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INTRODUCTION 

Newberry Volcano, located in central Oregon about. 40 km south of Bend, 
lies at the western end of a volcanic terrain that extends across much of the 
southeastern part of Oregon, and becomes progressively younger to the west 
(MacLeod and others, 1976). The caldera of Newberry Volcano contains several 
hot-springs, fumaroles, and young silicic obsidian flows that make this large 
complex volcano attractive for geothermal study (Sammel, 1981; MacLeod and 
Sammel, 1982). Accordingly, Newberry 2, a 932 m deep drill hole was drilled 
by the U.S. Geological Survey during 1978 to 1981. The hole was sited in the 
central part of the caldera, at an elevation of 1935 m, about 400 m east of 
the Big Obsidian Flow (Sammel, 1981), which is the youngest of Newberry's 
obsidian flows (l^c age of -1300 years B.P.)(MacLeod and others, 1982)(Fig. 
1). 

Figure 1 near here 

Sammel (1981) and MacLeod and Sammel (1982) summarize the geothermal 
drilling history of Newberry Volcano. According to these reports, the upper 
312 m of the Newberry 2 drill hole was drilled by the mud-rotary method in 
1978; the drill hole was deepened from 312 m to the hole bottom, during the 
summers of 1979 and 1981 by the wireline coring method. In 1981, a second 
offset drill hole, Newberry 3, was spudded nearby in order to obtain drill 
core from the upper part of,the stratigraphic section from which only drill 
cuttings were recovered from Newberry 2. The percentage of drill core 
recovered from the two drill holes is reported by Sammel (1981), and MacLeod 
and Sammel (1982) as varying from as little as 40 percent in the upper part of 
the Newberry 3 drill hole to greater than 90 percent in the lower part of 
Newberry 2 drill hole. In order to avoid confusion, the Newberry 3 and 
Newberry 2 drill hole data is treated in this report as though it were 
obtained from a single drill hole called the "Newberry 2" drill hole. 

Temperature and heat flow data for the Newberry 2 drill hole is reported 
in Sammel (1981), and MacLeod and Sammel (1982). The maximum temperature they 
recorded for the Newberry 2 drill hole is 265°C at 932 m, the hole bottom. 
Low temperatures of the upper part of Newberry 2 are probably due to dilution 
by cool meteoric water. Sammel, and MacLeod and Sammel were able to correlate 
some temperature changes with differences in permeability of the various rock 
units penetrated in the drill hole. A hypothetical conductive thermal 
gradient of 285°C/km for the Newberry 2 drill hole is given by MacLeod and 
Sammel (1982), and Sammel (1981) calculated a thermal gradient of 706°C/km for 
the lower 250 m of the drill hole. MacLeod and Sammel also indicate that the 
conductive heat flux is more than 10 times greater than the regional average 
value. 

Newberry 2 was flow tested in late September, 1981 (Sammel, 1981). An 
initial wellhead pressure of 57 bars decreased to 9 bars after 20 hours of 
testing. Sammel (1981) and Sammel and Craig (1983) also report a gas phase 



'that consists predominantly of CO2 with minor H2S and CH4. 
Unfortunately, the liquid phase recovered at this time was probably 
contaminated by drilling fluids (MacLeod and Sammel, 1982). Analyses of 
waters from nearby East Lake Hot Springs.and Paulina Hot Springs are also 
compromised by various kinds of contamination (Mariner and others, 1975; 
Mariner and others, 1980) making chemical geothermometer calculations highly 
suspect. However, Black (1982a,b) postulates a reservoir temperature of 
greater than 300°^. and suggests that Newberry Volcano has a significant 
potential for electric power generation. 

The geology of Newberry Volcano and the surrounding area has been studied 
by several workers. Williams (1935, 1957) provided a foundation of geologic 
information upon which much of the later studies on such topics as airfall ash 
(Higgins, 1969), age relationships (Peterson and Groh, 1969; Friedman, 1977), 
petrography and geochemistry (Higgins and Waters, 1970; Laidley and McKay, 
1971; Higgins, 1973), as well as, more recent geologic investigations (MacLeod 
and others, 1981; MacLeod and others, 1982) have been constructed. 

HYDROTHERMAL ALTERATION 

This study is primarily concerned with Newberry 2 drill core, but several 
pieces of Newberry 3 drill core were also studied for coverage of the interval 
above 312 m where only drill cuttings were obtained in the Newberry 2 drill 
hole. Sammel (1981) and MacLeod and Sammel (1982) furnish a preliminary 
generalized stratigraphic column that shows the sequence of rock units 
penetrated by the Newberry 2 well. Rotary cuttings of rhyolitic ash and 
obsidian recovered from 0-98 m were not included in this study. However, 
these drill cuttings are probably devoid of hydrothermal alteration as were 
about 40 pieces of basaltic tuff and tuff breccia core studied from 98-290 m. 
This interval consists mostly of unaltered glass and plagioclase crystals with 
minor olivine, magnetite, and clinopyroxene, although X-ray diffraction 
patterns do show the presence of traces of siderite at 135 m, opal(p) at 181 m 
and smectite at 174 and 185 m. 

Below 290 m the Newberry 2 drill hole penetrated a variety of flow units 
encompassing the compositional gamut of rhyodacite through dacite, andesite, 
basaltic andesite, and basalt, as well as fragmental rocks of about the same 
chemical range (Sammel, 1981; MacLeod and Sammel, 1982; Fig. 2, this report). 

Figure 2 near here 

Hydrothermal alteration of the several volcanic units varies from slight to 
pervasive with the most extreme alteration occurring along fractures and in 
brecciated or sedimentary zones. Several hydrothermal zeolite minerals, 
carbonates, clays, silica, sulfides, and minor apatite, hydrogrossular, 
apophyllite, gyrolite, epidote, anhydrite, and iron oxide were identified in 
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the volcanic sediments and lava flows encountered in the Newberry 2 drill hole 
hetween about 300 and 932 m. 

ZEOLITE MINERALS 

Zeolite minerals in the Newberry 2 drill core mainly are confined to two 
zones at 309-320 m, and 436-498 m. In the upper zone, analcime, chabazite, 
erionite, and faujasite were identified as vein fillings and altered glass of 
the basaltic sediments. The lower zone contains analcime,. clinoptilolite, 
dachiardite, and mordenite as alteration products of glass in the rhyolitic 
tuff and tuff breccia. A few scattered occurrences of mordenite persist to 
about 748 m. 

Analcime 

Analcime was found at two locations in the Newberry 2 drill core. In the 
upper zone (313-320 m ) , euhedral trapezohedral analcime crystals (Fig. 3) 

Figure 3 near here 

occur as open space deposits in coarse basaltic sediment along with calcite, 
smectite, gyrolite, apophyllite, and other zeolite minerals: faujasite, 
chabazite, and erionite. A trace of analcime was also detected by X-ray 
diffraction at 444 m in association with smectite and clinoptilolite. In the 
upper zone the temperature measured during drilling was about 40 -50 C and in 
the lower zone the measured temperature was a little less than 100°C. These 
low temperatures are not unreasonable for the formation of analcime which 
appears, to be somewhat independent of temperature^^constraints; analcime has 
been found over a wide temperature range (70''-300°C) in several geothermal 
drill holes (Kristmannsdottir and Tomasson, 1978; Honda and Muffler, 1970; 
Keith and others, 1978b). Instead, analcime formation appears to be favored 
by increasing the pH and Na"*" concentration of the associated solution 
(Kusakabe and others (1981). 

Qualitative chemical analysis of one sample from 315 m using a Cambridge 
Stereoscan 180 scanning electron microscope (SEM) equipped with 
energy-dispersive X-ray analysis (EDAX) shows the presence of silicon, 
aluminum, and sodium. Two samples from 315 m and 319 m^did not have a doublet 
d(400) X-ray diffraction peak at 3.41 A when run at l/4°/min. which precludes 
the presence of a wairakite (calcium-rich) component (Coombs, 1955). Many 
analcime crystals were observed by SEM to be smaller than about 10 v in 
diameter (Fig. 4), and no analcime crystals were located in polished mounts 

Figure 4 near here 



prepared for electron microprobe studies. This may be due to the small grain 
size or possibly because of masking by the abundant smectite. However, the 
X-ray diffraction and SEM data suggest that Newbery 2 drill core analcime 
probably contains little, if any calcium and potassium and is probably nearly 
pure analcime. 

Chabazite 

Chabazite was identified by X-ray diffraction analysis of clear to white 
vein fillings and open space deposits between 309-319 m in porous basaltic 
sediments. Associated minerals include faujasite, chlorite, calcite, 
analcime, gyrolite, smectite, erionite, and apophyllite. SEM micrographs of i 
sample from 309 m shows that the Newberry rhombic chabazite crystals have a 
tabular habit and display varying degrees of flaking (desiccation ^) (Figures 
5a and b) rather than the typical cube-like rhombohedra (Mumpton 

Figures 5a and b near here 

in 

and Ormsby (1976). If the flaking of the crystals seen in Figures 5a and 
are, in fact, due to dehydration, such effects would appear to occur at 
significantly lower temperatures (<50°C) than was observed for water-loss 
DTA studies by Passaglia (1970) for the three chabazite chemical types he 
studied (sodium-rich; calcium, strontium, and potassium-rich; or 
calcium-rich). No chemical analyses were obtained for Newberry chabazite, but 
qualitative analyses by EDAX showed the presence of some sodium and potassium 
in addition to aluminum and silicon. 

Clinoptilolite 

Fibrous(?) to bladed clinoptilolite (Fig. 6) was identified by X-ray 

Figure 6 near here 

diffraction in six samples from 436-444 m together with smectite, siderite, 
calcite, and analcime. All six samples were heated overnight to 450°C in 
order to distinguish between clinoptilolite and heulandite by the X-ray method 
of Mumpton (1960). No.change in intensity or position of the d(020)- X-ray 
peak at ~9.0A was seen, therefore, the mineral was identified as 
clinoptilolite. A qualitative chemical analysis of clinoptilolite from 442 
by SEM energy-dispersive X-ray analysis showed the presence of some calcium 
arid iron in addition to sodium, potassium, aluminum, and silicon. 

The clinoptilolite probably forms as an alteration product of pumiceous 
fragments in the rhyolitic tuff breccia. Although the X-ray diffraction 

m 



patterns clearly show the presence of clinoptilolite, some fibrous mordenite 
may be present in the samples studied by SEM (Fig. 6). Mordenite does occur 
immediately below the clinoptilolite zone and mordenite has been found to be a 
common companion.of clinoptilolite in low temperature hydrothermal experiments 
starting with rhyolitic glass (Hawkins and others, 1978). 

Dachiardite 

Dachiardite is a fairly rare zeolite mineral that has been reported from 
just a few locations in the world, in basalt and andesite cavities, a 
silicocarbonatite sill, and hydrothermally altered rocks (Alberti, 1975; 
Sheridan and Maisano, 1976; Wise and Tschernich, 1978; Keith and others, 
1978a; Bonardi and others, 1981; Bargar and others, 1981; Bargar and Beeson, 
1981; in press). A single sample of rhyolitic tuff from 443 m in the Newberry 
2 drill core contains clusters of dachiardite crystals that appear to have 
been formed along with smectite from altered pumice fragments. 

The Newberry 2 dachiardite was deposited as a chaotic arrangement of 
individual acicular to ribbon-shaped crystals (Fig. 7) rather than the bundles 

Figure 7 near here 

of parallel crystals or polysynthetic twinned crystals usually described 
(Alberti, 1975; Wise and Tschernich, 1978; Bonardi and others, 1981; Bargar 
and Beeson, in press). Bonardi's (1979) analysis of the originally described 
dachiardite indicated that calcium was the more abundant cation as is the case 
of the Yellowstone dachiardite (Bargar and Beeson, 1981; in press). A 
qualitative chemical analysis of the dachiardite from Newberry Volcano 
suggests that the dominant cation is sodium with smaller amounts of potassium 
and calcium similar to sodium-rich dachiardite reported by Wise and Tschernich 
and Bonardi and others. 

Erionite 

Tiny acicular bundles of erionite crystals (Fig. 8) appear to have formed 

Figure 8 near here 

as a result of alteration of glass in three samples of basaltic sediments 
between about 315-319 m where the temperature measured during drilling was 
~50°C. Minerals associated with the erionite occurrence include smectite, 
analcime, chabazite, faujasite, calcite, apophyllite, and gyrolite. A 
qualitative chemical analysis of the erionite, by EDAX, shows the presence of 
magnesium, calcium, iron, potassium, sodium, aluminum, and silicon. 



Erionite is a fairly common mineral in some' altered sedimentary tuffs and 
has been found as cavity fillings in mafic rocks (Gude and Sheppard, 1981). 
However, erionite previously has been identified in only a few hydrothermally 
altered rocks from geothermal drill holes in Yellowstone National Park (Honda 
and Muffler, 1970; Keith and Muffler, 1978; Keith and others, 1978; Bargar and 
Beeson, 1981). In all of the Yellowstone drill holes that contained erionite, 
the mineral was found near the surface where the temperatures measured during 
drilling were less than llO'C. The formation of erionite in sedimentary 
deposits and low temperature hydrothermal environments of Yellowstone National 
Park and Newberry Volcano suggests that the occurrence of erionite may be 
restricted by temperature as indicated by Honda and Muffler (1970). 

Faujasite 

Faujasite, a rare zeolite mineral, was identified from fracture and pore 
space fillings in eleven samples of basaltic sandstones between 309-320 m; 
associated minerals include calcite, smectite, apophyllite, erionite, 
gyrolite, analcime, chabazite, and hydrogrossular. The clear, intergrown, 
twinned (spinel law) octahedral crystals appear to be a late deposit and were 
observed on top of chabazite (fig. 9) and calcite in one sample from 309 m. 

Figure 9 near here 

Chemical analyses were not obtained for the Newberry faujasite, but 
qualitative analyses by EDAX show the presence of potassium, calcium, and 
sodium, in addition to aluminum and silica. No magnesium was observed and 
Newberry faujasite appears to be chemically more similar to that formed in 
Hawaiian palagonitic tuff (lijima and Harada, 1969) rather than other 
occurrences in basaltic rocks of Germany (Rinaldi and others, 1975) or 
southeastern California (Wise, 1982). The Newberry 2 deposit is the first 
reported occurrence of faujasite from a geothermal system. 

the 

Mordenite 

Mordenite, the most abundant zeolite mineral in the Newberry 2 drill core, 
occurs from 444-460 m, 469-496 m, and in three widely scattered samples 
between 712-748 m. Above 500 m, mordenite is confined to rhyolitic tuffs and 
at the top and bottom of a rhyodacite sill where it was produced by alteration 
of glass. Associated minerals include smectite, siderite, pyrite, calcite, 
chlorite, analcime, clinoptilolite and marcasite. In the lower zone, fibrous 
mordenite was deposited in open spaces in andesitic rocks (Fig, 10). 

Figure 10 near here 



Other minerals identified in the three mordenite samples from this zone 
include pyrrhotite, chalcedony, quartz, siderite, calcite, chlorite, and 
smectite. The only chemical analysis of mordenite from this drill core is a 
qualitative analysis by EDAX which shows just potassium, calcium, aluminum, 
and silicon. 

APOPHYLLITE 

A single sample of basaltic sandstone from "319 m contains apophyllite in 
association with analcime, calcite, gyrolite, erionite, chabazite, faujasite, 
and smectite. The identification of apophyllite is based on a single X-ray 
diffraction pattern which compares well with JCPDS card 19-82. No other 
Information is available for the Newberry 2 apophyllite since attempts to 
study the mineral by SEM and microprobe were unsuccessful. To the best of our 
knowledge, apophyllite previously has not been reported from a geothermal 
system; however, the mineral is not rare and is frequently associated with 
zeolite minerals in basalts {Dunn and others, 1978). 

GYROLITE 

Clusters of lamellar gyrolite crystals (Fig. 11) line a fracture at 315 m 

l̂ igure 11 near here 

and fill pore spaces in the basaltic sandstone at 319 m along with calcite, 
smectite, erionite, hydrogrossular, analcime, chabazite, and faujasite. A 
qualitative chemical analysis of gyrolite from 319 m by EDAX only showed the 
presence of calcium and silicon. Gyrolite has previously been reported from c 
few geothermal drill holes in Iceland (Kristmannsdottir and Tomasson, 1978) 
and Yellowstone National Park (Bargar and others, 1981) where the temperature 
was considerably higher than the <50°C measured temperature for Nev/berry 2 
gyrolite. 

CARBONATE MINERALS 

Aragonite 

Two samples of basaltic sandstone from about 305 m contain clear to white 
radiating sprays of acicular aragonite crystals that were deposited on 
fracture surfaces in association with calcite. This metastable calcium 
carbonate polymorph is commonly found in basalt amygdales. However, its 
presence in geothermal areas previously has been restricted to deposits on 
discharge pipes and channels (Browne, 1978). Microprobe chemical analyses ol" 
aragonite from 305 m (Appendix 1 and Fig. 12) shows that the mineral is 



Figure .12 near here 

composed of nearly pure CaC03 and ve ry little else. 

Calcite 

Calci te occurs in several zones in the Newberry 2 d r i l l core. In the 
upper zone, 303-321 m, ca l c i t e was i d e n t i f i e d on X-ray d i f f r a c t i o n traces of 
whole-rock, f r ac tu re , and c a v i t y - f i l l i n g samples. A few of 
sediment samples near the base of t h i s zone contain nodular 
consist of c a l c i t e concentrat ions. More t y p i c a l l y , c a l c i t e 
white f rac tu re f i l l i n g s . One f rac tu re f i l l i n g from 304,5 m 
needle-shaped crys ta ls (F ig . 13). Minerals associated wi th 

the basalt ic 
concretions that 
was found as th in 
is composed of 
ca l c i t e in th is 

Figure 13 near here 

zone are: c h l o r i t e , chabazite, f a u j a s i t e , analcime, g y r o l i t e , e r i o n i t e , 
smect i te, s i d e r i t e , apophy l l i t e , and aragonite. In the upper zone, the 
ca l c i t e is nearly pure CaC03 and the mineral only contains minor magnesium, 
i r on , and manganese (F ig . 12 and Appendix 2) , as well as, traces of barium and 
st ront ium, 

A second zone from 435-460 m contains white massive ca l c i t e intergrown 
with or deposited la te r than s i d e r i t e on f ractures in a l tered r h y o l i t i c 
pumiceous sediment. Minerals associated wi th the two carbonates include 
smect i te, c l i n o p t i l o l i t e , mordenite, p y r i t e , marcasite, and c h l o r i t e . Calci te 
from th is zone contains up to about 10 weight percent FeC03+ MnC03 and 
less than 3 weight percent MgC03 (F ig , 12, and Appendix 2 ) . 

Calc i te is notably absent from the rhyodacite s i l l at 460-470 m, but th is 
carbonate mineral is prevalent again below the s i l l from 472-486 m in 
pumiceous r h y o l i t i c sediment, Calc i te was found as f rac ture f i l l i n g s and was 
present in X-ray d i f f r a c t i o n patterns of several whole rock samples. 
Associated minerals are s i d e r i t e , smecti te, c h l o r i t e , p y r i t e , and mordenite. 

Between 486-705 m in the Newberry 2 d r i l l core, only two samples were 
found that contain c a l c i t e . Fractures at '593,9 m and 595,6 m are l ined by 
vapor-phase crysta ls and la te r whi te , bladed or col loform deposits of ca lc i te 
along with la te r s i d e r i t e . Below 705 m ca l c i t e is qui te 
rhombic blocky crys ta ls l i n i n g f ractures (F ig . 14) or vesicles 

Figure 14 near here 

abundant as bladed 
and as a 

or 

replacement mineral in plagioclase phenocrysts. Minerals associated with 
calcite in this lower zone include most of the minerals shown in the mineral 



distribution chart of Fig. 2. Calcite composition in the bottom zone can 
range up to about 27 weight percent MnC03+ FeC03 and only about 3 weight 
percent MgC03 (Fig. 12 and Appendix 2). 

/ 

Ankerite-Dolomite 

A few scattered samples at 335 m, 415-422 m, 690-694 m, and 739 m contain 
white to clear, blocky (Fig, 15a) to nearly bladed or disc-shaped 

Figure 15a near here 

(Fig. 15b) ankerite-dolomite crystals that were deposited in open-spaces 

Figure 15b near here 

between rhyodacitic and dacitic breccia fragments along with siderite, 
smectite, pyrite, and magnesite in samples above 700 m. Ankerite-dolomite 
also is deposited on bladed calcite crystals that line fracture surfaces in 
andesite at 739 m in association with earlier chlorite, smectite, pyrrhotite, 
pyrite, chalcedony, and quartz. Chemical composition of three analyzed 
samples indicate that the dolomite-ankerite crystals are inhomogeneous and 
range from ferroan dolomite to ankerite (Fig. 12 and Appendix 3). Ankerite is 
defined according to Deer and others (1966) as having a Mg:Fe ratio of <4:1. 
Most of the analyses tend to be slightly calcium-rich; however, three of the 
probe analyses contain much more magnesium than calcium and plot outside the 
dolomite-ankerite field in Fig, 12. 

The temperature range for Newberry 2 ankerite-dolomite is -80°-120°C. 
Dolomite from drill core Y-4 in Yellowstone Park was found at a temperature of 
190°C (T.E.C, Keith, unpublished data, 1983). 

Magnesite 

Magnesite was identified on X-ray diffraction patterns [d(104) X-ray peak 
is ~2.73-2.76A] of a few scattered rhyolitic samples from 349-365 m and 
between 409-422 m. Associated minerals include siderite, smectite, and 
ankerite-dolomite. The magnesite is not a pure magnesium carbonate, and the 
mineral contains significant calcium and iron (Fig. 12 and Appendix 4) in 
addition to minor manganese, barium and strontium. To the best of our 
knowledge, this is the first reported occurrence of magnesite from a 
geothermal system. 

10 



Siderite 

Pale yellow to dark reddish-orange siderite is the dominant hydrothermal 
mineral between 346-715 m in Newberry 2 drill core. Siderite crystals line 
fractures and vesicles and fill void spaces between volcanic breccia fragments 
to cement the fragments. The siderite typically occurs as randomly oriented 
disc-shaped aggregates of rhombic crystals (Fig, 16a); occassionally 

Figure 16a near here 

f. the disc-shaped crystal clusters are found in non-random spherical or 
f hemispherical groupings (Fig, 16b), 

Figure 16b near here 

Siderite from the Newberry 2 drill core is usually associated with 
smectite and pyrite. The paragenesis of these deposits appears to be quite 
variable although siderite or smectite is usually deposited earlier than 
pyrite. Other minerals found in the same samples as siderite include 
aragonite, calcite, magnesite, ankerite-dolomite, clinoptilolite, mordenite, 
chlorite, pyrrhotite, marcasite, quartz, opal, chalcedony, B-cristobalite, and 
hematite. 

Hydrothermal siderite previously has been reported from geothermal drill 
holes in New Zealand (Browne and Ellis, 1970; Steiner, 1977) and from drill 
holes Y-2, Y-4, and Y-6 in Yellowstone National Park (Bargar and Beeson, 1981, 
in press; T.E.C, Keith, unpublished data, 19 ). At Broadlands^ New__Zealand 
the temperature range over which siderite was identified was 37 -130°C, and in 
the Yellowstone drill holes, the measured temperature varied from -BO'-IBO^C. 
Newberry 2 siderite occurs at temperatures, measured during drilling, that 
range from ~60°-130°C. 

The above temperature brackets cannot be labeled definitely as 
depositional temperatures for hydrothermal siderite. However, experimental 
work on the formation of siderite at such low temperatures was not located in 
the literature and the areas listed above provide the best information we are 
aware of on the formation of low temperature siderite. If this temperature 
range should prove to be valid, then Newberry 2 siderite probably formed at 
temperatures not significantly different from the present-day temperature. 

Newberry 2 siderite displays a great range of color, and varies from 
almost clear to very pale yellow, orange, caramel, and dark reddish-orange. 
There is also some variation in the d(i04) X-ray diffraction peak which ranges 
from 2.79A, same as synthetic siderite given in Joint Committee for Powder 
Diffraction Standards (Berry and others, 1974), to 2.83A. No correlation 

11 



between color and X-ray data was noted 
due to great inhomogenity in chemical 
crysta l c lus ters (F ig . 12 and Appendix 
of s i d e r i t e crysta ls (s im i la r to those 
dark nearly opaque core and is surroun 
cross-sect ion. Two scans, ~90° apart , 
surface of a spherical c rysta l c luster 
microprobe. The resu l ts show that the 
(nearly a calcium-rhodochrosite) and i 

Figure 17 near here 

This lack of correlation probably is 
composition of individual crystals or 
5). One sample of a spherical cluster 
shown in Figure 16b) from 590 m has a 

ded by concentric rings when viewed in 
from core to rim across a slabbed 
were made with the electron 
core is manganese- and calcium-rich 

ron- and magnesium-poor (Fig. 17, and 

Appendix 6), The manganese and calcium content decreases toward the rim and 
magnesium and iron increase outward and are most concentrated in the rim. 

APATITE 

Hexagonal, tabular apatite crystals line a cavity at 910 m in the Newberry 
2 drill core where the temperature measured during drilling was about 250°C. 
Associated minerals include calcite, quartz, pyrite, and later chlorite (Fig. 
18). Hydrothermal apatite previously has been identified as an open space 

Figure 18 near here 

deposit in drill core Y-6 from Yellowstone National Park at a temperature of 
about 100°C (Bargar and Beeson, in press) and as pseudomorphs after hornblende 
and hypersthene in drill holes in the Wairakei Geothermal Area, New Zealand 
(Steiner, 1977), Apatite also occurs as a minor constituent in a few other 
geothermal areas such as Steamboat Springs, Nevada (Sigvaldson and White, 
1961), Milos, Greece (Fytikas and others, 1976), Cesano, Italy (Funiciello and 
others, 1979), and Larderello, Italy (Cavarretta and others, 1980), 

HYDROGROSSULAR 

A whole rock X-ray diffraction diagram of basaltic sediment (7) from about 
315 m in the Newberry 2 drill core showed that the sample consists almost 
completely of hydrogrossular crystals (Fig, 19), The nearly isotropic 

Figure 19 near here 

reddish crystals appear to be trapezohedral in scanning electron micrographs 
(Fig. 20), A qualitative chemical analysis by EDAX shows the presence of 
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Figure 20 near here 

calcium, aluminum, iron, and silicon; the four most abundant elements of some 
hydrogrossular analyses (Gross, 1977). A second piece of core from the same 
depth contained no garnet, but the sample has abundant analcime and trace's of 
calcite, gyrolite, chabazite, and faujasite. 

Garnet has been identified previously in the Iceland and Salton Sea 
geothermal areas (Browne, 1978), The origin of the Iceland garnet has been 
attributed to contact metamorphism (Kristmannsdottir, 1981; Mehegan and 
others, 1982); whereas, the Salton Sea garnet is believed to be hydrothermal 
(Freckman, 1978). 

CLAY MINERALS 

Smectite 

Smectite is the pincipal clay mineral in the Newberry 2 drill core between 
~300-750 m. Buff to dark green smectite occurs primarily as a fracture 
filling intergrown with siderite and pyrite throughout much of the interval. 
Smectite is also found as vesicle fillings and in the matrix of several highly 
altered samples of drill core. Nearly every mineral found in the Newberry 2 
drill core is associated with smectite. Smectite is noticeably absent from 
the rhyodacite flow at ~500-550 m. 

Detailed X-ray diffraction studies of smectite in this drill core show 
d(OOl) basal spacings that range from -12,6-16,1 A; the basal spacing expands 
to -16,4-18.3 A after glycollation at 60°C for 1 hour. In the lower part of 
the smectite interval shown in Fig. 2 (below about 700 m ) , the clay mineral 
consistently expands to less than 17 A after being glycol 1ated, and the clay 
may consist of randomly interstratified chlorite-smectite (P. Hauff, written 
communication, 1982) with smectite being the predominant mineral. However, 
these clay deposits are plotted along with smectite in Fig. 2, 

Variability in the unglycol1ated d(OOl) spacing suggests some variation in 
the exchangeable cation (Grim, 1968), Qualitative chemical analysis by EDAX 
of several samples shows the presence of silicon, aluminum, and iron in all 
the samples analyzed. Elements also present in one or more of the analyzed 
samples are potassium, calcium, sodium, magnesium, and titanium. The 
refractive index of one sample was 1.58-1.59 suggesting that the smectite 
species is nontronite. Crystal habit varies from irregular sheet structure to 
stacks of platey crystals (Fig. 21). The irregular sheet-like morphology was 
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Figure 21 near here 

also observed in a spherical cluster of smectite crystals (Fig. 22) 

Figure 22 near here 

II lite-Smectite 

White interstratified illite-smectite was identified in a narrow very 
altered breccia zone at 793.5-795 m below the surface of the drill hole. The 
mixed-layer clay is associated with calcite, chlorite, smectite, pyrite, and 
quartz, and appears to be an alteration product of phenocryst plagioclase. 

X-ray diffraction data for the two samples show a (OOX)j/(00il)s 
spacing of about 10.7A that contracts to about 9.7A (smectite peak not seen) 
after being glycollated at 60°C for 1 hour. These two samples appear to be a 
randomly interstratified illite-smectite (Hower, 1981). A third sample has an 
11.4A peak and a 9.0A peak after being glycollated. This sample is probably 
an "allevardite" ordered interstratified illite-smectite (Hower, 1981). The 
percentage of illite layers in all three samples appears to be ~60 percent or 
greater. 

Illite 

Green illite (refractive index -1.55-1.56), intergrown with chlorite (Fig, 
23), occurs at 752-761 m, 772 m, 908-909 m, and 930-932 m in the 

Figure 23 near here 

Newberry 2 drill core. This clay mineral is mostly confined to breccia 
zones. In addition to chlorite, associated minerals include calcite, 
pyrrhotite, pyrite, quartz, and smectite. A qualitative chemical analysis by 
EDAX shows the presence of potassium, iron, aluminum, and silicon. 

Chlorite-Smectite 

Scattered samples, below 742 m in the drill core, contain green, 
mixed-layer chlorite-smectite or corrensite. The ordered interstratified clay 
mineral is associated with chlorite, smectite, pyrrhotite, pyrite, chalcedony, 
quartz, illite, hematite, apatite, and anhydrite. Chlorite-smectite is found 

14 



as a lining on fractures and in vesicles and is present in a few altered whole 
rock samples replacing interstital glass in andesites and basalts. Figures 24 
and 25 show the sheet-like morphology of the mixed-layer clay mineral, as well 

Figures 24 and 25 near here • ,*«.' 

'A 
as the rosette habit of clusters of the platey crystals. 

X-ray diffraction traces of ordered interstratified chlorite-smectite from 
the Newberry 2 drill core contain higher order 28-29A X-ray peaks in addition 
to 14A and 7A peaks that exhibit a slight expansion when glycollated (Hower, 
1981). From the X-ray data, it appears that this clay mineral contains 
varying proportions of chlorite and smectite without any discernable pattern 
throughout its distribution range. Identification of the mineral is often 
made difficult because of the presence of other clay minerals on X-ray 
diffraction patterns. Qualitative chemical analyses by EDAX shows that two 
samples of chlorite-smectite from Newberry 2 drill core consist mostly of 
iron, magnesium, calcium, aluminum, and silicon. 

Swelling chlorite and randomly mixed-layer chlorite-smectite have been ^ 
described in Iceland's Reykjanes geothermal area at temperatures of 200°-270°C , ^"^l 
(Kristmannsdottir, 1976). In the Newberry 2 drill core, there appears to be a :.̂ ; 
progression of smectite to random interstratified chlorite-smectite to ordered ^--
interstratified chlorite-smectite to chlorite over the present temperature 
range of about 150°-265°C (Fig. 2 ) . This temperature range more than 
encompasses the Iceland temperature range, and both temperature ranges are 
considerably higher than the pre-greenschist facies metamorphic temperatures 
(-100°-150°C) for the formation of corrensite in sandstones and volcanogenic 
rocks (Hoffman and Hower, 1979). Newberry 2 temperatures may have been even 
higher in the past than the measured temperatures indicate because fluid 
inclusion homogenization temperatures in quartz crystals (discussed below) 
show temperatures that exceed the measured temperature over the same depth 
range. However, the clay minerals were usually deposited later than quartz 
and the actual formational temperatures for the clays is perhaps somewhere 
between the fluid inclusion temperatures and the measured temperatures. 

Chlorite 

Chlorite was detected by X-ray diffraction at 309 m, 449-477 m, and below •̂ 
707 m. In the upper occurrence, chlorite is associated with calcite, [, 
chabazite, and faujasite. The intermediate depth zone also contains siderite, '̂ 
calcite, mordenite, smectite, pyrite, and marcasite; and in the lower zone, 
chlorite was found in association with siderite, calcite, smectite, 
chlorite-smectite, pyrrhotite, pyrite, chalcedony, quartz, mordenite, illite, 
illite-smectite, hematite, and epidote. Chlorite in Newberry 2 drill core is 
primarily an open-space deposit on fractures and in vesicles consisting of g, '.'; 
rosettes of radiating sheet-like crystals (Fig. 26) or books of euhedral f. ')• 
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Figure 26 near here 

hexagonal platelets (Fig. 27). A qualitative chemical analysis by EDAX shows 

Figure 27 near here 

the presence of iron, magnesium, aluminum, and silicon. 

SILICA MINERALS 

Opal and e-Cristobalite 

A few scattered samples between 569-642 m have fractures that are lined by 
clear to white powdery or colloform or orange massive amorphous silica or opal 
(refractive index = -1.46). Associated minerals are calcite, smectite, 
pyrite, marcasite, and chalcedony. Between 700-725 m there are four samples 
of weakly birefringent, colorless or white, colloform B-cristobalite 
(refractive index = -1.47) that were deposited on fractures. The fractures 
also contain smectite, pyrrhotite, pyrite, chalcedony, siderite, calcite, and 
quartz. 

Chalcedony 

Clear, white, or bluish-gray chalcedony (refractive index = ~1,53, 
microfibrous habit, weak birefringence) lines vesicles and coats fractures in 
the drill core from 556-563 m, 701-744 m, and at scattered locations between 
811 and 900 m. The open-space cryptocrystalline silica deposits frequently 
have a colloform texture and are associated with e-cristobalite or later 
quartz crystals. Other hydrothermal minerals found in association with 
chalcedony include: siderite, smectite, pyrite, pyrrhotite, calcite, 
mordenite, chlorite, chlorite-smectite, and hematite. 

Quartz 

Clear, tiny (up to about 7 mm long), euhedral quartz crystals were 
deposited in vesicles and fractures between 461-469 m and below 713 m in the 
Newberry 2 drill core. A few samples show more than one generation of quartz 
crystals. The general paragenetic sequence consists of green clay (chlorite 
or chlorite-smectite), ± bluish botryoidal chalcedony, crystalline quartz, 
bladed or blocky calcite, and ± very minute quartz crystals coating calcite. 

16 



Other minerals associated with quartz inclucie siderite, smectite, pyrite, 
pyrrhotite, iron oxide, marcasite, cristobalite, mordenite, dolomite-ankerite, 
illite, illite-smectite, epidote, anhydrite, and apatite. 

Six quartz samples from various depths below 750 m were polished on two 
sides for fluid inclusion studies. Most of the fluid inclusions appear to be 
secondary; however, a few primary fluid inclusions may be included in the 
study. Salinity of the fluid inclusions, determined by the freezing method 
(Roedder, 1962), is near zero in the upper fluid inclusion samples and only 
about 1 percent NaCl equivalent in the bottom samples. Filling temperatures 
of the liquid-rich fluid inclusions range between -171.0°-363.2°C (Fig. 28). 

Figure 28 near here 

The minimum homogenization temperature for three of the quartz samples is very 
close to the measured temperature curve, and only 5 out of 139 filling 
temperature measurements fall slightly below the measured temperature curve. 
The data indicate that in the past the temperature throughout the lower 200 m 
of the Newberry 2 drill hole was significantly warmer than the present 
temperatures. 

SULFIDE MINERALS 

Pyrrhotite 

Tabular, bronze, pseudohexagonal pyrrhotite crystals (Fig. 29) line 

Figure 29 near here 

fractures and cavities and are disseminated in the drill core from 461-467 m. 
Pyrrhotite. appears to be the earliest hydrothermal mineral deposited in this 
section of the Newberry 2 drill core, and is found in association with 
siderite, smectite, pyrite, marcasite, and quartz. A second zone of 
disseminated and open-space pyrrhotite deposition extends from 696-792 m. The 
pseudohexagonal pyrrhotite crystals (up to about 3 mm in length) in this zone 
appear to have been deposited later than quartz but earlier than other 
associated hydrothermal minerals that include siderite, smectite, pyrite, 
calcite, chlorite, B-cristobalite, chalcedony, and mordenite. Between 908 m 
and the drill hole bottom, at 932 m, are a few scattered samples containing 
tabular pyrrhotite in vugs and on fractures along with associated calcite, 
chlorite, pyrite, quartz, and illite. Some samples in the upper zone contain 
replacement pyrite and marcasite that is pseudomorphous after pyrrhotite (Fig. 
30). 
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Figure 30 near here 

Microprobe chemical analyses of 4 pyrrhotite samples from the two upper 
pyrrhotite zones in the Newberry 2 drill hole are listed in Appendix 7. The 
shallowest sample has less iron and sulfur, as well as, a lower total of 
chemical constituents than the deeper 3 samples. The low totals for the upper 
sample may suggest the presence of one or more elements that was not 
determined in the analysis; although this conclusion is currently 
speculative. Multiple analyses of different points within a sample show some 
inhomogeneity between the three lower pyrrhotites in Appendix 7. This 
variation in chemical composition can be seen in a plot of atomic percent iron 
versus temperature (phase diagram for the Fe-S system below 350°C) (Fig, 31) 

Figure 31 near here 

which indicates that the Newberry 2 pyrrhotite should be monoclinic (type 4c) 
(Kissin and Scott, 1982). Nine additional samples from the three pyrrhotite 
zones were X-rayed at l/4°/min., and all nine X-ray diffractograms showed 
doublet X-ray peaks [d(202) and d(202)] of nearly equal intensity which 
suggests that a hexagonal component, if present, could only be of minor 
abundance (Arnold, 1966). 

Browne and Ellis (1970) and Steiner (1977) report finding pyrrhotite in 
drill core from New Zealand geothermal areas at temperatures ranging from 
152''-268°C. Pyrrhotite was identified in drill core from Yellowstone National 
Park at temperatures measured during drilling of 130''-152°C (Bargar and 
Beeson, 1981). In the Newberry 2 drill hole, the measured temperatures for 
depths at which pyrrhotite was found were about 97°C, 110°-180°C, and 
250''-265°C in the upper, middle, and lower zones, respectively. 

Pyrite 

Except for 2 samples near 385 m, pyrite is absent in the drill core above 
446 m and occurs in scattered concentrations below 829 m; however, cubic 
pyrite crystals are present in much of the intervening drill core. Pyrite is 
closely associated with siderite, smectite, and marcasite in the main sulfide 
zone (Fig. 2). Other minerals associated with pyrite include mordenite, 
chlorite, calcite, pyrrhotite, quartz, chalcedony, opal, cristobalite, 
dolomite-ankerite, chlorite-smectite, illite, illite-smectite, and apatite. 
Microprobe chemical analyses of 6 pyrite samples are listed in Appendix 8. In 
addition to somewhat varying abundances of iron and sulfur, most samples 
analyzed contained minor cobalt and no detectable nickel. 
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Marcasite 

Scattered samples of marcasite were identified by X-ray diffraction 
between 453-627 m in the Newberry 2 drill core. Cavity and fracture deposits 
of marcasite are generally found closely associated with pyrite and 
pyrrhotite, but the "cockscomb" crystals (Fig. 32) may also occur in 

Figure 32 near here 

association with siderite, calcite, smectite, mordenite, chlorite, quartz, and 
opal. 

Marcasite is metastable with respect to pyrite at low temperature (Craig 
and Scott, 1974) and is converted to pyrite at temperatures greater than 160°C 
in the Salton Sea geothermal system (McKibben, 1979). In drill core Y-6 from 
Yellowstone National Park, marcasite occurs at temperatures of about 80°-170°C 
(Bargar and Beeson, in press), and at Steamboat Springs, Nevada, marcasite was 
found in a few samples at temperatures below about HO'C (Sigvaldson and 
White, 1962). The temperature range for marcasite in the Newberry 2 drill 
core is about 74''-98''C. 

Several microprobe chemical analyses of marcasite from 566 m (Appendix 9) 
shows that the mineral from this sample was fairly homogeneous with respect to 
both iron and sulfur, and contains no detectable cobalt or nickel. 

EPIDOTE 

Yellow-green epidote crystals (Figs. 33a and 33b) line vugs and fractures 

Figures 33a and 33b near here 

between 912-917 m in the drill core. The euhedral twinned epidote crystal 
clusters occur in association with earlier quartz and calcite and later (?) 
chlorite or chlorite-smectite; some core samples also have fine-grained, 
patchy, reddish hematite inclusions. Qualitative chemical analyses of epidote 
samples by EDAX show the presence of calcium, iron, aluminum, and silicon. 
The measured temperature at which epidote was found in the Newberry 2 drill 
hole was about 258°C, which is well above the 230'C minimum stability limit 
given for epidote that forms at low-pressure conditions characteristic of 
geothermal areas (Seki, 1972). 
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ANHYDRITE 

Clear, blocky anyhdrite crystals formed on fractures.at 914-916 m where 
the temperature measured during drilling was about 258°C. • Hydrothermal 
minerals found in association with anhydrite from Newberry 2 drill core 
include quartz, smectite, calcite, hematite, and later chlorite-smectite 
34). The presence of anhydrite at depth in the Newberry drill core is 

(Fig. 

Figure 34 near here 

probably due to oxidation of sulfides to produce sulfuric acid which reacts 
with calcite to form anhydrite. 

IRON OXIDE 

Hematite was identified by X-ray diffraction in a few vesicles, fractures, 
altered mafic minerals, and oxidized zones at 600 m, 805 m, 834-860 m, and 
915-917 m in the Newberry drill core. Associated minerals include siderite, 
smectite, calcite, chlorite, chlorite-smectite, quartz, chalcedony, epidote, 
and anhydrite. Pyrite was found in only 1 of 24 samples containing hematite. 

A narrow zone at 465-466 m contains oxidized crusts that coat pyrrhotite 
crystals. X-ray diffraction analyses show that the crusts are composed of 
sulfur, goethite, and lepidocrocite; in addition to pyrrhotite, pyrite, and 
marcasite. The samples also contain siderite, smectite, and quartz. The two 
iron oxide minerals and sulfur probably formed as by-products during 
alteration of pyrrhotite to pyrite and marcasite. 
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FIGURE CAPTIONS 

Figure 1. Map of Newberry Caldera showing location of Newberry 2 geothermal 
drill hole, hot springs, fumaroles, and recent volcanic deposits, 

2. Depth distribution of hydrothermal alteration minerals in lower two-
thirds of Newberry 2 drill hole. Left column shows a generalized 
stratigraphic section of rock units encountered in drill hole 
(Sammel, 1981; MacLeod and Sammel, 1982). Horizontal lines in 

. far right column indicates distribution of samples studied. Width 
of mineral columns gives approximation of relative mineral abundance 
based on X-ray-diffraction and microscope observation. Vertical 
continuity in mineral presence between samples studied assumed 
except where a mineral abundance becomes zero, in which case the 
zero point is arbitrarily placed 0.3 m from last occurrence of the 
mineral. Solid curve shows measured temperature profile from drill 
hole (Sammel, 1981; MacLeod and Sammel, 1982). 

3. Scanning electron micrograph of a large trapezohedral analcime 
crystal from 315 m. Analcime deposited on altered glass composed 
of smectite or poorly crystalline zeolite material. Tiny bladed 
crystals deposited later than analcime were not identified. Scale 
on scanning electron micrographs is given as distance between white 
tick marks at bottom of micrographs (10 micrometers in Figure 3), 

4. Scanning electron micrograph showing small, interpenetrating 
analcime crystals from 319 m that are deposited on altered glass 
(smectite, or poorly crystalline zeolitic material). 

5. Scanning electron micrographs of chabazite from 309 m showing (a) 
tabular to blocky habit with some interpenetrating twins and slight 
flaking or desiccation, and (b) extensive flaking so that crystal 
form is no longer recognizable. 

6. Scanning electron micrograph showing bladed to fibrous (?) habit of 
clinoptilolite from 442 m deposited later than smectite in altered 
pumiceous glass, 

7. Scanning electron micrograph of fibrous to ribbon-like dachiardite 
crystals from 443 m, 

8. Scanning electron micrograph showing fibrous habit of erionite from 
315 m deposited on altered glass material consisting of smectite or 
or poorly crystalline zeolitic material, 

9. Scanning electron micrograph showing twinned faujasite crystals 
deposited later than chabazite at 309 m, 

10. Scanning electron micrograph showing cavity filling of fibrous 
mordenite at 496 m. 

11. Scanning electron micrograph showing spherical cluster of platey 
gyrolite crystals from 306 m. 

12. CaC03-MgC03-FeC03+MnC03 ternary diagram for microprobe 
chemical analyses of carbonate minerals from Newberry 2 drill hole. 

13. Scanning electron micrograph of needle-like habit for calcite 
crystals from vein at 309 m, 

14. Scanning electron micrograph of blocky crystals of calcite from 
848 m. 
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15, Scanning electron micrographs showing (a) blocky rhombic 
dolomite-ankerite crystals from 739 m, and (b) disc-shaped and 
rectangular aggregates of rhombic dolomite-ankerite crystals from 
694 m. A few hemispherical Clusters of platey smectite clusters 
were deposited later than carbonate mineral in (b), 

16. Scanning electron micrographs showing (a) disc-shaped aggregates 
siderite crystals from 566 m, and (b) spherical clusters of disc
shaped aggregates of siderite crystals from 572 m. 

17. CaC03-MgC03+FeC03-MnC03 ternary diagram for microprobe 
chemical analyses between the core and rim of a spherical cluster 
of siderite crystals from 591 m. The two tracks of analyses 
(denoted by -e and A ) were made at -90° angle. 

18, Scanning electron micrograph showing tabular hexagonal apatite 
crystals from 910 m. Tiny chlorite tablets are deposited later 
than apatite, 

19,. Scanning electron micrograph showing hydrogrossular crystals that 
comprise entire pinkish sediment sample recovered from 315 m. 

20. Scanning electron micrograph of trapezohedral hydrogrossular 
crystals from 315 m. 

21. Scanning electron micrograph showing irregular sheet-like and 
stacks of platey crystals of smectite from 744 m. 

22. Scanning electron micrograph showing spherical clusters of . 
irregular sheet-like smectite crystals deposited on carbonate 
crystals at 690 m. 

23. Scanning electron micrograph showing intergrowth of sheet-like 
illite crystals and tiny chlorite platey crystals from 908 m. 

24. Scanning electron micrograph showing sheet-like mixed-layer 
chlorite-smectite from 894 m, 

25. Scanning electron micrograph of rosettes of platy mixed-layer 
chlorite-smectite from 915 m, 

26. Scanning electrton micrograph of radiating sheet-like crystals 
of chlorite from 741 m, 

27. Scanning electron micrograph showing books of hexagonal platy 
chlorite crystals from 931 m, 

•28. Diagram showing ranges of secondary fluid inclusion filling 
temperatures in quartz crystals from 6 depths within the Newberry 2 
drill hole. Dashed line is measured temperature curve (Sammel, 
1981). 

29. Scanning electron micrograph showing laminar hexagonal platelets 
of pyrrhotite crystals from 908 m, 

30, Scanning electron micrograph of pyrite and marcasite pseudomorphous 
after pyrrhotite at 535 m, 

31 Phase diagram for Fe-S system below 350°C (after Kissin and Scott, 
1982) showing microprobe chemical composition of monoclinic 
pyrrhotite from 4 depths in Newberry 2 drill hole. Temperature 
data from Sanmiel (1981). 

32, Scanning electron micrograph showing tabular marcasite crystals and 
smectite from 566 m. One crystal (at left-center of photo) appears 
to have "cockscomb" habit. 
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