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ADSTRACT

GEO N-1 was dcilled in Novembecr, 1985 by GEO-Newbercy Crater, Inc., under
a cost-sharing agreement with DOE, at a sucface altitude of 1783 m on the
south flank of Newbeccy Volcano, Ocegon. Ocill coce, drilling data, and
geophysical data fcom the upper 1219 m of GEO N-1 ace available to the public;:
maximum measuced tempecature focr the released intecval 1s 71°C at 1219 m. The
dcill core intercepted mostly andesitic to basaltic lava flows with
inteclayers of ash-flow tuffs, lithic tuffs, cinders, and flow breccias; core
recovecy was about 95 peccent. Twelve basalt dikes intcude the flows between
622 and 719 @ but there is little altecation at the contacts. Intense
fractucing and vesiculation acre common in the basal and upper portions of most
flows whereas the flow inteclors are genecally very dense with few fractuces.

Vecy little evidence for hydcothermal alteration was found in the uppec
S00 m of drill core; however, pre-hydrothermal, low temperature, amocphous
clay-like material and amorphous silica occur as fracture or vug fillings.
Below 500 m, most ash-flow tuffs contain smectite, and, although the lavas
generally show little alteration, many fractures and vesicles are lined with
secondary minerals: hematite, smectite, and carbonates (siderite,
kutnohorite, dolomite, chodochrosite, calcite, and aragonite). Locally, small
amounts of B-cristobalite, chalcedony(?)., chabazite, phillipsite, okenite;
illite(?), and pyrite were identified. The hydrothermal minerals were
probably deposited at the <71°C temperatures measuced following drilling of

GEO N-1.

INTRODUCTION

Geothermal drill hole GEO N-1, located on the southern flank of Newbercy
Volcano about 4.5 km outside the caldera cim at an elevation of about 1783 m,
was completed by GEO-Newbecrry Crater, Inc. (subsidiaty'of'GEO Operator
Corporation) in November, 1985. This 1219+ m drill hole is the first Cascade
geothermal drill hole to be finished undecr a new program of the U. S.
Department of Enecgy (DOE). In this progrcam, the U.S. government shares
geothermal exploration drilling costs with industry at approved drill sites.

A brief summary of data from the GEO N-1 drill hole by the University of
Utah Research Institute (UURI) Eacrth Science Laboratocy, including abbreviated
descriptions of temperature and sclected geophysical'logs, is given in a
newsletter (UURI, 1986). GEO N-1 was cotary drilled to about 148 m, and then
was cored to 1219 m with about 95 peccent coce cecovery. Below 1219 m,
information from this dcill hole is propciectary, and has not been released by
GEO-Newberry Crater, Inc. Swanbery and Combs (1986) present preliminarcy
lithologic and temperature logs for the GEO N-1 drcill hole; they also discuss
the results of several geophysical tests conducted in GEO N-1 and indicate
‘that such geophysical data may be of pceat impoctance to future geothermal

exploration in the Cascades.

The drill core was logred and photopcaphed upon cecovery by CEO-Newheorry



Cratcr,.Inc. and a split of the core was sent to UURI. A selection of the
UURI coce (222 samples) including vein fillings, vug filllings, or
cepresontative samples of stratligraphic intervals was studled by us for
hydrothermal altecation mineralogy. In addition, GEO-Newbeccy Craterc, Inc.,
provided 49 hydrothermal mineral samples, geophysical logs, and a color photo
log, of the enticre drill cocre. Altogether, 271 samples of the GEO N-1 drill
core were studied by binocular microscope, petrographic microscope (15 thin
sections), and X-ray diffraction methods (more than 300 X-ray diffractograms).

LITHOLOGY

A lithologic log of the GEO N-1 drill core was compiled by GEO-Newbercy
Crater, Inc., and made available through UURI. The log contains detailled
lithology notes and tentative rock identifications (pending receipt of thin
sections and chemical analyses). The GEO-Newberry terminology will be
followed in this report, modified only slightly on the basis of oucr
observations of the enticre split of UURI core. Age data are not available for
any of the rocks recovered from the drill hole. The majocity of core samples
consist of basaltic to andesitic lava flows and associated flow breccia,
pyroclastic, and ash-flow matecrial (Fig. 1). Primary minerals in the lavas
vary with the chemical composition .of the lava but are predominantly '
plagioclase with vacying amounts of olivine, clinopyroxene, octhopyroxene,
magnetite, and a-cristobalite; minerals such as hornblende or biotite are
noteably absent. Several lava flows contain vapor-phase tridymite,
alkali-feldspac(?), and magnetite that has altered to hematite. The deepest
lava flow available for study (1170.4-1219.2 m depth) is probably dacitic and
contains trace amounts of primary quarcrtz. Textures of the lava flows may be
perlitic, massive, flow-banded, diktytaxitic, vesicular, or scoriaceous.
Between 622 and 719 m depth, 12 moderate to steeply dipping basaltic dikes (up
to about 12 m apparent core thickness) intrude the lava flows.

The lava flows are commonly vesicular at the top and bottom, dense in the
intecior and have intervening fractured intecvals consisting of steepiv
dipping tight fractuces. Ash and cinder layers and lithic tuffs appear to
have good permeability where unaltered; one layer (567-572 m) retained
significant water in the pore spaces several months after recovery of the
drill core. At deeper intecrvals, below 830 m, ash-flow tuffs are pervasively
altered to smectite and the present permeability is presumably quite low.

PRE-HYDROTHERMAL ALTERATION

Many secondary minecals, not hydcothermal in origin, were deposited alony,
nacrow fractures and in vesicles throughout the upper 610 m of the dcill core.
especially above about 520 m. The deposits consist of thin coatings of
reddish iron oxide (mostly amocrphous iron hydroxide but some hematite),
yellow, green, and pale blue soft amocphous material (which may be, in pact, a
precursor to smectite), and scatteved small amounts of amorphous silica.
Hematite was deposited at high temperatuces dutring cooling of the lava flows
and ejecta; amocphous silica, smorphous 1con hydroxide, and at least some of
the amorphous clay-iike deposits ace poobably deuteric and formed at low
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temperatuces. Below 520 m depth some of these pre-hydrothermal minecals,
especially hematite, persist intcrmingled with hydcothecrmal deposits.
Amorphous clay-like matecial coating fractures and vesicles i1s similac in
appeacance to hydrothermal clay coatings but lacks the smectite stcouctuce.
The abundant icon oxides, including some hematite in ash-flow tuffs, may have
formed by oxidation of primacy magnetlite during deutecic altecation.

HYDROTHERMAL ALTERATION

The lava flows ace mostly very little alteced. Below about 670 m depth,
thin fractuce fillings or vesicles contain hydrothermal deposits, dominantly
cacbonates (atagonite, calcite, dolomite, kutnohorite, crhodochrosite, and
sidecite), smectite, and hematite with local minor amounts of silica minerals
(B-cristobalite and cHalcedony?), zeolites (chabazite, and phillipsite),
okénite (one occucrrence of the calcium silicate hydrate minecral), 1llite(?),

and pycite (Fig. 2).

Fractures frequently have a smectite coating and may also contaln one or
moce of the several carbonate minerals. Most vesicles do not contain any
secondary minerals, but thin clay coatings and clusters of cacrbonate crystals.

are sporadically abundant.

Hydrothermal alteration of the pyroclastic layers and flow breccias is
somewhat icrcegulac. The flow breccias, ash-flow tuEfs,'and other pyroclastic
layers are not alteced above 567 m (but do contain deuteric minerals). From
567 to 820 m minor clay alteration is present in three layecs of ash and
cinders but one ash-flow tuff (659 to 664 m) and two layers of ash and cinders
(797 to 800 m and 816 to 820 m) are unaltecred. Below 830 m, the pyroclastic
deposits are extensively altered to smectite; however, layers of ash and
cindecrs at 860 to 869 m, 897 to 90r m, 949 to 979 m, and 1125 to 1132 m have
only minoc smectite alteration. Iron oxide is abundant in many of the
pyroclastic layers and usually stalns the layecs an earthy brick-red color.
Some of the iron oxides are amocphous but most were identified as hematite by
X-ray diffraction.

Silica HMinecals

Several cavities in samples from 1124 and 1172 m ace pactly coated by
bluish botryoidal B-cristobalite along with smectite, calcite, and sidecite.’
X-ray diffraction analysis of a massive green' fractucre filling deposit at 1178
m shows the presence of B-cristobalite and minor smectite, sidecite, hematite,
and kutnohorite. B-cristobalite, smectite, and sidecite wece also identified:
on an X-ray trace of a clayey fractucre filling at 1185 m.  The only othec
hydrothermal(?) silica mineral in drill coce GEO N-1 1is vellowish botryoidal
chalcedony which coats flow breccia trapments at 559 m. Several samples of
white to clear amorphous silica deposits in the upper half of the deill corce

may be of deutecic ocripgtin.
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Carbonate Hinerals

Several cacbonate minecals (avapgonite, calcite, dolowmite, kutnohocite,
chodochrosite, and sidecite) occur as vesicle or fracture fillings in the
lower half of the drill core: and calcite appears to replace plagioclase at
about 1200 m depth. Acagonite can genecally be distinguished fcrom the other
cacrbonates by its typical clear acicular crystals (as much as 1 c¢cm long).
However, white powdery. clear massivé, oc white cauliflower-like acagonite
deposits were also verified by X-ray diffraction analyses.

Sidecite, a faicly abundant cacbonate mineral in the drcill core, usually’
occurs as distinctive light to dack caramel-colored ov rarely gceenish
discoildal, hemispherical, or spherical aggregates of rhombic crystals.

*Towery' stacked rhomblc crystal clustecs occur at 1090 and 112} w. The color
of GEO N-1 siderite pcrobably reflects its composition. Lighter caramel oc
pale yellow siderite crystals have their most intense X-ray diffraction peak
at about 2.82 A corresponding to a manganese siderite (X-ray ditfraction

‘identification of carbonate minerals is based on data of the Joint Committee

on Powder Diffraction Standacrds. No intecrnal standacrd was used in any of the,
X-ray diffraction measurements; however, accuracy of the measurements 1is
within about *0.02A.). In darker caramel-colored siderite crystals

(Fe-cich), the most intense X-ray peak occurs between 2.78 - 2.80 A.

The remaining four carbonate minerals (calcite, dolomite, kutnohorite, and
thodochrosite) have no distinctive color or crystal habit. These open-space
deposits may be clear, white, pink, ocr yellowish in color; and they may

“consist of powdery or massive deposits, blocky or acicular crystals, oc

spherical to hemispherical crystalline aggregates. Host cacrbonate mineral
identifications in this study (including sidecite) ace based

on the position of the most intense X-ray diffcaction peak as follows:
siderite (2.78 - 2.80 A), Mn-siderite (2.82 A), rhodochrosite (2.84 — 2.86

R), dolomite (or possibly ankerite) (2.88 - 2.90 &), kutnohorite (2.91 -

2.98 A), and calcite (3:02 - 3.05 A). Only a few samples of rhodochrosite

or dolomite (ankerite?) were identified in the GEO N-1 dcill core (Fig. 2).
Charactecistic X-cay peaks for these two minecals ace faicly distinctive.
However some difficulty was found 'in distinguishing. between calcite and
kutnohorite because the presence of manganese in the calcite structure expands
the range of positions of the f@ost intense X-ray peak fcom typical calcite
(3.02 - 3.05 A) to at least the upper border of the kutnohorite range (2.94

- 2.98 A) (Krieger, 1930). A fucrther complication 1s that although
kutnohorite has a dolomitic structucre, the X-cay peaks which ace
characteristic of dolomitic structure may be too weak to detect, at least 1in
Ca-kutnohorite (Gabrcielson and Sundius, 1965). In this study, the minecal was
identified as kutnohorite Lt the hiphest X-cay peak canged between 2.94 and
2.98 R and calcite 1f the peak occucced at 2.99 to 3.05 A: even though

data in Kriegecr (1930) indicate that the most intense X-cray peak in calclite
with high manganese content may extend to 2.95 A.

In the GEO N-1 dcill core, kutnohocite and calcite were not deposited in
distinctive zones: instead they ovecrlap in their distcoibution throughout the
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lower half of the dcill hole (Fip. 2). In some fcactures ocr vugs, the two
minecrals arce found’togefhec oc ace closely associated with up to three other
cacbonate minecrals. This suggests that the fluids that deposited the
carbonate minerals may have varied somewhat in cation composition with time.

Zeolite and Related HMinerals

Chabazite and phillipsite ace the only zeolite minerals found in the GEO
N-1 drill core. Flow rock between 801 and 802 m depth contain trace amounts
of cleacr to white, twinned, pseudochombic chabazite crystals. Tiny, cleac,
prismatic ccystals from a lava flow at 756 m and thcree samples of open-space
fillings in a lava flow between 801 and 804 m were identified as phillipsite
by X-cray diffraction. The two zeolite minecals occur together in two of the
samples; calcite and smectite are the only other associated hydrothermal

minerals.

Okenite, a hydrous calcium silicate mineral, occurs as a soft white vug
filling in a lava flow at 857 m. Okenite typically is found in basalt
cavities in association with zeolite minerals (Heller and Taylocd, 1956).

Clay HMinecals

Smectite is the most abundant hydrothermal mineral found in the GEO N-1
drill core (Fig. 1). This white, yellow, green, brown, blue, ocr black clay
minecral ranges from poocrly crystalline (low, broad X-ray peaks) to
well-ccystallized with sharp (001) X-ray diffraction peaks that generally fall
within the cange from about 15.2 - 16.7 A and expand to between about 17.0
and 18.3 A& with glycolation (average values for 91 samples are 15.7 &
untreated and 17.6 R glycollated). No correlation was found between poor or
well-developed crystallinity, or position of the (001) X-cay peak, with depth
of smectite formation in the GEO N-1 dril}l rcace. Tn the GEOQO N-1 drill corce,
smectite occucrs as whole rock (glass) alteration 1n pyroclastic samples and as
open-space (fracture and vug fillings) in the lava flows and flow breccias.
Smectite was deposited at several diffecent times, occurring both eacrliec than
(beneath) and later than (above) some cacrbonate cavity and vein fillings.

Illite is pcovisionally identified (based on a low, usually.brosad,
approximately 10 & X-cay diffraction peak that showed no significant change
with glycolation) in a few X-ray diffraction analyses of whole-rock, vesicle,
and fracture filling samples from lava flows 'and pyroclastic deposits at
310-362 m, S$S68 m, 789 m, and 1217 P depth. The 10 A illite(?) minecal
tormed later than calcite in one vesicle filling and 1s assoclated with
calcite, dolomite, and smectite in other samples. '

[con Oxide and Sulfide Minecrals.

Small patches of disseminated, very minute (= 0.02 mm), yollow,

G
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metallic, cubic pycite crystals were identificd only at 943, 945, and 1068 m
in the CEO N-1 dcill core. At 1068 m a pyrite veinlet crosscuts icron oxide
deposits., and pyrite ccystals formed latec than smectite in vesicles.
Associated minerals ace smectite, calcite, siderite, and hematite.

Red deutecic amocphous icron oxide stains flow breccias, ash, and
tuf faceous layecs and coats fractuces in lava flows in the upper pact of the
dcill core. In contcast, crystalline hematite (identification based on X-ray
diffraction analyses) occurs below about 300 m in cred-stained tuffs, alteced
vapor-phase magnetite gralns, and fcacture coatings.

PARAGENETIC SEQUENCE

Deposition of the major secondary minerals began with vapor-phase
hematite, which formed ducing cooling of the lava flows and pyroclastic

. .-intecvals. During late-stage coollng and pre-hydrothermal circulation of

meteoric waters, amocphous iron hydroxides, and amorphous clay-like deposits
were precipitated. Hydrothermal smectite and carbonate minerals were
deposited later than vapor—phase minerals. Smectite alteration of the
pyroclastic layers occurred prior to carbonate deposition. Most apen-space
smectite formed earliec than the carbonates; however, smectite 1s also found
locally deposited later than carbonate minerals. The several carbonate
minerals appear to have been deposited from fluids that varied greatly in
cation content with respect to time. Aragonite, however, formed latec than
the other carbonates. Silica minerals, zeolite minerals, and okenite all
formed later than most smectite but their sequence relative to carbonates and
to each other are unknown. Pyrite formed later than hydcothermal hematite in
the single vein occurrence, and it formed later than smectite but earliec than
carbonate in the disseminated occurcences.

DISCUSSION

A maximum temperature of about 71°C was crepocted following deoilling of the
GEO N-1 drill hole at 1219 m depth (UURI, 1986). Hydrothermal alteration
minecals ildentified from the drill coce are consistent with these low
temperatures. The minerals form a nearly identical hydrothermal mineral suite
to that found at temperatures of less than 100°C in the upper 650 m of the
U.S.G.S. Newbercy 2 drill coce (Bargar and Keith, 1984; Keith and othecs,
1984) from a site about 7.5 km NNE of the GEO N-1 drill site. In both drill
holes hydcothermal silica, zeolite, carbonate; and clay minerals were

deposited from migcrating fluids, mostly in open-spaces of vuys, fractures, and
volds in flow breccias. Permeable ash-flow tuff and lithic tuff locally
display move intense alteration of glass to smectite. Some ceplacemant of

playioclase by calcite appears to have occucced in the vicinity of 1200 m in
the deill cocre from GEQ HN-1.

[n drill core CEO N-1, the numerous cacbonate phases ace not confined to
discrete zones. Instead, the minecals may vacy trom fracture to fractuce.
Such abrupt changes ace especlally true for calcite and kutnohorite; a



sequence of three fractuces can have fractuce £1 coated by calcite, fracture
f£2 by kutnohocrite, and fracture #3 by calcite. The fluids from which the
minerals were deposited must have varled somewhat in chemical composition
between at least two of the three adjacent fractures, and, conscquent{y, the
fracture fillings probably cesulted from at least two separate fluid pulses.
In fact, it is likely that fluctuations in fluid cation (Mg. Ca, Mn, and Fe)
composition occur over a period of time because as many as four different
carbonate minecals (aragonite, siderite, calcite, and dolomite) were
identified in a single open-space filling. Aragonite is always the last
cacbonate phase to be deposited, but, lecally, it appears to have been pactly
reordered to the more stable calcite phase.

The presence of 12 basaltic dikes between 622 and 719 m show that a _
transient heat source was introduced neac the area when the dikes intruded the
volcanic pile. Some of the dikes have chilled macgins presecved, but there is
no evidence of significant alteration dicectly adjacent to the contacts. The
dikes occur near the upper limit of the occurrence of hydrothermal alteration

minecals in the dcill core.

Although the temperatuce gradient begins to increase at about 1000 m,
there are no changes in hydrothecrmal minecalogy at that depth. The existence
of smectite and amorphous clay-like material rather.than mixed-layer clays
indicates that temperatures probably were never hotter than the present
measured tempecratuce of about 71°C at 1219 m.
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Fipure L.

Figuce 2.

FIGURE CAPTIONS

Preliminacry litholoypic loy of core from drill hole GEO N-1,
based on stratigraphic data made available by GEO-Newbercy Craterc,

Inc.

Distribution of seclected secondacry minecrals with depth in
feothermal drill hole GEO N-1. Left column shows a generalized
stcatigraphic section of rock units encountered in the dcill hole
including: basaltic ocr andesitic lava flows (star pattecn) .

tuf faceous or pyroclastic matecial (solid). basaltic dikes
(diagonal lines), and dacitic lava flow (horizontal lines). The
column is blank above 148 m whece no core was recovered. Filled
circles are temperatures measured cduring dcilling from the log
provided by GEO-Newberry Cratec, Inc. The temperature curve 1s
dashed where mecasurements were impreclse. The faximum measuced
temperature was 61.1°C at 1208.2 m; however, maximum temperatuces
of 68.3°C and 71.1°C were recorded at 1219.2 m on subsequent
temperatucre logs (Swanberg and Conbs, 1986; UURI, 1986).
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SUMMARY

Ten samples from various driil hole depths were examined with X-ray , ‘:
diffraction and secondary electron imaging on the scanning electron
microscope. The following fracture and vesicle filling secondary minerals
were identified: calcite, aragonite, siderite, marcasite, pyrite, tridymite,
and magnesite. Table 1 lists the secondary phases identified at the depth
represented by each sample.
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labeled “area” indicate the realtive gbundance of a particular element within
the area analyzed. However, these numbers cannot be used to estimate a
quantitative analysis of a specimen. Not also that the X-ray anaysis cannot
detect the presence of elements lighter (i.e., with atomic numbers less)
than magnesium. Thus, the carbon in the carbonate analyses is not
identified in the EDS print out. In addition, Cu and Fe characteristic X-ray
lines can be excited from the objective lens pole pisces of the SEM.

RESULTS

Ten specimens from various drill hole depths were examined. Table 1
presents a summary of the fracture and vesicle mineralogy of each sample.

2882 feet: Clesr, elongate, vesicle filling crystals were identified as
aragonite with XRD.

3412 feet: X-ray diffraction indicates the presence of two sulfides on the

“surface of fractures: marcasite snd pyrite. Interpretation of the XRD

pattern suggests that marcasite is.predominant. Qualitative analysis
presented in Table 24 end s.e.i. confirms the presence of an Fe-sulfide (see
s.e.i. photo 1). The presence of tridymite is also suggested by the XRD and
EDS data. "

| 3470 feet: Greenish-brown "balls: on the surface of fractures were

identified as siderite using XRD. Qualitative analysis presented in Table 28
indicates that the phase is not pure (substitution of Ca and Mn for Fe2+).
The botryoidal or "ball” form of siderite, characteristic of samples in this
study, is shown in photo 2. Tridymite identified from the XRD pattern is
also shown in the s.e.i. photo.

3540 feet, 3580 feet, and 3705 feet: Materials scraped off the fracturs
surfaces of these three samples show similar X-ray diffraction patterns. .
The presence of tridymite (milky white crystals), marcasite and pyrite
(green material), and minor siderite is indicated. Quantitative analyses
presented in Tables 2C and 2D confirm the presence of these minerals. The
presence of minor amounts of a phyllosilicate {(smectite or illite) is
suggested by EDS results; however, this is not confirmed by XRD.

3770 feet: The whits blocky crystals wers identified as calcite and the
green “balls” as siderite from the XRD pattern.

3948 {eet: Thrée forms of minerals weré;éxqm'lned individually with XRD:
1) clear crystals, 2) milky white crystals, and 3) cream colored balls. The



minerals were identified as: 1) araqonite, 2) calcite + aragonite, and 3)
siderite. Siderite forms balls of webby textured crystals (phato 3}, unlike
the platy form from 3470 feet shown in photo 2 or columnar stacks which
form the acicular needles shown in the sample from 3970 feet.

3970 feet: The blue amygdule-lining material and balls were identified as
magnesite with XRD. SEM qualitative analysis presented in Table 2€
confirms the presence of Mg and Ca. The acicular green crystals radiating
outward from amygdule walls were identified as siderite with XRD and
confirmed with qualitative analysis presented in Table 2F. Photo 4 Is an
s.el. plcture of the relationship between these two phases.

3980 feet: The amygdule filling minerals in this sample are the same as
those at 3970 feet: magnesite and siderite. S.e.i. photo 5 shows siderite in
balls of platy crystals and in the webby texture described at 3948 feet.



QUALITATIVE ANALYSES
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Fe-sulfide

TABLE 2C
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magnesite

-
-

TABLE 2E

Fa Lig
P ] >
<L it o
b b -
P i
v L) .”m [ab')
' - -1 < - i
L <L -
Y R/ " L L Cmg
. P - - M X XY
1 <T b ! .
I &L <L <L & (T <[ C Ul b~ 2T U)W D
; SR AR e A p i T A R T
o -1 : &3 pes
T e o9 < 1 D U " : o e NI N SR Iy
) L ou g + b fee F= Ul o O SO O 0
= o z <L R A R AR
T (SIS S« TN W T ol o I Y BRSO of - i ] <L — T ')
s b L1 0O 0 0% I 0 QY O 9 z. b — -1
- e [ I - Oy ) N0 o] Z o
SEE AR i o o) o o ey .
P ! 15 [ ol <7 -
. . 7 Ul Y- e a0 0 0J .
o ey Wl .. i1 L < ) )
(IR S <L . W Cy @ a: (o SR -
il >~ o, 0wy G0 oSy 12 Try — N o ) -« = - e »
O. U3 U 03 g rJ. - 100 e o~ T e DY O S
07 e e 0 09 O “ N &
ul . . . . . - . . i1 ’:
AR YO =] m..“KKkuf .
SO s A o 1) M ver LIL L wee T )T U
A X Pa oyt O oY L
e (0 e 1O SE U ) oo -
STy &
14
n./\. —




