic belts of the Sierra 

Foothills (e.g., Hietanen, 1951, 1976; Guglielmo, 1993; Langenheim et al., 2021). 

Plutons of this suite are ~155.5-133.7 Ma (Langenheim et al., 2021). This suite of plutons 

includes multiple composite or zoned plutons with compositions of tonalite, trondhjemite, 

granodiorite, quartz diorite, and diorite (Langenheim et al., 2021). This compositional 

and temporal similarity suggests that this Sierran suite is correlated to the 136-142 Ma 

TTG suite of the KMP.   

Magmatism in the KMP does not continue past ~135 Ma, in contrast to the Sierra 

Nevada. The terranes of the KMP have been recognized to correlate with those of the 

western SN (e.g., Davis, 1969; Irwin, 2003; Dickinson, 2008). This correlation of lithic 

belts, as well as a shared Jurassic magmatic history, support that the two provinces were 

once connected and aligned. Today, the two are separated by Cretaceous and younger 

Great Valley cover rocks and the southern stretch of the Cascade Range. The KMP is 

subparallel with the SN, yet it is offset ~200 km to the west-northwest and does not align 

along trend. The provinces are considered to have been initially aligned with a northwest 

trend but then offset during the earliest Cretaceous (Dickinson, 2008; Ernst, 2013).  
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Dickinson (2008) proposed that normal growth faults along the western side of 

the northern Great Valley were responsible for the displacement of the Klamaths. This 

syndepositional series of faults carried the trench-ward flank of the forearc basin 

downward and to the northwest in a series of half grabens. The northernmost half-graben 

is floored by Klamath bedrock, showing that the Klamath block participated in the 

growth faulting. Alternatively, Ernst (2013) looked toward the trench to explain the 

Klamath offset. Ernst proposed that the segment of oceanic Farallon crust being thrust 

under the Klamath margin at ~140-136 Ma was relatively thinner and hotter than the 

northern and southern segments, separated by transforms. The thicker lithosphere 

colliding north and south of the KMP may have coupled with the Blue Mountains and 

SN, causing shortening in those regions while the thin slab under the Klamaths left the 

Klamath rocks relatively undisturbed. 

In any case, the KMP was moved westwards relative to the Sierra Nevada so that 

by the Mid-Cretaceous it was farther outboard, likely as a salient. This is the most likely 

reason that the Klamaths did not experience the voluminous Cretaceous flare-ups of the 

Sierra Nevada, Cascades core, or Coast Mountains; the Klamath salient was simply closer 

to the trench than the active arc.   
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Figure 5.1. Stepwise assembly of the KMP. (A) The eastern Paleozoic belt (Ordovician-

Devonian). (B) Eastern Klamath suite plutons (yellow) intrusion (567-260 Ma). (C) 

Central metamorphic belt accretion (Early to Middle Devonian). (D) Accretion of the 

western Paleozoic and Triassic belt (Permian to Late Jurassic). (E) Intrusion of plutonic 

rocks (orange; 200-150 Ma). (F) Accretion of western Jurassic belt (~150 Ma). (G) 

Intrusion of plutonic rocks (pink; 150-125 Ma). The Chetco complex is pre-accretionary 

(dark purple; 155-160 Ma). For a more detailed assembly history, see Irwin and Wooden, 

1994.  
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Figure 5.2. Spatial evolution of the magmatic focus in the KMP. Age bins are manually 

adjusted to align with suites.  During the Middle Jurassic, the locus of plutonism shifted 

(large arrow) from in the southwest (teal) towards the northern and more eastern parts of 

the province (green). At the time of the green plutons (153-168 Ma), the arc plutons 

follow a NNE trend in alignment and shape (green line). Then in the Early Cretaceous 

episode the plutons (yellow) follow a NNW trend (yellow line).  
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Figure 5.3. Apparent intrusive fluxes of Cordilleran provinces. The KMP, Coast 

Mountains batholith, and Sierra Nevada batholith all experienced a flare-up ~160 Ma. 

The Klamath’s early Cretaceous flare-up occurred during a relative lull in the Sierra 

Nevada and Coast Mountains batholiths, and then magmatism in the KMP shut off. The 

Cascades core had a flare-up aligned with the Late Cretaceous Sierra Nevada flare-up. 

These values are not normalized to the size of the magmatic systems. Modified from 

Paterson et al. 2011.  
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Figure 5.4. Geologic sketch map of select provinces of the North America Cordillera. The 

Klamath Mountains, Sierra Nevada, Blue Mountains, and North Cascades are shown.  

From Snoke and Barnes (2006).  
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Table 5.1. Klamath Mountains Province development by tectonostratigraphic belt accretion and igneous intrusion. Each row 

represents a new accretionary or intrusive period. The area of the Condrey Mountain Schist is not included in this table. The 

Chetco Complex intruded the western Jurassic belt before its accretion, so it is counted in the final plutonic episode after 

western Jurassic accretion.  

Accreting belt 
Belt area 

(km2) 
Province total 

area (km2) 
Plutonic area 

(km2) 

Plutonic  
projected 

volume (km3) 

% Province 
covered by new 

plutonic material 

% Province 
covered by total 
plutonic material 

Eastern Paleozoic  7,126 7,126 
    

Plutonic  
  

510 1,902 7% 7% 

Central Metamorphic  1,320 8,446 
    

Western Triassic to Paleozoic 14,668 23,114   

   

Plutonic 
  

2,657 21,495 11% 14% 

Western Jurassic 6,128 29,242 
    

Plutonic 
  

1,814 13,923 6% 17% 
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CHAPTER VI 

CONCLUSION  

The magmatic history of the Klamath Mountains Province was dynamic, with the 

amount, rate, and location of magmatic intrusions evolving over time. The tectonics of 

the province shifted along with the plutonic activity in a tied subduction and accretion 

system. In this study the plutonic bodies of the KMP are quantified and their relation to 

the evolving province is analyzed. 

There were three major flare-up events in the KMP, during the Silurian to 

Devonian, the Middle to Late Jurassic, and the Early Cretaceous. The most extensive 

magmatism in the KMP occurred in the Middle to Late Jurassic, when over 25,000 km3 

of plutonic rock was added to the province over 20 million years. 

The magmatic focus of the KMP shifted over time in the Mesozoic, as well as the 

trend of plutons. The bulk of plutonic activity migrated north during the Jurassic, yet in 

the Early Cretaceous episode magmatism occurred in the north and south of the province. 

Additionally, the Jurassic plutonism formed a NNE trend, while the Cretaceous 

plutonism formed a NNW trend. Tectonic stress regime and margin geometry likely 

influenced these patterns. 

Topographic volume gives a more precise estimate of how much plutonic material 

is currently exposed, but relief volume is likely closer to the initial amount of material, 

especially in bodies with initially flat roofs. Both fail to account for subsurface material, 

which may stretch kilometers deep. Therefore, a projected volume is calculated.  

Normalizing intrusive rates to area of the province better accounts for the 

accretionary nature of the province than normalizing to arc length. For one, we do not 

know the arc length of the system. Also, the province was built out to the west over time. 

While most Mesozoic magmatic activity occurred in the central and western KMP, there 

was still magmatic activity in the Eastern Klamath terrane.  Both the full arc length and 

host rock area can be obscured by faulting and sedimentary or volcanic cover. 
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Normalizing to host rock area is not as useful for comparisons to other systems where 

addition rates were normalized to arc length. 

The KMP and Sierra Nevada experienced similar magmatism from the Middle 

Jurassic to the earliest Cretaceous, but then the KMP was disconnected from the Sierra 

Nevada in the Early Cretaceous, as it moved outboard. The arc tempo in the KMP does 

not fit well into the time spans found in other Cordilleran arcs. Future research into the 

episodicity of magmatism in Cordilleran and continental arcs can integrate the new data 

provided in this study.  

This research provides first-order estimates of the volume and rates of magmatism 

in the KMP, but future work could consider data sets such as geochemical mass-balance 

calculations or gravimetry. Moreover, this research is at a regional scale, so it could not 

consider any individual intrusions at the level of more focused studies which could 

discern more constraints to the size and shape of the specific plutons.  
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Appendix B: Geochronology Data and Sources 

Table B.1. Compilation of magma crystallization and cooling ages. Ages include zircon U-Pb crystallization ages and K-Ar 

cooling ages on hornblende, biotite, and plagioclase. Sources of data are listed in the last column, and no geochronology was 

performed in this study.   

 

Geologic unit 
Dated 

mineral 
Dating 

method 
K-Ar 

(myr) 

Pb-U 
206/238 

(myr) 

Pb-U 
207/235 

(myr) 

Pb-Pb 
207/206 

(myr) 

Age/Date 
(myr) 

Source 

Ammon Ridge zircon U-Pb 
    

147-151 Wright and Fahan, 1988 

Ammon Ridge unknown K-Ar 148 
    

Young, 1978 

Ammon Ridge unknown K-Ar 152 
    

Young, 1978 

Ammon Ridge zircon U-Pb 
 

147.4 147.9 155 ± 7 
 

Wright and Fahan, 1988 

Ammon Ridge zircon U-Pb 
 

145.7 146.1 154 ± 7 
 

Wright and Fahan, 1988 

Ashland pluton zircon U-Pb 
    

161 Yule, 1996 

Ashland pluton hornblende K-Ar 164 
    

Hotz, 1971 

Ashland pluton hornblende K-Ar 170 
    

Hotz, 1971 

Ashland pluton biotite K-Ar 147 
    

Hotz, 1971 

Ashland pluton biotite K-Ar 151 
    

Lanphere et al., 1968; Hotz, 1971 

Ashland pluton hornblende K-Ar 150 
    

Lanphere et al., 1968; Hotz, 1971 

Ashland pluton biotite K-Ar 156 
    

Lanphere et al., 1968; Hotz, 1971 

Ashland pluton biotite K-Ar 147-156  
   

150 Lanphere et al., 1968; Hotz, 1971 

Ashland pluton hornblende K-Ar 150-170 
   

160 Lanphere et al., 1968; Hotz, 1971 

Ashland pluton zircon U-Pb 
    

152-156 Yule et al., 1996; Gribble et al., 
1990 

Ashland Pluton hornblende K-Ar 
    

146 Lanphere et al., 1968 

Ashland Pluton biotite K-Ar 
    

147 ± 4 Lanphere et al., 1968 

Basin Gulch zircon U-Pb 
    

170 Wright and Fahan, 1988 

Basin Gulch zircon U-Pb 
    

170 Wright and Fahan, 1988 

Basin Gulch zircon U-Pb 170 
    

Wright, 1981, 1982 

Basin Gulch zircon U-Pb  169.7 169.9 171 ± 5  Wright and Fahan, 1988 

Basin Gulch zircon U-Pb  169.7 169.7 170 ± 5   Wright and Fahan, 1988 
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Table B1. Continued.  

Geologic unit 
Dated 

mineral 
Dating 

method 
K-Ar 

(myr) 

Pb-U 
206/238 

(myr) 

Pb-U 
207/235 

(myr) 

Pb-Pb 
207/206 

(myr) 

Age/Date 
(myr) 

Source 

Basin Gulch zircon U-Pb 
 

169.9 169.9 170 ± 4  
 

Wright and Fahan, 1988 

Basin Gulch zircon U-Pb 
 

170.1 170.3 173 ± 6  
 

Wright and Fahan, 1988 

Basin Gulch zircon U-Pb 
 

169.9 169.9 170 ± 4  
 

Wright and Fahan, 1988 

Basin Gulch zircon U-Pb 
 

170.1 170 169 ± 5 
 

Wright and Fahan, 1988 

Bear Mountain hornblende K-Ar 129 
    

Snoke et al., 1981 

Bear Mountain zircon U-Pb 149 
    

Saleeby et al., 1982 

Bear Mountain biotite K-Ar 146 
    

Snoke et al., 1981 

Bear Mountain zircon U-Pb 153 
    

Saleeby et al., 1982 

Bear Mountain zircon U-Pb 
    

149  Saleeby and Harper, 1993 

Bear Mountain zircon U-Pb 
    

153 Saleeby and Harper, 1993 

Bear Mountain zircon U-Pb 
    

149 ± 0.6, 
144.9 ± 0.8 

Chamberlain et al., 2006 

Bear Mountain zircon U-Pb 
    

148 Saleeby et al., 1982; Snoke et al., 
1981; Bushey et al., 2006 

Bear Mountain biotite K-Ar 146 
    

Snoke et al., 1981; Saleeby et al., 
1982 

Bear Mountain hornblende K-Ar 129 
    

Snoke et al., 1981; Saleeby et al., 
1982 

Bear Mountain zircon sep. U-Pb 
 

153,149 153;149 142;140 153 Snoke et al., 1981; Saleeby et al., 
1982 

Bear Peak zircon U-Pb 
    

143 ± 1.3 Allen and Barnes, 2006; McFadden 
et al., 2006 

Bear Wallow zircon U-Pb 
    

193 Wright, 1981 

Bear Wallow zircon U-Pb 193 
    

Wright, 1981 

Beegum zircon U-Pb 
    

207 Wright, 1981 

Bonanza King zircon U-Pb 
    

431 Wallin and Metcalf, 1998 

Buckskin Peak hornblende Ar-Ar     148 Harper et al., 1994 

Buckskin Peak zircon U-Pb     148 Harper et al., 1994 
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Table B1. Continued. 

Geologic unit 
Dated 

mineral 
Dating 

method 
K-Ar 

(myr) 

Pb-U 
206/238 

(myr) 

Pb-U 
207/235 

(myr) 

Pb-Pb 
207/206 

(myr) 

Age/Date 
(myr) 

Source 

Canyon Creek zircon U-Pb 
    

141-145 Wright and Fahan, 1988 

Canyon Creek zircon U-Pb 
    

140.8 ± 1.5 Wright and Fahan, 1988; Barker et 
al., 1979; Peterman, 1979 

Canyon Creek zircon U-Pb     160-170 Wright and Fahan, 1988 

Canyon Creek zircon U-Pb 
 

144 145 159-169 144 Wright and Fahan, 1988 

Canyon Creek zircon U-Pb 
 

143.7 144.9 169 ± 9 
 

Wright and Fahan, 1988 

Canyon Creek zircon U-Pb 
 

140.7 141.7 159 ± 8 
 

Wright and Fahan, 1988 

Caribou Mountain hornblende Ar-Ar 
    

138 Hacker and Ernst, 1993 

Caribou Mountain zircon U-Pb 
    

138.1 ± 1.1 Barnes et al., 1996; Davis, 1963 

Caribou Mountain biotite K-Ar 133 
    

Davis, 1961; Evernden and Kistler, 
1970 

Caribou Mountain  
 

Ar/Ar 
    

137.6 ± 1.6 Hacker and Ernst, 1993; Hacker et 
al., 1995 

Caribou Mountain  biotite K-Ar 133 
   

141 Evernden and Kistler, 1970  

Castle Crags whole rock Rb-Sr 
    

162.5 R.W. Kistler, personal 
communication, 1999 

Castle Crags zircon U-Pb 
    

166.8 ± 1.8 Allen and Barnes, 2006 

Castle Crags biotite K-Ar 167 
    

Lanphere et al., 1968 

Castle Crags hornblende K-Ar 175 
    

Lanphere et al., 1968 

Castle Crags biotite K-Ar 135 
    

Lanphere et al., 1968 

Castle Crags biotite K-Ar 136 
    

Lanphere et al., 1968 

Castle Crags biotite K-Ar 162 
    

Lanphere et al., 1968 

Chanchelulla Peak 
(Wildwood) 

zircon U-Pb 
 

169.4 169.7 173±16 
 

Wright and Fahan, 1988 

Chanchelulla Peak 
(Wildwood) 

zircon U-Pb 
 

169.3 169.7 175±12 
 

Wright and Fahan, 1988 

Chetco complex hornblende K-Ar 154      Hotz, 1971 

Chetco complex hornblende K-Ar 154      Hotz, 1971 
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Table B1. Continued. 

Geologic unit 
Dated 

mineral 
Dating 

method 
K-Ar 

(myr) 

Pb-U 
206/238 

(myr) 

Pb-U 
207/235 

(myr) 

Pb-Pb 
207/206 

(myr) 

Age/Date 
(myr) 

Source 

Chetco complex hornblende K-Ar 143      Hotz, 1971 

Chetco complex hornblende K-Ar 154      Hotz, 1971 

Chetco complex biotite K-Ar 154      Hotz, 1971 

Chetco complex zircon U-Pb 
    

161-156 Yule and Saleeby, 1993 

Chetco complex zircon U-Pb 
    

155-160      Yule, 1996 

Chetco complex zircon U-Pb 
    

155-160 Yule et al., 1996 

China Creek zircon U-Pb 
    

149 J.L. Wooden, 1999 

China Creek zircon U-Pb 
    

149 Irwin and Wooden, 1999 

China Mountain zircon U-Pb 
    

415 Wallin and Metcalf, 1998 

Craggy Peak pluton biotite K-Ar 
    

136 Lanphere et al., 1968 

Craggy Peak pluton zircon U-Pb 
    

136.6 ± 1.4 Barnes et al., 1996 

Craggy Peak pluton hornblende K-Ar 426 
    

Lanphere et al., 1968 

Craggy Peak pluton hornblende K-Ar 447 
    

Lanphere et al., 1968 

Craggy Peak pluton biotite K-Ar 136 
    

Lanphere et al., 1968 

Craggy Peak pluton hornblende Ar-Ar 
    

418 Lanphere et al., 1968 

Craggy Peak pluton hornblende Ar-Ar 
    

439 Lanphere et al., 1968 

Craggy Peak pluton biotite K-Ar 136    141 Lanphere et al., 1968; Wright, 
1989 

Deadman Peak pluton zircon U-Pb     141-145 Wright and Fahan, 1988 

Deadman Peak pluton zircon U-Pb     142.3 ± 1.1 Wright and Fahan, 1988; Barnes et 
al., 1996 

Deadman Peak pluton biotite K-Ar 133     Holdaway, 1963; Evernden and 
Kistler, 1970 

Deadman Peak pluton  Ar/Ar     135.8 ± 1.9  Hacker and Ernst, 1993; Hacker et 
al., 1995 

Deadman Peak pluton biotite K-Ar 133     Evernden and Kistler, 1970 

Deadman Peak pluton zircon U-Pb  144 145 158-167 144 Evernden and Kistler, 1970  

Deadman Peak pluton zircon U-Pb  144.5 145.5 163 ± 7  Wright and Fahan, 1988 
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Table B1. Continued. 

Geologic unit 
Dated 

mineral 
Dating 

method 
K-Ar 

(myr) 

Pb-U 
206/238 

(myr) 

Pb-U 
207/235 

(myr) 

Pb-Pb 
207/206 

(myr) 

Age/Date 
(myr) 

Source 

Deadman Peak pluton zircon U-Pb  142.9 144.2 165 ± 9  Wright and Fahan, 1988 

Deadman Peak pluton zircon U-Pb  144.6 145.9 167 ± 6  Wright and Fahan, 1988 

Deadman Peak pluton zircon U-Pb  140.5 141.4 158 ± 6  Wright and Fahan, 1988 

Denny Creek zircon U-Pb  167.5 167.9 174 ± 5  Wright and Fahan, 1988 

Denny Creek zircon U-Pb 
    

168 Wright and Fahan, 1988 

Denny Creek zircon U-Pb 165 
    

Wright, 1981 

East Fork biotite K-Ar 164 
    

Lanphere, 1983 

East Fork hornblende K-Ar 149 
    

Lanphere, 1983 

English Peak zircon U-Pb 
    

160-164 Wright and Fahan, 1988 

English Peak hornblende K-Ar 161 
    

Lanphere et al., 1968 

English Peak biotite K-Ar 159     Lanphere et al., 1968 

English Peak (main 
stage) 

zircon U-Pb     156 ± 0.7 Allen and Barnes, 2006; Schmidt, 
1994 

English Peak pluton 
(early stage) 

      160.4 - 156.6 Allen and Barnes, 2006 

English Peak pluton 
(late stage) 

      156.3 - 155.3 Barnes et al., 2016 

English Peak pluton  zircon U-Pb  163.5 164 172 ± 4  Wright and Fahan, 1988 

English Peak pluton  zircon U-Pb  160 161.2 180 ± 7  Wright and Fahan, 1988 

Forks of Salmon zircon U-Pb     174 Wright and Fahan, 1988 

Forks of Salmon zircon U-Pb     174 Wright and Fahan, 1988 

Forks of Salmon hornblende K-Ar 171     Lanphere et al., 1968 

Forks of Salmon  zircon U-Pb  174.6 174.9 178 ± 6  Wright and Fahan, 1988 

Forks of Salmon  zircon U-Pb  174 174.2 177 ± 5  Wright and Fahan, 1988 

Glen Creek hornblende K-Ar 144     Wright, 1981; Snoke et al., 1982 

Glen Creek hornblende K-Ar 151     Irwin et al., 1974 

Glen Creek zircon U-Pb     147-151 Wright and Fahan, 1988 
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Table B1. Continued. 

Geologic unit 
Dated 

mineral 
Dating 

method 
K-Ar 

(myr) 

Pb-U 
206/238 

(myr) 

Pb-U 
207/235 

(myr) 

Pb-Pb 
207/206 

(myr) 

Age/Date 
(myr) 

Source 

Glen Creek zircon U-Pb  147.1 147.1 146 ± 4  Wright and Fahan, 1988 

Glen Creek zircon U-Pb  143.6 144 151 ± 5  Wright and Fahan, 1988 

Gold Hill zircon U-Pb     148 J.L. Wooden, 1999 

Gold Hill hornblende K-Ar 145     Hotz, 1971 

Grants Pass zircon U-Pb 
    

139 Harper et al., 1994 

Grants Pass zircon U-Pb 
    

139 ± 2 Harper et al., 1994 

Grants Pass hornblende K-Ar 139 
    

Hotz, 1971 

Grants Pass zircon U-Pb 139 
    

Saleeby, 1984 

Grayback zircon U-Pb 
    

157 ± 2 Barnes et al., 1995b 

Grayback zircon U-Pb 
    

160 ± 2 Yule et al., 1996 

Grayback hornblende K-Ar 153 
   

153 Hotz, 1971 

Greyback zircon U-Pb 
    

160 Yule, 1996 

Greyback hornblende K-Ar 153 
    

Hotz, 1971 

Greyback hornblende K-Ar 153 
    

Hotz, 1971 

Greyback hornblende K-Ar 141 
    

Hotz, 1971 

Heather Lake hornblende K-Ar 167 
    

Hacker and Ernst, 1993 

Heiney Bar zircon U-Pb     160-164 Wright and Fahan, 1988 

Heiney Bar  zircon U-Pb 
    

166 ± 1.6 (Ernst et al, in prep) 

Hogback Mountain plagioclase K-Ar 167 
    

Renne, 1987 

Horseshoe Lake biotite K-Ar 133 
    

Davis, 1961  

Indian Rocks dike zircon U-Pb 
    

159.5 ± 2.0 Allen and Barnes, 2006; Barnes 
and Allen, 2006 

Indian Rocks dike zircon U-Pb 
    

160.5 ± 1.9 Barnes and Allen, 2006 

Ironside Mountain biotite K-Ar 169; 171 
    

Lanphere et al., 1968; Wright and 
Fahan, 1988 

Ironside Mountain zircon sep. U-Pb  170 170 165-179  Lanphere et al., 1968; Wright and 
Fahan, 1988 
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Table B1. Continued. 

Geologic unit 
Dated 

mineral 
Dating 

method 
K-Ar 

(myr) 

Pb-U 
206/238 

(myr) 

Pb-U 
207/235 

(myr) 

Pb-Pb 
207/206 

(myr) 

Age/Date 
(myr) 

Source 

Ironside Mountain zircon U-Pb 
    

170 Wright and Fahan, 1988 

Ironside Mountain biotite K-Ar 169 
    

Lanphere et al., 1968 

Ironside Mountain biotite K-Ar 171 
    

Lanphere et al., 1968 

Ironside Mountain zircon U-Pb 163 
    

Wright, 1981 

Ironside Mountain zircon U-Pb 170     Wright, 1981, 1982 

Ironside Mountain zircon U-Pb 
 

170.2 170.3 171 ± 5 
 

Wright and Fahan, 1988 

Ironside Mountain zircon U-Pb     170 Wright and Fahan, 1988 

Ironside Mountain zircon U-Pb  169.7 169.3 165 ± 6  Wright and Fahan, 1988 

Ironside Mountain zircon U-Pb  169.5 169.3 165 ± 6  Wright and Fahan, 1988 

Ironside Mountain zircon U-Pb  170.2 170.9 179 ± 7  Wright and Fahan, 1988 

Jacksonville zircon U-Pb 
    

154 J.L. Wooden, 1999 

Jacksonville zircon U-Pb 
    

154 Irwin and Wooden, 1999 

Jacksonville hornblende K-Ar 137 
    

Hotz, 1971 

Jacksonville biotite K-Ar 141 
    

Hotz, 1971 

Kettle Mountain plagioclase K-Ar 
    

120-130 Renne, 1987 

Lower Coon Mountain zircon U-Pb 
    

145 +1/-2 Harper et al., 1994 

Lower Coon Mountain zircon U-Pb 
    

142 Harper and Saleeby, 1980 

Mule Mountain zircon U-Pb 
    

400 Albers et al., 1981 

Mule Mountain hornblende K-Ar 392 
    

Albers et al., 1981 

Mule Mountain zircon U-Pb 400 
    

Albers et al., 1981 

Orleans Mountain zircon U-Pb 
    

170.7 ± 1.7 Allen and Barnes, 2006 

Pigeon Point hornblende K-Ar 
    

169 ± 1.2 Wright and Fahan, 1988 

Pigeon Point hornblende K-Ar 
    

171 ± 1.8 Wright and Fahan, 1988 

Pit River zircon U-Pb 
    

260 Fraticelli et al., 1985 

Pit River hornblende K-Ar 251     Lanphere et al., 1968 
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Table B1. Continued. 

Geologic unit 
Dated 

mineral 
Dating 

method 
K-Ar 

(myr) 

Pb-U 
206/238 

(myr) 

Pb-U 
207/235 

(myr) 

Pb-Pb 
207/206 

(myr) 

Age/Date 
(myr) 

Source 

Pit River hornblende K-Ar 220 
    

Zeller, 1965 

Pit River zircon U-Pb 260 
    

Albers, 1982 personal comm. 

Pony Peak zircon U-Pb 
    

146 Saleeby and Harper, 1993 

Pony Peak zircon U-Pb 
    

144.2 ± 2.5 Harper et al., 1994 

Pony Peak zircon U-Pb     146 ± 3 Harper et al., 1994 

Pony Peak hornblende K-Ar 148 
   

148 Harper, 1989 

Porcupine Lake zircon U-Pb 
    

404 Wallin and Metcalf, 1998 

Preston Peak complex 
felsic dike 

zircon U-Pb 
 

164 164 164 ± 4 
 

Saleeby and Harper, 1993 

Price Creek zircon U-Pb 
    

170 Wright and Fahan, 1988 

Price Creek zircon U-Pb 
    

170 Wright and Fahan, 1988 

Price Creek  zircon U-Pb 
 

170.3 170.3 170 ± 6 
 

Wright and Fahan, 1988 

Price Creek  zircon U-Pb 
 

169.5 169.6 172 ± 8 
 

Wright and Fahan, 1988 

Qtz diorite at Vesa 
Bluffs 

hornblende 
     

160 ± 5 Lanphere et al., 1968 

Qtz diorite at Vesa 
Bluffs 

biotite 
     

146 ± 4 Lanphere et al., 1968 

Qtz diorite near 
Ashland 

hornblende 
     

160±5; 
166±5 

Hotz, 1971 

Qtz diorite near 
Ashland 

biotite 
     

144 ± 4 Hotz, 1971 

Russian Peak zircon U-Pb 
    

159 Wright and Fahan, 1988 

Russian Peak zircon U-Pb 
    

159 Wright and Fahan, 1988; Cotkin 
and Medaris, 1993 

Russian Peak biotite K-Ar 147 
    

Romey, 1962; Evernden and 
Kistler, 1970 

Russian Peak biotite K-Ar 144 
    

Romey, 1962; Evernden and 
Kistler, 1970 
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Table B1. Continued. 

Geologic unit 
Dated 

mineral 
Dating 

method 
K-Ar 

(myr) 

Pb-U 
206/238 

(myr) 

Pb-U 
207/235 

(myr) 

Pb-Pb 
207/206 

(myr) 

Age/Date 
(myr) 

Source 

Russian Peak  biotite K-Ar 144; 147 
    

Evernden and Kistler, 1970; Wright 
and Fahan, 1988 

Russian Peak zircon U-Pb 
 

159 159 155-163 159 Evernden and Kistler, 1970; Wright 
and Fahan, 1988 

Russian Peak zircon U-Pb  158.6 158.7 160 ± 6  Wright and Fahan, 1988 

Russian Peak zircon U-Pb  159.3 159 155 ± 5  Wright and Fahan, 1988 

Russian Peak  zircon U-Pb 
 

159.2 159.5 165 ± 5 
 

Wright and Fahan, 1988 

Russian Peak  zircon U-Pb 
 

159.4 159.6 162 ± 4 
 

Wright and Fahan, 1988 

Russian Peak  zircon U-Pb 
 

158.9 159.1 163 ± 4 
 

Wright and Fahan, 1988 

Russian Peak  zircon U-Pb 
 

150.1 150.8 160 ± 5 
 

Wright and Fahan, 1988 

Russian Peak zircon U-Pb 
 

149 149.7 160 ± 4 
 

Wright and Fahan, 1988 

Saddle Gulch hornblende K-Ar 189 
    

M.A. Lanphere, in Irwin, 1985 

Saddle Gulch hornblende K-Ar 189 
    

Lanphere, 1977 

Shasta Bally zircon U-Pb 
    

136 Lanphere and Jones, 1978 

Shasta Bally zircon U-Pb 
    

136 Lanphere and Jones, 1978 

Shasta Bally biotite K-Ar 135 
    

Lanphere et al., 1968 

Shasta Bally hornblende K-Ar 131 
    

Lanphere et al., 1968 

Shasta Bally biotite K-Ar 134 
    

Lanphere et al., 1968 

Shasta Bally hornblende K-Ar 133 
    

Lanphere et al., 1968 

Shasta Bally unknown K-Ar 134 
    

Lanphere and Jones, 1978 

Shasta Bally zircon U-Pb 136 
    

Lanphere and Jones, 1978 

Shasta Bally biotite K-Ar 131 
    

Curtis et al., 1958; Evernden and 
Kistler, 1970 

Shelly Lake zircon U-Pb 
    

159.1 ± 1.3 Dorais, 1983 

Shelly Lake 
      

159 ± 1.3  Dorais, 1983 

Skookum Gulch zircon U-Pb 
    

567 Wallin, 1990 

Slinkard zircon U-Pb 
    

162 Saleeby and Harper, 1993 
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Table B1. Continued. 

Geologic unit 
Dated 

mineral 
Dating 

method 
K-Ar 

(myr) 

Pb-U 
206/238 

(myr) 

Pb-U 
207/235 

(myr) 

Pb-Pb 
207/206 

(myr) 

Age/Date 
(myr) 

Source 

Slinkard zircon U-Pb 
    

162 +4/-2 Barnes et al., 1986 

Slinkard biotite K-Ar 151 
    

Lanphere et al., 1968 

Slinkard hornblende K-Ar 157     Lanphere et al., 1968 

Slinkard zircon U-Pb 162     Allen et al., 1982 

Slinkard zircon U-Pb     ~162 Allen et al., 1982; Barnes et al., 
1986; Hill, 1985 

Somes Bar zircon U-Pb     193-208 Gray, 1985 

Squaw Mountain zircon U-Pb 
    

174 J.L. Wooden, 1999 

Squaw Mountain zircon U-Pb 
    

174 Wright and Fahan, 1988 

Star Mountain zircon U-Pb 
    

198 Wright, 1981 

Sugar Pine hornblende K-Ar 137 
    

Lanphere et al., 1968 

Sugar Pine zircon U-Pb 
    

136.3 ± 1.0 Allen and Barnes, 2006 

Sugar Pine biotite K-Ar 139 
    

Lanphere et al., 1968 

Sugar Pine hornblende K-Ar 137 
    

Lanphere et al., 1968 

Summit Valley zircon U-Pb 
    

150 Saleeby and Harper, 1993 

Summit Valley zircon U-Pb 
    

150 Harper et al., 1994 

Thompson Ridge zircon U-Pb 
    

162 Yule, 1996 

Thompson Ridge zircon U-Pb 
    

163 ± 2 Yule et al., 1996 

Thompson Ridge  zircon U-Pb 
    

~163 Donato et al., 1996 

Ukonom Mountain zircon U-Pb 
    

~165 Allen and Barnes, 2006 

Uncles Creek pluton zircon U-Pb 
    

172.3 ± 2.0 Ernst et al, 2016 

Vesa Bluffs hornblende Ar-Ar 
    

165 Hacker and Ernst, 1993 

Vesa Bluffs zircon U-Pb 
    

166.9 ± 1.9 Allen and Barnes, 2006 

Vesa Bluffs hornblende K-Ar 164 
    

Lanphere et al., 1968 

Vesa Bluffs   biotite K-Ar 150 
    

Lanphere et al., 1968  

Vesa Bluffs   hornblende Ar/Ar 
    

165.1 ± 0.4 Hacker et al., 1995 
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Table B1. Continued. 

Geologic unit 
Dated 

mineral 
Dating 

method 
K-Ar 

(myr) 

Pb-U 
206/238 

(myr) 

Pb-U 
207/235 

(myr) 

Pb-Pb 
207/206 

(myr) 

Age/Date 
(myr) 

Source 

Vesa Bluffs   zircon U-Pb 
    

167.1 ± 1.8 Mortimer, 1985; Wright & Fahan, 
1988 

Walker Point zircon U-Pb 
    

169 Wright and Fahan, 1988 

Walker Point zircon U-Pb 
    

169 Wright and Fahan, 1988 

Walker Point zircon U-Pb 169     Wright, 1981 

Walker Point zircon U-Pb  169.6 169.9 173 ± 4   Wright and Fahan, 1988 

Walker Point Zircon U-Pb  169 169 169 ± 4   Wright and Fahan, 1988 

White Rock (OR) zircon U-Pb     156 Yule et al., 1996; Barnes et al., 
1996 

White Rock (OR) biotite K-Ar 141 
    

Hotz, 1971 

White Rock (OR) zircon U-Pb 
    

156 J.L. Wooden, 1999 

White Rock (CA) zircon U-Pb     193 Wright, 1981 

Wildwood zircon U-Pb 
    

169 Wright and Fahan, 1988 

Wildwood zircon U-Pb 
    

169 Wright and Fahan, 1988 

Wimer zircon U-Pb 
    

160 Yule, 1996 

Wimer zircon U-Pb 
    

160 Yule et al., 1996 

Wooley Creek (lower 
zone) 

zircon U-Pb     158.99 ± 0.17 Condit et al., 2013 

Wooley Creek (lower 
zone) 

zircon U-Pb     159.22 ± 0.10  Condit et al., 2013 

Wooley Creek (upper 
zone) 

zircon U-Pb     158.25±0.46 Condit et al., 2013 

Wooley Creek (upper 
zone) 

zircon U-Pb     158.22±0.29 Condit et al., 2013 

Wooley Creek (upper 
zone) 

zircon U-Pb     158.21±0.17 Condit et al., 2013 

Wooley Creek (central 
zone) 

zircon U-Pb     159.01±0.20 Condit et al., 2013 
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Table B1. Continued. 

Geologic unit 
Dated 

mineral 
Dating 

method 
K-Ar 

(myr) 

Pb-U 
206/238 

(myr) 

Pb-U 
207/235 

(myr) 

Pb-Pb 
207/206 

(myr) 

Age/Date 
(myr) 

Source 

Wooley Creek (central 
zone) 

zircon U-Pb     158.30±0.16 Condit et al., 2013 

Wooley Creek zircon U-Pb 
    

162 Saleeby and Harper, 1993 

Wooley Creek zircon U-Pb 
    

161 +4/-2 Barnes et al., 1986 

Wooley Creek zircon U-Pb 163 
    

Allen et al., 1982 

Wooley Creek zircon U-Pb 163 
    

Lanphere et al., 1968 

Wooley Creek biotite K-Ar 158 
    

Lanphere et al., 1968 

Wooley Creek hornblende K-Ar 156 
    

Lanphere et al., 1968 

Wooley Creek biotite K-Ar 158 
    

Lanphere et al., 1968 

Wooley Creek & 
Slinkard plutons 

zircon U-Pb     162 ± 2 Barnes, 1983; Allen et al., 1982 

Wooley Creek & 
Slinkard plutons 

biotite K-Ar 156     Lanphere et al., 1968; Barnes et 
al., 1986 

Wooley Creek & 
Slinkard plutons 

hornblende K-Ar 158     Lanphere et al., 1968; Barnes et 
al., 1986 

Wooley Creek & 
Slinkard plutons 

zircon U-Pb  161 161 158-170  Lanphere et al., 1968; Barnes et 
al., 1987 

Wooley Creek zircon U-Pb  159.5 160.1 167 ± 7  Wright and Fahan, 1988 

Wooley Creek zircon U-Pb  155.5 156.4 170 ± 5  Wright and Fahan, 1988 

Wooley Creek zircon U-Pb  150.1 151 163 ± 4  Wright and Fahan, 1988 

Wooley Creek zircon U-Pb 
 

149.6 150.2 159 ± 4 
 

Wright and Fahan, 1988 

White Rock zircon U-Pb 193 
    

Wright, 1981 

Yellow Butte hornblende K-Ar 138 
    

Hotz, 1971 

Yellow Butte zircon U-Pb 
    

136.4 ± 0.9 Allen and Barnes, 2006 

Yellow Butte biotite K-Ar 137 
    

Hotz, 1971 

Yellow Butte hornblende K-Ar 138 
    

Hotz, 1971 
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Appendix C: Pluton Volume Constraints 
 

 In this appendix, projected volumes are calculated for all intrusions in the 

Klamath Mountains Province. Projected volumes as defined here are estimates of the full 

volume of plutons, including what lies underground. The level of data and constraints on 

size and volume varies greatly among intrusions, so the accuracy for the following 

calculations also varies greatly; no given volume estimates are certain. The resulting 

values are reported in Table 4.1 and used in calculations for Tables 4.2, 4.4, and 5.1.  

For simplicity, all intrusions without specific constraints for 3-D shape or 

thickness are modeled as cylindrical, and they are grouped into size categories. In 

Chapter III: Methods, we demonstrated that most KMP plutons have near-vertical walls, 

supporting this basic shape. While a case-by-case assessment of thickness would be 

beneficial, most intrusions do not have sufficient data for any constraints further than the 

general pluton shape patterns in Chapter III. The full 3-D projected volume used for 

plutons in this paper includes the topographic volume as the top of the plutons on top of 

the kilometers of projected depth.    

 Plutons in this study range in areal exposure from 0.5 to nearly 500 km2, a 

variance of four orders of magnitude. The plutons are divided into three size categories 

based on area to make projected volume calculations; large plutons are ≥100 km2, 

medium plutons are 99-21 km2, and small plutons are ≤20 km2.  

The choices of these divisions are arbitrary by necessity but were made with 

consideration of the size distribution of plutons in the KMP. The choice of 20 km2 as the 

break between the medium and small categories of plutons was chosen to include most of 

the plutons in the Western Klamath, Western Hayfork, and Rattlesnake Creek suites in 

the small category, since these three suites are mostly composed of relatively small 

bodies, in contrast to the bimodal size distribution of plutons in the Ironside Mountain 

and granodioritic suites. 

In this study, projected calculations are made by multiplying pluton area by 

projected thickness and adding topographic volume. The projected thicknesses used are 9 
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km for large plutons, 4.5 km for medium plutons, and 1.5 km for small plutons. The 

equation to calculate projected volumes is as follows: 

Pluton projected volume (km3) = [pluton area (km2) * projected thickness (km)]  

+ topographic volume (km3) 

Large Plutons  

The Wooley Creek batholith system is tilted ~15°, and ~9 km of structural relief 

of the WCb is now exposed; the Slinkard pluton is a deeper part of the same system 

(Barnes et al., 1986; Coint et al., 2013a). Therefore, there is at least 12 km of structural 

relief within this batholith system (Barnes 1983; Barnes et al., 1986a, 1986b).  

Today, the WCb is rootless, with thrust faults cutting it off around 3 km down 

(Barnes et al., 1986). Most plutons in the KMP are likely rootless, but since tilting has 

revealed the initial vertical extent of the WCb and geochemistry has confirmed crustal-

scale magmatic systems, this study estimates full initial extents of plutons before 

widespread shallow thrusting.  

This example of the Wooley Creek batholith system strongly supports the 

conclusion in Chapter III: Methods that most of the Klamath plutonism is vertically 

extensive. We take the WCb’s 9 km thickness and apply it to most large Mesozoic 

plutons in the KMP, defining large as having an area >100km2. Large Mesozoic plutons 

whose projected volumes are calculated another way are addressed individually.  

Cross-sections and diagrams of the English Peak (Ernst et al., 2016; Barnes et al., 

2016) and Ashland (Barnes et al., 1986) plutons predict that these large plutons are 

vertically extensive and in the realm of 10 km tall. This supports the application of the 9 

km thickness of the WCb to other large plutons. 

The volumes of large Mesozoic plutons lacking evidence against being vertically 

extensive are calculated by multiplying their areal extent by a thickness of 9 km and then 

adding it to their topographic volumes. The volumes of Mesozoic KMP plutons with 

areas >100 km2 are listed below: 
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• Shasta Bally volume = 323.3 km2 * 9 km + 226 km3 = 3,135 km3  

• Grants Pass volume = 278.9 km2 * 9 km + 23 km3 = 2,533 km3  

• Craggy Peak volume = 146.9 km2 * 9 km + 127 km3 = 1,449 km3 

• Wooley Creek volume = 321.2 km2 * 9 km + 349 km3 = 3,240 km3 

• White Rock volume = 249.4 km2 * 9 km + 125 km3 = 2,370 km3 

• Wimer volume = 103.6 km2 * 9 km + 13 km3 = 945 km3 

• English Peak volume = 127.8 km2 * 9 km + 141 km3 = 1,292 km3 

• Russian Peak volume = 190.0 km2 * 9 km + 154 km3 = 1,864 km3 

• Grayback volume = 200.0 km2 * 9 km + 123 km3 = 1,923 km3 

• Ashland volume = 336.5 km2 * 9 km + 296 km3 = 3,324 km3 

• Chetco complex volume = 398.5 km2 * 9 km + 265 km3 = 3,851 km3 

• Ironside Mountain volume = 491.8 km2 * 9 km + 456 km3 = 4,882 km3 

Medium Plutons 

 The Late Jurassic to Early Cretaceous suite of granitoid plutons in the northern 

Sierra Nevada has been studied to constrain some pluton sizes. This suite is likely 

correlated with the TTG suite of the KMP, as explained in Chapter V: Discussion. 

Langenheim et al. (2021) used gravity and magnetic susceptibility models to determine a 

thickness of 4-5 km for the Merrimac plutons. The much larger (190 km2 exposed area) 

nearby and roughly coeval Bald Rock pluton extends to depths >12 km. The authors do 

not provide an area for the Merrimac plutons, but they together appear to be exposed over 

about half the area as the Bald Rock pluton. This supports that pluton dimensions are 

related.  

 Since the Merrimac pluton is of a corollary suite to the Early Creataceous 

granitoids of the KMP, we will use its determined thickness of 4.5 km to calculate the 

projected volume of medium sized granitoid plutons of the TTG suite. The Merrimac 

plutons also have very steep walls like most Klamath plutons, so the cylinder model is 

used again.  

• Deadman Peak volume = 85.3 km2 * 4.5 km + 70 km3 = 454 km3 

• Sugar Pine volume = 87.1 km2 * 4.5 km + 66 km3 = 458 km3 
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• Caribou Mountain volume = 20.2 km2 * 4.5 km + 12 km3 = 103 km3 

• Granite Peak volume = 35.2 km2 * 4.5 km + 20 km3 = 179 km3 

• Canyon Creek volume = 85.7 km2 * 4.5 km + 79 km3 = 465 km3 

For the large pluton of this age (Craggy Peak, 146.9 km2), we still apply the 9 km 

thickness determined from the WCb. The >12 km depth of the Bald Rock pluton of the 

northern Sierra supports attributing a great thickness to larger granitoid plutons.  

 Without more constraints on the thickness of medium sized plutons, we choose to 

apply this thickness of 4.5 km to all other medium plutons in the KMP. The Early 

Cretaceous magmatism of the northern Sierra Nevada is more comparable to the 

Mesozoic Klamath magmatism than the crustal-scale magmatism in the Late Cretaceous 

in the Sierra Nevada. And since pluton thickness correlates with pluton width, a thickness 

less than 9 km must be used for medium plutons.   

Medium plutons in this study are between 20 and 100 km2. Their volumes are 

listed below:  

• Blue Ridge volume = 28.8 km2 * 4.5 km + 13 km3 = 143 km3 

• Bear Mountain volume = 79.0 km2 * 4.5 km + 49 km3 = 405 km3 

• Bear Peak volume = 29.0 km2 * 4.5 km + 19 km3 = 150 km3   

• Pony Peak volume = 31.1 km2 * 4.5 km + 21 km3 = 164 km3 

• Ammon Ridge volume = 25.4 km2 * 4.5 km + 12 km3 = 126 km3 

• Jacksonville volume = 24.7 km2 * 4.5 km + 9 km3 = 120 km3    

• Thompson Ridge volume = 43.5 km2 * 4.5 km + 32 km3 = 228 km3 

• Castle Crags volume = 30.9 km2 * 4.5 km + 20 km3 = 159 km3 

• Wildwood volume = 86.5 km2 * 4.5 km + 41 km3 = 430 km3 

• Squaw Mountain volume = 26.4 km2 * 4.5 km +10 km3 = 129 km3 

• Star Mountain volume = 25.4 km2 * 4.5 km + 11 km3 = 126 km3 

• Porcupine Lake volume = 93.2 km2 * 4.5 km + 76 km3 = 496 km3     

• China Mountain volume = 69.7 km2 * 4.5 km + 47 km3 = 361 km3 

• Bonanza King volume = 75.8 km2 * 4.5 km + 43 km3 = 384 km3 
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• Billy’s Peak volume = 38.2 km2 * 4.5 km + 25 km3 = 197 km3 

• Mule Mountain volume = 84.1 km2 * 4.5 km + 38 km3 = 416 km3 

Small plutons    

 Small plutons are defined as having areas equal to or less than 20 km2. There is 

not a clear choice in thickness for plutons of this size. Their exposed relief can be as high 

as 1,215 m (Orleans Mountain intrusion, area of 16 km2). Therefore, small plutons can 

still be over a kilometer tall. Nevertheless, plutons of this size are unlikely to stretch deep 

into the crust like batholith-scale intrusions. Their thickness is most likely only a few 

kilometers thick, 3 ± 2 km (Cruden, 1998; Vigneresse, 1990). The intermediate thickness 

of 4.5 used in this study falls in the high part of this range, and a small thickness should 

be used for the small plutons. Therefore, 1.5 km2 of thickness will be added to the 

topographic volume of small plutons.  

 The projected volume calculations of small plutons in the KMP are listed below:  

• Kettle Mountain volume = 1.7 km2 * 1.5 km + 0.1 km3 = 7 km3 

• Yellow Butte volume = 0.5 km2 * 1.5 km + 0.02 km3 = 1 km3 

• Horseshoe Lake volume = 4.0 km2 * 1.5 km + 1 km3 = 7 km3 

• Gibson Peak volume = 7.4 km2 * 1.5 km + 3 km3 = 14 km3 

• Monument Peak volume = 10.9 km2 * 1.5 km + 5 km3 = 21 km3 

• Middle Fork volume = 6.5 km2 * 1.5 km + 3 km3 = 13 km3 

• Gold Hill volume = 6.1 km2 * 1.5 km + 1 km3 = 10 km3 

• Buckskin Peak volume = 15.1 km2 * 1.5 km + 4 km3 = 27 km3 

• Summit Valley volume = 14.4 km2 * 1.5 km + 4 km3 = 26 km3 

• Glen Creek volume = 12.3 km2 * 1.5 km + 3 km3 = 22 km3 

• East Fork volume = 1.4 km2 * 1.5 km + 0.3 km3 = 2 km3 

• China Creek volume = 19.3 km2 * 1.5 km + 8 km3 = 37 km3 

• Ukonom Mountain volume = 9.5 km2 * 1.5 km + 4 km3 = 18 km3 

• Orleans Mountain volume = 16 km2 * 1.5 km + 10 km3 = 34 km3 

• Heiney Bar volume = 5.1 km2 * 1.5 km + 0.9 km3 = 9 km3 

• Heather Lake volume = 15.6 km2 * 1.5 km + 10 km3 = 33 km3 
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• Shelly Lake volume = 15.3 km2 * 1.5 km + 7 km3 = 30 km3 

• Indian Rocks volume = 0.9 km2 * 1.5 km + 0.2 km3 = 2 km3 

• Youngs Peak volume = 12.8 km2 * 1.5 km + 7 km3 = 26 km3 

• Independence Creek volume = 10.9 km2 * 1.5 km + 3 km3 = 19 km3 

• Jackson Peak volume = 4.9 km2 * 1.5 km + 3 km3 = 10 km3 

• Denny Creek volume = 13.8 km2 * 1.5 km + 4 km3 = 25 km3 

• West China Peak volume = 6.5 km2 * 1.5 km + 3 km3 = 12 km3 

• Basin Gulch volume = 1.5 km2 * 1.5 km + 0.1 km3 = 2 km3 

• Walker Point volume = 6.6 km2 * 1.5 km + 2 km3 = 12 km3 

• Uncles Creek volume = 8.8 km2 * 1.5 km + 3 km3 = 16 km3   

• Saddle Gulch volume = 0.6 km2 * 1.5 km + 0.1 km3 = 1 km3 

• Bear Wallow volume = 15.2 km2 * 1.5 km + 8 km3 = 31 km3 

• White Rock volume = 1.4 km2 * 1.5 km + 0.1 km3 = 2 km3 

• Somes Bar volume = 1.0 km2 * 1.5 km + 0.3 km3 = 2 km3 

• Brushy Mountain volume = 6.9 km2 * 1.5 km + 2 km3 = 12 km3 

• Silver Creek volume = 2.5 km2 * 1.5 km + 0.3 km3 = 4 km3  

• Craggy Peak volume = 18.9 km2 * 1.5 km +10 km3 = 39 km3  

• Pit River volume = 5.8 km2 * 1.5 km + 0.4 km3 = 9 km3 

• Hogback Mountain volume = 6.6 km2 * 1.5 km + 2 km3 = 12 km3 

The Forks of Salmon intrusion is a large dike complex. Therefore, the walls are 

near-vertical and parallel. Therefore, the volume times height of the dike will sufficiently 

represent a full volume. The depth of the dike is unknown, so the set depth of 1.5 km for 

small intrusions is used. Therefore, the Forks of Salmon volume is calculated as 5.0 km2 

* 1.5 km + 2 km3 = 9 km3. 

 A projected volume is not calculated for the Skookum Gulch intrusion because it 

is a series of tonalitic blocks in a mélange. The full size and shape of these blocks is 

unknown, and Skookum Gulch is not in its initial place.  
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Sill-Like Bodies 

 The Slinkard pluton has an outcrop pattern that is suggestive of a series of nested 

sill-like bodies (e.g., Barnes et al., 1986). However, there are also apparent “risers” and 

other features that suggest a more complex shape.  Arms of the pluton are exposed in 

hills, but host rock is exposed in stream valleys. We interpret the original Slinkard to be 

sheet-like with the contacts being exposures of the floor of the pluton and the valleys 

having eroded below the pluton. Therefore, we use the relief volume (172 km3) as the full 

projected volume of the Slinkard.  

The Vesa Bluffs pluton is also sill-like in form. Its outcrop pattern is different 

from the Slinkard in that the “arms” of the pluton are often found stretching into valleys. 

Still, this topographic control is indicative of a sheet-like shape. In map view, both 

intrusions are segmented with larger pods connected by thin pieces, in contrast with the 

round to elongate shapes of most other large intrusions in the Klamaths. The relief 

volume (106 km3) is used as the full projected volume of the Vesa Bluffs.  

Erosion has exposed the floor and roof of the Lower Coon Mountain intrusion, 

revealing that at its thickest it is >300 m and is sill-like in form (Harper, 1980). The sill’s 

area (9.8 km2) is multiplied by this height to calculate a volume of 3 km3. 

  

 


