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Preface 
The Santiam Pass study area is located about 140 km southeast of Portland, on the axis of tie Oregon Cascade 

Range (Figure 1). Most of the study area is located in the High Cascades physiographic subprovince, which consists of 

relatively young, uneroded volcanic rocks. Older, more deeply incised terrane associated with the Western Cascade 

subprovince is exposed along the western part of the area. The High Cascades in Oregon represents an extensive, north-

south-trending arc of Quaternary volcanism related to oblique subduction of the Juan de Fuca oceanic plate beneath North 

America. 

The northern and central parts of the Oregon Cascade Range have several geolo^c features commonly associated 

with geotherm2d resources. Large composite volcanoes such as Mount Jefferson, South Sister, and Mount Hood (Figure 

1) contain numerous silicic flows and domes and have been active for 100,000 years (South Sister; Hill, 1991) to at least 

1,000,000 years (Mount Jefferson; Conrey, 1991), with evidence for Holocene eruptions at all these volcanoes. Holocene 

and late Pleistocene mafic volcanism also extends the length of the Oregon Cascades arc. The Oregon Cascade Range is 

characterized by east-west extension and late Tertiary graben subsidence, which may allow for deep circulation of geother­

mal fluids. Much of this area also lies within a zone of anomalously high heat flow, which ranges from 100 milliwatts per 

square meter (mW/m^ to more than 120 mW/m^ (Blackwell and others, 1982,1990). Known Geothermal Resource 

Figure I. Index map showing the location of the Santiam Pass study area and locations of other DOGAMI-sponsored 
geothermal investigations in the central and northern Cascade Range of Oregon. Also shown are major towns, high­
ways and Quaternary composite volcanoes. 
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Areas are also located at Mount Hood (Priest and Vogt, 1982), =25 km northwest of South Sister at Belknap-Foley Hot 

Springs (Priest and others, 1988), and =20 km northwest of Mt. Jefferson at Breitenbush Hot Springs (Sherrod, 1988). 

However, estimates of geothermal resource potential in the Oregon Cascades are poorly constrained (Muffler and 

Guffanti, 1989), owing to inadequate subsurface data. Previous geothermal studies (Figure 1) 

thermsd featiu-es or have been located adjacent to large composite volcanoes. There also havej 

have focused on known 

been few mtermediate-

depth drilling programs to calibrate geothermal, geophysical and geological models of the Oregon High Cascades. 

This open-file report presents the results of the Santiam Pass drilling program. The first phase of this program was 

to compile all available geological, geophysical and geothermal data for the Santiam Pass area and select a drill site on the 

basis of these data (see Priest and others, 1987a). A summary of the drilling operations and costs associated with the 

project are presented in chapter 1 by Hill and Benoit. An overview of the geology of the Santiam Pass area is presented 

by Hill and Priest in chapter 2. Geologic mapping and isotopic age determinations in the Santiam Pass-Mount Jefferson 

I •' 
area completed since 1987 £ire summarized in chapter 2. One of the more important conclusions reached in chapter 2 is 

that a minimum of 2 km vertical displacement has occurred the High Cascade graben in the Santiam Pass area. 

The petrology of the Szintiam Pass drill core is presented by Hill in chapter 3. Most of the major volcanic imits in 

the core have been jmalyzed for major, minor, and trace element abundances and have been studied petrographically. 

Three K-Ar ages are interpreted in conjimction with the magnetostratigraphy of the core to show that the oldest rocks in 

the core are approximately 1.8 Ma. Hydrothermal alteration of the core is minimal, and is char icterized bŷ  weak 

clay±clilorite±zeolite alteration m the lower 200 m of the core. Geochemical comparisons of the Scmtiam Pass core to 

other Quaternary and Miocene Cascade mafic rocks show no petrogenetic distinctions between rocks from these different 

ages. 

Geothermal and geophysical data collected from the Santiam Pass well are presented by Blackwell in chapter 4. 

The Santiam Pass well failed to penetrate beneath the zone of lateral groundwater flow associated with highly permeable 

Quaternary volcanic rocks. The geothermal gradient in the well is essentially isothermal to 700 m, and it is disturbed by 

downward flow in the well to ahnost 900 m. Calculated geothermal gradients range from about 50°C/km at depth 700-

900 m, to roughly 110°C/km from 900 m to the bottom of the well at 929 m. Heat-flow values for the bottom part of the 

hole bracket the regional average for the High Cascades. Blackwell concludes that heat flow along 

is equal to or higher than along the western edge of the High Cascades. 

ig the High'Cascade axis 
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Preface 

The Santiam Pass study area is located about 140 km southeast of Portland, on the axis of the Oregon Cascade 

Range (Figure 1). Most of the study area is located in the High Cascades physiographic subprovince, which consists of 

relatively young, uneroded volcanic rocks. Older, more deeply incised terrane associated with the Western Cascade 

subprovince is exposed along the western part of the area. The High Cascades in Oregon represents an extensive, north-

south-trending arc of Quaternary volcanism related to obUque subduction of the Juan de Fuca oceanic plate beneath North 

America. 

The northern and central parts of the Oregon Cascade Range have several geologic features commonly associated 

with geothermal resources. Large composite volcanoes such as Mount Jefferson, South Sister, and Mount Hood (Figine 

1) contain numerous siUcic flows and domes and have been active for 100,000 years (South Sister; Hill, 1991) to at least 

1,000,000 years (Mount Jefferson; Conrey, 1991), with evidence for Holocene eruptions at all these volcanoes. Holocene 

and late Pleistocene mafic volcanism also extends the length of the Oregon Cascades arc. The Oregon Cascade Range is 

characterized by east-west extension and late Tertiary graben subsidence, which may allow for deep circulation of geother­

mal fluids. Much of this area also Ues within a zone of anomalously high heat flow, which ranges from 1(X) miUiwatts per 

square meter (mW/m^) to more than 120 mW/m^ (Blackwell and others, 198^, 1990). Known Geothermal Resource 

Figure 1. Index map showing the location of the Santiam Pass study area and locations of other DOGAMI-sponsored 
geothermal investigations in the central and northern Cascade Range of Oregon. Also shown are major towns, high­
ways and Quaternary composite volcanoes. 
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Areas are also located at Mount Hood (Priest and Vogt, 1982), =25 km northwest of South Sister at Belknap-Foley Hot 

Springs (Priest and others, 1988), and =20 km northwest of Mt. Jefferson at Breitenbush Hot Springs (Sherrod, 1988). 

However, estimates of geothermal resource potential in the Oregon Cascades are poorly constrained (Muffler and 

Guffanti, 1989), owing to inadequate subsurface data. Previous geothermal studies (Figure 1) have focused on known 

thermal features or have been located adjacent to \̂ x%& composite volcanoes. There also have been few intermediate-

depth drilling programs to cahbrate geothermal, geophysical and geological models of the Oregon High Cascades. 

This open-file report presents the results of the Santiam Pass drilling program. The first phase of this program was 

to compile all available geological, geophysical and geothermal data for the Santiam Pass area and select a drill site on the 

basis of these data (see Priest and others, 1987a). A summary of the drilling operations and costs associated with the 

project are presented in chapter 1 by Hill and Benoit. An overview of the geology of the Santiam Pass area is presented 

by Hill and Priest in chapter 2. Geologic mappmg and isotopic age determinations in the Santiam Pass-Moimt Jefferson 

area completed since 1987 are siunmarized in chapter 2. One of the more important conclusions reached in chapter 2 is 

that a minimum of 2 km vertical displacement has occurred the High Cascade graben in the Santiam Pass area. 

The petrology of the Santiam Pass drill core is presented by Hill in chapter 3. Most of the major volcanic units in 

the core have been analyzed for major, minor, and trace element abundances and have been studied petrographically. 

Three K-Ar ages are interpreted in conjimction with the magnetostratigraphy of the core to show that the oldest rocks in 

the core are approximately 1.8 Ma. Hydrothermal alteration of the core is minimal, and is characterized by weak 

claytchloritetzeoUte alteration in the lower 200 m of the core. Geochemical comparisons of the Santiam Pass core to 

other Quaternary and Miocene Cascade mafic rocks show no petrogenetic distinctions between rocks from these different 

ages. 

Geothermal and geophysical data collected from the Santiam Pass well are presented by Blackwell in chapter 4. 

The Santiam Pass well failed to penetrate beneath the zone of lateral groundwater flow associated with highly permeable 

Quaternary volcanic rocks. The geothermal gradient in the well is essentially isothermal to 700 m, and it is distmbed by 

downward flow in the well to almost 900 m. Calculated geothermal gradients range from about 50°C/km at depth 700-

900 m, to roughly 110°C/km from 900 m to the bottom of the well at 929 m. Heat-flow values for the bottom part of the 

hole bracket the regional average for the High Cascades. Blackwell concludes that heat flow along the High Cascade axis 

is equal to or higher than along the western edge of the High Cascades. 
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Drilling history of the Santiam Pass 77-24 well 

Chapter 1 

Drilling history of the Santiam Pass 77-24 well, Cascade Range, Oregon 

by Brittain E. Hill, Oregon Department of Geology and Mineral Industries, Portland, Oregon 97232, 
and Dick Benoit, Oxbow Geothermal Corporation, Suite 450, 200 Virginia Street, Reno, Nevada 89501 

ABSTRACT 

The Santiam Pass drilling program was designed to investigate the thermal regime and geologic history of the 

central p£u-t of the Oregon Cascade Range. To accomplish this goal, a 929-m-deep well was drilled into Quaternary 

volcanic rocks on the axis of the High Cascades. Drilling was completed in two phases. The upper 140 m of the well 

were completed through 8 days of rotary drilling diu-ing November, 1989, at a total cost of $29,710. Diamond-core drilling 

from 140 m to 929 m depth required 29 days dining August and September, 1990. No significant delays occurred during 

drilling, jmd diamond-core drilling costs totalled $194,260. Although mud chculadon was lost between 160-920 m, 99.7 

percent of the core was recovered. Water-filled black pipe was rim to 929 m in the well after circulation of completion 

mud for roughly three hours. 

INTRODUCTION 

Since 1979 the U.S. Department of Energy (DOE) has partially funded the Oregon Department of Geology and 

Mineral Industries (DOGAMI) for geothermal resource assessment activities. In 1989, DOE awarded grant DE-FG07-

89ID12834 to DOGAMI as part of the Geothermal Research, Development, and Demonstration Act of 1984. The 

principal objective of this grant was to obtain temperature gradient, heat flow, and hydrologic information along the axis of 

Cascade volcanism away from major siUcic volcanoes; earher deep (>150 m) drilling m the Cascade Range only tested 

local thermal features associated with major volcanic complexes. In an effort to support geothermal studies in the Oregon 

Cascade Range, Oxbow Power Corporation agreed to contribute a minimum one-third share of the drilling costs. 

DRILLING OPERATIONS 

The Santiam Pass 77-24 well was drilled in two phases, beginning in October, 1989. The well site occupies a 

roughly 15-m by 35-m previously cleared area located approximately 100 m south of U.S. Highway 20, along Forest Road 

900 (Plate 1). This site was chosen for ease of access for heavy equipment and to minimize impact on the surrounding 

forest. Initial site preparation consisted of removing logging debris from the site, minor leveling of the site, and digging a 

mud pit 3-m by 2-m by 2-m-deep. The upper 140 m of the hole were rotary drilled by Woytec Drilling Company between 

31 October and 8 November, 1989. The first 11 m of the hole were drilled and cased with 25.5-cm iimer-diameter surface 
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in core drilling 8/14/90 

conductor, which was then cemented into the hole. Drilhng continued at a rate of about 30 meters per day with a 22.2-cm 

button bit to 119 m and a 20-cm button bit to 140 m. Circulation of water and foam was maintained throughout most of 

the rotary drilling, and rock chip samples were collected every 3 m. The 140-m-deep hole was then conditioned with 

drilling mud, and a 10.2-cm inner diameter conductor was successfully cemented in the hole from the surface to 140 m. 

Total costs for the upper 140 m of the well were $29,710. 

Diamond-core drilling by Tonto Drilling 

Sendees between 10 August and 17 September, 

1990, followed additional site leveUng and minor 

clearing to position the drill rig. Rig set-up com­

bined with installation and testing of the blow-out 

preventer assembly took 3 days; drilling commenced 

on 14 August. The hole was drilled from 140 m to 

a total depth of 929 m using HQ (10.2-cm outer 

diameter) diamond core rods, with 99.7 percent core 

recovery. Mud circulation was intermittent between 

140 m and 188 m, in spite of the addition of cotton­

seed hulls, mud polymer, mud sealant, and paper 

fiber; circulation was lost completely between 188 m 

and 929 m. Drilling proceeded at an average rate of 

28 meters per day with only two minor delays owing 

i2 
o 
% 

£ a 
500 

-1000-

Rotary 
drilling 
10-11/89 

Broken hydraulic line 

Broken cable on 
core barrel 

Santiam Pass 77-24 
Total depth: 929 m 
on 9/13/90 — 

-T-T—I I I I I I 
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 

Drilling Time (days) 

Figure 1-1. Drilling rate (depth per day) for Santiam Pass 77-24. 

to a broken hydrauhc Une cuid a parted cable on the core barrel (Figure 1-1) 

Table 1-1. Summary of drilling costs for Santiam Pass 77-24 
Heavy completion mud was circulated in the 

929-m-deep hole for about three hours, and a 

closed-end, water-filled 4.8-cm inner-diameter sche-

dule-40A black pipe was nm to 929 m through the 

HQ core rods on 15 September, 1990. During sub­

sequent removal of the HQ rods from the hole an 

attachment used to suspend the drill rods in the 

hole failed, 

resulting in 915 m of drill string falling about 15 m 

to the bottom of the hole. The impact of the rods 

broke 3 teeth off of the HQ rod shoe at the bottom of the hole but did not damage the water-filled black pipe. An initial 

dechne in the water level of approximately 30 cm occurred in the pipe during the first 24 hours, with an additional decline 

of several meters during the next 10 days. Total costs for the core drilhng were $194,260 (Table 1-1) and averaged =$250 

per meter ($76 per foot). 

Rotary drilling 
Mobilization and demobilization of core rig 
Blow-out preventer rental 
Rig hours, footage, and additional labor 
Equipment rental 
Bits, mud, and grease 
938 m of 4.8 cm black pipe 
Misc. supplies, phone, and disposal service 

$29,710 
$10,010 
$15,464 

$136,082 
$9,570 

$14,323 
$4,416 
$4.395 

$223,970 
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Geologic setting of the Santiam Pass area 

Chapter 2 

Geologic setting of the Santiam Pass area, central Cascade Range, Oregon 

by Brittain E. Hill and George R. Priest, Oregon Department of Geology and Mineral Industries, Portland, Oregon 97232 

ABSTRACT 

An understanding of the geology of the Santiam Pass area is necessary to evaluate the geothermal and hthologic 

data obtained from the Santiam Pass drilling program. The oldest rocks in the Santiam Pass area are hydrothermally 

altered volcanic and volcaniclastic rocks older than about 8 Ma, which are conventionally assigned to the Western 

Cascades subprovince. Vents for these rocks are exposed as far as 30 km west of the present volcanic axis of the Cascade 

Range, and some vents are exposed east of the axis. Rocks older than 8 Ma are unconformably overlain by approximately 

7-5 Ma unaltered mafic (SiOj less than 58 percent) flows, which were erupted from vents coincident with the present High 

Cascades axis and from the eastern margin of the Western Cascades. A north-trending intra-arc graben developed in the 

Santiam Pass area about 5 Ma, coincident with a period of uplift in the Western Cascades. Graben formation resulted in 

at least 1 km and possibly 3 km of net vertical displacement in the Santiam Pass area. The topographic low created by 

formation of the graben was mostly filled by volcanic and sedimentary rocks from 5 to 2 Ma. Volcanism since about 2 Ma 

has been predominantly mafic, with eruptions as recentiy as 3,000 years ago in the Santiam Pass area. 

The central part of the Oregon Cascade Range is characterized by anomalously high heat flow, which locally 

exceeds 100 mW/m^. The relationship between Cascade volcanism and geothermal resource potential is unclear, because 

regional heat-flow anomalies extend well beyond the boundaries of post-1 Ma volcanism, and local thermal features are 

not always associated with long-hved siUcic volcanoes. The Santiam Pass drilling program was designed primarily to 

investigate the extent and nature of background heat flow in a part of the active Cascades arc away from large stratovol-

canoes or sihcic centers. The drill hole also provides important subsurface geological and geophysical information, which 

aids in understanding the geologic history of the area and the influence of physical properties of rocks on temperature 

gradients. 

INTRODUCTION 

This chapter describes the general geologic setting of the Santiam Pass area of the Oregon Cascade Range, where 

volcanism and tectonism in the last 10 m.y. have produced a diversity of geologic features. The Santiam Pass drilling 

program provides additional constraints on the geologic history of this area. Recent papers by Priest and others (1983), 
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Sherrod and Conrey (1988), Taylor (1990) and Priest (1990) summarize the general geology in the central Oregon Cascade 

Range and provide much of the information in this chapter. 

Western Cascades 

124* 

NBtt*i0rty* 

• 0-7 Ma ^ 7-35 Ma •k Composite volcano 
CRB: Columbia River Basalt Group 

The Oregon Cascade Range can be divided into 

two physiographic subprovinces (Callaghan, 1933), com­

monly referred to as the Western Cascades and High Cas­

cades (Figure 2-1). A combination of time- and rock-

stratigraphic units is generally used to further subdivide 

these provinces (Peck and others, 1964; Priest and others 

1983-̂  Sherrod and Smith, 1989; Priest, 1990)̂ . Early West­

ern Cascades rocks range in age from about 35 Ma to 

about 17 Ma and are characterized by local andesitic 

volcanoes along with voluminous eruptions of tholeiitic 

lavas and sihcic pyroclastic rocks (White and McBirney, 

1978; Priest, 199i5; Taylor, 1990). Many early Western 

Cascades rocks are hydrothermally altered. ZeoUtic to 

low-grade propyhtic alteration is ubiquitous, with tuffa-

ceous rocks more strongly altered than lava flows (Priest 

and others, 1983). Early Western Cascades volcanism 

likely ended with a period of uplift and diminished volca­

nic activity from about 17 Ma to about 14 Ma (Priest and 

others, 1983). 

Late Western Cascades rocks, which were produced from about 17 Ma to about 8 Ma, unconformably overhe early 

Western Cascades units. Late Western Cascades rocks are characterized by two-pyroxene andesite lavas, with subordinate 

amounts of basaltic to dacitic lavas and pyroclastic rocks (Priest and others 198:J; Sherrod and Smith, 1989). Both early 

and late Western Cascades rocks generally dip 0°-10° eastward (Walker and Duncan, 1989; Priest, 1990) but are locally 

disrupted by extensive faulting and slumping. Many late Western Cascades volcanic and subvolcanic rocks have been 

hydrothermally altered (Priest and others, 1983). Alteration ranges from pervasive low-grade zeohte-clay alteration of late 

Western Cascades lavas to high-grade potassic alteration in some subvolcanic intrusions (Peck and others, 1%4; Priest and 

others, 1983; Power, 1984; Keith, 1988; Cummmgs and others, 1990). 

Late Western Cascades rocks are well exposed approximately 30 km west of the Santiam Pass well site (Figures 2-1 

and 2-2). These rocks consist primarily of andesitic lavas and pyroclastic deposits, with subordinate amounts of basaltic to 

dacitic lavas (Black and others, 1987; Priest and others, 1987b). Northeast of Santiam Pass, 9-8-Ma andesitic rocks are 

exposed in the Castle Rocks area (Hales, 1974; Conrey, 1985; Wendland, 1988). In addition, about 15-Ma sUicic pyro -

Figure 2-1. Generalized geologic map showing the distribution 
of Oregon Cascade rocks. Study area is the Santiam Pass 
area, which is shown in detail in Figure 2.2. Modified from 
Sherrod and Smith (1989). 
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Figure 2-2. Generalized geologic map of the Santiam Pass area of the Oregon Cascade Range. Regional location of the map is shown in Figure 2-1. Well site 
SP 77-24 is the Santiam Pass well Unit ages are selected to represent time-stratigraphic units on the east and west sides of the High Cascades axis and do 
not strictly represent lithostratigraphic boundaries. Data summarized fromJ'aylor, 1965; Hales, 1974; Davie, 1980; Conrey, 1985, 1991; YogodzinsH, 1985; 
Wendland, 1988; Priest and others, 1987a, 1987b; Black and others, 1987; Sherrod and Smith, 1989. 
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Hill and Priest 

clastic units derived from late Western Cascades volcanoes are preserved as the Simtustus Formation in the Deschutes 

Basin (Hayman, 1983; Smith, 1986a). 

Early High Cascades 

Early High Cascades volcanism began around 7.4 Ma and was centered on a volcanic axis essentially coincident 

with the axis of the present High Cascades (Taylor, 1981; Conrey, 1985; Smith and others, 1987). West of the High 

Cascade axis, early High Cascades rocks are characterized by essentially subhorizontal mafic flows that cap many ridges 

(Taylor, 198f; Priest and others, 1983). These mafic flows are commonly diktytaxitic and have only minor amounts of clay 

replacing ferromagnesian phenocrysts (Priest and others, 1983; Taylor, 1981, 1990). Only a few pyroclastic rocks are 

exposed in early High Cascades sections west of the High Cascades axis (Priest and others, 1987b, 1988; Taylor, 1990). 

East of the High Cascades axis, abundant 7-5-Ma pyroclastic and volcaniclastic rocks are preserved as the Deschutes 

Formation (Taylor, 1981; Smith, 1986b; Conrey, 1985; Smith and others, 1987). The formation of an intra-arc graben 

about 5.4 Ma (Taylor, 1981; Smith, 1986b; Smith and others, 1987) localized deposition of volcanic rocks within the 

graben, although eruptions associated with early High Cascades volcanoes likely continued to at least 4 Ma (Yogodzinski, 

1985; Smith, 1986b; Smith and others, 1987). 

The origin and extent of the High Cascades graben has been the focus of many geological studies (Callaghan, 1933; 

Allen, 1966; Taylor, 1981; Couch and others, 1982; Smith and Taylor, 1983; Priest and others, 1983; Keach and others, 

1989; Livelybrooks and others, 1989; Smith and others, 1989; Priest, 1990; Taylor, 1990). One of tiie goals of the Santiam 

Pass drilling project is to provide additional data on the extent of pre- and post-graben rocks beneath the axis of the High 

Cascades. Previous work by Priest and others (1987b, 1988) and Black and others, (1987) has shown that the western 

boundary of the graben has a minimum vertical displacement of about 600 m along north-striking normal faults m the area 

west and southwest of Santiam Pass. However, these graben-bounding faults are discontinuous south of the Three Sisters 

area, with faulting only occurring along 45 percent of the High Cascades-Western Cascades transition between latitudes 

43°-44° N (Sherrod, 1986). Thus, a throughgoing graben did not develop south of the Three Sisters area (Sherrod, 1986; 
7 

Sherrod and Smith, 1989). East of the High Cascades axis, at least 700 m of vertical displacement is present along Green 

Ridge (Hales, 1974; Conrey, 1985; Wendland, 1988). Based on gravity data, low density volcanic or volcaniclastic rocks 

underhe the area between Green Ridge and the High Cascades volcanic axis (Couch cind others, 1982). Stratigraphic rela­

tionships constrained from nearby drill cores (Figure 2-2) require more than 1 km of vertical displacement at the eastern 

boundary of the graben (Priest and others, 1989; Priest, 1990; this study). However, it is unclear if north-strikmg graben 

faults extend directly south of Green Ridge and are buried by younger units (Conrey, 1985; Smith, 1986b; Livelybrooks and 

others, 1989; Taylor, 1990; Hill, 1991), or if graben-bounding faults merge with the Tumalo Fault Zone and distribute 

displacement over a 60-km-wide fault zone (Peterson and others, 1976; Lawrence, 1976; MacLeod and Sherrod, 1988; 

Smith and others, 1987). 

In addition to graben formation about 5.4 Ma, the Western Cascades underwent a period of uplift commencing 

about 5 Ma (Priest and others, 1983; Sherrod, 1986; Priest, 1990). Uplift resulted in entrenchment of streams m the 

Western Cascades, and volcanic rocks younger than 4.5 Ma in the Western Cascades subprovince generally form intra-
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canyon flows (Priest, 1990). West of the High Cascades, 7-5-Ma volcanic rocks (Figure 2-2) occur at nearly constant 

elevations, indicatmg that upUft was relatively uniform. However, early High Cascades rocks on the east side of the High 

Cascades apparentiy were not uphfted (Taylor, 1981); mafic lavas at Green Ridge have shallow eastward dips consistent 

with an original depositional slope, and the decrease in dip from Green Ridge to the east is consistent with observed 

proximal to distal facies changes in the Deschutes Formation (Conrey, 1985; Smith, 1986b). 

Late High Cascades 

Late High Cascades volcanism encompasses rocks that were erupted after the formation of the graben about 5 Ma, 

although only a small amount of 5-2-Ma units are exposed; the bulk of the 5-2-Ma late High Cascades rocks presumedly 

fills the early High Cascades graben. SmaO outcrops of approximately 4.3 Ma graben-fiUing lavas are exposed at the north 

end of Green Ridge (Yogodzinski, 1985). Diatomaceous sedimentary rocks, palagonitic tuffs, and mcific lava are exposed 

near the western boundary of Green Ridge (Smith, 1986b) and from about 250 m to 600 m in the Unocal 82-3 drill core 

(Figure 2-2; G. Black, written commun., 1988). Diatoms from the lower 100 m of the 82-3 drill core consist of an early 

Pleistocene-late PUocene assemblage (P. Bradbury, written commun., 1989), and a basalt flow within this interval has a K-

Ar age of 1.49±0.06 Ma (Priest and others, 1989). Diatomaceous sedimentary rocks, palagonitic tuff and pillowed lava are 

well exposed west of Santiam Pass m the approximately 1.8-Ma Parkette Creek unit of Black and others (1987). About 30 

km southwest of Santiam Pass, 3.6-2.2 M-̂  basalt, basaltic andesite, and andesite lavas appear to fill the High Cascades -

graben (Priest and others, 1988;. In addition, approximately 4 Ma mafic flows constitute most of Woodpecker Ridge 

(Comey, 1991) southwest of Mt. Jefferson (Figure 2-2), and the 2-3-Ma Mt. Bruno basalt flows of Priest and others 

(1987b) define the base of the late High Cascades section near Minto Mtn. 

Most rocks from the late High Cascades eruptive episode consist of mafic flows younger than about 2 Ma. In 

much of the central Oregon Cascades, including the Santiam Pass area, rocks younger than 0.79 Ma (Brunhes Normal-

Polarity Chron; Johnson, 1982) cover much of the area for =20 km east and west of the High Cascades axis (Figure 2-2). 

Late High Cascades vents between 2 Ma and 0.79 Ma are usually exposed only more than 20 km away from the present 

volcanic axis. Examples of approximately 2-Ma mafic composite volcanoes include Bald Peter (2.1±0.2 Ma, Armstrong and 

others, 1975; 2.6±0.2 Ma, Yogodzmski, 1985) and Black Butte (1.4±0.3 Ma, this report). 

In the area between Mount Jefferson and the Three Sisters, late High Cascades shield volcanoes and mafic flows 

are the dominant rock type (McBuney and others, 1974) and have coalesced to form a broad mafic platform (Hughes and 

Taylor, 1986). Mafic platform flows are predominantly diktytaxitic, high-alumina basalt and basaltic andesite (Hughes and 

Taylor, 1986). Three Fingered Jack (Figure 2-2) and Mount Washington are two examples of highly-eroded mafic shield 

volcanoes that overhe the mafic platform. Andesite (58-63 percent SiOj) is restricted to small domes along the High 

Cascades axis (Figure 2-2) and to larger composite volcanoes such as Mount Jefferson and Middle Sister. Rocks more 

sihcic than andesite only occur at or adjacent to large, long-hved composite volcanoes. 

The youngest volcanic units in the S2mtiam Pass area are associated with the Holocene Sand Mountain cinder cones 

(Figure 2-2). Carbonized wood from beneath these mafic flows has a '"C age of 3,900±200 years B.P. (Taylor, 1965, 1967). 

Sand Mountain flows produced small lakes by damming the McKenzie River; submerged trees in these lakes have '''C ages 
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of about 3,000 years B.P. (Benson, 1%5). In addition, the explosive eruption of Blue Lake crater 10 km east of the 

Santiam Pass drill site occurred 3,500±250 years B.P. (Taylor, 1967). 

NEW RADIOMETRIC AGES 

In 1982, Unocal Geothermal drilled a 500-m-deep core hole 36 km north-northwest of the Santiam Pass well at an 

elevation of 885 m m the valley of Marion Creek (Figure 2-2, site Unocal 82-1). Upper Miocene to lower PUocene 

volcanic rocks in the Minto Mountain-Marion Creek area (Black and others, 1987; Comey, 1991) occur 10-20 km east of 

the presumed western boundary of the High Cascades graben. Faults along the eastern boundary of the graben at Green 

Ridge (Figure 2-2) apparently do not continue north of the latitude of the Minto Mountain area (Comey, 1985; 

Yogodzinski, 1985; Wendland, 1988). Upper Miocene volcanic rocks that crop out in Marion Creek were thought to 

correlate (unit Tma of Black and others, 1987 and Priest and others, 1987b) with 10-11 Ma andesite located 23 km north­

west of Mount Jefferson (White, 1980). However, isotopic age data from the Unocal drill core and Comey (1991) suggest 

that these rocks are much younger. 

The apparent contact between Quaternary High Cascades mafic flows and older volcanic rocks occurs at a depth of 

407 m in the Unocal 82-1 core (G. Black, written commun., 1990). The older rocks from 407 m to 500 m consist primarily 

of altered, 2-pyroxene andesite lavas with interbedded volcaniclastic rocks (G. Black, written commun., 1990). In order to 

better constram structural and geological models for the central Cascades, a whole-rock '"'Ar/^Ar age was obtained from a 

relatively fresh rhyodacite (Sample U-1575, Table 3-2) flow at a depth of 480 m m the Unocal 82-1 core. This unit has a 

well-constrained plateau age of 5.62+0.09 Ma (Figure 2-3). Sihcic rocks of similar age (about 4 Ma) are also exposed 3-11 

km north of Unocal 82-1 at Minto Mountain and Woodpecker Hill (Comey, 1991). 
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Figure 2-3. Calculated whole-rock ^Ar/^Ar dates for a rhyodacite flow from a depth of 480 m in the Unocal 82-1 well. (A) 
Dates calculated for <10% and >98% ^Ar release are anomalously old with relatively large uncertainties, which is 
typical for weakly altered volcanic rocks (R. Duncan, oral commun., 1991). Note that the plateau ages for >10% and 
< 98% ^Ar release have low uncertainty and give a plateau age of 5.62 ±0.09 Ma. (B) Recession of the first 6 
analyses gives an age of 5.69 ± 0.23 Ma, which is within the range of l a error for the plateau age. 

West and northwest of Minto Mountain, 6.3 Ma volcanic rocks occur at elevations as much as 700 m higher than 

the 5.6-4 Ma flows m the Minto Mountain area, suggesting that part of the western boundary of the High Cascades graben 

is located in that area. The distribution of early High Cascades units m the Minto Mountam area may also indicate that 

the western boundary of the graben steps about 10 km east in the Minto Moimtain-Mt. Jefferson area. However, the lack 
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of significant faulting at the northern terminus of Green Ridge clearly shows that the eastern boundary of the High 

Cascades graben did not extend north of latitude 44° 45' (Figure 2-2). 

The location of the western boundary of the High Cascades graben immediately west of the Santiam Pass well is 

not clear. The EWEB 78-32 well (Plate 1) encountered PUocene to Miocene lavas at a depth of only about 300 m (Black 

and others, 1987). The occurrence of Pliocene to Miocene lavas at this shaUow depth indicates that the western boundary 

of the graben must be located east of the EWEB 78-32 weU. The prominent northward aligimient of the Sand Mountain 

cinder cones (Plate 1) is probably controUed by a buried fault, which may mark the western boundary of the graben. 

Displacements along this postulated fault are Umited by the age-depth relationships shown in Plate 1 for the Santiam Pass, 

EWEB 78-32 and Unocal 82-3 weUs. These subsurface relationships suggest that the graben is asymmetrical in this area 

and probably has increasing displacement to the south and east through south-eastward dip or by distributed faulting. This 

model also accounts for the 2-3 km of graben fill shown on the eastern part of the cross section in Plate 1. 

Several small andesitic domes (Davie, 1980; Taylor, 1981) were erupted at Hogg Rock and Hayrick Butte about 4 

km west and 6 km southwest of the well site respectively (Figure 2-2). These andesite domes have steep sides with glassy 

margins and subhorizontal columns, relatively flat tops, and are anomalously thick, all of which are features generaUy 

ascribed to subglacial eruptions (WilUams and McBirney, p. 199, 1979; Conrey, 1991). The tops of these andesitic units 

have been extensively eroded by glaciation, and it is possible that Hogg Rock and Hayrick Butte are subaerial andesite 

domes that have been extensively glaciated (E.M. Taylor, oral commun., 1992). Hogg Rock and Hayrick Butte have 

normal magnetic polarities (E. M. Taylor, oral commun., 1990). A K-Ar age of 0.09±0.02 Ma obtained for Hogg Rock is 

consistent with eruption during or immediately after early Wisconsin glaciation at about 0.11 Ma (Jouzel and others, 1987). 

Subglacial andesitic domes of 0.09±0.04 Ma are also exposed 23 km north-northeaset of the drill site at the Table (Conrey, 

1991). The andesitic domes of Table are slightly more mafic than Hogg Rock and Hayrick Butte (Table 2-2), but all these 

andesite domes have incompatible element abundances that are much lower than other andesitic rocks in the area 

(Comey, 1991, oral commun., 1990; Hughes, 1983; this study). 

TABLE 2-1: New whole rock K-Ar ages for surface samples from the Santiam Pass area. 

Sample Sample K ""Ar̂ d̂ ""Ar̂ ^̂  Age (l\/1a) Comments 

no. Wt (g) (Wt%) x10"'^mol/g (%) (± 1a) 

Hogg Rock, black glassy margin of flow 

Reversed basalt, Hwy. 20, 0.5 km N. of Blue Lake 

Reversed basalt, 1 km E. of Black Butte summit 

Notes: 
- Sample TFJ-2: Potassium (K) determined by atomic absorption spectrometry at the University of Oregon by C 

McBirney. Isotopic ratios determined at Oregon State University by R. Duncan. 
- Samples 811108 & 811110: All analyses by B. Dalrymple, U.S. Geological Survey, unpublished research, 1981. 

Potassium (K) is the average of 4 analyses (la = 1%). 
- Decay constants: X. = 0.581 x 10"'°yr', X̂  = 4.962 x 10'°yr\ and ''°K/K,„,^ = 1.167 x 10"' mol/mol (Steiger and 

Jager, 1977)."̂  
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811108 

811110 

5.01 

15.64 
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0.193 

0.11 

0.834 

0.478 

2.1 

4.1 

8.6 

0.09±0.02 

0.72±0.19 

1.42±0.33 
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Table 2-2. Analyses of Hogg Rock-type andesites in the Santiam Pass-Mount Jefferson area, and a representative late High 
Cascades basaltic andesite from near the Santiam Pass 77-24 well. 

I Hogg Rock 1 Hayrick Table QTba 
TFJ-2 TFJ-433 RCMJ-58 RCNSH-4 RCMJ-524 83190 

SiOj 59.8 59.7 59.8 60.1 57.8 56.1 
TiOj 0.68 0.7 0.68 0.68 0.96 0.83 
AljOj 18.5 18.4 18.4 18.4 18.6 19.0 
FeO* 5.69 5.7 5.68 5.55 6.86 6.31 
MnO 0.11 - 0.11 0.11 0.10 0.11 
MgO 3.43 3.8 3.56 3.30 3.58 4.81 
CaO 6.42 6.3 6.49 6.24 7.10 8.08 
NagO 4.33 4.10 4.20 4.42 3.88 4.02 
KgO 0.97 1.05 0.97 1.08 0.92 0.67 
PjOg 0.11 _ ^ 0.11 0.12 0.21 0.15 
TOTAL 101.30 99.75 n/r n/r n/r 99.59 

Rb 12 15 13 14 12 8 
Cs 0.35 0.29 - 0.34 
Sr 541 640 550 515 741 613 
Ba 259 260 248 297 346 178 

Sc 14.3 13.9 21 13 18 17 
V 113 - 96 106 163 130 
Ni 
Or 
Co 
Zn 
Ga 

La 
Ce 
Nd 
Sm 
Eu 
Tb 
Yb 
Lu 
Eu/Eu* 

y 
Zr 
Hf 
Nb 
Ta 
Th 
U 

30 
37 
20.3 
63 
20 

9 
16.2 
9.2 
2.18 
0.84 
0.39 
1.3 
0.15 
1.12 

12 
102 
2.2 
3.4 
0.2 
1.3 

<5 

35 
39 
20.3 
-
-

8.2 
18.7 
2 
2.36 
0.87 
0.27 
1.1 
0.16 
1.19 

_ 
100 
2.5 
-
0.25 
1.1 
0.1 

38 
34 
-

69 
15 

_ 
-
-
-
-
-
-
-
-

11 
100 
-
4.6 
-
-
-

34 
26 
-

61 
17 

9.48 
18.63 
9.68 
2.42 
0.93 
0.39 
1.18 
0.19 
1.15 

12.4 
97 
2.17 
4.52 
-
1.28 
0.37 

92 
25 
-
79 
20 

-
-
-
-
-
-
-
-
-

16 
126 
-
6 
-
-
-

74 
33 
-

62 
19 

_ 
-
-
-
-
-
-
-
-

_ 
93 
-
5.9 
-
-
-

n/r: not Reported -: not analyzed 

TFJ-2: From east glassy margin of Hogg Rock, K-Ar sample, this study. 
TFJ-433: Glassy margin of Hogg Rock, from Hughes (1983). 
RCMJ-58: Glassy margin of Hogg Rock, R. Conrey, unpub. data, 1991. 
RCNSH-4: Margin of Hayrick Bu., R. Conrey, unpub. data, 1991. 
RCMJ-524: Margin of Middle Table, S. Mount Jefferson (Conrey, 1991). 
83190: Basaltic andesite lava in roadcut, U.S. Hwy. 20, 4 km east of Santiam Pass Well 

77-24. Possesses reversed-polarity magnetization. 
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The age of Black Butte was reported to be 0.45±0.3 Ma by Armstrong and others, (1975), although Black Butte 

lavas have reversed paleomagnetic directions. A more recent K-Ar anadysis of a basaltic andesite flow 1 km east of the 

Black Butte summit gives an age of 1.42±0.33 Ma (Table 2-1). This age is consistent with eruption durmg the Matuyama 

Reversed-Polarity Chron (Mankinen £md Dalrymple, 1979). 

Mafic flows with reversed magnetic dhections are well exposed along U.S. Highway 20 from 5 to 15 km east of the 

Santiam Pass drill site (Figure 2-2). A magnetically reversed basaltic andesite flow about 1 km north of Blue Lake (Plate 

1) has yielded a K-Ar age of 0.54±0.14 Ma (Armstrong and others, 1975). Reanalysis of this unit gives a K-Ar age of 

0.72±0.19 Ma (Table 2-1), which also is consistent with eruption durmg the Matuyama Reversed-Polarity Chron 

(Mankinen and Dalrymple, 1979). 

GEOLOGIC MAP AND CROSS SECTION 

The l:62,500-scale geologic map and cross section (Plate 1) was initially compiled by D.R. Sherrod as part of a 

preliminary geologic study of the Santiam Pass area (Priest and others, 1987a). Subsequent modifications to the map are 

minor; magnetically reversed rocks are grouped mto the QTba units, and additional rock ages and weU sites are added to 

the map. The cross section was modified to mclude subsurface data from the Santiam Pass 77-24, Unocal 82-3, and 

Unocal 82-1 wells located in Figure 2-2. 

Prilling at Santiam Pass has shown that the boundary between normal and reversely polarized (0.79 Ma, Johnson, 

1982) High Cascades lavas occurs at a depth of 165 m. However, 1.8-Ma mafic rocks are located 920 m depth (Chapter 

3), which is deeper than expected based on the preliminary cross section (Priest and others, 1987a). Additional constraints 

on the thickness and extent of =1-2 Ma units can be obtained from the Unocal 82-3 well. In Unocal 82-3 (Figiue 2-2), 

reversed-polarity flows first occur at a depth of 238 m. Although core recovery in Unocal 82-3 is intermittent between 238 

m and 378 m, all of the flows in the recovered core have reversed polarities. A magnetically reversed diktytaxitic basalt 

flow at 378 m m Unocal 82-3 has a K-Ar age of 1.35±0.07 Ma (Priest and others, 1989), which is consistent with eruption 

during the Matuyjuna Reversed-Polarity Chron (Mankinen and Dalrymple, 1979). Reversed-polarity flows continue from 

378 m to 460 m, with complete core recovery in that interval. From 460 m to the base of the weU at 600 m, core recovery 

is very sporadic. This interval consists primarily of diatomaceous and tuffaceous sedimentary rocks along with interbedded 

mafic flows, peperite, and palagonitic tuff. A basalt flow at 531 m has a K-Ar age of 1.49±0.06 Ma and is underlain by 

reversed-polarity mafic flows. The age of the 1.49-Ma flow is also consistent with eruption during the Matuyama 

Reversed-Polarity Chron. 

Projection of the Unocal 82-3 weU onto the Santiam Pass cross section (Plate 1) is justified because the 

perpendicular projection of the weU site onto the cross section occurs along a line of nearly constant elevation, and the 

projected Brunhes-Matuyama boundary in Unocal 82-3 is consistent with the observed elevation of this contact along the 

cross section Ime. The abundance of diatomaceous and tuffaceous mudstone and siltstone m weU 82-3, along with the 

numerous features indicating lava-wet sediment mteraction, shows that deposition occurred in a low-energy (closed?) basm 

adjacent to active mafic volcanoes. Projection of these data onto the Santiam Pass cross section (Plate 1) constrains an 

expected facies change from lava flow-dominated medial facies on the volcanic axis (Santiam Pass 77-24) to a distal facies 
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with significant sedunentary component (Unocal 82-3). These relationships indicate that 1.8-1.4-Ma volcanism in the 

Santiam Pass area probably occurred within a topographic low, i.e., the High Cascades graben. 

Similar facies relationships are observed west of the Samtiam Pass weU. Tuffaceous and diatomaceous sedimentary 

rocks of Parkette Creek (Black and others, 1987) contain mterbedded mafic flows that have K-Ar ages of about 1.8 Ma. 

The facies assemblage of the Parkette Creek units is nearly identical to the assemblage found m the lower 250 m of the 

Unocal 82-3 core, and from about 150 m to about 400 m in the Unocal 82-1 core (G. Black, written commun., 1988). The 

Parkette Creek unit most hkely represents the western facies of the graben-fiUing rocks and has a minimum thickness of 

450 m (Black and others, 1987), although the base of the unit is not exposed. It is also unlikely that the thickness of the 

Parkette Creek unit is much greater than 500 m on the basis of the stratigraphic relationships shown in Plate 1. 

Well data can be used to estimate a minimum thickness of the graben-fiUing strata in the Green Ridge area. The 

top of the Deschutes Formation is first assumed to occur close to the base of Santiam Pass 77-24. Mafic flows of the Des­

chutes Formation were presumedly deposited on a slope that dipped at least as much as observed at Green Ridge (5°, 

Comey, 1985), and that the minimum thickness of these flows is exposed at Green Ridge (>700 m, Conrey, 1985). These 

constraints result in a thickness of roughly 2 km for the graben All near Green Ridge (Plate 1). 

The thickness of the graben-filling strata west of the Santiam Pass weU is probably much less than in the Green 

Ridge area (Plate 1), although this relationship is less constrained. EWEB 78-32 reached mafic flows correlative with the 

Deschutes Formation at about 300 m (Black and others, 1987), suggesting that 150 m of Parkette Creek may have eroded 

from this area. If large faults occur on the western boundary of the graben at this latitude, then they must occur east of 

the EWEB 78-32 weU in order to account for the shaUow depth to Deschutes-correlative flows. These buried faults may 

control the aUgiunent of the Holocene Sand Mountain cinder cones (Plate 1 and Figure 2-2) in the same maimer that 

Green Ridge faults apparently control the aligmnent of Quaternary cinder cones near Wizard Falls and Garrison Buttes 

(Conrey, 1985). 

GEOLOGIC SUMMARY AND CONCLUSIONS 

The Santiam Pass area of the Oregon High Cascades is located on the axis of an active continental volcanic arc. 

Most of the volcanic eruptions within the last 0.79 Ma have been mafic (Si02< 58%), although isolated andesitic eruptions 

also have occurred in this area since 0.1 Ma. The major structural features sue north- to northwest-striking normal faults, 

which are associated with the formation of a discontinuous, asymmetrical mtra-arc graben about 5 Ma. A minimum of 2 

km vertical displacement is associated with the graben m the Green Ridge area east of the Santiam Pass. Graben-

bounding faults are not exposed more than 40 km northeast or northwest of the Santiam Pass. The presence of late 

Pleistocene to Holocene volcanism in an area of abundant faulting and groundwater recharge may create a significant 

geothermal resource. 

Although the surficial geology of this area has been weU studied, there is a paucity of subsurface data to constrain 

many basic geological, geophysical and geothermal models. Previous deep (> 150 m) drilling programs have focused on 

the Western Cascades (Sherrod, 198^) or known thermal features in the Western Cascades (White, 1980), or on major 

stratovolcanic systems in the High Cascades (Priest and Vogt, 1982). These data are inappropriate to constrain geological 
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models for most of the High Cascades arc. Additional data from deep driUing programs were necessary to adequately 

evaluate the thermal regime and geologic history of the Oregon Cascades. The Santiam Pass drilling program was thus 

formulated to provide these data (Priest and others, 1987a). 
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Chapter 3 

Stratigraphy and petrology of the Santiam Pass 77-24 drill core, Cascade Range, 
Oregon 

by Brittain E. Hill, Oregon Department of Geology and Mineral Industries, Portland, Oregon 97232. 

ABSTRACT 

Drilling of the 929-meter-deep Samtiam Pass geothermal weU provides new information on the geology along the 

axis of the central Oregon Cascades. Mafic lavas and dUces (Si02<58 percent) constitute 95 percent of the Santiam Pass 

core, with the remainder of the core consisting of volcaniclastic rocks. Correlations between magnetic stratigraphy and 

dated core samples indicate that rocks from <0.79 Ma to about 1.8 Ma were encountered during drilling. Major and trace 

element variations within the Santiam Pass core are the same as observed for other late High Cascades mafic rocks 

erupted between North Sister and Three Fingered Jack. Geochemical variations for aU of these rocks are continuous, and 

do not show the distinct geochemical groupings observed in previous research. Most early and late High Cascade mafic 

rocks erupted within the Santiam Pass area are chemicaUy indistinguishable, although a few rocks from each age group 

have distinctive compositions. 

INTRODUCTION 

This chapter describes the stratigraphic, geochronologic, petrographic, and geochemical data obtained from the 

Santiam Pass 77-24 driU core. A total of 52 major rock units were driUed, of which approximately 95 percent were mafic 

lavas and dikes and about 5 percent were volcaniclastic strata. The Santiam Pass core had 99.7 percent recovery during 

drilling, and the sections of lost core never exceeded 50 cm in length. Three representative core spUts of each major unit 

were coUected at the drill site. These sample suites are stored at the University of Utah Research Institute, Salt Lake 

City, at the Department of Geology, Southern Methodist University, DaUas, and at the Oregon Department of Geology 

and Mineral Industries, Portland. The remainder of the Santiam Pass core is stored at the Oceanography Core Lab, 

Oregon State University, Corvallis. 

PALEOMAGNETIC STRATIGRAPHY AND K-AR AGES 

Three core samples with known magnetic orientations were selected for whole-rock K-Ar dating on the basis of 

stratigraphic position and relative lack of alteration. Analytical data for these units are summarized in Table 3-1. The 

ages of these units can be further constrained from the paleomagnetic polarity time scale of Mankinen and Dalrymple 

(1979) and Johnson (1982). 
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TABLE 3-1: Whole rock K-Ar ages, Santiam Pass 77-24 core 

Depth Sample K °Ar Âr̂ ad Age (Ma) Lithologic unit 
(m) wt (g) (wt %) ' XlO'^mol/g (%) (± la) 

502 

698 

928 

4.94 

4.93 

5.13 

0.76 

0.66 

0.45 

1.32 

1.04 

1.41 

15.6 

6.1 

9.1 

1.00 ± 0.03 Basaltic andesite flow. 

0.91 ± 0.06 Basaltic andesite flow. 

1.81 ± 0.05 Porphyritic basaltic andesite flow(?) 

Notes: 

' K determined by atomic absorption spectrometry at the University of Oregon, C. McBirney, analyst. 
- Isotopic ratios determined at Oregon State University, R. Duncan, principal investigator. 
- Decay constants: X, = 0.581 x l O ' V ' . ^p = 4.962 x 10" 'V' . and '^K/K^^ = 1.167 x 10"̂  mol/mol (Steiger and 

Jager, 1977)." 

Santiam Pass 
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Geomagnetic 
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m tt 

165 540 

280 917 
321 1052 

1.00 ±0.03 Ma 
502 1647— 
516 1690 
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u 
X z 
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I 662 2170 
699 2290 

0.91 ±0.06 Ma 

928 3044. 
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1.87 

2.00 

Figure 3-1. Paleomagnetic and geochronologic correlations 
between Santiam Pass core and the geomagnetic time scale of 
Mankinen and Dalrymple (1979). Core magnetization mea­
sured with a flux-gate magnetometer. 

The remnant magnetization of Santiam Pass core is 

summarized m Figure 3-1. The highest magnetic reversal 

in the core occurs at 165 m depth. The base of the mag­

netic normal section (Brunhes Normal-Polarity Chron) is 

also exposed along U.S. Highway 20 2.5 km east of the 

weU site at an elevation of =1300 m (Plate 1), which corre­

sponds to the elevation of this boundary in the Santiam 

Pass weU. Core samples from 165 m to 260 m depth have 

reversed polarity magnetization, indicating an age of >0.79 

Ma. A thick basaltic andesite flow at 260-343 m depth also 

has reversed polarity magnetization. However, basalt dikes 

with strong normal polarity magnetization cut this flow 

between 280 m and 321 m depth and have reset the once-

reversely polarized flow to normal polarity (Figure 3-1). 

Reverse-polarity basaltic andesite flows continue in the 

core to a depth of 516 m. A K-Ar age of 1.00±0.03 Ma for 

a basaltic andesite flow at 502 m depth might seem consis­

tent with a pre-JaramiUo eruption age (Figure 3-1), but the 

K-Ar ages and paleomagnetic orientations of deeper units 

mdicate that this date is at least 0.1 Ma too old. The 1.0-

Ma flow overUes a 146-m-thick magnetic-normal section, 

which in turn overUes a reverse polarity flow at 699 m with 

a K-Ar age of 0.91±0.06 Ma (Figure 3-1). If the age of the 
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underlying magnetically reversed flow is at the upper limits of l a error (0.97-0.98 Ma), then the overlying magneticaUy 

normal flows were erupted during the JaramUlo event 0.90 Ma to 0.97 Ma. This relationship would indicate that the age 

of the 502-m flow is <0.90 Ma, which is close to the lower limits of la error for this unit. However, an approximately 1 

Ma age for the 502 m flow would require eruption of the underlying normal polarity flows during the 1.67-1.87 Olduvai 

event (Figure 3-1) and also would indicate that the 0.91±0.06 age of the 699-m flow was highly inaccurate. Thus, the age 

of the younger reverse polarity flow at 502 m is probably <0.90 Ma. 

From 662 m to 929 m depth, mafic lava flows have reverse polarity magnetization. Several basalt dikes at 690 m 

and 709 m, which are chemicaUy and UthologicaUy indistinguishable from basalt dikes above 650 m, have normal polarities. 

AU the basalt dikes are probably younger than 0.79 Ma, because they intrude reverse polarity rocks that are younger than 

0.90 Ma (post-JaramiUo age). Some of the mafic flows within 1 m of these dikes have paleomagnetic orientations that 

have been reset from strongly reversed to weakly normal. 

A debris-flow deposit at 843 m depth also has a consistent but weak normal polarity. The matrix of this deposit is 

only slightly indurated, which suggests that the deposit was not hot enough to accurately record the paleomagnetic 

orientation. The normal magnetic direction in this unit is probably a reUct of hydration and oxidation of ferromagnesian 

minerals during the Brunhes Normal-Polarity Chron and does not indicate deposition during the Olduvai Normal-Polarity 

Subchron (Figure 3-1). AU units beneath this debris flow have reverse polarity magnetization. A reversely polarized flow 

at 928 m depth has a K-Ar age of 1.81±0.05 Ma, which is within the uncertainty for the lower age hmit of the Olduvai 

Normal-Polarity Subchron (Mankmen and Dalrymple, 1979). 

CORE PETROLOGY 

Previous studies of mafic High Cascade volcanism by McBuney and others (1974), Priest and others (1983), 

Hughes (1983, 1990), Hughes and Taylor (1986), and Comey and Sherrod (1988) have shown that the central Oregon 

High Cascades consists of overlapping mafic shield and composite volcanoes. These studies have generally concluded that 

the mafic magma system is open to variable amounts and types of crystal fractionation, crustal assimUation, magma mixing, 

and magma recharge. Variations in the expression of each of these petrogenetic processes has resulted in the production 

of several apparently different mafic magma types (Hughes, 1990), although it is not clear if some of these supposedly 

distinct magmas result from Umited sampling of the mafic system (Comey, 1991; HiU, 1991). Each of these petrogenetic 

processes could also be dominant at different locations or at specific tunes during the late High Cascades eruptive episode. 

Previous studies have not rigorously tested for spatial or temporal variations in mafic magma petrogenesis because the 

stratigraphic and temporal relationships between dUferent volcanoes of the High Cascades are poorly constrained. A 

further Umitation to these previous studies is that only a few analyses are avaUable for each mafic volcanic center. 

The Santiam Pass core represents a unique vertical sampling of at least 1 m.y. of relatively continuous mafic 

volcanism on the axis of the central Oregon High Cascades. The hypothesis that there are temporal variations to mafic 

petrogenesis can be tested through study of the Santiam Pass core. In addition, the Santiam Pass area is representative of 

the High Cascades away from major stratovolcanic magma systems. The Santiam Pass core thus aids in understanding the 

geologic processes that control petrogenesis of mafic magmas in the Oregon High Cascades. 
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Petrographic characteristics 

The Santiam Pass core contains 29 chemicaUy and petrographicaUy distinct lava flows and two types of basaltic 

dikes. The distribution of each flow type in the core is shown in the summary Uthology log (Figure 3-2). Petrographic 

characteristics of the Santiam Pass core are summarized in Appendix 1. 

Basalt lavas (i.e., <53 percent SiOj) are characterized by a plagioclase-ohvine assemblage, with subordinate amounts 

of cUnopyroxene. Orthopyroxene is only found in those basalts with subophitic groundmass textures. Most plagioclase 

phenocrysts in the basalts contain a few glass mclusions and have weak normal zoning, which are characteristics of near-

equiUbrium crystalUzation. Basalt dikes contain phenocrysts of plagioclase and oUvine, with only a trace amount of 

cUnopyroxene observed at 523 m. Plagioclase phenocrysts in the dikes lack glass inclusions and have weak normal 

zonation. The basalt dUces are always vesicular, and the groundmass commonly has a diktytaxitic texture. 

Basaltic andesite lavas (53 percent to 58 percent SiOj) range from plagioclase-olivine phyric from 53-54 percent 

Si02, to plagioclase-two pyroxene assemblages from 55-57 percent SiOj. Plagioclase phenocrysts in many basaltic andesite 

lavas contain abundant coarse glass inclusions and have strong normal zoning, which are characteristics of disequiUbrium 

crystaUization commonly associated with magma mixing (Lofgren, 1980; Sakuyama, 1981). Other disequihbrium crystalU­

zation features in the basaltic andesites include resorbed and opacitic ohvine, olivine with orthopyroxene reaction rims, and 

reversely zoned plagioclase with fritted and embayed margins. 

The basaltic and basaltic andesitic lavas show many common deuteric alteration effects, including iddingsite and 

opacitic alteration of oUvine and oxidation of phenocryst and groimdmass ferromagnesian minerals. Possible featmes of 

low-temperature (<50°C; Keith, 1988) hydrothermal alteration consist of patchy alteration of groundmass glass to clays 

and rare zones of radial zeoUtes associated with fractures at 466 m and below about 760 m. Alteration of ferromagnesian 

minerals to sUghtly pleochroic mbrtures of chlorite(?) + clays below about 730 m may indicate alteration temperatures 

between 50°-100°C (Keith, 1988). 

Volcaniclastic rocks comprise approximately 5 percent of the core. Coarse-grained (6-2 cm clasts) debris-flow 

deposits range in thickness from 1.5 m to 7.5 m in the core. Clasts in these deposits are predominimtly mafic volcanics, 

although fine-grained diorite(?) clasts as large as 1 cm in diameter are locaUy found at 659 m and 853 m. Other volcani­

clastic rocks include primary and reworked beds of mafic cinders and ash as thick as 1 m juid sequences of coarsely 

bedded volcanic sandstones amassing 3 m in total thickness. Highly oxidized autobreccias are found at the base and top of 

many mafic lava flows, along with intraflow breccias. 

Geochemistry 

A total of 41 lava samples, representmg aU major igneous units m the core, were analyzed by X-ray fluorescence 

(XRF). A 20 sample subset was analyzed by mductively coupled plasmaspectrometry (ICP), and 12 samples were analyzed 

by instrumental neutron activation analysis (INAA). Descriptions of analytical methods are given in Appendbc 2. Some 

samples were analyzed by several techniques, resulting in multiple values for some elements. All of the analyses for each 

sample are reported m Appendix 3, along with a rankmg of the relative precision and accuracy for each analytical 

technique. The abundances from most precise and accurate technique for these samples are given in Table 3-2 and are 

used in the foUowing petrologic discussions. 
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S A N T I A M PASS 77-24 
Summary Lithologic Log 

EXPLANATION 

Uthologles based on hand-sample identification and major element analyses 

m Basalt f low, <53% S I02 

Maf ic f low breccia 

Basalt dike 

Debris-flow deposit 

Mafic near-vent agglutinate I I Volcaniclastic sediments 

Basalt ic andesite f low, 
5 3 % - 5 8 % S I 0 2 

Cpx: CUnopyroxene 
a/a: as at>ove 

J Thin section only • Geochemist ry only 
• Geochemistry + thin section 

Mag: Magnetic polarity 

Normal [ ^ Reversed [? ] Uncertain 

Scale : 1 " - 100' 

ROTARY DRILLING LOG 
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100-

200-

300-

4 0 0 -

460-

Uthology 

I"; .III V'<,<',•'•< tv-vs. ' " 'jilf«'!'"'«f!j"il'. 

Description 

Bioclcy basalt ic lavas 

Volcanic last ic sediment 

Cpx-bear ing basaltic andesite 

Volcanic last ic sediment 

Massive basaltic lava 

Blocky basalt ic lava 
Volcaniclast ic sediment 
Weathered basaltic lava 
Volcanic last ic sediment 
Blocky basalt ic lava 
Volcanic last ic sediment 
Aphani t ic basaltic lava 
Aphani t ic basaltic lava 
Volcanic last ic sediment 
Aphani t ic basaltic lava 
Blocky basalt ic lava 

Blocky basalt ic lava 

Figure 3-2. Summary lithologic log for Santiam Pass 77-24 drill core. 
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Hill 

DIAMOND CORE LOG 

Depth 
m ft 

122 400 

Lithology Pmag Description 

140 
146 

165 
172 

184 

197 

207 

221 
228 
233 
238 

251 

260 

271 

280 

289 

298 

314 
321 

336 

460 
478 

603 

1030. 
1055 

1100 

NoCk)re ? — Mafic flows and volcaniclastic rocks, 
drilled w/ tricone bit 

— 39) Blocky, divine-bearing basaltic 
andesite flow. Some locally intense 
smectite alteration near the base 

— 38) Blocky plagioclase-bearing 
basaltic andesite flow 

— 37) Debris-flow deposit capped by hyaloclastite 

— 36) Blocky microvesicular basaltic 
andesite flow 

— 35) Massive basaltic andesite 

— 34) Blocky cpx-bearing basaltic andesite flow 

~ 33) Aphyric basaltic andesite flow 

— 32) Rubbly cpx-bearing basaltic andesite flow 

— 31) Massive basaltic andesite flow 

— 30) Blocky fine-grained basaltic andesite flow 

— 29) Massive basaltic andesite flow 
with deuterically altered flow top 

— 28) Vesicular glassy ollvine-bearing basalt dike 

— a/a basaltic andesite flow #29 

— a/a basalt dike #28 

— a/a basaltic andesite flow #29 
^ a/a basalt dike #28 

— Blocky vesicular basaltic andesite flow #29 

Figure 3-2, continued. 
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Stratigraphy and petrology of the Santiam Pass 77-24 drill core 

Depth Lithology Pmag Description 
m ft 
336 1100-
343 1 1 2 ^ 

360 1180-

379 

390 
398 

1 2 4 ^ 

1278^ 
1306" 

413 1334-

418 1372-

466 1528 

493 1618c 

502 1647i 

516 1691 
523 1715 
529 1736 

544 1783^ 
549 1800 

-a/a basaltic andesite flow #29 

-27) Blocky. aphyric basaltic andesite flow 

-26) Massive, fine-grained basaltic 
andesite flow 

—25) Massive, ollvine-bearing basaltic andesite flow 

—24) Vesicular, plagioclase-bearing basaltic 
andesite flow 

23) Massive, fine-grained basaltic 
andesite flow 

•22) Massive, plagiodase-porphyritic 
basaltic andesite flow. Coarser-
grained groundmass in interior of 
flow. Variable and weak deuteric 
alteration of groundmass 

1647 K-Ar age: 1.00±0.03Ma 

Vesicular, plagioclase basalt dike a/a #28 

21) Blocky, vesicular fine-grained 
basaltic andesite flow 

Figure 3-2, continued. 
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Hill 

Depth 
m ft 

649 1800 

Lithology Pmag Description 

568 

596 
601 

612 

621 
627 

637 
644 
650 

659 
662 

680 
685 

693 
700 

709 
715 

733 

758 
763 

1861 -

2004-

2035-
2057^ 

2160-
2170-

2230-
2247-

2273-
2 2 9 ^ 

2325-
2343^ 

2403-

2 4 8 ^ 
2500-

5SBS?yr 

— a/a vesicular basaltic andesite flow #21 

— 20) Rne-grained volcanic wacke 

— 19) Blocky olivine basalt. Overlain by 
reworked cinders and 30-cm-thlck 
paleosol on upper flow breccia 

— 18) Blocky, plagioclase-bearing basalt flow 

— Vesicular, plagioclase basalt dike a/a #28 
— Blocky plagioclase basalt flow a/a #18 
— Vesicular, plagioclase basalt dike a/a #28 

— 17) Massive, fine-grained basalt flow 
— Vesicular, plagioclase basalt dike a/a #28 
— Massive, fine-grained basalt flow a/a #17 
— 16) Debris-flow deposit w/ 50 cm-thick paleosol 
— 15) Blocky, fine-grained basalt flow 

interbedded with fine-grained sediments 
^ / 14) Rne-grained volcanic wacke 
^ / 13) Basaltic flow breccia 
^ Basalt dike a/a #28 

12) Blocky, aphyric basaltic andesite flow 
2290' K-Ar age: 0.91 ±0.06 Ma 

11) Blocky, fine-grained & oxidized basalt flow 
Vesicular, plagioclase basalt dike a/a #28 
10) Moderately fractured, aphyric basaltic 

andesite flow. Weak pervasive zeolitic 
alteration 

9) Blocky, vesicular, and aphyric basaltic 
andesite flow. Locally amygdaloidal, with 
limonitic alteration 

8) Basaltic flow breccia with three <1 m-thick 
basalt dikes (a/a #28) 

Fi^re 3-2, continued. 
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Stratigraphy and petrology of the Santiam Pass 77-24 drill core 

Depth Lithology Pmag Description 
m ft 
763 2500 -

773 2535-

797 2614 

817 

823 

843 

851 

858 

871 

Basaltic flow breccia (#8) with thin 
basalt dikes (#28) a/a 

7) Massive, fine-grained basaltic andesite flow. 
Capped by 1.5 m of mafic cinders. Weak 
and pervasive zeolitic alteration in ground-
mass and along fractures 

2857 

886 2904 

903 2960 

917 
924 
929 

6) Massive, olivine-bearing basaltic andesite 
flow. Weak pervasive zeolitic alteration in 
groundmass and fractures 

5) Debris-flow deposit. Weak normal magnetic 
direction 

4) Coarse-grained volcanic sediment 

3) Mafic near-vent agglutinate 

2) Massive basalt flow. Weak to moderately 
pervasive zeolitic alteration in groundmass 
and along fractures 

1) Massive porphyritic basaltic andesite 
flow(?); Small basalt dike (#28) at 3025' 

3044' K-Ar age: 1.81 ±0.05 Ma 

Figure 3-2, continued. 
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o 
a 

^ Table 3-2. Partial analyses of Santiam Pass core samples and rocks from surrounding areas in the central Oregon Cascade Range. 
o 
^ Element abundances are preferred values based on precision and accuracy of multiple analytical techniques reported in Appendix 3. 
9 Sample numbers refer to depth of sample in the Santiam Pass core. Not all elements shown; refer to Appendix 3 for complete analyses. 

Ŝ  

Major e lements (wt %) 

Si02 

TiO^ 

AI2O3 

FeO* 

HnO 
MgO 
CaO 
NagO 

KgO 

P2O5 
T o t a l 

Rb 
Cs 
Sr 
Ba 

Sc 
V 
Ni 
Cr 

La 
Ce 
Hd 
Sm 
Eu 
Tb 
Yb 
Lu 

Y 
Zr 
Hf 
Nb 
Ta 
Th 
U 

420 
54.2 

1.16 
18.1 

8.09 
0.14 
5.16 
8.09 
3.77 
1.00 
0.35 

100.14 

15 
-

706 
430 

22 
171 
70 
85 

_ 
-
-
-
-
-
-
-

22 
150 

-
10.0 
. 
2 
-

478 
54.2 

1.15 
18.0 

8.04 
0.147 
5.15 
8.12 
3.90 
1.03 
0.36 

99.59 

15 
0.7 

697 
405 

21.8 
182 
66 

103 

17.2 
41.9 
24 
4.46 
1.53 
0.65 
2.3 
0.36 

22 
148 

3.6 
11.3 
0.45 
1.4 

<4 

563 
55.6 

1.01 
18.3 

7.07 
0.12 
4.78 
8.06 
4.11 
0.77 
0.28 

99.87 

11 
-

HB 
549 

15 
148 
60 
79 

_ 
-
-
-
-
-
-
-

19 
137 

-
9.9 
-
3 
-

614 
53.7 

0.91 
18.7 

7.26 
0.127 
5.97 
8.76 
3.62 
0.718 

o.ir 
99.97 

9 
0.5 

638 
53.7 

0.92 
18.7 

7.31 
0.13 
5.83 
8.80 
3.71 
0.70 
0.17 

99.26 

7 
-

656 664 
250 ; 

22.1 
184 
96 
82 

8.9 
20.1 
11 
2.62 
1.04 
0.44 
1.3 
0.23 

15 
101 

2.2 
6.8 
0.15 
0.9 

<4 

238 

22 
163 
94 
71 

-
-
-
-
-
-
-
-

14 
103 

-
6.7 
-
0 
-

662 
53.6 

1.50 
18.1 

8.74 
0.151 
4.50 
8.29 
4.20 
0.655 
0.23 . 

99.27 

8 
-

566 
204 

28 
232 
22 
47 

-
-
-
-
-
-
-
-

18 
108 

-
9.0 
-
1 
-

708 
57.6 

0.87 
18.8 

6.06 
0.11 
4.06 
7.45 
4.16 
0.79 
0.18 

100.20 

10 
-

751 
220 

18 
127 
56 
44 

-
-
-
-
-
-
-
-

14 
123 

-
8.6 
-
0 
-

733 
57.5 

0.88 
18.9 

5.95 
0.101 
3.98 
7.50 
3.96 
0.796 
0 .18 . 

99.80 

764 
55.8 

1.04 
18.3 

7.15 
0.13 
4.64 
7.77 
3.88 
0.98 
0.?? . 

99.12 

811 
56.1 

1.03 
18.2 

7.04 
0.129 
4.56 
7.72 
3.99 
0.914 
0,?9 

100.05 

842 
55.7 

1.07 
18.3 

7.31 
0.13 
4.58 
7.84 
3.96 
0.89 
P,29 

98.28 

Trace elements (ppm) 

8 
<0.7 

13 
-

752 653 
224 318 

16.3 
127 
47 
51 

10.9 
23.0 
14 
2.80 
1.12 
0.46 
1.4 
0.20 

14 
123 

2.7 
7.2 
0.31 
1.8 

<3 

20 
147 
58 
73 

-
-
-
-
-
-
-
-

20 
150 

-
13.5 
-
1 
-

12 
-

657 
316 

16 
150 
54 
73 

. 
-
-
-
-
-
-
-

22 
150 

-
10.5 
-
1 
-

12 
-

6M 
304 

17 
147 
54 
69 

-
-
-
-
-
-
-
-

19 
151 

-
10.1 
-
1 
-

889 
55.0 

1.08 
18.2 

7.57 
0.14 
4.90 
7.93 
3.90 
0.87 

9,J4. 
99.71 

12 
-

708 
312 

19 
152 
62 
81 

-
-
-
-
-
-
-
-

22 
155 

-
11.1 
-
0 
-

968 
54.8 

1.10 
18.2 

7.67 
0.137 
4.94 
8.01 
3.96 
0.865 
0.34 

99.50 

11 
-

696 
317 

13 
153 
62 
82 

. 
-
-
-
-
-
-
-

22 
154 

-
10.9 
-
1 
-

9W 
53.6 

1.25 
17.9 

8.35 
0.143 
5.26 
8.20 
3.87 
1.15 

9,?^. 
98.68 

15 
0.5 

1040 
54.6 

1.11 
18.2 

7.72 
0.14 
4.98 
7.98 
4.05 
0.84 
0.J4 

99.69 

12 
-

747 692 
433 

22.5 
196 
67 

104 

17.5 
36.6 
24 
4.61 
1.53 
0.69 
2.1 
0.38 

22 
147 

3.8 
11.9 
0.52 
1.6 

<4 

J13 

17 
153 
63 
86 

-
-
-
-
-
-
-
-

23 
156 

-
10.8 
-
1 
-

1096 
54.7 

1.10 
18.2 

7.77 
0.14 
4.99 
7.98 
3.96 
0.85 
0.33, 

99.74 

12 
-

697 
328 

24 
152 
61 
86 

-
-
-
-
-
-
-
-

22 
158 

-
10.3 
-
0 
-

1126 
54.6 

1.10 
18.2 

7.72 
0.137 
5.04 
8.01 
3.93 
0.985 
0.34 

99.62 

14 
-

691 
291 

19 
162 
66 
89 

-
-
-
-
-
-
-
-

21 
154 

-
11.4 
-
2 
-



Table 3-2. Continued 
Major elements (wt %) 

O 
9 
1 

2 
ST 

a. 
o 
dj 

SiOg 

TiOj 

Al̂ Oa 

FeO* 

MnO 
MgO 
CaO 
NSjO 

KgO 

P2O5 
Total 

Rb 
Cs 
Sr 
Ba 

Sc 
V 
Ni 
Cr 

La 
Ce 
Nd 
Sm 
Eu 
Tb 
Yb 
Lu 

Y 
Zr 
Hf 
Nb 
Ta 
Th 
U 

1171 
54.6 

1.11 

18.3 

7.68 

0.14 

4.90 

8.03 

4.03 

0.86 

0.33 

98.91 

12 
-

689 
307 

23 
144 
60 
78 

_ 
-
-
-
-
-
-
-

22 
154 
-
10.3 
-
0 
-

1244 
54.6 

1.12 

18.2 

7.74 

0.14 

5.10 

8.01 

3.94 

0.84 

0.33 

99.49 

13 
-

664 
286 

24 
149 
66 
90 

_ 
-
-
-
-
-
-
-

22 
151 
-
10.0 
-
2 
-

1291 
54.5 

1.12 

18.2 

7.85 

0.139 
5.07 

7.98 

4.04 

0.872 

0.33 

98.47 

12 
0.4 

659 
320 

20.5 
153 
68 
108 

16.1 
33.7 
21 
4.34 
1.52 
0.67 
2.4 
0.31 

21 
152 
3.4 
9.8 
0.47 
<1 
<5 

1316 
54.6 

1.12 

18.2 

7.66 

> 0.14 
5.04 

7.97 

4.00 

0.88 

0.33 

99.32 

13 
-

657 
308 

21 
162 
68 
91 

. 
-
-
-
-
-
-
-

22 
154 
-
11.1 
-
2 
-

1358 
54.2 

1.19 

18.1 

8.14 
0.14 

5.05 

8.00 

3.98 

0.89 

0.35 

98.95 

11 
-

634 
318 

21 
150 
69 
88 

. 
-
-
-
-
-
-
-

24 
158 
-
12.8 
-
0 
-

1528 
56.1 

1.14 

18.3 

7.54 
0.14 

4.18 

7.40 
4.11 

0.89 

0.26 

99.86 

13 
-

510 
283 

18 
140 
50 
46 

, 
-

18 
116 
-
9.9 
-
2 
-

1647 
56.8 

1.15 

18.1 

7.48 

0.142 

3.85 

7.09 

3.84 

0.989 

0.26 

99.98 

15 
0.5 

496 
325 

16.7 
141 
46 
46 

12.0 
25.6 
14 
3.27 
1.22 
0.48 
1.9 
0.22 

18 
121 
2.9 
9.3 
3.2 
1.1 
<3 

1715 
53.8 

1.24 

17.6 

8.33 
: 0.14 

5.39 

8.07 

3.83 

1.15 

0.36 

100.00 

1/83 
55.9 

1.05 

17.9 

7.34 

1955 
51.3 

1.45 

17.6 

9.58 

0.137 0.171 

4.50 

7.78 

3.89 

1.13 

0.33 

99.80 

6.26 

8.89 

3.56 

0.719 

0.38 

99.24 

1984 
52.1 

1.49 

18.4 

9.26 

0.15 

5.41 

8.51 

3.79 

0.62 

0.31 

99.88 

Trace elements (ppm) 

17 
-

737 
422 

23 
193 
72 
95 

. 
-
-
-
-
-
-
-

23 
146 
-
8.8 
-
1 
-

19 
-

583 
394 

19 
155 
50 
61 

_ 
-
-
-
-
-
-
-

25 
158 
-
13.1 
-
1 
-

11 
0.6 

463 
271 

26.8 
206 
83 
128 

12.9 
30.8 
22 
4.38 
1.61 
0.67 
2.5 
0.40 

27 
137 
3.4 
11.2 
0.45 
0.9 
<5 

9 
-

541 
279 

21 
183 
70 
54 

. 
-
-
-
-
-
-
-

26 
139 
-
10.7 
-
0 
-

2013 
54.3 

1.11 

17.8 

7.96 
0.14 
5.31 

8.06 

3.78 

1.14 

0.34 

99.20 

15 
-

729 
432 

19 
174 
73 
97 

-
-
-
-
-
-
-
-

21 
142 
-
9.2 
-
2 
-

2149 
51.7 

1.30 

17.1 

8.90 

0.160 
7.81 

8.40 

3.47 

0.711 

0.32 

99.23 

9 
<0.7 
546 
264 

23.5 
159 
182 
216 

12.2 
28.2 
17 
3.78 
1.41 
0.65 
2.0 
0.31 

22 
133 
3 
11.5 
0.44 
0.6 
<4 

2290 
54.6 

1.14 

18.2 

8.43 
0.138 

4.85 

7.79 

3.82 

0.828 

0.36 

99.65 

11 
0.5 

620 
332 

20.1 
171 
64 
137 

14.4 
32.7 
21 
4.07 
1.44 
0.70 
2.1 
0.27 

23 
141 
3.1 
9.1 
1.7 
1.1 
<3 

2360 
54.7 

1.18 

17.9 

8.30 

. 0.149 

4.82 

7.71 

4.00 

0.889 

0.39 

99.69 

14 
-

598 
356 

20 
155 
63 
101 

_ 
-
-
-
-
-
-
-

25 
151 
-
11.4 
-
4 
-

2472 
53.9 

1.24 

18.0 

8.54 
' 0.153 

5.09 

8.04 

3.98 

0.799 

0.38 

99.17 

11 
0.4 

590 
315 

22.0 
157 
69 
132 

15.9 
35.4 
22 
4.60 
1.65 
0.72 
2.2 
0.42 

24 
156 
3.4 
11.9 
0.57 
<1 
<5 

2488 
53.3 

1.30 

17.7 

8.63 
0.14 
5.40 

8.20 

3.82 

1.10 

0.36 

98.63 

15 
-

752 
400 

23 
196 
72 
94 

_ 
-
-
-
-
-
-
-

24 
145 
-
9.6 
-
3 
-

C/3 

f 
a a 
"S 
•1 
o_ 

5* 

C/2 

ta 
3 
•a 

a. 
"1 

n 
o 
3 
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1 

5" 
o 
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Tab/e 3-2. 

SiOg 

TiOj 
AljOg 

FeO* 
HnO 
MgO 
CaO 
NagO 

KjO 

P^Os 

Continued 

2614 2699 
54.3 54.4 

1.26 1.26 

18.2 18.2 

8.32 8.31 
0.139 0.142 
4.50 4.42 
8.07 8.05 
4.05 3.99 
0.822 0.841 
0.38 0.38 

2869 
52.8 

1.41 
18.0 

9.36 
0.17 
5.04 
8.21 
3.78 
0.80 
0.40 

2904 
53.0 

1.39 
17.8 

9.19 
0.16 
5.38 
8.19 
3.78 
0.81 

0.38 

2993 
52.9 

1.43 
17.7 

9.33 
0.157 
5.33 
8.12 
3.84 
0.782 
0.39 

3028 
54.3 

1.12 
18.0 

7.98 
0.15 
5.50 
8.28 
3.54 
0.85 
0.34 

3044 
54.2 

0.83 
20.8 

5.62 
0.095 
4.07 
9.00 
3.39 
0.649 
0.13 

Major elements (wt %) 

j - - - Replicate 
811 

56.1 

1.03 
18.2 

7.04 
0.13 
4.56 
7.72 
3.99 
0.89 
0.29 

81 IR 
55.9 

1.03 
18.4 

7.12 
0.13 
4.51 
7.79 
3.98 
0.91 
0.30 

analyses - - - | 
2488 24888 
53.3 53.6 

1.30 1.29 
17.7 17.6 

8.63 8.50 
0.14 0.14 
5.40 5.39 
8.20 8.13 
3.82 3.87 
1.10 1.08 
0.36 0.36 

j - Miscellaneous 
TFJ-2 
59.8 

0.68 
18.5 

5.69 
0.11 
3.43 
6.42 
4.33 
0.97 
0.11 

U-1575 
68.1 

0.86 
15.3 

4.03 
0.10 
0.78 
2.24 
5.06 
2.83 
0.20 

Samples 
83190 
56.1 

0.83 
19.0 

6.31 
0.11 
4.81 
8.08 
4.02 
0.67 
0.15 

^ 

Total 99.35 99.03 98.86 99.13 99.00 97.78 99.83 100.05 99.22 98.63 98.66 101.03 99.44 99.59 

Trace elements (ppm) 

Rb 
Cs 
Sr 
Ba 

Sc 
V 
Ni 
Cr 

La 
Ce 
Nd 
Sm 
Eu 
Tb 
Yb 
Lu 

Y 
Zr 
Hf 
Nb 
Ta 
Th 

12 
-

621 
307 

19 
168 
53 
51 

-
-
-
-
-
-
-
-

22 
153 

-
11.0 
-
0 

12 
-

615 
330 

22 
160 
52 
49 

-
-
-
-
-
-
-
-

23 
155 

-
13.4 
-
0 

9 
-

509 
321 

23 
192 
71 
71 

-
-
-
-
-
-
-
-

26 
155 

-
11.8 
-
0 

10 
-

505 
316 

24 
177 
72 
74 

-
-
-
-
-
-
-
-

27 
151 

-
11.7 
-
0 

10 
<1 

496 
303 

23.2 
180 
75 
80 

15.6 
35.1 
22 
4.92 
1.69 
0.82 
2.8 
0.44 

29 
156 

3.7 
11.2 
0.57 
0.8 

15 
-

760 
349 

19 
168 
73 
94 

-
-
-

21 
144 

-
10.7 
-
4 

8 
0.5 

670 
230 

14.3 
140 
47 
45 

4.5 
10.6 
9 
1.82 
0.79 
0.33 
1.1 
0.13 

14 
85 

1.4 
4.0 
1.2 

<2 

12 
-

657 
316 

16 
150 
54 
73 

-
-
-
-
-
-
-
-

22 
150 

-
10.5 
-
1 

13 
-

656 
328 

14 
145 
54 
76 

-
-
-
-
-
-
-
-

20 
152 

-
10.7 
-
0 

15 
-

752 
400 

23 
196 
72 
94 

-
-
-
-
-
-
-
-

24 
145 

-
9.6 
-
3 

14 
-

727 
392 

24 
176 
73 
94 

-
-
-
-
-
-
-
-

24 
142 

-
15 
-
0 

12 
0.35 

541 
259 

14.3 
113 
30 
37 

9 
16.2 
9.2 
2.18 
0.84 
0.39 
1.3 
0.15 

12 
102 

2.2 
3.4 
0.2 
1.3 

48 
0.35 

285 
775 

12.9 
30 

7 
4 

29.0 
59.2 
33 

7.54 
1.96 
1.24 
3.7 
0.57 

39 
280 

8.2 
15.9 
0.96 
5.8 

8 
0.86 

613 
178 

17 
130 
74 
33 

12 
93 

5.9 

1 
U . . . . <6 - <4 . . . . <5 2.3 

TFJ-2: Hogg Rock, from glassy margin in quarry on northeast flank of glaciated exposure; K-Ar sample. 
U-1575: From 1575' in Unocal 82-1 well in Minto Creek valley; Ar-Ar sample. 
83190: Magnetically reversed basaltic andesite flow, outcrop along U.S. Hwy. 20 at Mt. Washington overlook, 4100' elevation. 



Stratigraphy and petrology of the Santiam Pass 77-24 drill core 

Many rocks in the Santiam Pass core have undergone pervasive, deuteric alteration, which is apparently overprinted by 

low-temperature (<50°C) hydrothermal alteration below about 730 m. The geochemical effects associated with this type 

of alteration are oxidation and hydration of primary Fe-Ti oxides and limited allcaline element (Na, K, Rb) mobility. The 

large variations in Fe203/FeO' with depth in Figure 3-3a are indicative of post-emplacement oxidation and alteration. 

Zr cind Nb are two elements essentially incompatible during the differentiation of mafic magmas and are also relatively 

immobile during low-temperature alteration. Significant variations in Zr/Nb ratios will be a sensitive indicator of changes 

in the compositions of parent2il magmas or crustal assimilant. The variations in 21r/Nb observed in the Santiam Pass core 

do not show systematic changes with depth (Figure 3-3b), thereby indicatmg that potentially different types of mafic petro­

genesis in this part of the High Cascades do not vary in any simple way with time. A limited number of Ba/La, Zr/Hf 

and Nb/Ta analyses of the Santiam Pass core also fail to show significant variations with depth. 

.650 
0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 

Fe203/FeO* (wt%) 

Figure 3-3. (A) Large variations in Fe20j/FeO' with depth are the effects of deuteric and low-temperature hydrothermal 
alteration of mafic lavas in the Santiam Pass core. (B) The small observed variations in Zr/Nb with depth indicate a 
similar petrogenesis for all rocks in the Santiam Pass core, with the exception of the basaltic andesite at 929 m. 

Hughes (1983, 1990) and Hughes and Taylor (1986) distinguished four chemically distinct mafic rock types in the <2 Ma 

Three Sisters-Three Fingered Jack area: Normal basalt, divergent basalt, North Sister basaltic andesite and Mount 

Washington basaltic andesite. These analyses were Used to define the fields in Figures 3-4a and 3-4b. Other late High 

Cascades analyses in Figures 3-4a and 3-4b are from Davie (1980), Conrey (1991; unpub. data, 1991) and Hill (unpub. 

data, 1991). These data, combined with analyses from the Santiam Pass core, show that mafic rocks in this area cannot be 

simply defined by four compositional types. Late High Cascades mafic rocks, including those from the Santiam Pass core, 

can belong to either tholeiitic or calc-alkaline assemblages (Figure 3-4a). In addition, these rocks have a wide range in 

TiOj content for any given amount of differentiation (Figure 3-4b). 

The compositions of late High Cascades mafic rocks are also very similar to the compositions of early High Cascades 

(7-5 Ma) rocks exposed at Green Ridge. Using data from Conrey (1991; unpub. data, 1991), the Santiam Pass analyses 

show the same range of variation as the Green Ridge analyses (Figures 3-4c and 3-4d). Although the average composition 
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Figure 3-4. (A) Plot of FeO*/MgO vs. SiO^for Santiam Pass samples (A) and surficial volcanic rocks between North Sister 
and Three Fingered Jack (+). Fields for normal basalts (NB), divergent basalts (DB), Mt. Washington type basaltic 
andesites (MW) and North Sister type basaltic andesites (NS) from Hughes (1983, 1990); tholeiitic and calc-alkaline 
fields fi-om Miyashiro (1974). (B) Variations in Mg' vs. TiO^ for late High Cascades rocks, using same symbols and 
fields definitions as in part A. (C) & (D) Comparisons of early High Cascades (x) and Santiam Pass (A) rocks, same 
fields as parts A & B. 

of Green Ridge rocks is somewhat more tholeiitic (Figure 3-4c) and titaniferous (Figure 3-4d) than late High Cascades 

rocks, the ranges in composition for individual analyses are nearly indistinguishable for early and late High Cascades 

rocks. 

Similar trends between early and late High Cascades mafic rocks are also observed for many trace elements. 

Incompatible elements such as Ba (Figure 3-5a) show expected increases with increasing SiO^ content for both early and 

late High Cascades rocks. The overall trends between early and late High Cascades mafic rocks are indistinguishable, 

although individual samples may plot outside the range of the other age group. For example, some late High Cascades 

basaltic andesites have lower Ba than that observed in early High Cascades basaltic andesites (Figure 3-5a). This may 

reflect evolution of some late High Cascades basaltic andesites from parental magmas with initial Ba concentrations lower 

than early High Cascades basalts, or the mbdng of lower Ba magmas or wail rocks into the late High Cascades mafic 

system. Incompatible element distributions indicate a similar petrogenesis for most early and late High Cascades mafic 

rocks. 
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Figure 3-5. (A) Representative incompatible element variations with SiOifor Santiam Pass (A) and late High Cascades 
surficial rocks (+). Range of early High Cascades compositions from Conrey (1991). (B) Representative compatible 
element variations with SiO^ same symbols as in part A. Late High Cascades basalts have slightly higher Ni 
concentrations than early High Cascades basalts. Both ages of mafic rocks have very similar incompatible element 
abundances. Compatible-incompatible element variations in (C) and (D) also indicate that early and late High 
Cascades mafic rocks have a similar petrogenesis. 

Compatible-element variations show some subtle distinctions between early and late High Cascades rocks. For 

example, Ni abundances (Figure 3-5b) are somewhat higher in late High Cascades rocks relative to compositionally similar 

early High Cascades rocks. These variations may indicate that more ohvine is fractionated from some early High 

Cascades magmas, that mbdng of low-Ni melts is at times more prevalent in the early High Cascades magma system, or 

that late High Cascades magmas have more of a parental recharge component than in the early High Cascades. The 

overall compatible element trends, however, still show considerable overlap, which makes it difficult to distinguish an early 

or late High Cascades provenance for any individual sample. 

Correlation of compatible-incompatible-element abundances in the late High Cascades are very similar to 

correlations in the early High Cascades (Figures 3-5c and 3-5d). Although there is considerable overlap between these 

two age groups, the relatively lower abundances of Sc at equivalent Ba concentration in the early High Cascades may 

indicate that fractionation of cUnopyroxene or mixing of low-Sc magmas was more prevalent than during late High 

Cascades magmatism. A lack of low-Sc mafic magmas in the late High Cascades may also indicate that more mafic 
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recharge occurred in the late High Cascades magma system. Sr-Ba variations (Figure 3-5d) between early and late High 

Cascades rocks are also very similar, although elevated Sr and Ba in some late High Cascades rocks may indicate 

assimilation of high-Sr and -Ba crustal rocks. In addition, some early High Cascades basaltic andesites have higher Sr 

than similar composition late High Cascades rocks, which may indicate that these early High Cascades rocks differentiated 

with relatively low amoimts of plagioclase fractionation. 

PETROGENETIC SUMMARY 

Mafic rocks in the Santiam Pass core are indistinguishable from other late High Cascades mafic rocks in the North 

Sister-Three Fingered Jack area. In addition, the analyses from the Santiam Pass core and other analyses not present in 

the original data base of Hughes (1983, 1990) and Hughes and Taylor (1986) clearly show that these mafic rocks caimot be 

simply divided into four separate groups. Petrographic and geochemical data indicate that mafic rocks evolved from a 

long-hved mafic magma system that was open to variable amounts of magma recharge, crystal fractionation, magma 

mixing, and crustal assimilation. There is no apparent systematic variation in the expression of these magmatic processes 

with either time or space in both the High Cascades, or within the SanUam Pass core. Mafic rocks from the Green Ridge 

area, which are representative of early High Cascades magmatism (Conrey, 1985, 1991), cannot be readily distinguished 

from late High Cascades mafic rocks on the basis of mineralogy or chemistry. Some early and late High Cascades mafic 

rocks may have evolved imder different magmatic conditions, although there is no compelling evidence that indicates either 

of these mafic systems were petrogenetically distinct. 
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Chapter 4 

Thermal results of the Santiam Pass 77-24 drill hole 

by David D. Blackwell, Department of Geological Sciences, Southern Methodist University, Dallas, TX 75275. 

ABSTRACT 

The 929-m-deep Sanfiam Pass 77-24 well in its completed state is characterized by downflow of cold groundwater in 

the bore that prevents acciu^ate determination of the true rock thermal conditions below 160 m depth. Average thermal 

conductivity of the 400- to 927-m interval is 1.66±0.07 W/m/K. The calculated gradients for the 410-718, 718-920, 912.0-928.0 

and 919.0-928.0-m-depth mtervals are 16, 52, 115.8±0.9, and 103.6±2.3 «'C/km, respectively. The gradients in the first two 

intervals are based on the bottom-hole temperature data. The heat-flow values for the bottom three intervals of the well are 

86, 175 and 204 mW/m^ respectively. These values bracket the regional average for the High Cascades of 105±5 mW/m^ 

(Blackwell and others, 1990). The increase of heat flow with depth is controlled by regional groundwater flow. The effect 

of such flow on the thermal field diminishes with depth due to decreases in permeability as the rocks become progressively 

more altered. Hot springs and other thermal features along the McKenzie River are probably related to upwardly focused, 

gravity-driven regional groimdwater flow along faults bounding the west side of the High Cascades graben. The focusing is 

related to the fault-bounded termination of the relatively more permeable rocks of the High Cascades graben against the less 

permeable rocks of the Western Cascades. The heat flow at the bottom of the well is equal to or higher than the true heat 

flow; examples from other Cascade Range wells are illustrated to demonstrate the basis for this conclusion. The results 

demonstrate that heat flow along the Cascade Range axis in an area between active stratovolcanoes is equal to or higher than 

that along the west edge of the High Cascades as described by Blackwell and others (1982, 1990). 

INTRODUCTION 

The Santiam Pass 77-24 well was drilled at 1464 meters elevation on the axis of the Oregon Cascade Range at 

Santiam Pass. Geothermal gradient and heat flow data from other wells in the region are shown in Figure 4-1. The 

Santiam Pass well was drilled to obtain temperature gradient, heat flow, hydrologic, and hthologic data that could not be 

obtained from nearby shallow (100 to 400 m deep) drill holes. The preliminary results have already been summarized by 

Hill and others (1991a; this volume). 

The Santiam Pass well was drilled durmg August and September of 1990. Bottom hole temperatures were 

measured with maximum reading thermometers every 20-30 meters during drilling. A caUper log was run prior to 

completion, and natural gamma-ray and temperature logs were run on September 19, 1990, after completion. A second 
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Figure 4-1. Location map of the Santiam Pass area. Geothermal gradient (°C/km, upper value) and heat flow values 
(mW/m\ lower value) are shown. Drill holes in Holocene rocks are marked by open triangles. Major volcanic centers 
are shown as stars; Cascade Range crest is dashed line. Major west-edge faults of High Cascades graben are shown. 
Rocks older than Quaternary (from Black and others, 1987; Priest and others, 1988) shown by caret pattern. Stippled 
pattern marks heat flow anomalies. Abbreviations are TFJ, Three Fingered Jack; BL, Blue Lake; MW, Mount 
Washington; BC, Belknap Crater; NS, MS, SS; North, Middle and South Sister; SM, Sand Mountain. Modified from 
Figure 5 in Blackwell and others (1990). Santiam Pass site is shown as SP 77-24. 
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temperature log was run on September 27, 1990, and a final temperature log was run on September 3, 1991. The 

equihbrated bottom-hole temperature is 25.06°C at a depth of 928.4 m, with apparent temperature gradients of 

50-60 °C/km from 700-900 m and between 103 and 116°C/km below 910 m. 

REGIONAL SETTING 

The geology of the study area is shown in very simplified form in Figure 4-1 (from Priest and others, 1988; Black 

and others, 1987), and discussed in detail by Hill and Priest (Chapter 2). The western part of the area is underlain by 

PUocene and older volcanic rocks, whereas the eastern part of the area is covered by Quaternary volcanic rocks. The weU 

site is along the topographic axis of the Cascade Range between the Three Sisters and Mt. Jefferson stratovolcanoes. The 

nearest large Quaternary centers are the Three Finger Jack and Mount Washington volcanoes. The study area was the 

site of extensive basaltic volcanism about 3000 years ago and the Sand Mountain chain of centers (SM on Figure 4-1) 

dates from that episode of volcanism. Most of the area west of the crest and north of 44°10'N is covered by these 3000-

year-old basalt flows (Taylor, 1968). A series of down-to-the-east normal faults representing the west side of the High 

Cascades graben divides the High Cascades from the Western Cascades. 

There are extensive thermal data available in the area to the west along the McKenzie River drainage (BlackweU 

and others, 1982, 1990, Cox and others, 1981). The thermal conditions of the area thefe have been discussed by BlackweU 

and others (1990). Locations of driU holes are shown in Figure 4-1 along with geothermal gradients and heat flow values. 

This area has a complex thermal pattern. Heat flow in 150 m holes is zero to negative on the east side, increases to quite 

high values in the center of the map (> 100 mW/m^), and then decreases west of the map area to values of less than 60 

mW/m^. This same pattern is observed elsewhere in the Cascade Range (BlackweU and others, 198S, 1990). 

Temperature-depth curves for several of the shaUow weUs in the area are shown in Figure 4-2. These 

temperature-depth curves can be related to the topographic and geologic setting of the wells. The weUs in the Holocene 

basalt (Figure 4-2, weUs SA3, SAIO, SAB, SA14, SA17) have isothermal to negative slopes on the temperature-depth 

plots. These types of temperature-depth curves are due to the rapid flow, both verticaUy and horizontaUy, of ground water 

in the extremely permeable young basalt. The series of holes with low but positive gradients (Figiue 4-2, weUs SA5, SA7, 

SA12, and SA16) were drUled in Quaternary volcanic rocks that make up pait of the Cascades graben fiU. The gradients 

m these weUs are generaUy below the regional gradient of 65 °C/km. However, in one deeper hole (EWEB-CL, Figure 4-

4) the geothermal gradients range from 112°C/km (15-200 m) to 21°C/km (485 to 555 m). The shape of the 

temperature-depth curve clearly indicates lateral flow of warm water in a confined aquifer through an area otherwise 

characterized by a lower-than-background temperature and heat flow related to groimdwater recharge (BlackweU and 

others, 1982). A 150-m-deep weU 4 km to the northwest of EWEB-CL has a gradient of 100°C/km, the highest gradient 

along the boundary province not near a known geothermal anomaly. Consequently, in the northern part of the map 

(stippled area on Figure 4-1) there is probably lateral flow of warm water at relatively shaUow depth (BlackweU and 

others, 1990). 

The gradients for wells S5 and SAll (Figure 4-2) are near the expected regional value of 65±5 °C/km. These two 

weUs are sited west of the graben in pre-Quaternary rocks where the permeabiUties are low and fluid flow is confined to 
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Figure 4-2. Temperature depth plots for Sunedco 150 m deep holes. Temperatures were measured every 5 m. Numbers are 
hole identifications. 

discrete aquifers and fault zones. Other shaUow weUs that penetrate the older rocks also have typical gradients of 

65±5°C/km in this area (i.e. Wolf Meadow and the holes near BeUcnap and Foley Springs from BlackweU and others, 

1982, 1990). West of Figure 4-1 the gradients decrease to values of 25 to 35 °C/km, which are typical of the Pacific 

coastal provinces (BlackweU and others, 1982). 

There are four hot springs in the area; Bigelow, BeUcnap, Foley, and TerwiUiger. The spring temperatures are in 

the range of 46 °C (TerwUUger) to 79 °C (Foley) and the reservoir temperatures based on geochemical thermometers arc 

estimated to be between 113 and 150 °C. Ingebritsen and others (1991) estimated a total flow of 36±5 1/s from the 

springs and a total convective component of 24,000 kJ/s, which is equivalent to the estimated conductive heat loss from an 

area of 240 km^ in the High Cascades thermal provmce. 
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WELL 77-24 THERMAL RESULTS 

Temperatures 

The three temperature-depth curves recorded for the weU are shown in Figure 4-3. Between the temperature log 

immediately foUowing completion of driUing on September 19, 1990, and the log of September 27, 1990, the temperatures 

in the hole cooled about 1 to 1.5 °C except in the depth range 160 to 180 m and below 910 m. By September 3, 1991 the 

weU had cooled an additional 1.5 to 2 °C in the upper part and up to 6 °C at about 900 m. This cooUng is the response 

of the weU to long-term flow down the weU bore. The shaUow zone that shows Uttle drilling effect on the first log (at 

about 160 m) is a zone of active groundwater flow, and the flow of the water past the hole has caused the hole to recover 

more rapidly than the areas of the hole not so affected. The volume and rapidity of natural groundwater flow in the 160-

m-depth aquifer is emphasized by the fact that most drilling fluid was lost into this zone with virtuaUy no temperature 

effect. 
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Figure 4-3. Temperature-depth curves for the three loggings of the Santiam Pass 77-24 well. The dashed line connects 
bottom-hole temperature measurements made as drilling proceeded. 
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Ground water is also flowing into the well. As a consequence the final curve has temperatures above 500 m that 

reflect only the temperature of the groundwater where the water flow actually enters the well, and thus the curve is nearly 

isothermal from the surface to 500 m. The geothermal gradient in the well bore from 500 to 900 m increases from about 

20 to about 60 °C/km in the first log and from 10 to about 35 °C/km in the final log. There is a step in the 

temperatures of about 6°C at 900 m and the gradient is 116 °C/km below 900 in the first log, and there is a step of 12 °C 

and the gradient is 103.6±2.3 °C/km between 919.0 and 928.0 m in the final log. An average gradient of 115.8+0.9 °C/km 

from 912.0 m to 928.0 m is calculated for the last two temperature logs. 

The undisturbed, or rock temperatures, in the weU between 170 and 900 m are remarkably different than impUed by 

the temperature logs. Bottom-hole temperatures (BHT) were measured at several depths during the process of driUing. 

Temperature measurements were made over periods of 20 minutes to 1 hour, and estimated equihbrium temperatures 

calculated by extrapolation. These estimated equihbrium temperatures are plotted on Figure 4-3. The BHT's show 

considerably higher temperatures in the 500-to 900-m-depth range (about 5 to 14° C higher) than the highest temperatiues 

measured foUowing drilUng. The estimated rock temperature-depth curve is shown by the dashed line. Water enters into 

the hole at 160 m depth, the point of persistent loss of drilling fluid durmg the drilling process. This water flows down the 

hole, cooling the hole by about 6 to 14 ° C, and exits at 900 m, causmg the observed step. Numerous unsuccessful 

attempts were made during drilling to plug the extensive zones of lost circulation below 160 m. However, high viscosity 

completion mud was successfully circulated in the hole for 2.5 hours before the 2" conductor pipe was set. It is now 

apparent that groundwater flow was sufficent to dUute and remove the completion mud between 160 and 900 m. The 

position of the weU at the topographic divide also makes the possibUity of downflow very likely, due to large differences in 

piezometric head in different aquifers. The shape of the temperature-depth curve inferred from the BHT data impUes 

that the undisturbed gradient in the hole might be on the order of 15°C/km between 160 and 750 m, about 50 to 

60°C/km between 750 and 850 m, and about 100 to 120°C/km at the bottom of the hole. The 50 to 60°C/km gradient is 

shghtly below regional for the area whUe the gradient of 100 to 120°C/km is slightly to significantly above regional value. 

Thermal Conductivity 

The thermal conductivity of 46 samples of the core from the weU was measured using the divided bar technique (see 

BlackweU and Spafford, 1987). The measured thermal conductivity, porosity, and density values are listed in Table 4-1. 

Thermal conductivity values are quite uniform and variations are primarUy a function of the porosity of the samples. The 

ash layers have the lowest thermal conductivity values, whereas there is httle difference in the thermal conductivity of the 

basalt and andesite flows. Average thermal conductivity of the 400- to 927-m interval is 1.66±0.07 W/m/K. These values 

are typical of other areas in the Cascade Range. 
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Table 4-1. Thermal conductivity measurements for Santiam Pass core samples. 

Depth 
meters 

143.6 
171.6 
188.4 
194.5 
201.2 
215.8 
773.4 
232.9 
249.0 
256.6 
271.0 
284.1 
295.0 
304.5 
317.9 
334.1 
343.5 
356.6 
363.0 
378.9 
393.5 
401.1 
413.9 
431.6 
465.4 
484.9 
492.6 
501.7 
522.1 
543.5 
554.1 
573.9 
595.6 
613.6 
655.0 
676.0 
701.6 
716.0 
719.3 
721.8 
734.6 
771.1 
796.7 
822.0 
873.6 
882.1 
907.1 
927.2 

Porosity 
percent 

3.5 
4.1 
3.7 
4.5 
3.8 
2.9 
3.8 

11.6 
3.2 
3.0 
4.4 

18.4 
4.5 

15.1 
4.6 
5.5 
3.1 
3.3 
3.8 
3.6 
3.3 
6.6 
4.1 
4.1 
5.4 
3.9 
2.1 
2.4 

11.3 
4.0 
3.5 
6.9 
8.2 

10.1 
4.5 

17.1 
10.4 
14.1 
5.8 

21.2 
12.0 
5.0 
2.8 
1.9 

25.8 
4.2 
1.9 
3.4 

Dry Density 
gm/cc 

2.73 
2.70 
2.69 
2.66 
2.74 
2.69 
2.67 
2.36 
2.71 
2.72 
2.72 
2.23 
2.68 
2.26 
2.64 
2.65 
2.60 
2.69 
2.72 
2.74 
2.69 
2.59 
2.70 
2.68 
2.63 
2.71 
2.73 
2.73 
2.45 
2.67 
2.69 
2.53 
2.58 
2.50 
2.66 
2.16 
2.16 
2.27 
2.66 
2.01 
2.01 
2.67 
2.78 
2.76 
2.10 
2.74 
2.80 
2.69 

Thermal conductivity 
W/m/K 

1.62 
1.78 
1.65 
1.67 
1.68 
1.82 
1.85 
1.35 
1.77 
1.73 
1.65 
1.34 
1.70 
1.35 
1.57 
1.68 
1.56 
1.76 
1.77 
1.84 
1.75 
1.69 
1.73 
1.71 
1.80 
1.71 
1.78 
1.84 
1.46 
1.65 
1.74 
1.57 
1.58 
1.49 
1.79 
1.43 
1.58 
1.38 
1.72 
1.31 
1.01 
1.64 
1.82 
1.89 
1.46 
1.85 
1.82 
1.69 
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Heat Flow 

Calculated gradients for the 410-718, 718-920, 912.0-928.0 and 919.0-928.0-m-depth intervals are 16, 52, 115.8±0.9 

and 103.6±2.3 °C/km, respectively. The gradients m the first two intervals are based on BHT data. Heat-flow values for 

the bottom three intervals of the well are 86, 204, and 175 mW/m^ respectively. These values bracket the regional 

averagqfor the High Cascades of 105±5 mW/m^ (BlackweU and others, 1990). The average gradient in the depth range 

900 to 920 m is about 120°C/km. The minimum gradient in the bottom third of the hole is 50°C/km. The high gradient 

in the bottom zone may or may not be the best to use in further extrapolation to depth. 

Two Ulustrative examples from the Oregon Cascades are shown in Figure 4-4. One hole is from the Mt Hood area 

(USGS-PUC) and one hole is about 25 km northwest of the Santiam Pass hole (EWEB-2). The gradient and heat flow 

values for these wells are shown and discussed by BlackweU and others (1982, Figxue 6; see also Steele and others, 1982). 

In the EWEB-2 hole (elevation 1195 m), the regional gradient of 65°C/km starts immediately below the groimdwater 

effect at 250-m depth. In the USGS-PUC hole the regional gradient is reached at about 400 m, below about 250 m of 

higher-than-regional gradient and 150 m of low gradient in the zone of active water flow. So the gradient below the depth 

of active groundwater flow can be higher than or equal to the gradient characteristic of greater depths. 

The nearest hole to the Santiam Pass weU is about 12 km to the west at the EWEB-1 (EWEB 78-32 on Plate 1) 

site near Clear Lake at an elevation of 975 m. The Santiam Pass hole is at 1463 m so the difference in elevation is about 

500 m. The temperature-depth data are shown in Figure 4-4 for comparison. The bottom-hole temperatures are simUar 

at equal elevations. Both weUs appear to be in areas of recharge or rapid lateral flow of groundwater because the 

temperatures and the gradients are below regional to depths of 400 to 500 m. 

However, the pattern of fluid flow is not simple because the warm temperatures at 200 m in EWEB-1 (28 °C) are 

evidence of lateral flow of warm water from as yet unlocated direction past the weU site, as described by BlackweU and 

others (1982; compare to the temperature effects of lateral flow of warm water modeled by Ziagos and BlackweU, 1986). 

ELECTRICAL RESISTIVITY 

In the Santiam Pass area there has been extensive exploration usmg various techniques that measure the subsurface 
/ 

electrical resistivity. A survey using the roving dipole technique was carried out by Pritchard and Meidav (1975) with some 

foUowup studies by Electrodyne Surveys (1979). These studies focused in and around the vaUey of the McKenzie River. 

Argonaut Enterprises (1982) carried out a magnetoteUuric survey along a east-west profile more or less centered on Foley 

Spring. In 1989 the USGS (Dallas Stanley, written commun., 1989) carried out a 7 pomt audio-magnetoteUuric sounding 

survey in the vicinity of the Santiam Pass weU site. In view of the mterest in the comparison of thermal and electrical 

exploration techniques, the results of the electrical studies wiU be briefly summarized here. 

An apparent conductance map from the roving dipole study of Pritchard and Meidav (1975) is shown in Figure 4-5. 

Figure 4-5 covers the same area as Figure 4-1 so the two data sets can be spatisdly compared. The positions of the dipole 

sources are the heavy straight Unes and the recording points are the small dots. There were three source positions, two m 

the north and one in the south. The apparent resistivity values range from about 1 to over 200 Qm. The largest low 

resistivity region extends for at least 7 km in a SW-NE direction just northwest of Sand Mountain (SM in Figure 4-5), 
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Figure 4-4. Comparison of temperature-depth curves in the Santiam Pass 77-24 well a n d some other High Cascade Range 
wells. Temperature symbols mark every 9th measured temperature point. 
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Figure 4-5. Contours of equal electrical resistivity from dipole soundings (Pritchard and Meidav, 1975). Location of the AMT 
sounding profile from Stanley (written commun., 1989) is shown in the northeast part of the map. Location of the MT 
section from Argonaut Enterprises (1982) is shown (section A-A') in the south part of the map. Geographic 
abbreviations are the same as in Figure 4-1. 
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which is an approximately 3000-year-old cmder cone. This low resistivity zone was tested for a positive thermal anomaly 

by the EWEB-1 well shown in Figure 4-4. The shallow thermal gradients are high but the deep temperatures are 

disappointingly low. The low resistivity region does not underlie the shdlow weU with high gradient northwest of the 

EWEB-1 weU (see Figure 4-1). Because the roving dipole technique samples the subsurface in a compUcated way, it is not 

easy to associate particular anomalies with specific depths. Thus the cause of the low resistivity region remains enigmatic. 

The CTGH-1 weU (Figure 4-4) was also driUed in a low resistivity anomaly (J. lovenitti, oral commun., 1986), north 

of the present study area. CTGH-1 has a high but regional temperature gradient of about 80°C/km (BlackweU and 

BakcT, 1988b) and the rocks below 400 m have undergone pervasive low-temperature (<100°C, Bargau, 1988) alteration. 

The best interpretation of the magnetoteUuric results seems to be that the low resistivities are due to the alteration rather 

than due to a local geothermal anomaly. 

An east-west profUe from the MT survey of Argonaut Enterprises (1982) is shown in Figure 4-6. The location of 

the profUe is shown on Figure 4-5. The results of this profile are typical of the other sites studied. The section shows 

three layers referred to on the section as "resistive", "conductive", and "resistive" in order of depth occurrence. Along the 

east side of the section the bottom of the upper resistive layer (with resistivities of 50 to 100 nm and correlated with 

Quaternary basalts) occurs at an elevation of about 500 to 600 m, or at typical depths of 400 to 600 m below the surface. 

The conductive layer (about 1 to 5 fim) crops out along Horse Creek and along the west side of the section in the 

McKenzie River valley. Beneath the conductive layer the resistivity increases again to values of greater than 100 fim at 

typical depths of greater than 1 to 1.2 km (about sea level in elevation). One interpretation of the conductive layer is that 

it represents a warm aquifer carrying thermal water from the Cascades axis to the west analogous to the aquifer at 

Breitenbush Hot Springs described by BlackweU and Baker (1988a, 1988b). The evidence of lateral flow at the north part 

A 

-W 

A' 
E-

MT Sites 

South Fork 

? f ? ? 10 13 
I I 

Castle Rock 

Elevatkjn 
aeet) 

4000 

3000 

2000 

1000 

Sea 

level 

-1000 

J-2000 

Figure 4-6. MT profile electrical resistivity interpretation (Argonaut Enterprises, 1982). The location of the cross section in 
shown on Figure 4-5. 
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of the map area lends credence to this interpretation. An alternative interpretation is that the conductive region 

corresponds to the areas of alteration in the older and/or more deeply buried rocks and has no direct thermal implication. 

This interpretation is favored based on the occurrence of the hot springs along steeply dipping faults and the general 

coincidence of the areas where the low resistivity area comes to the surface with outcrops of pre-Quaternary rocks. The 

higher resistivity regions at greatest depth may be areas of higher temperature rock alteration where clays and zeolites are 

replaced by more resistive mineralogy. 

A series of audio-magnetotelluric (AMT) electrical soundings were carried out by Herbert Pierce of the USGS 

(DaUas Stanley, written commun., 1989). The locations of these soundings are shown on Figure 4-5. Additional data have 

been coUected by Livelybrooks and others (1989). These results m the vicinity of the Santiam Pass weU are consistent with 

a several hundred- meter-thick layer of rocks with high electrical resistivity underlain by rocks with a much lower 

resistivity. This configuration is simUar to that seen on the MT profile along the McKenzie River. The depths to the low 

resistivity appear to be somewhat deeper along the Santiam Pass section, in agreement with the relatively low degree of 

alteration seen in the driU core. 

The interpretation is that in general rocks in the Cascade Range that have been subjected to alteration due either -

locaUzed hydrothermal activity or regional diagenetic low-grade metamorphism have low resistivity. Thus, m general, areas 

of low electrical resistivity correspond to areas of generaUy low permeabiUty, altered volcanic rocks whUe areas of high 

electrical resistivity generaUy correspond to regions of high permeabUity, unaltered volcanic rocks. A simUar situation has 

been described in detaU at Newberry volcano by Wright and Nielsen (1986). 

GEOTHERMAL MODEL 

The effect of alteration on permeabiUty and consequently on heat transport by groundwater flow in the volcanic 

rocks of the Cascade Range has been previously described by BlackweU and others (1982, 1990). They concluded from the 

drilling evidence that the shallow hydrologic properties and shaUow thermal conditions were related to the degree of rock 

alteration, which coincides to some extent with maximum depth of burial (maximum temperature reached) of the rocks. 

The degree of success of obtaining gradients in 150-m-deep holes in the Cascade Range (BlackweU and others, 1982) is a 

testimony to the careful selection of sites based on age and alteration criteria by the DOGAMI geologists in charge of 

siting the weUs. Geothermal exploration studies, which have been more constrained by a need to have data from certain 

locations that are generaUy higher in elevation, have had significantly lower rates of success using 150-m-deep exploration 

holes. 

The extensive fluid flow at shaUow depths has been referred to as the "rain curtain" and discussed in detaU for two 

Newberry Volcano holes by Swanberg and Combs (1986) and Swanberg and others (1988). Temperatures from aU deep 

holes (over 1 km depth) in the Cascade Range except the Santiam Pass 77-24 (excluding data from the Newberry volcano 

which show simUar characteristics) were shown in Figure 4 of BlackweU and others (1990, see also Figure 6 in BlackweU 

and others, 1982). In addition to the EWEB-2 and USGS-PUC weUs another example of the temperature-depth behavior 

in the High Cascades is the 1.4-km-deep CTGH-1 hole driUed near the Cascade Range crest north of Mount Jefferson. 

The CTGH-1 weU has a heat flow of 110 mW/m^. Its thermal characteristics have been discussed in detaU by BlackweU 
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and Steele (1987) and Blackwell and Baker (1988a, 1988b). The increase b gradient to regional values occurs between 

400 and 500 m, and is associated with the initial occurrence of alteration that has taken place at temperatures between 50 

and 100 °C (Bargar, 1988). The alteration has presumedly lowered the electrical resistivity of the volcanic rocks. In aU 

these cases the gradients and heat flow values in the deep holes below the groundwater flow zones are consistent \\ith the 

predictions based on 150 m holes nearby or on regional considerations. 
I ' 

BlackweU and Steele (1987) described temperature-depth data from a weU at the edge of Crater Lake Park 

(CE-CL-1) in an area of no surface geothermal manifestafions. Hole CE-CL-1 has a high gradient (about 250°C/km). 

The results from CE-CL-1 Ulustrate that if the surface rocks are altered, representative gradients may be obtained at much 

shaUower depths (< 200 to 400 m) than those required in areas of unaltered volcanic rocks. Thus in the Oregon Cascade 

Range low electrical resistivity values can be associated with alteration of the volcanic rock to clay and zeolites and may 

not be associated with contemporary high temperature regions. 

The deep driUing results show that isothermal sections occur to depths ranging up to 500 m at various sites within 

the High Cascades although typical values aic less than 400 m. I also conclude that, on the basis of present data, 

consistently high geothermed gradients (in excess of 50°C/km) are observed below the zone of rapid groundwater 

circulation. The only exception at present is the EWEB-1 hole near Santiam Junction. Furthermore, there is often an 

abrupt depth transition between rocks which have high permeabiUty and rapid fluid through-flow (near isothermal 

temperature-depth curves) and rocks where the average permeabiUty is quite low and fluid flow is suppressed. The 50-200 

m transition zones from low to regional values of geothermal gradient typical of the deep holes is evidence that large scale 

flow at depth is unlUcely to occur generaUy except along particularly favorable stratigraphic regions or along fractures or 

fault zones. 

However, the geothermal model for the Santiam Pass area must involve significant, general, fluid flow at depth in 

the Quaternary rocks of the High Cascades graben (the eastern half of Figure 4-1). In some cases the flow is confined to 

discrete aquifers (as in the top of weU EWEB-1) and in other cases there must be general porous-media flow. In aU 

probabiUty most of the flow systems terminate against the low-permeabUity pre-Quaternary rocks of the Western 

Cascades. Thus warm water is forced to, or close to, the surface along the faults bounding the west side of the High 

Cascades graben. The depth of the widespread diffuse flow cannot be established at the present time because there are 

no driU data avaUable below 400 m at the west edge of the system and the permeabiUty structure is unknown. The depth 

of ground water flow that effects the heat flow is as deep as or deeper than the level of the lowest point along the map, 

the McKenzie River at elevation of 300 to 600 m, and must at some pomt go as deep as at least 1.5 km below the surface 

to heat the groundwater to the 79 °C measured in Foley Hot Sprmgs. Thus there is a net loss of heat along the profile 

through the groundwater system. Ingebritsen and others (1989) have emphasized the role of this sort of fluid flow on the 

heat transfer in the High Cascade Range. The Santiam Pass area comes the closest to the characteristics of their ideal 

model, unlike the area around Breitenbush Hot Springs where the low permeabiUty rocks predominate the section. 

The required loss of heat can be accounted for by leakage of geothermal fluid into the McKenzie River drainage at 

hot springs such as Belknap and Foley Hot Springs (Mariner and others, 1990) and via unexposed shaUow systems such as 

the one encountered in EWEB-1. The inferred reservoir temperatures of the Belknap and Foley systems are only 113 and 
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99 °C respectively (Brook and others, 1979), temperatures that could be reached at depths of 2+0.5 km in the regional 

gradient of 65°C/km. So there is no evidence at the present tune for very hot fluid flow associated with the systems that 

cause the high heat flow observed along the fault zones that mark the west side of the High Cascades graben. 

The general geothermal model that derives from the results described above is shown in Figure 4-7. The general 

groundwater flow regime in the area is certainly from the Cascade Range crest on the east to the McKenzie River vaUey 

on the west more or less paraUel to the topographic gradient. The temperature profiles in the shaUow and deep weUs are 

consistent with this assessment. The shape of the profiles is also consistent with a permeabiUty that decreases rapidly with 

depth in the outer 1 km. In the case of the EWEB-2 weU the permeabiUty must decrease abruptly at a depth of 200 m to 

explain the abrupt change from near zero to regional gradients there. The more gradual increase in gradient with depth 

in the EWEB-1 and Santiam Pass 77-24 wells is consistent with a more gradual decrease in permeabUity with depth 

and/or with vertical groundwater velocities that decrease with depth. Unfortunately, neither of the weUs is deep enough to 

definitively outline the regional thermal gradients and fluid flow conditions in this area of the High Cascade Range. 

The type of flow paths expected are shown by the arrows in Figure 4-7. The length of the arrow indicates in a 

generalized way the flow velocity expected in the depth range shown. Thus the rate of flow decreases rapidly in the depth 

range of 500 to 1000 m and most of the flow is confined to depths of less than 2000 m. The flow is compUcated by the 

shaUow, warm aquifer in EWEB-1 so that the flow pattern is not completely two-dimensional. The flow is primarUy 

topographically driven. 
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Figure 4-7. Interpretative cross section of the Santiam Pass area. Geology modified from Hill and others, (1991b). 
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Appendix A 

Appendix A; Description of the analytical techniques used to determme the compositions of core and surface rock 
samples from the Santiam Pass study area. The precision and accuracy of the INAA and XRF techniques are 
discussed in detaU by Comey (1991) and HUl (1991). 

INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS 

FaciUties at the Oregon State University Radiation Center were used to obtain trace element abundances through 

instrumental neutron activation analysis (INAA). AU samples were prepsued from the fresh interiors of core and field 

samples, crushed in an alumina-ceramic jaw-crusher to about 0.5 cm, spUt, and about 20 g powdered in a alumina-ceramic 

shatter box. In-house standards CRB-3 (equivalent to U.S.G.S. BCR-1) and CSG-1 (Champion Stock Granodiorite), and 

N.B.S. standard 1633-a (Fly Ash) were used as standards. About 0.8 g of rock powder was sealed m 2/5d polyvials, which 

were then sealed into a 2d polyvial. The 2d polyvials were double-stacked in the rotating rack of the O.S.U. TRIGA 

reactor, and irradiated for 6 hours at 1 MW. Gamma-ray counts were obtained using high (about 20 percent) efficiency 

Ge(Li) detectors coupled with 4096-chaimel analyzers. Data storage and reduction was accompUshed with DOS-based 

desk top computers. First counts of 4k to 10k seconds occurred 6 to 14 days after irradiation, and obtained Na, Ba, La, 

Sm, Yb, Lu, and U abundances. Long counts of 15k to 20k seconds occurred 30 to 45 days after irradiation, and 

measured Fe, Sc, Co, Ni, Rb, Sr, Cs, Ce, Nd, Eu, Tb, Zr, Hf, Ta and Th abundances. 

X-RAY FLUORESCENCE 

X-ray fluorescence (XRF) analyses were performed at Washington State University, Pullman. AU samples were 

prepared from the fresh interiors of core and field samples. Samples were crushed m a tungsten carbide (WC) jaw-

crusher to about 0.5 cm in diameter and spUt. About 15 g of the sample spht was ground in a WC shatter box for 2 

minutes. Rock powders were weighed to 3.5000±0.0003 g and combined with 7.0000±0.0003 g of Uthium tetraborate flux 

and mechcUiicaUy homogenized for 10 minutes. A 2:1 flux-to-rock ratio was used to increase the precision of trace 

element analyses. However, this ratio results in larger matrix corrections during XRF analysis, which may introduce a bias 

towards higher SiOj ( + 0.5 wt. percent) and lower FeO*, CaO, and TiOj (-0.5 wt. percent) in W.S.U. analyses. The 

homogenized powder was then fused in graphite crucibles at 1000 °C for 35 minutes, cooled, reground and refused. The 

glass beads were then ground flat with 240 and 600 alumina carbide grit, cleaned in an ultrasonic cleaner and washed in 

lab-grade alcohol. Glass beads were analyzed m a fuUy automated Rigaku 3370 X-ray spectrometer. 
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Appendix B: Visual estimates of phenocryst abundances and additional petrographic information obtained from thin-sections of Santiam Pass 77-24 
core samples. Flag = plagioclase, Cpx = cUnopyroxene, Opx = orthopyroxene, Ol = oUvine, Opqs = opaque minerals, Ap = apatite. 
Mineral abundances expresses as volume percent, with 0.1 indicating trace abundances and i where apatite is found as an inclusion in other 
phenocrysts. Phno = Total phenocryst abundance. An = Maximum plagioclase anorthite content determined through the Michel-Levy 
method. Zone = Plagioclase zoning, where W = weak (<10 An), M = moderate (10-20 An), S = strong (> 20 An), and N = normal, R = 
reverse. Sv% = Percent of plagioclase phenocrysts with coarse glass inclusions. Frt% = Percent plagioclase phenocrysts with evidence of 
resorption or fine glass inclusions on rim. GM = Groundmass features, where C = coarse (> 0.2 mm), M = medium (0.1-0.2 mm), F = fine 
(< 0.1 mm), and X = holocrystaUine, V, hyalocrystaUine, G = glassy, D = devitrified. GLSS = Percent mterstitial glass in thin-section. 
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Notes 

Trachytic, seriate phenos, 5% vesicular. 

Felty, coarse, seriate GM to 0.2 mm. 

Diktytaxitic, trace iddingsite, very coarse GM Slnm. 

Microvesicular 2%, felty, seriate phenos <1iTm. 

Pilotaxitic, seriate phenos <2nn. 

Felty, 01 w/ Opx rims. 

Felty, 01 w/ Opx rims and partially resorbed. 

Vesicular 10%, Opacitic (10-100%) 01. 

Felty, seriate phenocrysts ilmm. 

Hyalopilitic, 01 w/ trace of iddingsite+smectite(?). 

Hyalopilitic, light sieving, 01 w/ iddingsite + Opx rims. 

Felty, 01 w/ Opx rims, Plag w/ multiple zones. 

Vesicular 15%, very faint relict amphibole(?). 

Felty, Diktytaxitic 7%, some 01 w/ <0.1mm rims of Opx. 

Hyalopilitic, 20% vesicular, trace of iddingsite on 01. 

Vesicular 20%, trace of 01 w/ opacite rims + embayments. 

Vesicular 15%, minor 01 w/ opacitic rims and embayed. 

Felty, light sieving, Ap inclusions in Opx, trace subophitic. 

GM altered to clays + limonite, Opx w/ Chlorite, 01 w/ iddingsite. 

Trachytic, trace oxidized GM, 01 w/ iddingsite + smectiteC?). 

Felty, seriate <2mm, trace of subophitic Opx. 

Trachytic, 01 w/ Opx rims, trace of radial-habit zeolites. 

Faintly trachytic, 01 w/ Opx rims. 

Felty, 01 w/ Opx rims, resorbed Plag w/ weak reversely zoned rims. 

Vesicular 20%, very fresh. 

Diktytaxitic 10%, Felty, 01 w/ iddingsite + smectite(?). 

Diktytaxitic 15%, locally subophitic, seriate phenocrysts. 

Diktytaxitic 20%, felty, 01 w/ iddingsite + smectiteC?). 

Diktytaxitic 20%, basalt dike. 

Diktytaxitic 30%, 01 w/ extensive clay + iddingsite + opacite. 

Clay bands in GM, Trachytic, 1-4 mm volcanic xenotiths. 

Pilotaxitic, subophitic Cpx in GM, 01 w/ iddingsite + smectiteC?). 

Diktytaxitic 30%, subophitic Cpx, 01 partially opacitic. 

Hyalopilitic, 25% vesicular, Plag w/ irregular crystal faces. 

Equigranular GM >2n»n, coarse aphanite, 01 w/ Opx rims. 

Highly oxidized, 20% vesicles. 
Hyalopilitic, subophitic, seriate to <0.5mm, glass is microcrystalline. 
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Feet Plag Cpx Opx 01 Opqs Ap Phno An Zone SvX FrtX GM GLSS N o t e s 
2360 66 5.0 15.0 1.0 3.0 - 90.0 60 MN 0 0 CV 10 H y a l o p i l i t i c , subophi t ic , patchy GM a l t e ra t i on to clays 
2472 1 - - 0.5 - - 1.5 60 WN 0 0 CV 5 D i k t y t a x i t i c 15%, h y a l o p i l i t i c , Ol a l te red to clay + pleochroic chlor i teC?)-
2488 7 - - 3.0 0.5 - 10.5 70 WN 0 0 CV 20 Vesicular 30%, h y a l o p i l i t i c , GM w/ patchy clay a l t e r a t i o n . 
2614 5 0.5 1.0 - - - 6.5 50 MN 50 0 CX 0 P i l o t a x i t i c , w/ several 2mm stressed-Px xenocrysts. 
2699 5 0.1 0.5 2.0 0.1 - 7.7 60 MN 50 10 CX 0 P i l o t a x i t i c , 01 w/ opacite + smectiteC?) a l t e r a t i o n , ser ia te phenocrysts. 
2817 3 - - 0.1 - - 3.1 ? WN 0 0 FV 20 Fel ty , mafic agg lu t ina te , GM with yellow-green c lays. 
2904 3 - - 1.0 - - 4.0 70 UN 0 0 FX 0 Fel ty , equigranular GM, 01 100% a l tered to clays + l imon i te . 
2960 5 - 0.1 0.5 1.0 - 6.6 70 UN 10 0 CX 0 Trachyt ic, subophi t ic , 01 100% al tered to clays + l imon i te . 
2993 5 - 2.0 1.0 1.0 - 9.0 70 UN 10 0 MX 0 Fel ty , 01 75% a l tered to clays + l imoni te , ser ia te phenocrysts. 
3028 10 - - 5.0 - - 15.0 60 UN 10 0 MV 5 Chlor i te amygdules, GM glass a l tered to c lays, 01 90% a l te red . 
3044 25 1.0 0.1 - 2.0 - 28.1 55 UN 5 0 CV 5 Plag <4rmi w/ very t h i n f rac tures , Cpx 100% al tered to c lays. 

Additional samples: 

583: Bedded mafic hyaloclastite. Contains 35% angular to subimgular fragments of plagioclase and oUvine, <1 mm; 5% subangular clasts of mafic 
volcanic rock fragments, <1 mm; 60% hydrated and oxidized palagonitic mafic glass fragments, <1 mm. Unit has planar to low-emgle cross-bedding(?) 
and is interpreted as a mafic surge deposit associated with a hydrovolcanic eruption. 

2796: Coarse-grained volcanic wacke. Poorly sorted (<4 mm to <0.01 mm) sub-rounded granule conglomerate. Matrix consists of very fine sand to ^ 
coarse sUt and constitutes about 10% of unit. Matrix is Ught brown and poorly indurated. Clasts are predominantly weathered mafic volcanic rock g 
fragments, with subordinant amounts of free plagioclase crystals and hypabyssal porphyritic rock fragments. The hypabyssal fragments contain quartz ^̂  
phenocrysts and have a pervasive cholritic alteration, which are features characteristic of late Western Cascades sub-volcanic rocks. SimUar hypabyssal * 
rock fragments are observed in debris-flow deposits from 2160 to 2170 feet, and from 2796 to 2802 feet. The poor sortmg and very fine-grained matrix 
observed in this unit are common characteristics of medial to distal debris-flow deposits in the Oregon Cascades. 
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Appendix C: Major, minor and trace element analyses of Santiam Pass 77-24 core, surface rocks from the Santiam Pass area, and core from Unocal 82-1. 
Letters to left of elements refer to analytical method: X=X-ray fluorescence, Washington State University; I=Inductively coupled plasmaspectrometry. 
University of Utah Research Institute; A=Instrumental neutron activation analysis, Oregon State University. Samples 811R and 2488R are dupUcate 
analyses, which were run as unknowns during the initial analyses. 
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220 

18 

127 

7 
2.4 

1164 

8 
15 
<0.7 

752 
783 
590 
224 
260 
280 

17 
16.3 

127 

13 

653 

318 

20 

147 

13 

656 

328 

14 

145 

9 
2.6 

<400 

12 

657 
703 

316 
360 

16 

150 

12 

664 

304 

17 

147 

12 

708 

312 

19 

152 

7 
2.8 

<400 

11 

696 
740 

317 
360 

13 

153 

12 
3 

<400 

15 
14 
0.5 

747 
796 
590 
433 
460 
440 

22 
22.5 

196 

12 

692 

313 

17 

153 

> 

a 

n 



X 
I 
A 
X 
I 
A 
I 
A 
X 
I 
X 
I 
A 
X 
I 
A 

X 
I 
X 
I 
A 
A 
A 
A 
A 
A 

^ A 
A 

X 
X 
I 
A 
A 
X 
A 
I 
A 
I 
I 
A 
I 
I 
X 

^'A 
H X 
? A 
3 A 

o 

O 

S 

Depth 
meters 

Ni 
Ni 
Ni 
Cr 
Cr 
Cr 
Co 
Co 
Cu 
Cu 
Zn 
Zn 
Zn 
Ga 
As 
As 

La 
La 
Ce 
Ce 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Yb 
Lu 

Y 
Zr 
Zr 
Zr 
Hf 
Nb 
Ta 
Mo 
W 
Ag 
Cd 
Hg 
Sn 
Pb 
Pb 
Sb 
Th 
Th 
U 

420 
128.1 

70 
-
-
85 
-
-
-
-

66 
-
88 
-
-
18 
-
-

42 
-
35 
-
-
-
-
-
-
-
-
-

22 
150 
-
-
. 
10.0 
-
-
-
-
-
-
-
-
7 
-
2 
1.4 
<4 

478 
145.8 

66 
86 
90 
88 
99 
103 
81 
29.9 
65 
74 
78 
104 
90 
18 
<25 
-

12 
104 
48 

<150 
17.2 
41.9 
24 
4.46 
1.53 
0.65 
2.3 
0.36 

22 
148 
117 
110 
3.6 
11.3 
0.45 

<50 
<2 
3 
12 
<0.08 
40 
41 
3 
<0.3 
4 
0.9 
<4 

563 
171.7 

60 
-
-
79 
-
-
-
-
68 
-
85 
-
-
20 
-
-

23 
-
40 
-
-
-
-
-
-
-
-
-

19 
137 

9.9 

-
-
10 
-
3 
-
-

614 
187.3 

96 
108 
80 
75 
79 
82 
87 
32.3 
61 
70 
66 
78 
94 
18 
<25 
-

21 
122 
29 
216 
8.9 
20.1 
11 
2.62 
1.04 
0.44 
1.3 
0.23 

15 
101 
79 

<200 
2.2 
6.8 
0.15 

<50 
<2 
<2 
11 
0.03 
41 
22 
4 
<0.4 
1 
1.8 
<3 

638 
194.6 

94 

71 

71 

65 

17 
-
-

0 
-
20 
-
-
-
-
-
-
-
-
-

14 
103 
-
-
-
6.7 
-
-
-
-
-
-
-
-
3 
-
0 
-
-

662 
201.9 

22 
30 
-
47 
51 
-
64 
-
75 
86 
77 
94 
-
18 
35 
-

17 
33 
14 
128 
-
-
-
-
-
-
-
-

18 
108 
85 
-
-
9.0 
-

<50 
-
<2 
12 
-
33 
16 
6 
-
1 
-
-

708 
215.9 

56 
-
-
44 
-
-
-
-
48 
-
65 
-
-
18 
-
-

5 
-
31 
-
-
-
-
-
-
-
-
-

14 
123 
-
-
-
8.6 
-
-
-
-
-
-
-
-
6 
-
0 
1.6 
<4 

733 
223.6 

47 
41 
60 
43 
46 
51 
46 
22.2 
23 
29 
60 
68 
65 
20 
69 
-

7 
43 
42 
13 
10.9 
23.0 
14 
2.80 
1.12 
0.46 
1.4 
0.20 

14 
123 
88 
120 
2.7 
7.2 
0.31 

<50 
1 
<2 
7 
0.03 
30 
<10 
1 

<0.3 
2 
-
-

764 
233.0 

58 
-
-
73 
-
-
-
-
58 
-
74 
-
-
19 
-
-

2 
-
38 
-
-
-
-
-
-
-
-
-

20 
150 
-
-
-
13.5 
-
-
-
-
-
-
-
-
5 
-
1 
<1 
<5 

811R 
247.0 

54 
-
-
76 
-
-
-
-
34 
-
97 
-
-
19 
-
-

5 
-
48 
-
-
-
-
-
-
-
-
-

20 
152 

10.7 

4 
-
0 
-
-

811 
247.4 

54 
65 
-
73 
81 
-
55 
-
36 
37 
72 
86 
-
19 
<25 
-

15 
13 
34 
124 
-
-
-
-
-
-
-
-

22 
150 
119 
-
-
10.5 
-

<50 
-
3 
12 
-
36 
31 
4 
-
1 
1.1 
<3 

842 
256.8 

54 
-
-
69 
-
-
-
-

354 
-
72 
-
-
21 
-
-

20 
-
27 
-
-
-
-
-
-
-
-
-

19 
151 
-
-
-
10.1 
-
-
-
-
-
-
-
-
6 
-
1 
-
-

889 
271.1 

62 
-
-
81 
-
-
-
-
49 
-
76 
-
-
17 
-
-

31 
-
34 
-
-
-
-
-
-
-
-
-

22 
155 
-
-
-
11.1 
-
-
-
-
-
-
-
-
5 
-
0 
0.9 
<5 

968 
295.2 

62 
74 
-
82 
90 
-
54 
-
30 
36 
77 
93 
-
21 
<25 
-

0 
49 
44 
105 
-
-
-
-
-
-
-
-

22 
154 
129 
-
-
10.9 
-

<50 
• -

4 
11 
-
38 
46 
9 
-
1 
0.6 
<4 

999 
304.7 

67 
80 
80 
88 
99 
104 
49 
31.1 
64 
73 
83 
101 
95 
20 
<25 
-

24 
<5 
28 
<10 
17.5 
36.6 
24 
4.61 
1.53 
0.69 
2.1 
0.38 

22 
147 
115 
110 
3.8 
11.9 
0.52 

<50 
<3 
5 
12 
0.09 
41 
33 
5 
0.2 
2 
1.1 
<3 

1040 
317.2 

63 
-
-
86 
-
-
-
-
57 
-
81 
-
-
18 
-
-

7 
-
43 
-
-
-
-
-
-
-
-
-

23 
156 
-
-
-
10.8 
-
-
-
-
-
-
-
-
4 
-
1 
-
-

a 
& 
X 



o 
H 
s 
• 3 
S" 
^ 
-a 
o 

a ^x 
£ l 
X 
X 
A 
I 
I 
I 
X 
I 
X 
X 
A 
X 
I 

t/i X 

°° I 
X 
I 
X 

I 
I 
I 

X 
A 
A 
X 
I 
A 
X 
I 
A 

X 
A 
X 
X 
I 
A 
X 
I 
A 

Depth 
feet 
meters 

Si 02 

Ti02 

Ti02 

A1203 

FeO* 

FeO* 

FeO* 

Fe203 

FeO 
MnO 
MnO 
MgO 
CaO 
Na20 

Na20 

Na20 

K20 
K20 
P205 

P205 

TOTAL 

Li 
Be 
B 

Rb 
Rb 
Cs 
Sr 
Sr 
Sr 
Ba 
Ba 
Ba 

Sc 
Sc 
V 
Ni 
Ni 
Ni 
Cr 
Cr 
Cr 

1096 
33i 

54. 
1. 

18. 
7. 

0. 

4. 

>.S 

7 
.10 
-

2 
77 
-
-
-
-
14 
-

,99 
7.98 

3. 

0. 

0. 

99. 

-
-
-

12 
-
-

697 
-
-

328 
. 
-

24 

152 
61 

_ 
86 

-

-

96 
-
85 
-
33 
. 

74 

1126 
343.4 

54.6 

1.10 

1.14 

18.2 

7.72 

-
7.87 

4.55 

3.77 

0.14 

0.137 

5.04 

8.01 

-
3.93 

3.93 

0.94 

0.985 

0.34 

0.42 

99.62 

10 
2.8 

<400 

14 
-
-

691 
744 
. 

291 
350 
-

19 
. 

162 
66 
71 

89 
91 

1171 
357.2 

54.6 

1.11 

-
18.3 

7.68 

-
-
-
-

0.14 

-
4.90 

8.03 

-
4.03 

-
0.86 

-
0.33 

-

98.91 

-
-
-

12 
-
-

689 
-
-

307 
-
-

23 
-

144 
60 
-
. 
78 
. 
-

1244 
379.4 

54.6 

1.12 

-

18.2 

7.74 

-
-
-
-

0.14 

-
5.10 

8.01 

-
3.94 

-
0.84 

-
0.33 

-

99.49 

-
-
-

13 
-
-

664 
-
-

286 
-
-

24 
-

149 
66 
-
. 
90 
_ 
-

1291 
393.8 

54.5 

1.12 

1.16 

18.2 

7.88 

7.85 

8.06 

4.43 

4.07 

0.14 

0.139 

5.07 

7.98 

4.04 

3.93 

3.89 

0.87 

0.872 

0.33 

0.42 

98.47 

10 
2.6 

<400 

12 
17 
0.4 

659 
726 
670 
320 
370 
330 

18 
20.5 
153 
68 
81 
80 
88 
104 
108 

1316 
401.4 

54.6 

1.12 

-
18.2 

7.66 

-
-
-
-

0.14 

-
5.04 

7.97 

-
4.00 

-
0.88 

-
0.33 

-

99.32 

-
-
-

13 
-
-

657 
-
-

308 
-
-

21 
-

162 
68 
-
-
91 
-
-

Major 

1358 
414.2 

54.2 

1.19 

-
18.1 

8.14 

-
-
-
-

0.14 

-
5.05 

8.00 

-
3.98 

-
0.89 

-
0.35 

-

98.95 

Trace 

-
-
-

11 
-
-

634 
-
-

318 
-
-

21 
-

150 
69 
-
-
88 
-
-

elements 

1528 I 
466.0 

56. 
1. 

18. 

1 
14 
-
3 

7.54 

0. 

4. 
7. 

4. 

0. 

0. 

-
-
-
-
14 
-
18 
40 
-

11 
-
89 
-
26 
-

99.86 

elements 

-
-
-

13 
-
-

510 
-
-

283 
-
-

18 
-

140 
50 
-
-
46 
-
-

(wt%). 

1647 
502.3 

56.8 

1.15 

1.24 

18.1 

7.48 

9.36 

8.20 

3.12 

5.39 

0.14 

0.142 

3.85 

7.09 

3.84 

4.15 

4.17 

0.98 

0.989 

0.26 

0.335 

99.98 

(ppm). 

13 
1.6 

<400 

15 
<90 
0.5 

496 
553 
580 
325 
400 
510 

20 
16.7 
141 
46 
66 
100 
46 
59 
104 

1715 
523 

53. 
1. 

1.1 

8 
24 
-

17.6 

8.33 

0. 

5. 
8. 

3. 

1. 

0. 

100. 

-
-
-

17 
-
-

737 
-
-

422 
-
-

23 
-

193 
72 
-
-
95 
-
-

-
-
-
-
14 
-

39 
07 
-

83 
-
15 
-
36 
-

00 

1783 
543.8 

55.9 

1.05 

1.13 

17.9 

7.34 

-
7.95 

3.05 

5.20 

0.13 

0.137 

4.50 

7.78 

-
3.89 

3.91 

1.11 

1.13 

0.33 

0.44 

99.80 

12 
2.5 

<400 

19 
-
-

583 
666 
-

394 
490 
-

19 
-

155 
50 
67 
-

61 
74 
-

1955 
596.3 

51.3 

1.45 

1.53 

17.6 

9.72 

9.58 

9.98 

2.62 

7.62 

0.17 

0.171 

6.26 

8.89 

3.56 

3.55 

3.47 

0.73 

0.719 

0.38 

0.497 

99.24 

9 
3.1 

<400 

11 
28 
0.6 

463 
509 
470 
271 
360 
340 

26 
26.8 
206 
83 
108 
120 
113 
135 
128 

1984 
605.1 

52.1 

1.49 

-
18.4 

9.26 

-
-
-
-

0.15 

-
5.41 

8.51 

-
3.79 

-
0.62 

-
0.31 

99.88 

-
-
-

9 
-
-

541 
-
-

279 
-
-

21 
-

183 
70 
-
-
54 
-
-

2013 
614.0 

54.3 

1.11 

-

17.8 

7.96 

-
-
-
-

0.14 
-

5.31 

8.06 

-

3.78 

-
1.14 

-
0.34 

-

99.20 

-
-
-

15 
-
-

729 
-
-

432 
-
-

19 
-

174 
73 
-
-
97 
-
-

2149 
655.4 

51.7 

1.30 

1.36 

17.1 

9.08 

8.90 

9.75 

4.16 

6.01 

0.15 

0.160 

7.81 

8.40 

3.47 

3.47 

3.47 

0.71 

0.711 

0.32 

0.409 

99.23 

6 
1.8 

<400 

9 
7 
<0.7 
546 
618 
590 
264 
330 
330 

24 
23.5 
159 
182 
219 
180 
187 
230 
216 

2290 
698.5 

54.6 

1.14 

1.21 

18.2 

8.09 

8.43 

8.61 

3.28 

5.66 

0.13 

0.138 

4.85 

7.79 

3.82 

3.99 

4.02 

0.83 

0.828 

0.36 

0.455 

99.65 

9 
3.3 

<400 

11 
<90 
0.5 

620 
690 
580 
332 
380 
510 

23 
20.1 
171 
64 
72 
110 
96 
112 
137 

> 
•a 
D 

9* 
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A 
I 
I 
A 
I 
I 
X 
A 
X 
A 
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o 
1 
3 

•a 
© 

a 
o 
S 

feet 
meters 

Co 
Co 
Cu 
Cu 
Zn 
Zn 
Zn 
Ga 
As 
As 

La 
La 
Ce 
Ce 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Yb 
Lu 

Y 
Zr 
Zr 
Zr 
Hf 
Nb 
Ta 
Mo 
W 
Ag 
Cd 
Hg 
Sn 
Pb 
Pb 
Sb 
Th 
Th 
U 

1096 
334.3 

-
-
57 
-
76 
-
-
16 
-
-

26 
-
44 
-
-
-
-
-
-
-
-
-

22 
158 
-
-
-
10.3 
-
-
-
-
-
-
. 
-
3 
-
0 
<1 
<5 

1126 
343.4 

43 
-

34 
42 
76 
89 
-
16 
<25 
-

11 
20 
31 
190 
-
-
-
-
-
-
-
-

21 
154 
123 
-
-
11.4 
-

<50 
-
6 
11 
-
41 
40 
7 
-
2 
-
-

1171 
357.2 

. 
-
31 
-
74 
-
-
19 
-
-

17 
-
45 
-
-
-
-
-
-
-
-
-

22 
154 
-
-
-
10.3 
-
-
-
-
-
-
-
-
6 
-
0 
-
-

1244 
379.4 

. 
-
50 
-
74 
-
-
18 
-
-

19 
-
49 
-
-
-
-
-
-
-
-
-

22 
151 
-
-
-
10.0 
-
-
-
-
. 
-
-
-
4 
-
2 
0.8 
<6 

1291 
393.8 

48 
29.4 
60 
64 
74 
90 
82 
20 
<25 
-

22 
33 
55 
151 
16.1 
33.7 
21 
4.34 
1.52 
0.67 
2.4 
0.31 

21 
152 
129 
<200 

3.4 
9.8 
0.47 

<50 
2 
8 
13 
<0.1 
43 
41 
3 
0.2 
3 
<2 
<4 

1316 
401.4 

-
-
60 
-
74 
-
-
18 
-
-

19 
-
56 
-
-
-
-
-
-
-
-
-

22 
154 
-
-
-
11.1 
-
-
-
-
-
-
-
-
2 
-
2 
-
-

1358 
414.2 

-
-

42 
-
80 
-
-
18 
-
-

23 
-
44 
-
-
-
-
-
-
-
-
-

24 
158 
-
-
-
12.8 
-
-
-
-
-
-
-
-
7 
-
0 
-
-

1528 
466.0 

. 
-
52 
-
77 
-
-
17 
-
-

0 
-
20 
-
-
-
-
-
-
-
-
-

18 
116 
-
-
-
9.9 
-
-
-
-
-
-
-
-
4 
-
2 
-
-

1647 
502.3 

45 
111.2 
53 
63 
79 
99 
77 
18 
<25 
-

15 
83 
39 
23 
12.0 
25.6 
14 
3.27 
1.22 
0.48 
1.9 
0.22 

18 
121 
106 
80 
2.9 
9.3 
3.2 
67 
<2 
13 
14 
-
55 
62 
5 
<2 
0 
-
-

1715 
523.1 

-
-
72 
-
87 
-
-
19 
-
-

9 
-
39 
-
-
-
-
-
-
-
-
-

23 
146 
-
-
-
8.8 
-
-
-
-
-
-
-
-
6 
-
1 
-
-

1783 
543.8 

48 
-

61 
74 
77 
98 
-
15 
<25 
-

13 
72 
49 
51 
-
-
-
-
-
-
-
-

25 
158 
144 
-
-
13.1 
-
66 
-
16 
14 
-
53 
68 
7 
-
1 
-
-

1955 
596.3 

59 
37.2 
71 
75 
85 
106 
109 
18 
<25 
3.0 

16 
79 
36 
153 
12.9 
30.8 
22 
4.38 
1.61 
0.67 
2.5 
0.40 

27 
137 
124 
160 
3.4 
11.2 
0.45 
74 
<3 
13 
16 
0.07 
51 
69 
5 
<0.5 
1 
-
~ 

1984 
605.1 

. 
-
67 
-
88 
-
-
18 
-
-

7 
-
24 
-
-
-
-
-
-
-
-
-

26 
139 
-
-
-
10.7 
-
-
-
-
-
-
-
-
3 
-
0 
-
~ 

2013 
614.0 

-
-
66 
-
80 
-
-
19 
-
-

21 
-
49 
-
-
-
-
-
-
-
-
-

21 
142 
-
-
-
9.2 
-
-
-
-
-
-
-
-
5 
-
2 
-
" 

2149 
655.4 

52 
40.3 
60 
65 
81 
101 
93 
19 
<25 
-

18 
<5 
25 
167 
12.2 
28.2 
17 
3.78 
1.41 
0.65 
2.0 
0.31 

22 
133 
120 
80 
3 
11.5 
0.44 

<50 
<3 
3 
12 
<0.07 
47 
31 
5 
0.2 
3 
-

" 

2290 
698.5 

36 
52.4 
55 
50 
82 
94 
87 
18 
<25 
-

8 
<5 
44 
78 
14.4 
32.7 
21 
4.07 
1.44 
0.70 
2.1 
0.27 

23 
141 
118 
110 
3.1 
9.1 
1.7 

<50 
<4 
<2 
11 
-
40 
17 
5 
<6 
2 
-

" 

> 

s 
CL 

n 



a 

2 

a 
§x 
';̂ i 

"̂ x 
X 
A 
I 
I 
I 
X 
I 
X 
X 
A 
X 
I 
X 
I 
X 
I 

gx 

I 
I 
I 

x 
A 
A 
X 
I 
A 
X 
I 
A 

X 
A 
X 
X 
I 
A 
X 
I 
A 
I 
A 
X 
I 

Depth 
feet 
meters 

Si 02 
Ti02 
Ti02 
A1203 
FeO* 
FeO* 
FeO* 
Fe203 
FeO 
MnO 
MnO 
MgO 
CaO 
Na20 
Na20 
Na20 
K20 
K20 
P205 
P205 
TOTAL 

Li 
Be 
B 

Rb 
Rb 
Cs 
Sr 
Sr 
Sr 
Ba 
Ba 
Ba 

Sc 
Sc 
V 
Ni 
Ni 
Ni 
Cr 
Cr 
Cr 
Co 
Co 
Cu 
Cu 

2360 
719.8 

54.7 
1.18 
1.28 
17.9 
8.30 

-
8.76 
3.66 
5.47 
0.14 
0.149 
4.82 
7.71 

-
4.00 
4.17 
0.85 
0.889 
0.39 
0.511 
99.69 

10 
3.5 

<400 

14 
-
-

598 
663 
-

356 
390 
-

20 
-

155 
63 
74 
-

101 
113 

38 

96 
97 

2472 
754.0 

53.9 
1.24 
1.23 
18.0 
8.57 
8.54 
8.95 
6.05 
3.50 
0.15 
0.153 
5.09 
8.04 
3.98 
3.88 
3.90 
0.80 
0.799 
0.38 
0.507 
99.17 

10 
2.2 

<400 

11 
12 
0.4 

590 
660 
690 
315 
390 
420 

21 
22 
157 
69 
84 
100 
111 
128 
132 
39 
31.2 
60 
68 

2488 
758.8 

53. 
1. 

17. 
8. 

0. 

5. 
8. 

3. 

1. 

0. 

.3 
,30 
-
7 
63 
-
-
-
-
14 
-

,40 
20 
-

,82 
-
10 
-

,36 

98.63 

-
-
-

15 
-
-

752 
-
-

400 
-
-

23 
-

196 
72 
-
-
94 
-
-
-
-
71 
-

2488R 
759. 

53. 
1. 

0 

6 
29 
-

17.6 
8.50 

0. 

5. 
8. 

3. 

1. 

0. 

-
-
-
-
14 
-
39 
13 
-
87 
-
08 
-
36 
-

98.66 

-
-
-

14 
-
-

727 
-
-

392 
-
-

24 
-

176 
73 
-
-
94 
-
-
-
-
74 
-

2614 
797.3 

54. 
1. 
1. 
18. 

3 
26 
34 
2 

8.32 

8. 
4. 
4. 
0. 
0. 
4. 
8. 

4. 
3. 
0. 
0. 
0. 

-
68 
57 
57 
14 
,139 
50 
07 
-

,05 
,99 
,82 
,822 
,38 

0.509 
99.35 

9 
3 

<400 

12 
-
-

621 
680 
-

307 
360 
-

19 
-

168 
53 
58 
-
51 
57 
-
37 
-
53 
56 

2699 
823.2 

54.4 
1.26 
1.34 
18.2 
8.31 

-
8.66 
4.45 
4.65 
0.14 
0.142 
4.42 
8.05 

-
3.99 
3.99 
0.84 
0.841 
0.38 
0.511 
99.03 

8 
3.5 

<400 

12 
-
-

615 
680 
-

330 
360 
-

22 
-

160 
52 
57 
-
49 
55 
-
39 
-
31 
36 

Ma 

2869 
875. 

52. 
1. 

18. 
9. 

0. 

5. 
8. 

3. 

0. 

0. 

98. 

jor 

0 

8 
41 
-
0 
36 
-
-
-
-
17 
-

,04 
21 
-

,78 
-
80 
-

,40 
-
86 

Trace 
-
-
-

9 
-
-

509 
-
-

321 
-
-

23 
-

192 
71 
-
-
71 
-
-
-
-
49 
-

elements 

2904 
885. 

53. 
1. 

17. 
9. 

0. 

5. 
8. 

3. 

0. 

0. 

99. 

7 

0 
39 
-
8 
19 
-
-
-
-
16 
-
38 
19 
-
78 
-

,81 
-
38 
-
13 

elements 
-
-
-

10 
-
-

505 
-
-

316 
-
-

24 
-

177 
72 
-
-
74 
-
-
-
-
63 
-

Cwt%) 

2993 
912.9 

52.9 
1.43 
1.48 
17.7 
9.34 
9.33 
9.51 
3.94 
5.96 
0.16 
0.157 
5.33 
8.12 
3.84 
3.81 
3.68 
0.82 
0.782 
0.39 
0.512 
99.00 

CPPm) 
7 
2.5 

<400 

10 
13 
<1 
496 
536 
540 
303 
370 
430 

28 
23.2 
180 
75 
84 
100 
66 
80 
80 
41 
34.2 
29 
33 

3028 
923. 

54. 
1. 

18. 

5 

3 
12 
-
0 

7.98 

0. 

5. 
8. 

3. 

0. 

0. 

-
-
-
-
15 
-
50 
28 
-
54 
-
85 
-
34 
-

97.78 

-
-
-

15 
-
-

760 
-
-

349 
-
-

19 
-

168 
73 
-
-
94 
-
-
-
-
67 
-

3044 
928.4 

54.2 
0.83 
0.842 
20.8 
6.40 
5.62 
6.33 
2.87 
3.75 
0.11 
0.095 
4.07 
9.00 
3.39 
3.86 
3.68 
0.64 
0.649 
0.13 
0.129 
99.83 

3 
2 

<400 

8 
<70 
0.5 

670 
717 
560 
230 
250 
250 

17 
14.3 
140 
47 
55 
110 
39 
44 
45 
36 
36.9 
64 
62 

U-1575 

68.1 
0.86 

-
15.3 
4.05 
4.03 

-
-
-

0.10 
-

0.78 
2.24 
5.06 
5.56 

-
2.83 

-
0.20 

-
99.44 

-
-
-

48 
52 
0.86 

285 
-

300 
775 
-

740 

12 
12.9 
30 
7 
-

<100 
4 
-
4 
-
3.2 
13 
-

83190 

56. 
0. 

19. 
6. 

0. 

4. 
8. 

4. 

0. 

0. 

99. 

-
-
-

8 
-
-

613 
-
-

178 
-
-

17 
-

130 
74 
-
-
33 
-
-
-
-
35 
-

1 
83 
-
0 
31 
-
-
-
-
11 
-
81 
08 
-
02 
-
67 
-
15 

19 

TFJ-2 

59.8 
0.68 

. 
18.5 
5.45 
5.69 

-
-
-

0.11 
-

3.43 
6.42 
4.33 
4.47 

-
0.97 

-
0.11 

-
101.03 

-
-
-

12 
21 
0.35 

541 
-

520 
259 
-

310 

15 
14.3 
113 
30 
-

<130 
38 
-
37 
-

20.3 
46 
-

> 
XI 
•a n s 
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X 
I 
A 
X 
I 
A 

X 
1 
X 
I 
A 
A 
A 
A 
A 
A 
A 
A 

X 
X 
I 
A 
A 
X 
A 
I 
A 
I 
I 
A 
I 
I 
X 
A 
X 
A 
A 

feet 
meters 

Zn 
Zn 
Zn 
Ga 
As 
As 

La 
La 
Ce 
Ce 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Yb 
Lu 

Y 
Zr 
Zr 
Zr 
Hf 
Nb 
Ta 
Mo 
W 
Ag 
Cd 
Hg 
Sn 
Pb 
Pb 
Sb 
Th 
Th 

u 

2360 
719.8 

83 
101 
-
23 
<25 
-

9 
19 
33 
<10 
-
-
-
-
-
-
-
-

25 
151 
127 
-
-
11.4 
-

<50 
-
<2 
11 
-
44 
29 
6 
-
4 
-
-

2472 
754.0 

77 
97 
90 
20 
<25 
-

6 
<5 
30 
274 
15.9 
35.4 
22 
4,60 
1.65 
0.72 
2.2 
0.42 

24 
156 
130 
170 
3.4 
11.9 
0.57 

<50 
<4 
5 
12 
<0.1 
44 
35 
5 
<0.6 
2 
-
-

2488 
758.8 

86 
-
-
19 
-
-

18 
-
50 
-
-
-
-
-
-
-
-
-

24 
145 
-
-
-
9.6 
-' 
-
-
-
-
-
-
-
7 
-
3 
-
-

2488R 
759.0 

81 
-
-
16 
-
-

17 
-
31 
-
-
-
-
-
-
-
-
-

24 
142 
-
-
-
15.4 
-
-
-
-
-
-
-
-
8 
-
0 
-
-

2614 
797.3 

80 
97 
-
18 
<25 
-

0 
40 
13 
<10 

22 
153 
129 
-
-
11.0 
-

<50 
-
<2 
11 
-
38 
28 
7 
-
0 
-
-

2699 
823.2 

82 
97 
-
19 
<25 
-

9 
33 
34 
<10 
-
-
-
-
-
-
-
-

23 
155 
129 
-
-
13.4 
-

<50 
-
<2 
10 
-
36 
17 
5 
-
0 
-
-

2869 
875.0 

89 
-
-
19 
-
-

14 
-
38 
-
-
-
-
-
-
-
-
-

26 
155 
-
-
-
11.8 
-
-
-
-
-
-
-
-
6 
-
0 
-
-

2904 
885.7 

86 
-
-
18 
-
-

7 
-
23 
-
-
-
-
-
-
-
-
-

27 
151 
-
-
-
11.7 
-
-
-
-
-
-
-
-
7 
-
0 
-
-

2993 
912.9 

91 
105 
98 
19 
<25 
-

9 
41 
34 
32 
15.6 
35.1 
22 
4.92 
1.69 
0.82 
2.8 
0.44 

29 
156 
131 
80 
3.7 
11.2 
0.57 

<50 
4 
<2 
12 
<0.1 
35 
32 
5 
0.2 
0 
-
-

3028 
923.5 

79 
-
-
22 
-
-

0 
-
49 
-
-
-
-
-
-
-
-
-

21 
144 
-
-
-
10.7 
-
-
-
-
-
-
-
-
9 
-
4 
-
-

3044 
928.4 

57 
63 
57 
18 
<25 
-

4 
53 
10 
<10 
4.5 
10.6 
9 
1.82 
0.79 
0.33 
1.1 
0.13 

14 
85 
57 

<170 
1.4 
4.0 
1.2 

<50 
<2 
<2 
8 
-
39 
23 
4 
<2 
0 
-
-

u-1575 

82 
-
50 
20 
-
8 

23 
-
92 
-
29 
59.2 
33 
7.54 
1.96 
1.24 
3.7 
0.57 

39 
280 
-

175 
8.2 
15.9 
0.96 
-
2 
-
-
0.05 
-
-
10 
0.5 
5 
5.8 
2.3 

83190 

62 
-
-
19 
-
-

0 
-
23 
-
-
-
-
-
-
-
-
-

12 
93 
-
-
-
5.9 
-
-
-
-
-
-
-
-
5 
-
1 
-
-

TFJ-2 

63 
-
60 
18 
-
<9 

8 
-
29 
-
9 
16.2 
9.2 
2.18 
0.84 
0.39 
1.3 
0.15 

12 
102 
-

<250 
2.2 
3.4 
0.2 
-
<4 
-
-
0.03 
-
-
3 
<0.5 
2 
1.3 
<5 

o 
1? 

o 
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