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INTRODUCTION

This report summarizes our activities during the period July 1, 1987 to June
30, 1988. Our goal was to develop an understanding of late-Miocene and
Pliocene volcanism in the Great Basin by studying late-Tertiary volcanic rocks to
the north and south of the Nevada Test Site (Figure 1). We especially
concentrated on detailed stratigraphic studies and geochemistry to determine the
nature of chemical changes during the lifetime of a volcanic field, and on structural
studies to determine the nature of the structures that control vent location. Also,
K-Ar age dating provided important new information on the duration of activity at &
single volcanic center. Geologic studies were concentrated-in the Fortification
basalt field in southern Nevada and in the Reveille Range in central Nevada.

Our studies provide three important conclusions that have implications for
volcanism about the proposed Nuclear Waste Repository at Yucca Mountain.
These are: - - h
1) There are no easily recognized geochemical characteristics that signify the
termination of volcanism. _ :
2) The location of vent areas of basaltic volcanoes are not necéssarily controlled
by pre-existing structures.
3) Volcanism &t an individual basaltic center may last as long as 500,000 years.

| REVEILLE RANGE-INTRODUCTION

| (Terry Naumann)

Geologic mapping (scale 1:25,000) concentrated on a volcanic complex near
Hyde Spring in the northeastern Reveille Range (Figure 2). Basalts of the Hyde
Spring volcanic complex were emplaced through a malor Tertiary ash-fiow sheet; the
Monotony Tuff. Studies in the Reveille Range are important because deep erosion
resulting in up to 400 m of relief provides an ideal opportunity to study the internal
structure of vents of polycyclic Pliocene cinder cones that were emplaced in ash-flow
tuff, thus providing a close analog to the Yucca Mountain-Crater Flat area. Goals of
this study are: (1) To determine the volcanic stratigraphy to serve as a framework for
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geochemical and geochronologic studies. Knowledge of the stratigraphy is important
to accurately document changes in the composition of magma during the lifetime of
the volcanic field. (2) To evaluate the effects of regional structure and basement rock
type on the emplacement and localization of the vent areas.

VENT AREAS

The Hyde Spring volcanic complex (Figure 3) records three eruptive episodes.
First Episode

The earliest episode of basaltic activity (Tb1, Figure 3) is represented by three
highly dissected cinder cones, and related plugs, dikes and lava ﬂdws, that erupted
through and are buttressed against the Monotony Tuff. Volcanic rocks of the first
episode contain large (up to 2 cm in size) andesine megacrysts that form up to 40%
of the rock.’ .

Volcanic rocks of the first episode originated from three separate volcanic
centers: (1) a scoria-cone complex 2 km northeast of Hyde Spring (Figure 3). The
cone is on the north flank of a paleotopographic high formed by Monotdny Tuff. In
this area, remnants of cinder-scoria cones and lava flows are exposed in deeply
incised canyons north of the main vent area. Lavas flowed to the north and east and
are now mostly covered by later eruptive products of the second episode. (2) A
scoria-cone complex 2 km north of Hyde Spring (Figure 3). At this locality a scoria
cone and associated plugs erupted flows that covered up to 15 kma' Lavas flowed to
the north, east and south. Together lavas from these two centers produced a lava
field that covers an area of 50 kmz. Cinder cones at both centers are composed of
massively bedded red to brown scoria, cinder, spatter, agglutinated scoria and ash.
Locally, cinder is planar bedded, contains well formed bombs and was clearly
deposited during Strombolian type eruptions. First episode lavas from these centers
are commonly separated from second episode lavas by thick, poorly consolidated
colluvial deposits (Tca, Figure 3), but near a scoria-cinder cone 1.5 km northeast of
Hyde Spring, northwest dipping first episode lavas lie directly beneath east dipping
second episode flows without intervening colluvium. (3) A volcanic center 2 km south
of Hyde Spring (Figure 3) is composed of a 100 m thick sequence of plagioclase
megacryst rich lavas and massively bedded red to brown scoria. The scoria was
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buttressed on the west by the Monotony Tuff. Lavas of this volcano were fed by a
north-south striking dike and flowed west through canyons in the Monotony Tuff.
Canyons were filled to a depth of up to 100 m.

The second episode of basaltic activity in the Hyde Spring volcanic complex
(Tb2, Figure 3) is represented by eight separate volcanic centers that include cinder
cones, plugs, flows, and dikes. Lavas of the second episode contain variable
amounts of augite (up to 40%), amphibole (up to 35%) and plagioclase (<5%)
megacrysts and‘coarse grained gabbroic xenoliths (up to 20 cm in size). Xenoliths of
dunite are occasionally found in flows.

Several second episode dikes (Tbd2, Figure 3) served as vents for flows. A 10
m wide dike, 4 km northeast of Hyde Spring, fed flows that extend for 2 km to the
north of the vent. Another 10 m wide dike, 1.5 km southeast of Hyde Spring fed
fiows that travelled 3.6 km to the southeast.

Six plugs of second episode basalt are exposed in the Hyde Spring area. Two
plugs, 2 km and 3 km northeast of Hyde Spring, intrude scoria and are associated
with dikes. The most voluminous lava flows of second episode basalt erupted from a
cinder cone 2 km northeast of Hyde Spring and fiowed 3.5 km to the north and east.
Other flows originated from a center 3 km northeast of Hyde Spring and cascaded
over the eastern range margin. Pressure ridges and large ramp-like folds form ridges
on the upper surfaces of flows that trend perpendicular to fiow direction. Three plugs
intrude Monotony Tuff and display steep, inward dipping foliation and are associated
with minor amounts of scoria. A volcanic center 2 km southwest of Hyde Spring, is a
formed by four plugs that intrude a cinder cone. This cinder cone is composed of
massively bedded red to brown scoria, cinder, spatter, aggiutinated scoria. Locally,
cinder is planar bedded, contains well formed bombs and was deposited during
Strombolian-type eruptions. Cinder from this center partially buries first episode lavas
to the east.

Together the total area of outcrop of second episode lavas is approximately 20
km? (13 Km? scoria-plug related, 7 km? dike related).




Third Episode

The final episode of basaltic activity (Tb3, Figure 3) is represented by a cinder
cone that formed on second episode lavas. The cone formed on the distal portion of
second episode fiows 4 km southeast of Hyde Spring and erupted lavas that cover
about 2.0 kmz. Third episode lavas contain variable amounts of plagioclase (up to
40%) and augite (<2%) megacrysts.

STRUCTURAL CONTROL OF VENT EMPLACEMENT

Structural analysis of the Monotony Tuff indicates a large population of
north-south striking and near vertical fractures. There is also a background population
of high-angle fractures with diverse orientations (Figure 4). Vents within the Hyde
Spring volcanic complex are not controlled by mapped faults or joints in the Monotony
Tuff. Several lines of evidence support this conclusion: (1) Ninety percent (9 of 10)
dikes of the first episode strike obliquely to the trend of joints. (2) Three dikes
of the second episode cut across the north-south joint set at 45 degrees. A dike 1 km
southeast of Hyde Spring (Figure 3) trends north-south for 0.5 km then abruptly turns
northwest. (3) Second episode plugs, 1.5 km southwest of Hyde Spring, crudely
follow the north-south striking ]oinfs in the Monotony Tuff but 0.5 km to the west, plugs
trend perpendicular to the north-south joints. (4) The is no consistent alignment or
trend of either episode 1 or episode 2 plugs. » '

GEOCHEMISTRY OF THE HYDE SPRING VOLCANIC COMPLEX

- Major element analyses are available for 25 samples from first, second, and
third episode lavas. These include new analyses for @ samples (Table 1). These
analyses provide sufficient data to classify, determine chemical variation with
stratigraphic position and discuss differences and similarities between each eruptive
episode. Trace and rare-earth element (REE) analyses are available for 16 samples of
the first and second episode.



Figure 4. Rose diagram showing prominant north-south joint
directions within the Monotony Tuff, Reveille Range, -
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[ ificati
Chemical classification is based on techniques of Irvine and Baragar (1971) and |
is reviewed in Table 2 and Figures 5, 6, and 7. All rocks of the Hyde Spring volcanic
complex are classified as alkalic and fall within either the sodic or potassic series
(Figure S, 6, and 7). '

BLE
| Cl ti
i lcani mp!
1 9 alkali basatt dike, flow
1 1 hawaite ~ dike
2 5 picrite plug
2 5 alkali basatt dike, plug, flow
2 2 hawaiite fiow
2 1 trachybasalt O fiow
2 1 " trstanite plug
3 . alkali basalt flow

ical Varijati

Rocks of the Hyde Spring voicanic complex have SiO, contents that range from 41
to 56% (Figure 8). Rocks of the first and second episode are both hypersthene and
nepheline normative while rocks of the third episode are oniy nepheline normative
(Figure 8). There is no trend from hypersthene to nepheline normative rocks with
time. Foland et al. (1987 and 1988) indicate a general tendency for the youngest
basalts at any one locality in the Reveille Range to contain the most normative
nepheline. However, our work demonstrates that there is not a positive correlation
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between normative nepheline content and age (Figure 8) or a simpie trend from
hypersthene normative to nepheline normative basalts with age. Therefore, in this
area, the eruption of nepheline normative lavas does not Signal the termination of
volcanic activity.
hemical Compari n_Epi

There are subtle differences in major element chemistry, rock norms and modal!
mineralogy that characterize the first, second and third episode lavas. These are: 1.
First episode rocks (10 samples) all contain . plagioclase megacrysts. All but four
rocks are sodic (Figure 5). These rocks have a narrow chemical range with SiO
values ranging from 44 to 48% and except for one hawaiite, all are alkali basalts. First
episode rocks are higher in Al,0, and Ca0, and lower in P,0, while the remaining
oxide abundances are similar to the rocks of the second episode (Figure 8). First
episode rocks are hypersthene or nepheline normative (Figure 9) and are less
enriched in the light REE compared to rocks of the second episode (Figure 10). 2.
Second episode rocks (14 samples) either contain augite and or hornblende
megatrysts. All but three rocks are potassic (Figure 6). Episode 2 rocks are more
éhemically diverse than episode 1 rocks, ranging in SiO, from 41 to 56% and include
picrite, alkali basalt, hawaiite, trachybasalt, and tristanite. Second episode rocks are
hypersthene or nepheline normative (Figure 9) and display higher overall enrichments
in the REE (Figure 10). 3. Third episode rocks (1 sample) contain plagioclase
megacrysts. This sample is a nepheline normative (Figure 8), K-rich alkali basalt
(F:gure 7) and plots within the ranQe of first episode rocks on all variation diagrams.

COMPARISONS WITH CRATER FLAT |
Several comparisons can be made between the basalts of the Reveille Range and

the basalts at Crater Flat-Yucca Mountain:
1. Basaltic volcanoes in the Reveille Range lie within the belt of volcanism that
stretches from Death Valley in the south to the Pancake Range in the north and that
also includes Crater Flat (Vaniman and Crowe, 1881).
2. Basalts of the Hyde Spring volcanic complex were emplaced ina ma]or Tertnary
ash-flow sheet; the Monotony Tuff. Basalts at Crater Flat were also emplaced in-
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ash-flow tuff (Carr, 1982). 4
3. Volcanic activity occurred at approximately the same time in both locations (< 4
Ma) (Vaniman and Crowe, 1981; Dohrenwend et al., 1985).

IMPLICATIONS

Conclusions based on the study of the Reveille Range basalts that have a direct
bearing on the proposed Yucca Mountain repository are: '
1. Feeder dikes and plugs do not use existing structures during emplacement.
2. Rocks of the Hyde Spring volcanic'complex are both hypersthene and nepheline
normative, however there is no trend from hypersthene to nepheline normative rocks
with time. Therefore, at least in this area, the eruption of nepheline normative lavas
does not signal the termination of volcanic activity.

INTRODUCTION-FORTIFICATION HILL FIELD
(Dan Feuerbach)

The nature of the change of the chemistry of igneous rocks during tectonic
transitions is highly debated. Studies by Lipman et al., (1972), Chriétianseﬁ and
Lipman (1972), and Suneson and Lucchitta (1978) and other authors suggested that in
the ‘Basin and Range province of the western United States, volcanism .changed from
calc-alkalic intermediate to bimodal rhyolite-basalt during the transition from crustal
compreséion to extension. However, Anderson (1978) and Smith et al. (in press)
demonstrated that in the Lake Mead erea of Nevada and Arizona, calc-alkaline
intermediate vﬁlcaniSm persisted throughout major extension. Only after major
extension did basalt erupt (9-4 Ma). Volcanic activity in the Lake Mead &rea provides
an almost continuous record of changing volcanism during the transition from active

crustal extension to relative crustal stability. In the Lake Mead area, active extension



lasted from approximately 15 to 10 Ma (Anderson, 1978; Anderson, 1982; Bohannon,
1983 and 1984). The Hamblin-Cleopatra volcano (12.5-13.1 Ma) (Anderson, 1973;
Thompson, 1985) erupted during major extension and represents some of the latest
calc-alkaline intermediate volcanism in the Lake Mead area. Changes in character of
volcanism began during the waning stages of extension with the eruption of the basalt
and basaltic andesite at Callville Mesa (10.3 to about 11 Ma) and continued with the

_ post-extension eruptions of the Fortification Hill basalt.(87-4.7 Ma). During this
transition period, calc-alkaline volcanism (Hamblin-Cleopatra Volcano and Callville

Mesa) was replaced by éruptions of alkali basalt (Fortification Hill and Lava Caséade).

This report discusses the petrogenesis and structural control of vent
emplacement of basalts at Fortification Hill and of basalts and basaltic andesites at
Callville Mesa and provides the first modern description of these volcanic fields. We
despribe petrography and field relationships, and preserit major and trace element
chemistry and new K-Ar age dates. The report also documents and models changes
in the styie of volcanism in the time interval between a period of active extension and
tectonic quiescence. |

GEOLOGIC SETTING
The Fortiﬁcation Hill and Callville Mesa' volcanic fields lie in the southern part of the
Basin-and-Range physiographic province. The major s&ructdres are mid- to
late-Miocene low-angle and high-angle hormal faults. Low-angle faults formed during
maximum extension, and high-angle block faults may be related to a deep crustal

detachment fault (Deubendorfer et al., in press). The Lake Mead Fault Zone consists



of a series of west-southwest trending Ieff-lateral strike-slip faults (Figure 11). This
fault zone may be coeval with low-angle faulting and probably formed as an
accommodation zone between differentially extending upper-plate blocks (Bohannon,
1983; Weber and ‘Smith,1987).

South of Lake Mead is a series of north-northwest trending high-angle normal
 faults that cut Miocene volcanic and plutonic rocks and Miocene to Pliocene clastic
intr_abasina! sediments of the Muddy Creek Formation (Feuerbach, 1986; Mills, 1985;
Anderson, 1978). Small allocthonous blocks of tilted Paleozoic sedimentary rocks also
crop out. The area north of the Lake Mead Fault Zone is composed of highly tilted
Mesozoic sediments and Miocene intrabasinal sediments of the Horse Spring and
Muddy Creek Formations (Bohannon, 1983). The area within and immediately
adjacent to the Lake Mead Fault Zone consists mainly of volcanic rocks of the
Hamblin-Cleopatra and Callville Mesa volcanoes

The Fortification Hill basalt field forms a north-northeast trending belt 75 km long
that extends from Malpais Flattop, Arizona to Biack Point, Nevada (Figure 11). Basalts
of Fortification Hill age periodically erupted from late-Miocene to early-Pliocené time
(-4.5 Ma). These include the volcanic rocks of Lava Cascade, Petroglyph Wash,
Fortification Hill, Black Point, and the alkalic basalt dikes and flows along U.S. 83 (Fig
11). Stratigraphically, the basalts of the Fortification Hill field lie within and above
intra-basinél oonglomerates, sandstones, and siltstones of the Muddy Creek
Formation. ; .

The Callville Mesa'basalts and basaltic andesites crop out in the middle of the
‘ Fortification Hill Basalt belt, just to the northwest of the Lake Mead Fault Zone. These
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rocks erupted 12?-10 Ma from volcanoes located at Callville Mesa and 'W,e,s,_t End’
Wash (Figure 11). Flows from these volcanoes cover an area of at least 20 km?2. |
They lie on clastic intrabasinal sediments of the Thumb and Lovell Wash members of
the Miocene Horse Spring Formation and may be intercalated Within the Red
Sandstone Unit (Bohannon, 1883). Two volcanic sections are reéognized; an older set
of flows that erupted from the West End Wash volcano and an younger set.of flows
that erupted from the Callville Mesa volcano. Rocks of the West End Wash volcano
 were structurally disrubted during the waning stages of east-west extension. Flows
from the Callville Mesa vent cascaded over exfsting faults, however, locally flows are
offset by east-west trending normal faults.

| DESCRIPTION OF VOLCANIC CENTERS
LCallville Mesa_ _

Composite volcanoes were the source of the basalt and basaltic andesite at
Callville Mesa and West End Wash (Figure 12). The best preserved cone is at Callville
Mesa. Here, activity began with Strombolian eruptions and ended with Surtseyan-type
eruptions. Its volcanic history is: 1) pyroclastic activity forming scoria of magmatic
origin containing voldanic bombs, blocks (sample number F8-24-46-LN), scoria, cinder,
ash, and rootless flows; 2) intermittent pyroclastic eruptions and extrusion of lava
forming interbedded scoria (1-10 m) and fiows (1-3 m) on the fianks of the volcano; 3)
eruption of lava thr‘ough dikes on the flanks of the volcano (sample numbers '
F8-24-48-LN and F8-24-49-LN); 4) filing and draining of a lava lake (sample number
F8-24-51-LN) at the summit followed by collapse of flows inward creating a rim

antiform; 5) pyroclastic eruptions of a wet magma forming scoria of combined

10
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hydromagmatic and magmatic origin comprised of quenched blocks, volcanic bombs
and blocks, and scoria; 6) hydromagmatic eruptions prdduéing scoria comprised of
quenched blocks of magma ejected from the vent and accretionary mudballs in a

matrix of mud and ash. The hydromagmatic eruptions occurred when magma

contacted ground water. 7) intrusion of pyroxene-olivine-bearing plugs into the core of

the volcano. In some areas the axis of the rim antiform served as a conduit for
emplacement (Figure 12). The West End Wash stratocone is highly eroded so its
original morphology is obscured, however, a vent zone was identified and contains
scoria intruded by feeder dikes and a large shallow piug.

tion Hill Basalt

The Fortification Hill basalts erupted from three different types of volcanic centers:

1) cinder cones; 2) fissures; 3) small diatremes and plugs.
Cinder Cones .

Small to moderately large cinder cones formed by Strorr;boiian-fype eruptions are
the. dominant type of volcanic center associated with Fortification Hill basalts. Cinder
cones are present at Lava Cascade, Petroglyph Wash, and Fortification Hill (Figure
11). The cinder cones ére located where lava from near vertical dikes reached the
surface. These dikes are now exposed in country rock adjacent to the cones.

Cones are round to oval, elongated in the direction parallel to the high-angle
normal faults and feeder dikes (Figure 13 and 14). Flows &re commonly buttressed
against théir source cones. |

Intial eruptions of cinder cones formed scoria mounds comprised of spatter,' ash,

cinder, agglutinated scoria, loose scoria, blocks, and bombs. During the next phase
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Figure 13. GEOLOGIC MAP OF THE LAVA CASCADE VENT FACIES
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Fortitication Hill basalt flows - Dominently olivine-
ploqioclcu bearing basalt, texture varies from
vesicular to massive, section (approx. 80m thick)
consists of atf least 20 seperate flows.

Fortification Hill scoria and cinder - Consists of
spatter, egglutinated scorla, loose sceria, cinder
and ash, and occaisional blocks. The scoria
probably represents the remnants of scoria -
cinder cones.

Olivine plagioclase basalt intrusive plugs These
rocks are massive, porphyritic with oflvine up fo
2mm thick, and are the probable parent to the
Cascade Lava flows.
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of eruption, massive olivine basalt flows erupted from the base and fianks of the cone.
Dikes meander through the scoria, and vent where they intersect the side of the cone
(Figure 4). Thelatest volcanic actiVity is representéd by intrusion of a plﬁg or
composrte plug into the scoria cone. The plug-scona contacts usually dnp 30 to 70
degrees inward (Figure 13 and 14). Plug rock displays either conoentnc or planar
foliation. Foliation is produced by closely space fractures formed along zones of
internal sheariﬁg. |

Djm .

At Black Point, Nevada, basalt erupted from three north-northwest tfending en
echelon dikes (Figure 15). Feeder dikes are internally brecciated and vary in width
from 1 to 4 m. The northernmost dike dips 40 degrees to the west and does not
appear to feed flows, however, it intensely sheared edjacent sediments during
emplacement. In a zone 0.5 m wide on either side of the dike, siltstone fragments of
the Muddy Creek Formation were ripped from couhtry rock and rotated into an
orientation parallel to the margins of the dike. In a zone 15 m wide on the east side of
the dike, sediments are cut by east and west dipping high-angle normal faults that
probably formed during the forceful injection of the dike.

The central dike is internally brecciated and dips 40 to 70 degrees to the west. It
crops out just to the west of the Black Point flows where it feeds these flows.

The southern dike is offset nearly 100 m to the west of the central dike. It is
nearly 4 m wide and dips 80 dégrées to the west. Here, dike emplacement resulted in
zones of synthetic and antithetic high-angle normal faults in the fine-grained

gypsiferous siltstones of the Muddy Creek Formation. These zones of faulting are
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accommodation zones formed by forceful injection and dilation during dike
emplacement. They extend nearly 10 m tc; the west of the dike.

En echelon dikes were also the source of the megacryst-bearing alkali-basalts
along U.S. 93 in Arizona, 13 mi south of Hoover Dam (Figure 11) (Campbell and
Schenk, 1950). |

iatr

A diatreme (100 m diameter) and a basalt plug (150 m diameter) crop out in
Petroglyph Wash (Figure 11). The diatreme is 6omposed of & tuff breccia intruded by
a highly-foliated alkali basalt plug. The brecéia contains scoria and angular clasts of
Wilson Ridge quartz monzonite. The quartz monzonite is Tertiary in age {Anderson,
1973) and forms the country rock in this area (Feuerbach, 1986). Small cylindrical
pipes of basalt containing pyroxene megacrysts also intrude the breccia. The contact
between the plug and breccia dips inward 40 to 60 degrees (Figure 16a).

The internal geometry of the basalt plug is similar to that of the diatreme. The
plug is surrounded by scoria and the plug-scoria contact is inward dipping (Figure
16b). Scoria is composed of agglutinated cinder, ash, and scoria and contains
angular clasts of the Wilson Ridge quartz monzonite. The outer portions -of the pldg
contain the same quartz monzonite inclusions s the scoria. The abundance of
inclusions gradually decreases toward the center of the plug. No tuffaceous breccia
was identified Vat this center. |

GEOCHRONOLOGY
- Six K-Ar dates are now available for Fortification Hill and Callville Mesa basalts

(Table 3) and four new whole rock K-Ar age dates for the Fortification Hill basalt field
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and three K-Ar age dates for the volcanic rocké at the Callville Mesa-West End Wash
QSI;anic 69nter will be available in September 1988. K-Ar dating was done by Dr.
Paul Damon of the Geochronology Laboratory of the University of Arizona. K-Ar dates
were used to determine: 1) the duration of volcanic activity at an individua! volcanic
center; 2) compositional changes with time; 3) time dependant migration patterns of
volcanism; and 4).changes in the nature of structural control with time.
i i ingl r
At Fortification Hill, the earliest ﬂbw and a late-stage pyrokenefbearing plUg that

“intrudes the cinder cone were dated (Table 3). The Iengthv of volcanic activity at
Fortification -Hill (considerindthe 2 sigma error) was .5.0x1()4 to 5.7xi05 years. An
early flow and olivine-bearing plug were dated at the Lava Caséade. Volcanic activity
lasted from 1.6x10° to 5.8x10° years.

Volcanism was episodic durinQ the span of activity at ‘each center. However, the .
period of time between eruptive episodes was probably short. This is suggested by:
1) the lack of soil horizons or other evidence of erosion between flows, and 2)
chemically and mineralogically there is little Variaﬁon from top to bottom in the flow
stack. | ‘

ral | igrati f Vol

During the time period from 13-9.5 Ma volcanism was restricted to the area along
ihe Lake Mead Fault system '(ﬁgure 17 and 18). Left-lateral movement along the
Hamblin Bay fault between thé 13 and 9.5 Ma transported the northern half of the
Hamblin-Cleopatra volcano 20 km to the west-southwest (Anderson, 1973).
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Figure 18. Locations of K-Ar age dates in the Lake Mead area.
Date on Fortification Hill basalt from Thompson,
(1986). 2 Range of K-Ar age dates for the
Hamblin-Cleopatra volcano from Thompson, (1986).
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The post 6 Ma Fortification Hill basalis erupted adjacent to north-northwest striking
high-angle range bounding faults (Figure 17 and 18). This périod of volcanism
migrated south with time (Figure 18)."

Magmati nd Tim
Icani |

The character of volcanic eruptions appears to have changed with time. - The
Hamblin-Cleopatra volcano (13.5-12 Ma) is a stratovolcano formed by many
quartz-normative andesite and dacite flows. The célwille Mesa-West End Wash
volcanoes (11-10.3 Ma) are stratocones built of hypersthene and olivine-normative |
basalt and basaltic andesite. The Fortification Hill aged (6-4.9 Ma) alkali-basalts and
hawaiites erupted from cinder cones and dikes and are hypersthene to nephéline and

olivine-normative. These observations suggest trends toward; 1) smaller volcanic

centers, 2) a Iérger volume of pyroclastic deposits, and 3) more explosive types of .

~ eruptions with time.
4_/———-—‘"« e
Composition

To evaluate the geochemical and mineralogical changes with time, geochemical
and normative mineral contents are plotted against the average K-Ar age of the rock.
MgO, Ca0, and Fezo_;, show a continuous increase in abundance from 13.5 Ma to 4.9
Ma. SiO, however, decreases with time (Figure 19). 1102 content ‘increase_s during
eruptions of the Fortification Hill age basalts but decreases during eruptions of the
Hamblin-Cleopatra volcano (Figure 20). | |

V, Sc, and Eu increase in concentration with time during Fortification Hill age

basalf eruptions and decrease during eruptions of the Hamblin-Cleopatra. Cr remains
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nearly constant with time during Hamblin-CIeopatra eruptions but decreases rapidly
during the eruptions of the Fortification Hill basalts (Figure 21). Total REE decreases
continuously from Hamblin-Cleopatra to Fortification Hill time (Figure 22).
STRUCTURAL CONTROL OF CONDUITS
The Lake Mead Fault Zone and associated north-northwest trending high-angle
faults controlled the location of vents of post-13 Ma volcanoes in the area about Lake
Mead (Figure 17). Although regiond fault zones controlled the location of volcanic

centers, in detail conduits are not always controlled by major faults associated with

these fault zones.” Thi§ is especially evident at the Lava Cascade and Fortification Hill.

“—

At Lava Cascade, lava erupted from a cinder ¢one near the summit of the Black

Mountains in an area nearly devoid of any major faults. Major north-northwest
“trending high-angle faults cut the range just to the west of the vent center. Basalt

dikes north and south of the cinder cone are coplanar with the high-angle range
bounding faults, but no mappable faults mark the exfension of the dikes. One |
high-angte fault (striking N4SW to NSOW) trends toward the cinder cones in the vent
zone, however dikes associated with the vent strike N20W to NSE. Eruption occurred
very near the nose of a west-plunging synform in the Precambrian basement rocks.
Lava flowed down a canyon cut parallel to the exis of the synform toward the present
day Colorado River, however the synform does not control vent location. Dikes clearly

e

cross-cut the foliation in the Precambrian gneiss and they are nearly perpendicular to

———

the axis of the synform.
At Fortification Hill, dikes associated with the cinder cone, crop out nonh‘ and

south of the vent center. These dikes strike north-northwest and are coplanar with the
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major high-angle normal faults in the area. Dikes intrude unbrecciated country rock
within 100 m of major faults, however, these faults did not serve as conduits. The
intrusive plugs within the Fortification Hill vent area are elongated paralle! to dikes and

regional faults. In fact, a major splay of the Fortification Hill fault projects beneath

Fortification Hill, but it is uncertain whether this structure served as the conduit for

" eruptions at the cinder cone (Figure 17).

‘ : MAGMA EMPLACEMENT INTO THE CRUST

Basin-and-Range structures in the Fortification Hill-Lava Cascade area are
bounded by fault zones formed of numerous sub-parallel moderate to high-angle
. normal faulis. Even though the magnitude of displacement on individual faults may be
small, total displacement of all the faults can be up to thousands of meters (Longwell
et al., 1963). A possible scenario for magma emplacement in this structural setting is:
1) Magma intruded the network of faults and fractures related to the fault zone at |
depth. At Fortification Hill erosion exposed the vent zone to a depth of 1000 m below
the surface of eruption. At this depth, dikes strike in the same direction as faults, but
dikes do not occupy the fault zones. 2) Magma then rose toward the surface using
fractures and faults which yielded the least resistance. 3) During ascent magma
abandoned fault zones and rose along any available pathway to the surface. Certain
faults were abandoned because the fault zone may have been sealed at a shallow
depth due to hydrothermal mineralization (silicification of the fault zone). Another
explanation is that the conduit did not have & large enough diameter to allow magma
to rise to the surface. A dike must have a sufficient width to thermally insulate the

magma from the cool country rocks in order to sustain flowage for a substantia! period -
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of time prior to freezing (Deleney and Pollard, 1982).
| PETROGRAPHY

Basalt fiows from Fortification Hill and Lava Cascade contain phenocrysts of
subhedral to euhedral olivine (1-3% at Fortification Hill and 3-12% at Lava Cascade)-.
Olivine is commonlyvresofbed and rimmed or replaced by iddingsite. The groundmass
is pilotaxitic and occasionally intergranular in the ooarser-grained_varieties.
| Groundmaés mineralogy consists of microlites of subhedral to euhedral plagioclase
(50-60%), subhedral to euhedral augite and titanaugite (10-20%), and subhedral to |
euhedral iddingsitized olivine (4-11%).

The pyroxene-bearing plugs at Fortification Hill and Lava Cascade contain
porphyritic olivine, augite, and plagioclase in an intergranular groundmass of olivine,
plagiociase, augite, and-titanaugite. Mineralogy of the plugs is similar to associated
fiows, however they contain large (0.5-2 mm long) subhedral, resorbed and zoned
plagioclase (2-20%) and large (.3-3 mm long) subhedrél and highly resorbed poikilitic
augite (plagioclase included within the augite). These mineral phases along with
olivine commonly appear in glomeroporphyritic clots. The o!ivih_e-bearing plugs are
similar to the pyroxene-bearing plugs except that the large augite phenocrysts are rare
to absent. |
Black Point _

Basalts at Black Point are porphyritic, containing euhedral to subhedral partially
resorbed olivine (5-8%), subhedral poikilitic augite (13-19%), and subhedfal poikilitic

orthopyroxene (3-11%) in a pilotaxitic to intergranular groundmass. Groundmass is
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composed of subhedral microlites and laths of plagioclase (52-63%), 'subhedral olivine
(3-11%) and subhedral to anhedral augite (2-9%). Olivine phenocrysts are partially
alte_red to chlorite and serpentine. .
Petroglyph Wash

Basalt flows at Petroglyph Wash contain phenocrysts of subhedral partially
resorbed olivine (1-12%), subhedral augite (<2%), subhedral partially resorbed zoned
plagioclase (1-3%), and subhedral orthopyroxene (0-1%). Olivine is partially altered to
~ Iddingsite. Groundmass is pilotaxitic to intergranular containing microlites of subhedral
plagioclase (61-63%), subhedral to euhedral augite and titanaugite (9-17%), and
subhedral to euhedral iddingsitized olivine (9-14%). Some of the olivine crystals have
incomplete rims of augite.
Callville Mesa

Basalt of Callville Mesa and West End Wash volcanoes contain phenocrysts of
euhedral to subhedral partially resorbed and iddingsitized olivine (1-5%), subhedral,
zoned, resorbed plagiociase (10-30%), subhedral, poikilitic augite (2-9%), and traces of
subhedral orthopyroxene. Quartz and akali-feldspar xenocrysts rimmed by glass and
acicular clinopyroxene occur throughout this suite of rocks. Clots of large (1-1.5 mm)
olivine, augite, and plagibclase are common. Occasional xenoliths of pyroxenite'
containing subhedral orthopyroxene and clinopyroxene occur within the flows.

GEOCHEMISTRY
fvil - h Vol
Thirty-two whole rock, major-element chemical analyses are now available for the

volcanic rocks of the Callville Mesa-West End Wash volcanoes. Twenty-three were
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obtained during 1987-1988 (Table 4). Rocks of the Callville Mesa - West End Wash
volcanoes &re calc-alkaline 'basalts.and andesiies (Irvine end Baragar, 1971). Two
rocks are alkalic-basalts and one is an Hawaiite (Figure 23).

Calliville Mesa-West End Wash volcanic rocks vary in SiO, content from 52-57%.
Fe,0, MgO, CaO and MnO decrease with increasing Sio.‘,' while P,0,, Na,0 and
Al203 remain constant (Figdre 24). | MnO is slightly depleted in the rocks' associated
with the West End Wash volcano. |

All but three of the Callville Mesa-West End Wash volcanic rocks coniain normative

quartz (1-7%). All contain normative hypersthene and plagioclase (andesine).

This year, we obtained thirty-five new major element analyses of Fortification Hill
age basalts. These include 11 new whole rock chemical analyses from Petroglyph
Wash and 6 from the alkali-basalt aiong U.S. 93 in Arizona (Table 5). Also major
element data was obtained for kaursutite and uttramafic nodules in the alkali-basalts
~ along U.S. 93. o
" Al of the Fortification Hill aged rocks are a!kalic,éxoe;;t those frorh Malﬁais Flattop,
and the south dike at Lava Cascade, and one of the lower flows at Fortification Hil
which are subalkaline tholeittic basalts (Irvine and Baragar. 1971) (Figure 26). For the
most part, Fortification Hill aged volcanism produced alkali-basalts. The only
exceptions are the north dikes at Lava Cascade and late-stage plugs at Petroglyph
Wash which are picrites according to the lrvine and Balfagar classification (Faguré 26).

New chemistry from the stratigraphically Ioﬁrest sections at Fortification Hill and the
dikes at Lava Cascade suggest that these rocks are cogenetic with other rocks from
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their respective localities.

The small plugé Which crop out in Petroglyph Wash have lower SiO, (44-45%)
contents compared to the rocks associated with the cinder éone complex (47-48%).
‘The plugs also contain higher contents of P,O,, MnO, Fe,0,, TiO, CaO and MgO than
the rocks erupted from the cinder cone (Figure 284).

The U.S. 93 alkali basalts contain 44-47% SiO, and are enriched in Na,0, K,0,
P,O5 and ﬁ02 compared to the rest of the Fortification Hill aged basalts.

Basalts in Petroglyph Wash are nepheline (3-21%) and olivine (9-13%) normative and
| also contéin normative labradorite. The U.S. 93 alkali basalts are nepheline (1-15%)
and olivine (5-17%) normative with andesine and labradorite as the normative
plagioclase.

Basalts from Lava Cascade and Fortification Hill are nepheline and olivine or
hypersthene and olivine normative. Labradorite cs the normative plagioclase. Basalt
from Malpais flattop is olivine (8-17%) and hypersthene (6-16%) normative and

contains labradorite as the normative plagioclase.

GEOCHEMISTRY OF THE FORTIFICATION HILL FIELD
(Eugene Smith)
tal Techni |
Whole rock major element concentrations were determined by Inductively Coupled
Plasma techniqueé (ICP) at Chemex Labs, Inc. (Sparks, NV) and by X-ray
fiuorescence (XRF) analysis in the Rock Chemistry Laboratory at the University of
Nevada, Las Vegas. Cr, Ni, Cu, Zn, Rb, Sr, Y, Zr, Nb and Ba were analyzed by XRF.
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Rare-earth elements and Sc, Rb, Sr, Ba, Ta, Hf, Zr, U, Th were analyzed by
Instrumental Neutron Activation‘Ana!ysis (INAA) at the Phoenix Memorial Laboratory,
University of Michigan. The multi-element standards G-2, GSP-1, BHVO-1, and RGM-1
were used as internal standards. Precision for REE with concentrations less than 1000
ppm is 5%, except for Nd, Tb and Yb which is 10%.
Major Elements

Volcanic rocks of the Fortification Hill field are subdivided into four magma types
on the basis of major-element chemistry (Table 6). They are:
1. Yolcanic rocks of the Lava Cascade. Volcanic rocks of the Lava Cascade are
alkali basalts and are low in SiO, total alkalis, and high in TiO,, CaO, MgO and FeO.
Lavas of this type and crop out at tﬁe_ Lava Cascade and west of the Hamblin-
Cleopatra volcano in the Boulder Wash area (north of Lake Mead).
2. Voleanic rocks of Fortification Hill. Compared to volcanic rocks of the Lava
Cascade, the alkali basalts of Fortification Hill are higher in SiO,, and lower in TiO,,
Ca0 and FeO. MgO contents are similar (Table 6). Volcanic rocks of the Fortification
Hill type crop out at Fo;tiﬁwtion Hill and in Petroglyph Wash.
3. Yolcanic rocks of Callville Mesa. Lavas on Callville Mesa and Black Mesa are
basalts and basaltic andesites and are higher in Sioz, but lower in MgO, TiO,, Cao,
FeO and P,O, than either lavas of the Lava Cascade or Fortification Hill typeé. Lavas
of the West End Wash volcano are very similar to those of the Callville Mesa volcano,
however, at the present ﬁme they are not included in the chemical discussion.

4. Yolcani fi | Lavas of the Hamblin-Cleopatra

volcano vary from' andesite to dacite and are higher in SiO, end lower in MgO than
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TABLE 6

COMPARISON OF CHEMICAL CHARACTERISTICS OF MAGMA TYPES
FORTIFICATION HILL VOLCANIC FIELD

ELEMENT FORT HILL CASCADE CALLVILLE HAMBLIN-
: . _ CLEOPATRA

TiO, 14-16 18-20 09-1.2 0.8-19

Ca0 8-10.5 - 10-12 6-8 3-8

Fe,04 10-12.5 11.5-14° 8.5-10 2.5-9.5

MgO 58 559 455 05-4

Alkalis 45 345 56 685

P,0, . 03-0.5 03-055 0203 0.15-0.65

Ce 4065 4570 60-80 80-220

Th 34 C 35435 47 521

Co 3345 35-50 20-30 5-25

v 200-260 - 220-300 120-180 30-180

Note: oxide concentrations in weight percent and element concentrations in ppm.

FORT HILL - Basalts of Fortification Hill



rocks of the other types.
Trace and Rare-Earth Elements

 There is remarkable similarity of trace and REE abundances and REE distribution
between and within the Fortification Hill and Lava Cascade magma types (Figure 27).
Altho'ugh the Lava Cascade magma type is slightly more enriched in REE compared to
the Fortification Hill type, both have nearly identical elemental distributions with
enriched light REE, depleted heavy REE and no Eu anomaly. Both types show a
small increase in light REE with evolution (Figure 28). Trace-element contents are very
similar, however, Sc content is higher in Lava Cascade lavas than those of Fortification
Hill. Lavas of Callville Mesa and the Hamblin-Cleopatra volcano are higher in light and
total REE content and Th, and lower in V, Co, and Cr than the Fortification Hill or
Cascade types.

iff iati !

Introduction
We evaluated differentiation paths for the basalts of the Fortification Hill field using

open-system models involving both Rayleigh fractionation and magma mixing. Major
elements were modelled using the program XLFRAC (Stormer and Nicholls, 1978).
XLFRAC solves a series of linear least squares mass balance equations to determine
the proportions of added or subtracted phases required to produce a fractionated rock
from a given parent. To evaluate the relative importance of mixing and fractionation,
trace and REE were modelled using Rayleigh fractionation and by techniques that
determine the change of the congentraﬁon of an element as a system undergoes

concurrent mixing and fractionation (Depaulo, 1881; Thompson et &l., 1986).
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Figure 27. Comparison of REE distributions for the volcanic rocks
of the Fortification Hill volcanic field.

fficati ill

~ Models for the evolution of lavas at the Lava Cascade and at Fortification Hill must
account for the following apparently contradictory observations:
1. No appreciable change in the contents of the REE,-V, FeO or total alkalis, and the
lack of Eu anomalies.
2. Significant changes in MgO (5 to 9%) and Cr (75 to 325 ppm). 3. A decrease in
Co (35 to 45 ppm), and increase in Ca0 (8 to 10.5%), TiO, (1.4 to 1.6%) and P,0;
with either decreasing MgO or Cr. ‘

Fractionation of olivine, pyroxene or plagioclase will result in a derivative liquid with

lower MgO, Cr, Ca0, and V and higher SiO,, alkalis, FeO and total REE abundance
than the original liquid. REE content will increase with fractionation since the bulk
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distribution coefficient for each REE for clinopyroxene, and olivine is much'less than 1.
Also, plagiociase fractionation will result in increasing REE abundances and an Eu
anomaly; bulk distribution coefficients are less than one for each REE (0.13 to 0.06;
but 0.34 for Eu). Relatively constant REE abundances and increasing Ca0 with
decreasing MgO and Cr are not compaiible with simple fractionation processes. On
- the other hand, mixing or assimilation of indepeﬁdenﬂy derived end-member magmas
accompanied by fractional crystallization may be explain the apparently contradictory
observations. For exampfe. the mixing of two basaltic magmas with similar REE
abundances, but different MgO and Cr contents will result in hybrid magmas that
display a wide range of MgO and Cr but relatively constant REE values. End-member
compositions for open-system processes are represented by byroxene plugs and
dikes (sample 143 and 107, Fortification Hill and Lava Cascade respectively) and
olivine basalt flows (samples‘ 13 and 114, Fortification Hill and Lava Cascade
respectively). J |

Using major-elements, two models suc;:essfully describe the range of
_compqsitions at Fortification Hill. The first requires the mixing of pyroxene and olivine
bearing end members and the fractionation of 4.5% olivine (Mode! 1, Table 7). R (the
ratio of mixed component to fractionated component) for this model is 2.37. The
second successful mode! involves 6% olivine fractionation alone (Model 2, Table 7).
Evolution vectors for trace elements were calculated by assuming & value of R
(obtained from major element models) and allowing F (the amount fractionated) to
vary. Models assuming R values of 3 to 10 with olivine fractionation account for the

compositional variation at Fortification Hill (Figure 28). Olivine fractionation alone is not
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SUMMARY OF MAJOR ELEMENT MODELS

TABLE 7

MODEL NO. FORTIFICATION HILL
OLIVINE 454
PLAGIOCLASE —
CLINOPYROXENE —
MIXED COMPONENT 108 (143)
OTHER -
TOTAL FRACTIONATED 454
R VALUE 237
RESIDUALS 0.946

| CASCADE
MODEL NO. n
OLIVINE 687
PLAGIOCLASE —
CLINOPYROXENE —
MIXED COMPONENT —
OTHER —
TOTAL FRACTIONATED 687
R VALUE —
RESIDUALS 0641

551

550
474

65.8 (107)

1024
6.42
0.296

8.04
230

1034

0.515

444
481

54.8 (368)
9.25

572
1.590




MODEL NO. 7

OLIVINE 5.00
PLAGIOCLASE 5.00
CLINOPYROXENE 150

MIXED COMPONENT 7.50 (368)

OTHER —

TOTAL FRACTIONATED 250

R VALUE | 03

RESIDUALS o 1.00 (ESTIMATED)

NOTE: MINERAL VALUES ARE PERCENT FRACTIONATED. THE MIXED COMPONENT VALUE
IS PERCENT ADDED. THE SAMPLE NUMBER OF THE MIXED COMPONENT USED IN THE
MODEL IS IN PARENTHESES.

Models 1 to 6 were calculated using the program XLFRAC. Model 7 is based on trace and REE using the
program MELT. The error (residual) for model 7 is based on a visual comparison of model and actual rock
data. :
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Figure 29. Evolution vectors for basalts of Fortification Hill on a Ce vs. Cr plot indicate that models that
involve the mixing of pyroxene (sample 143, solid upward triangle) and olivine basait (sample 13,
solid square) magmas and about 6% olivine fractionation reproduce the nearly 300 ppm decrease
in Cr and slight increase in Ce. Models that assume fractional crystallization alone produce liquids
with high Cr and Ce values (R=0 vector). The mbdng fine displays hybrid compositions produced
by mixing of pyroxene and olivine basalt magmas. R =the ratio of mixed to fractionated components;
R=0 indicates fractionation and no mixing. Diamonds = dikes, boxes and down-pointing triangle
= flows, x and + = Intrusions and plugs. '



supported by trace element models since olivine removal will not sufficiently reduce the
concentration of Cr. In fact, small amounts of olivine fractionation (F < 10%) willb
increase Cr, since the bulk distribution coefficients of Cr in olivine are less than 1 for
small values of F (Figure 29). In order to decrease Cr by the amount observed, as
much as 50%‘ clinopyroxene must be removed, but this amount of clinopyroxene
fractionation is not supported by field or petrographic studies. Also, since the bulk
distribution coefficients for REE in clinopyroxene are less than 1, this large amount of
fractionation would significantly increase the total REE content. Also, because Co and
Cr decrease and V and Sc increase with degree of evolution, olivine and not
clinopyroxene must bé the major fractionated phase, since the bulk distribution
coefficient is greater than 1 for Co in olivine, but less than 1 for clinopyroxene.

Models for the evolution of the Lava Cascade are complicated due to the variable
compositions of both the pyroxene and olivine bearing basalts (Figure 30). The .
evolution of the pyroxene and olivine basalts are modelled separately since olivine
basalts do not show evidence of mixing or assimilation, while clinopyroxene basalts
display ample petrographic and field evidence of contamination. These observations
rule out a single differentiation process. _

End members of the olivine basalt series are sample 114 the lowermost flow, and
sample 111 one of the latest flows. Major-element models involving the fractional
crystallization of 8% olivine and 2.3% plagioclasé (Model! 3, Table 7) or 6.8% olivine
(Mode! 4, Table 7) successfully reproduce the range of oompositions of the olivine
series. Trace-element models, .however. do not support fractional crystallization as the

only differentiation process. Fractionation of olivine and plagioclase in the amounts
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indicated by the major element models will result in inéreaéing Cr (322 to 360 ppm)
and small -inc}eéses in Ce (43 to 47 ppm), however, observed differences between
sample 114 and 111 indicate a large decrease in Cr (322 to 175) and increase in Ce
(43 to 65). Also, FeO/FeO+MgO ratios remain relative constant in the olivine series
(0.60 to 0.57). This observation is not consistent with a fréctional crystallization model
since olivine fractionation should result in substantial increases in this ratio. The
mixing of pyroxene basalt (107) with olivine basalt (114) and 10% fractionation of
olivine (8%) and plagioclase (2%) successfully models the variation of the olivine series
(Figure 30), however, the lack of mixing of textures in the olivine basalts urges caution
and careful regvaluation before accepting this model.

The evolution of the pyroxene basalts was modelled by the mixing of olivine and
pyroxene basalt and fractionation. A successful model involves the fractionation of
5.5% olivine and 4.7% plagioclase from olivine basalt (samplg 114) and the addition
(either by liquid-liquid or liquid-solid mixing) of pyroxene basalt (sample 107) to form
the compositional range observed in the pyroxene series. The R value for this model
_is 6.42 (Model 5, Table 7)_. Trace element models support large R values. Evolution
vectors plotted on a Ce vs. Cr diagram suggest that R values of 6 to 8 provide a
reasonable fit to the observed elemental distributions (Figure 30).

Mixing of magmas‘ at both the Lava Cascade and Fortification Hill is also
supported by element ratio-element plots. If magma mixing is an important
differentiation process, samples will fall on a hyperbolic curve on a ratio—rati_o or ratio-
element plot (Langmuir et al., 1978). End member compositions can be approximated

on ratio-ratio and ratio-element plots since the hyperbola will become asymptotic to
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the X and Y coordinates at ratios that approximate the elemental ratios of the end
members (Langmuir et al., 1978). A plot -of Fe/Cr vs. Cr for samples of basalt from
the Lava Cascade and Fortification Hill displays a nearly perfect hyperbolic curve
confirming that mixing is an important pfocess in the evolution of lavas in both areas
(Figure 31).
Ivill

Models for the evolution of the basalts and basaltic andesites of Callville Mesa
must explain: |
1. The higher SiO, contents (51 to 56%) when compared to Fortification Hill and Lava
Cascade rocks. Also the higher Th, REE content and total alkalis, and the lower TiO,,
Ca0, FeO, Co, and V concentrations.
2. The positive correlation of TiO, and MgO abundance, as compared to the negative
correlation for Fortification and Lava Cascade rocks (Figure 32).
3. The observation that an evolution vector drawn from the least evolved to most:
evolved rock points toward the field occupied by average upper crustal compositions.
If the vector is extended back toward more primitive compositions, it intersects the
field of the pyroxene basalt of Fortification Hill (Figure 32).

We suggest that the lava compositinns at Callville Mesa were generated by first
mixing magma with the composition of the pyroxene basalt of Fortiﬁcation" Hill (either
samples 143 or 1d7) with an- upper crustal contaminant such as the quartz monzonite
of the Tertiary Wilson Ridge Pluton (sample 368) (Smith et &l., 1988) to produce the
most primitive Callville Mesa magma (sample 46). This mixing may have been

accompanied by as much as 8% fractionation of clinopyroxene and plagioclase from
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Figure 31. Ratlo-element plot for Fortification Hill and Lava Cascade basalts. If magma mixing Is an important
differentiation process, samples will fall on a hyperbolic curve on a ratio-ratio or ratio-element plot
(Langmuir et al., 1978). The nearly perfect hyperbolic curve confirms that mixing is an important
process in the evolution of lavas in both areas. Note that this curve was calculated using the
equations of Langmuir et al. (1978), It is not a statistical best-fit curve.
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the mafic end member (143 or 107) (Model 6, Table 7). Further differentiation (sample
46 to 50) is.modelled by fractionation of olivine, clinopyroxene, and plagioclase
accorqpanied by the addition of crustal material; here assumed to be Wilson Ridge
pluton (sample 368) (R=0.3-0.4) (Figure 33) (Model 7, Table 7).
| li tr
Lavas of the Hamblin-Cleopatra volcano display a positive correlation between
TiO,, and Mgdrcontents énd vary in composition from andesite to dacite (Thompson,
1985). Evolution vectors (Figure 32) qualitatively show that Hamblin-Cleopatra
compositions lie between the fields of Lava Cascade type pyroxene basalt and an
upper crustal composition. Mixing of these end members along with fractionation 6f
clinopyroxene, hornblende and possibly biotite may produce the observed variation.
Evolution of the volcano is complex and activity may be subdivided into at least two
cycles (Thompsori, 1985). The compositional range of the cycles overlap suggesting
repetition of the open-éystem processes. The two end-members required for
modelling are locally available. Basalts of Lava Cascade type, dated at about 8 Ma
| (Thompson, 1985), crop out ]ust. to the west of the volcano. The most highly evolved
lavas of the Hamblin-Clébpatra volcano fall within the field of compositions related to
the Wilson Ridge Piuton. The field observations, as well as abundant mixing textures
(Thompson, 1985), indicate that mixing/assimilation was important in the magmatic
development of the Hamblin-Cleopatra volcano.
i I
Our modelling suggests that at least 4 parent basaltic magmas and a crustal

-contaminant are required to produce the observed compositional variations of the
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Fortification Hill basalt field. We suggest that these parent mag}nas were generated by'
a complex process of partial melting of a compositionally heterogenous mantle
composed of spinel peridotite accompanied by fractional crystallization of the resultant
partial melt. The spinel peridotite is assumed to contain clinopyroxene (30%),
orthopyroxene (12%), spmel (5%), and olivine (53%) and is enriched 4 times that of
chondrite for light REE and 2 times chondrite for heavy REE Modal batch meltlng of
this spine! peridotite alone will not yield magmas of the proper FeO/FeO+MgO (Fe’)
ratio. However, fractional crystallization of 30 to 45% olivine from the partial melts will
produce the observed ratios (Figure 34). The generation of the pyroxene bearing
parehts are modelled by 3% partial melting followed by 40% olivine fractionation.
Olivine bearing parent magmas probably formed by about 15% partial melting follbwed
by 30% olivine fractionation (Figure 34). A comagmatic relationship between the Lava
Cascade and Fortification Hill magma types is ruled out since Lava Cascade lavas are
higher in REE content and Th, gnd also higher in TiO,, Ca0, FeO and V and lower in
total alkalis than Fortification Hill lavas. These contradictory trends suggest generation
of each type by independent melting of a heterogenous mantle source, rather than the
formation of one from the -other by a fractional crystallization process.
ional i

Volcanism during active extension in the Lake Mead area was alkali-calcic or calc-
alkalic with intermediate rock types predominating. Following the transition at about .
10 Ma to a period of tectonic quiescence, alkalic basalt was the major eruptive
product. Smith et al. (1988) suggested that the int'érmediate oompos'itic:ns formed
during extension were a product of the mixing of the end-members of a bimodal
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basalt-rhyolite (or basalt-dacite) suite. The mixing of these magma types may have
been enhanced by the presence of abundant brittle and/or ductile low-angle faults or
shear zones in the upper crust. These low-angle zones probably acted as traps and
"mixing" chaﬁwbers for'rising magma. During the waning stages of extension, high-
angle faults penetrated deeper into the crust thus allowing end-member magmas to
reach the surface (Smith et al., 1988). In the Fortification Hill field the waning of
extension is marked by the removal of the felsic crustal cbmponent as an end-member
for mixing processes. This event is recorded by the change of compositions from
intermediate to mafic and graphically by the change in slope on a MgO vs. TiO, plot.
Magmas produced during extension plot in fields that lie between an upper crustal
composition and a mafic parent. After 10 Ma, during the waning stages of extension,
magma compositions no longer show any relationship to upper crustal compositions
and the slopes of evolution vectors on MgO vs. TiO, reverse (Figure 32).

The removal of the upper crustal component may be related to how effectnvely
rising magma can be isolated from country rock. Rssing magma will chill upon contaét
with colder country rock and produce a lining or coating that should effecti\)ely insulate
thé.'conduit (Myers, 1988). During active extension, 'fauttiﬁg may preclude the
formation of a vent lining, thus facilitating contamination. During a period of tectdnic
quiesoerice when the frequency of faulting decreases, vent linings may form and

effectively isolate the rising magma from the upper crustal contaminant.

ROCK CHEMISTRY LABORATORY
(Ed Thomas)
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Introduction

The goal of the rock chemistry Iéboratory in this last year was to develop an
approved set of technical procedures for the processing and analyzing of samples for
major élements (SiO,, Al,O,, Fe(total), MgO, CaO, Na,0, K,0, TiO,, MnO and TiO,)
and some trace elements (Sr, Rb and Zr). Achieving this goal will then allow us a
greater degree of independence from outside contractors and will allow better internal
control of samples and analytical parameiers.» The lab will provide a high degree of
analytical precision and accuracy through the use of both an upgraded Dapple
Systems x-ray fiuorescence (XRF) system and a modern Perkin Eimer model 30308
atomic absorption spectrophotometer (AAS).
Progress |

id Digesti i

Initially, our goal was to establish a téchnique for sample preparation and analysis
by AAS Because of the numerous problems encountered in the analysis the major
_elements by AAS and the ease of analysis with the XRF, only aluminum, sodium and
-potassium will be analyzed by AAS. The first sample preparation techniques that we
used were standard acid digestion bomb (ADB) methods for dissolving powdered rock
samples. The ADB method involves digesting the powdered sample in a solution of
hydrofiuoric acid (HF), aqua regia, and bonc acid in a heated, pressurized teflon
container. Besides the obvious problems in handling the materials used on a daily
basis, this method also proved unéct:eptable in its reliable digestion of the sample.
Because of problems with chemical complexing, especially between HF and silicon,

accurate analysis of samples prepared in this manner was not possible. These
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problems then resulted in the abandonment of this technique.
Standards

Standard preparation was another major problem. Two different types of
standards were bonsidered; multi-element standards prepared from digested USGS
rock standards and single-element standards prepared from single-element atomic
absorption standards. Preparation of the multi-element standards posed the same
problems as the preparation of the unknowns. As a result, we decided to use single- |
element standards. The single-element standards are as similar as possible to the
samples and contain all of the sample chemicals (abids, fiuxes, etc.) as the samples to |
be analyzed. However, many of the matrix problems encountered with the mutti-
element standards are eliminated. Storage of standards also posed av problem
because many of the standard solutions are unstable. The solutions will often
precipitate depending especially on the length of storage time. Because the AAS is
only being used for aluminum, magnesium and sodium at this time, it is only these
standards that must be dealt with. These standards are best prepared on a daily
basis.

kali-Fusi

We next used alkali-fusion techniques. - The sarriple is fused at a high temperature
with an alkali flux such as sodium peroxide or lithium metaborate. A glass bead is
formed which readily dissolves in hydrochloric acid (HC). Lower temperature fusions
(i.e., fusion over a burner flame) in a zirconium crucible with reagents such as sodium
peroxide were tested first and proved useful for at least some of the elements.

However elements such as sodium and potéssium could not be analyzed by this
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method because of their presence in the flux. Thus, a higher temperature fusion
technique suggested by Perkin-Elmer was chosen. This procedure requires that 100
mg of the powdered rock sample is fused with 0.6 g of lithium metaborate at 1000°C
in a platinum crucible for 15 minutes. Once fused, the glass bead is dissolved in the
crucible with concentrated hydrochloric acid. The resulting solution is transferred into
a 200 mi volumetric flask. Enough lanthanum solution form a 0.1% lanthanum
solution is added, and the solution ié brought to a final volume of 200 ml. “The
lanthanum solution is added to reduce ionization effects in the AAS flame. This
-solution is used, unaltered, in the analysis of aluminum. A five-times dilution of the
initial solution with an adjusted lanthanum content of O.i%, is used for the analysis of

magnesium and sodium.

X-ray Fluorescence Techniques

In the past couple of months, we initiated major element analyses by XRF. Our
XRF unit was recently modified by the addition of solid-state electronics and will soon' |
be retrofitted with an automated system. The new solid-state system resulted ih a
precise, accurate and rapid system for analyzing the oxides of Si, Fe, Ca, K, Ti, Mn
and the trace elements like Zr, Sr, Rb, and Ni.  The analytical technique involves the
production of & compressed sample pellet made from a small amount of finely
powdered sample backed with a binding material such as methy! cellulose
(Hutchinson, 1974). All of the powdered samples ere currently being run through a

mirconizing mill in order to insure that there is & constant grain size for all of the
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samples. This step all but eliminates matrix corrections.
ition Techni LOI

LOI determinations of the concentration of volaﬁle components, such as water and
other volatile elements or compounds, in a sample. The analytical procedure involves
the weighing out of a random amount of the sample in & platinum crucible. The
crucible with sample is placed in an oven at 1000 degrees celsius for 15 minutes and
then the sample is reweighed as soon as it has cooled. The resulting sample weight
is divided by the initial weight and the resulting percentage is the weight percent of the
volatiles in the rock. The technique is also 'brieﬂy outlined in Hutchinson (1974).

IMPLICATIONS FOR THE VOLCANISM NEAR YUCCA MOUNTAIN
1. Multiple age dates on single volcanic centers are more meaningful than single
dates. Multiple dates provide estimates of the duration of volcanic activity at an
individual volcanic center and provide a better understanding of the periodicity of
eruptions and the length of periods of quiescence between eruptions. Age dating of
basalt in‘the Fortiﬁcatlo;\”f-"leld suggests that vol.wanic activity may continue &t a single
center for between 50 and 680 Ka. Our esﬁrhate of the duration of volcanic activity
agrees with that of Crowe based on work &t Crater Flat. C(owe and others (1988)
indicated that many “small volume basaltic centers are polycyclic with intermittent
activity that extends for periods of up to several hundred thousand years." These

observations suggest that basaltic centers younger than several hundred thousand

years may be the focus of future eruptions. If the Lathrop Wells cone, south of Yucca

Mountain, is less than 100 Ka, it may be a dormant volcano or may be part of a

-
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dormant volcanic field. Thus, there is potential for future activity. This work relates

directly to the licencing of the Yucca Mountain site as a nuclear waste repository,
since the presence of potentially active volcanoes within 100 km of the site is a
potentially adverse condition that might disqualify it as a candidate site.

2. Stratigraphic and geechemica! studies indicate the nature of chemical changes
during the lifetime of a volcanic field. This work is useful for evaluating conclusions of
Foland et al. (1987) who suggested that basaltic eruptions in the Reveille-Pancake
ﬁenge become more highly alkalic and nepheline normative in their waning stages any
particular geographic locality. This observation has important implications for
volcanism at Crater Flat adjaoentito the proposed Yucca Mountain repository. Since
the youngest eruptive products at Crater Flat are nepheline normaﬁw

eruptions would be expected at this locality ff Foland's geochemical model! is correct.

————

Our studies in the eastern Reveille Range based on detailed study of the Hyde Springs

volcanic complex and in the Fortification Hill field_sv._ngggﬁ_that_nbemxcaLchanges-am
cycltc and that the trend toward nepheline normative magmas may not be a sign of

“waring volcanism. At the present time, we have not identified any chemical criteria that
wmsamsm :
/ < The emplacement of volcnnlc vents (dnkes. plugs, silis) is not dxrectly controlled by.
| the loeeuon ef mappable fau!ts or ]oints In the Hyde Spring area (Reve:lle Range)
dikes commanly eut across the regional joint set. In the Fornﬁcation Hill area, dikes

._."3-“7:

and plugs are commonly elongated in the direction of ma]or fault zones, but they do |

——

not crop out within these zones. We suggest a model where magma rises along

zones of structural weakness at depth (> 1000 m), but because hydrothermal activity
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near the surface tends to seal fault zones and joints, magma abandons the regional
structures and rises along any available pathway to the surface. Scott and Bonk
* (1984) indicate that the proposed Yucca Mountain repository would be situated in an
-aroa relatively free of faults. Fault density increases both to the west and east of the
repository site. OQur studies at the Laﬁa Cascade suggest that renewed voloanic activity
related to the Crater Flat field may not use existing structure, but magma might move
into areas not present!y fautted by creating its own pathway to the surface. Therefore

the paucity of faults may not guarantee safety from future volcanic disruption.
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Abstract. Investigations are currently underway to eval-
uate the impact of potentially adverse conditions (e.g.
volcanism, faulting, seismicity) on the waste-isolation
capability of the proposed nuclear waste repository at
Yucca Mountain, Nevada, USA. This paper is the first
in a series that will examine the probability of disrup-
tion of the Yucca Mountain site by volcanic eruption.
In it, we discuss three estimating techniques for deter-
mining the recurrence rate of volcanic eruption (1), an
important parameter in the Poisson probability model.
The first method is based on the number of events oc-
curring over a certain observation period, the second is
based on repose times, and the final is based on magma

volume. All three require knowledge of the total num-

ber of eruptions in the Yucca Mountain area during the
observation period (E). Following this discussion we
then propose an estimate of E which takes into account
the possibility of polygenetic and polycyclic volcanism
at all the volcanic centers near the Yucca Mountain
site.

Introduction

The Yucca Mountain region is located within the Great
Basin portion of the Basin and Range physiographic
province, a large area of the western USA characterized
by alternating linear mountain ranges and alluvial val-
leys. Crowe and Perry (1989, Figure 1) divide the Ceno-
zoic volcanism of the Yucca Mountain region into three
episodes that include (1) an older episode of large vol-
ume basaltic volcanism (12 to 8.5 Ma) that coincides in
time with the termination of silicic volcanic activity; (2)
the formation of five clusters of small volume basalt
.scoria cones and lava flows (9 to 6.5 Ma), all located
north and east of the Yucca Mountain site; and (3) the

* Paper financed by the Nuclear Waste Project Ofﬁce, State of
Nevada, USA
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formation of three clusters of small volume basalt cen-
ters (3.7 to 0.01 Ma), all located south and west of the
Yucca Mountain site. The two youngest -episodes form
northwest-trending zones that parallel the trend of
structures in the Spotted Range-Mine Mountain section
of the Walker Lane belt. Crowe and Perry (1989) sug-
gest a southwest migration of basaltic volcanism in the
Yucca Mountain area based on this structural paralle-
lism, a pattern that may reflect an earlier southwest mi-
gration of silicic volcanism in the Great Basin. Smith et
al. (1990a) suggest that there is no preferred migration
trends for post-6-Ma volcamsm in the Yucca Mountain
region. °

Concern that future volcamsm mlght dlsrupt the
proposed Yucca Mountain repository site motivated
the assessment of the volcanic risk to the Yucca Moun-
tain area, located within the Nevada Test Site (NTS).
Crowe and Carr (1980) calculate the probability of vol-
canic disruption of a repository at Yucca Mountain,
Nevada using-a method developed largely by Crowe
(1980). Crowe et al. (1982) refine the volcanic probabil-
ity calculations for the Yucca Mountain area using the
following mathematical model:

Pr {disruptive event before time f]=1—¢~%%,

where A is the recurrence rate of volcanic events and P
is the probability of a repository disruption, given an
event. The parameter p is estimated as a/A, where a is
the area of the repository and A4 is some minimal area
that encloses the repository and the area of the volcanic
events. Crowe et al. (1982) develop a computer program
to find cither the minimum area circle or minimum area
ellipse (defined as A) that contains the volcanic centers

: of interest and the repository site. A is defined to ac-

commodate tectonic controls for the localization of vol-
canic centers and to constrain A to be uniform within
the area of cither the circle or ellipse. The rate of vol-
canic activity is calculated by determination of the an-
nual rate of magma production for the NTS region and
by cone counts using refined age data. Resulting proba-
bility values using the refined mathematical model are
calculated for periods of 1 year and 100,000 years. Two




procedures (explained below) are used for the rate cal-
culations (Crowe et al. 1982). As calculated by Crowe et
al. (1982), the probability of volcanic disruption of a
waste repository located at Yucca Mountain falls in the
range of 3.3 x 107'" to 4.7 x 10 ~® during the first year,
which increases approximately linearly with isolation
time.

Issues that arise in connection with the work of Crowe
et al. (1982)

Although the procedure outlined in Crowe et al. (1982)
represents a more formal approach to this problem
than ever attempted previously, flaws exist. The method
must be modified because the existing data base is in-
adequate to reasonably constrain A. Despite the fact
that there are well-recognized means of gathering data
in the NTS region (field mapping: determinations of
the eruptive history of basaltic centers; petrology; geo-
chemistry; geochronology, including magnetic polarity
determinations; tectonic setting; and geophysical stud-
ies) many considerations are still unknown, e.g., age of
volcanism and vent counts.

Present understanding of eruptive mechanisms is not
yet advanced enough to allow deterministic predictions
of future activity. The only attempts at long-term fore-
casting have been made on statistical grounds, using
historical records to examine eruption frequencies,
types, patterns, risk, and probabilities. Reliable histori-
cal data make possible the construction of activity pat-
terns for several volcanoes (Wickman 1966, 1976; Klein
1982, 1984; Mulargia et al. 1987; Condit et al. 1989; Ho
1990). Unfortunately, detailed geologic mapping of vol-
canic centers is in its infancy in the Yucca Mountain
area. A formal structure, with conclusions depending
on the model assumptions, needs to be developed to
evaluate volcanic risk for the NTS.

This paper investigates important parameters re-
quired to calculate the probability of site disruption
and provides estimates for the unknown parameter(s)
that are meaningful both statistically and geologically,
taking into account the limited availability of precise
ages in the NTS region.

The Poisson model

The application of statistical methods to volcanic erup-
tions is put onto a sound analytical footing by Wick-
man (1966, 1976) in a series of papers that discuss the
applicability of the methods and the evaluation of re-
currence rates for a number of volcanoes. Wickman ob-
serves that, for some volcanoes, the recurrence rates are
independent of time. Volcanoes of this type are called
“Simple Poissonian Volcanoes.” Theoretically, the
probability formula (Crowe et al. 1982) is derived for

this type of volcanic activity from the following as-

sumptions:
1. Volcanic eruptions in successive time periods of
length ¢ for each period are independent and should

S

follow a Poisson distribution with a constant mean (av-
erage rate) A/, i.e. a simple Poissonian volcano.

2. Every eruption has the same probability of reposi-
tory disruption p. That is, there is no heterogeneity with
respect to disruptiveness.

3. The disruptiveness of the eruptions are independent
of one another.

This very brief description is purely mathematical
and has no direct interpretation in- geologic terms.
Since the Poisson model is both the state-of-the-volca-
nological-art (e.g. Wickman 1966, 1976) and used in ac-
tual risk assessment (e.g. Gardner and Knopoff 1974;
McGuire and Barnhard 1981), we do not question the
above assumptions in this article. Therefore, the follow-
ing statistical development is based on the assumptions
of a simple Poisson model. Of course, exploring alter-
native models derived from different assumptions
based on detailed geologic data and statistical analysis
would be valuable as well (e.g. see Ho 1991).

Probability formula

The probability model of Crowe et al. (1982) is based
on the following relationship:

Pr [disruptive event before time f]=1—e =%,

The power series expansion for exp ~* (Ellis and Gu-
lick 1986, p. 545) is:
—Ap_ i (—Atp) _ (Atp)? _ Ap)? .

k=0 k! 2! 31

Therefore, the final probability calculation can be sim-
plified as:

e 1-Atp +

Pr [disruptive event before time ¢)

_ (p)* | (Aepy’

—A’p - T —3'!_ = e

=Atp, for small A and p relative to ¢.

The approximation is reasonable and is true for vir-
tually all of the calculations in Crowe et al. (1982) since
all of their estimated values of both A (<10~°) and p
(<107?) are small. Therefore, the accuracy of estimat-
ing the unknown parameters A and p directly influences
the significance of values for the probability of reposi-
tory disruption.

Recurrence rate

The Poisson process is used to describe a wide variety
of stochastic phenomena that share certain characteris-
tics and phenomena in which some “happening” takes
place sporadically over a period of time in a manner
that is commonly thought of as “at random.” We will
refer to a “happening™ as an event. If events in a Pois-
son process occur at a mean rate of A per unit time (1
year, 10° vear, etc.), then the expected number (long-
run average) of occurrences in an interval of time in ¢
units is Ar. In quantifying volcanism at Yucca Moun-
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tain, we define a volcanic eruption as an event. There-
fore, the collection of data is directly or indirectly
based on the number of eruptions.

Crowe et al. (1982) try three methods to calculate 4
in their probability calculations. These are: (1) evalua-
tion of intervals of volcanic activity for evidence of pe-
riodicity; (2) counts of volcanic events in Quaternary
time; and (3) evaluation of the ratio of magma produc-
tion rate and mean magma volume. Based on method 1,
they conclude that the data suggest no distinct patterns
or periodicity of basaltic volcanism in late -Cenozoic
time. Therefore, the data are insufficient to analyze in-
terval patterns and thus cannot be used to calculate fu-
ture rates of volcanic activity (Crowe et al. 1982). We
believe, however, that according to the Poisson model
assumptions, intervals of volcanic activity should fol-
low an exponential distribution and thus A can be esti-
mated statistically. We shall demonstrate such statisti-
cal sampling and estimation techniques in the following
section.

Based on method 2, Crowe et al. (1982) calculate A
as N/T where N is the number of scoria cones and T'is
the period of time represented by the age of the cones
or some other specified time period. Thus A is the aver-
age number of eruptions per unit time. In their calcula-
tion of N/T, they define no statistical sampling tech-
nique that is associated with the assumed model. More-
over, they do not provide evidence that counting cones
is equivalent to counting eruptive events. Crowe et al.
(1989) and Wells et al. (1990) now recognize and clas-
sify the Lathrop Wells volcanic center as a polygenetic
volcano and suggest that some cones may have erupted
more than once. Note that the Lathrop Wells volcanic
center is only 12 miles away from the proposed Yucca
Mountain repository site. We shall introduce a statisti-
cal estimation procedure to interpret the estimator.

Based on method 3, Crowe et al. (1982) determine
the rate of magma production for the NTS region by
fittmg a linear regression line to a data set of four
points collected from four volcanic centers. Each value
thus represents magmatic volume of a single eruption at
a corresponding volcanic center. The mean magma vol-
ume for 4 m.y. is calculated by taking the average of
these four values. The ratio (rate/mean) is then calcu-
lated as an estimate for the annual recurrence rate A.
Snmnlarly, the annual recurrence rate for Quaternary
time is obtained using only the two Quaternary data
- points. We consider this approach questionable, since a
simple Poisson model requires a constant rate of occur-
rence, which is not the same as steady-state magma pro-
duction in a volume-predictable model (e.g. see Wick-
man 1966, 1976; Wadge 1982). We shall show that such
calculations based on magma volume duplicate those
of method 2, if the rate of magma volume is constant.
Moreover, we shall also point out that, in this case, they
apparently assume only four (two) eruptions in the
NTS region during the last 4 m.y. (Quaternary time).
This apparent assumption explains why their final
probabilities based on magma volume are consistently
smaller than those based on cone counts (Crowe et al.
1982, tables IV and V).

The rate of volcanic eruption, A is a critical parame-
ter for the probability calculation. We shall now exam-
ine various statistical methods for calculating 4, how
the geologic record of velcanism in the Yucca Moun-
tain can be used to estimate values of A, and the limita-
tions in calculating A.

'Estimation based on Poisson count data

In dealing with distributions, repeating a random ex-
periment several times to obtain information about the
unknown parameter(s) is useful. The collection of re-
sulting observations, denoted x,, x2, ..., X, iS a sample
from the associated distribution. Often these observa-
tions are collected so that they are independent of each
other. That is, one observation must not influence the
others. If this type of independence exists, it follows
that x,, x, ..., x, are observations of a random sample
of size n. The distribution from which the sample arises
is the population. The observed sample values,
X1y X2, <. s X, are used to determine information about
the unknown population (or distribution).

Assuming that x,, x, ..., X, represent a random sam-
ple from a Poisson population with parameter 4, the li-
kelihood function is: A

L= [] fixisdy=e~"4 3 =
_ =1 . =1

Many good statistical procedures employ values for the
population parameters that “best™ explain the observed

f[ x!

{=1

data. One meaning of “best” is to select the parameter -

values that maximize the likelihood function. This tech-
nique is called “maximum likelihood estxmatnon, and

the maximizing parameter values are called “maximum

likelihood estimates,” also denoted MLE, or A. Note
that any value of A that maximizes L(4) will also max-

imize the log-likelihood, In L(A). Thus, for computa-

tional convenience, the alternate form of the maximum
likelihood equation,
d

= InL@)=0

will often be used, and the log-likelihood for a random

sample from a Poisson distribution is:

In L().)- —nit+ Z x, InA-In (‘H x; )

fenl -l
The maximum likelihood equation is:

d
a—lnL(l)-—n+‘§l oo,

which has the solution f= 3 % = X%. This is indeed a
{1

maximum because the second derivative:

d> nox

d—l—i In L(A')- - Z T;’

=

is negative when evaluated at x.

X
P




Let us demonstrate this estimation technique. Let X
denote the number of volcanic eruptions for a 10°-year
period for the NTS region from this assumed Poisson
process. Then X follows a Poisson distribution with av-
erage recurrence rate g, with g =At=10°1. If we wish to
estimate A for the Quaternary using the Poisson count
data for the NTS region, the successive number of
eruptions from the last 16 consecutive intervals of
length 10° years (16 x 10° = 1.6 x 10°= Quaternary peri-
od) must be estimated. The number of observed erup-
tions per interval are denoted as x;, x, ..., X;5. Thus,
these 16 values represent a sample of size 16 from a
Poisson random variable with average recurrence rate
p. Estimating the mean of the Poisson variable from
these count data gives:

16

g=3= Y x/16,
fe=1]
and
16
L=1/10°= T x,/(1.6 x 10°)
i

This shows that the estimated annual recurrence rate, /f,
is the average number of eruptions during the observa-
tion period (in years). Based on this estimation tech-
nique, A can be defined as:

LI=E/T, 4)]

where E =total number of eruption during the observa-
tion period, :
and T=observation period.

Note that for the estimation of A in this model, an indi-
vidual observation x, is not required. However, the dis-
tribution of x;’s can provide information for model se-
lection, for model-adequacy checking, and for parame-
ter estimation in general.

Estimation based on repose times

With any Poisson process there is an associated se-
quence of continuous waiting times for successive oc-
currences. If events occur according to a Poisson proc-
ess with parameter A, then the waiting time until the
first occurrence, T;, follows an exponential distribu-
tion, T, ~ Exp(f) with 6= 1/A. Furthermore, the waiting
times between consecutive occurrences are independent
exponential variables with the same mean time between
occurrences, 1/4 (Parzen 1962, p. 135). Several simpli-
fying assumptions must be made in treating eruptions
as events in time. Although the onset date of an erup-
tion is generally well-defined as the time when lava first
breaks the surface, the duration is harder to determine
because of such problems as slowly cooling flows or
lava lakes, and the gradual decline of activity. We ad-
opt the same definition for repose time as used by
Klein (1982). Therefore, we ignore eruption duration,
we choose the onset date as the most physically mean-
ingful parameter, and we measure repose times from
one onset date to the next. Thus, our definition of “re-
pose time” differs from the classic one as a noneruptive
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period. This procedure seems justified because most
eruption durations are much shorter than typical repose
intervals. The mean time between two events (erup-
tions), 8, is inversely related to the volcanic recurrence
rate A. Assumptions of the Poisson process are rather
restrictive, but at least a very tractable and easily ana-
lyzed model can be proposed. The maximum likelihood
estimator for # (Hogg and Tanis 1988, p. 336) is:

f=i= 2. ti/m, and I=6-"=1",
i=1

where t,, ..., f,, represent values of a random sample of
size m from an exponential population with parameter
6. For the NTS region, the exact values of ¢;’s (repose
times) are difficult to obtain because the precise date of
each eruption is not known. However, based on the
definition of repose times we can calculate:

2. 4, =time betweeen the first and last eruptions during
{=1  the observation period,

and

m=total number of repose times=E — 1, which gives
I=E-1)/(T,-T), V)
where

E=Total number of eruptions between 7, and T,, in-
clusive,

with

To=age of the oldest eruption,
T, =age of the youngest eruption.

Note that the numerical values of E in both Egs. 1 and
2 are identical for the same observation period of

’ length T. In practice, however, the observation period

for the exponential model (Eq. 2) must be trimmed to a
period between T, and T,, inclusive, to reflect that ex-
actly m (=E—1) repose times (¢; through ¢,) are ob-
tained. Theoretically, the two estimates obtained for A
(Egs. 1 and 2) should be consistent, but not identical.

Estimation based on magma volume

Let ¥V be the total volume of basaltic magma erupted at
the surface in the NTS region during the observation
period of length T. From Eq. 1, we obtain:

)f=E/T=EV/TV=(V/T)/(V/E)=r/6 3)
where

‘r=V/T, the annual rate of magma production,

and

o= V/E, the mean volume of magma during the obser-
vation period of length T.

Equation 3 is valid, but it also requires an accurate esti-
mate of E for ¢. If E (or r) is underestimated, so is A.
The most efficient way to calculate ris V/T. Crowe and
Perry (1989) present a refined method to calculate r.

i
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They evaluate r as the slope of the curve of cumulative
magma volume plotted versus time. It is essentially
identical to ¥ /T, assuming a constant rate of magma
volume (an assumption that Crowe et al. (1982) and
Crowe and Perry (1989) have been striving to prove). In
this case, the degree of erosional modification of vol-
canic landforms should be studied to estimate volumes
of missing volcanic deposits. The overall error, which is
multiplicative, is compounded in the values of Crowe
and Perry (1989) for . Moreover, E must be estimated
when calculating &, the mean volume of magma. There-
fore, we see no economy in Eq. 3 and consider it to
duplicate Eq. 1. We derive Eq. 3 merely to demonstrate
that the estimation procedures used by Crowe et al.
(1982) and Crowe and Perry (1989) are flawed and
therefore must be modified.

Estimation of E

All of the statistical estimation methods considered for
A (Eqgs. 1-3) require knowing the value of E (total num-
ber of eruptions during the observation period). An ac-
curate count of E is possible for volcanoes with a com-
plete historical record. Identifying E, however, depends
strictly on 2 clear understanding of eruptive processes
and reliable dating techniques for the NTS region,
since no historical record is available. Scientists differ
in their opinions of volcanism at the NTS area. The fol-
lowing is the view of Crowe et al. (1983):

“Basalt centers are composed of multiple vents, each
marked by a scoria cone. In the NTS region the cones
are divided into two categories: large central cones, re-
ferred to as the main cones, and satellite cones. The av-
erage number of cones at a single center, based on cone
counts of seven Quaternary basalt centers in the NTS
region, is about two to three cones. Thus, field data
suggest a general eruption pattern where the - initial

‘breakthrough of magma to the surface is marked by the

development of an eruptive fissure with two or three
loci of effusion. Each of these vents becomes the site of
small scoria cones. As the eruption proceeds, activity
shifts or concentrates at a smgle vent that becomes the
site of the main scoria cone.”

.The above description indicates that a mam scoria cone

is the final stage of a single eruption, and a single erup-
tion could have several small vents to accompany the
main cone. However, the possibility of polycyclic vol-
canism at all the volcanic centers needs to be evaluated.
A would be underestimated if nearby vents have distin-
guishable ages. We, therefore, estimate E as follows:
Let I denote the number of volcanic centers under
investigation, and let J; be the number of main cones in
the ith volcanic center, where im=1,..., I. The proposed
estimate of E is: o

- Z z: (my+ey), A @

where m,,-number of multiple, tlme-separate erup-
tions of the jth main cone in the ith volcanic center,

and e; =number of vents that are separate in space and
time (with distinguishable age measurements) from the
Jjth main cone in the ith volcanic center.

The rationale for this estimate is that significant in-
formation has emerged that some of the volcanic cen-
ters are polygenetic volcanoes (e.g. Lathrop Wells cen-
ter (Wells et al. 1990)). This estimation for parameter E
{total number of eruptions) given by Eq. 4 takes into
account such a possibility for the NTS area. Studies are
in progress to attempt to evaluate the values of m,'s
and ey's for the Quaternary volcanic centers of the
Yucca Mountain. 4

Empirical results

Specifying the observation period (T) is important in
modeling the volcanism at NTS. Most of the volcanic
risk assessment studies in the Yucca Mountain area are
centered around the post-6-Ma (Pliocene and younger)
and Quaternary (<1.6 Ma) volcanism (Crowe et al.
1982, Smith et al. 1990a, and Wells et al. 1990). We
shall use a preliminary data set based on the Quater- .
nary volcanism to demonstrate the estimation tech-
niques of the recurrence rate. 4

According to Crowe and Perry (1989), the younger i
zone of basaltic activity in the vicinity of Yucca Moun-
tain is characterized by basaltic centers occurring as ¢
clusters of scoria cones and lava flows. There are seven
Quaternary volcanic centers: the sequence of four 1.2-
Ma centers in Central Crater Flat, two centers of the

0.28-Ma Sleeping Butte site, and the Lathrop Wells cen-
ter. The age of the Lathrop Wells center has been re- '~

fined from the original 0.27 Ma (Crowe et al. 1982) to
0.01 Ma (Crowe and Perry 1989). This date (0.01 Ma)is

‘in the range of 0 to 0.02 Ma, the period of the most
recent volcanic activity of the Lathrop Wells Cone as
reported by Wells et al. (1990). The sequence of four 1.2

"Ma centers in central Crater Flat includes Red Cone, ‘:{,;“l
Northern Cone, Black Cone, and two Little Cones (Fig. .
1). Smith et al. (1990a) concentrate on this group of five =

cinder cone complexes in the central part of Crater Flat -
in Fig. 1. Based on their discussion, the cones form a

12-km-long arcuate chain. Details of vent alignment are

_ best observed on Black Cone and Red Cone in the cen-
tral part of the chain. In the Black Cone complex, the :

cinder cone is the most prominent topographic feature

‘(about 100 m high and 500 m in diameter), but it may 2

only account for a small volume of flows. A larger vol-
ume of basalt erupted from at least ten vents located
north, south and east of Black Cone. These vents are
‘commonly represented by scoria mounds composed of
cinder, ash, and large bombs. Vents are aligned along
two sub-parallel zones that strike approximately

N35° E. One zone includes Black Cone and four scoria
mounds; the other zone lies 300 m to the southeast of -

Black Cone and contains at least seven mounds. Dikes
exposed in eroded mounds strike northeast and parallel
the trend of the vent zones. The Red Cone complex
contains three vent zones; two trend approximately
N45°E and a third zone strikes N50° W (Fig. 2). This




He° 38
7 NORTNERN‘CW

116° 30'

CRATER FLAT

L e

Proposed Rodioactive

LITTLE
CONES g

36°45'

o] 5
[ SRS e e -
KILOMETERS

r D Alluvium

Quaternory bosaltic
volcanic center

E37:4 Pliocene tava flows ond
pyroclastic dlpol‘Ir;
MAP LOCATION

Cenozoic tuffs and Paleozoic
sedimentary rocks

36° 40"

L. K P WELLS
A

Fig. 1. Generalized geologic map of Crater Flat volcanic field
area and boundary of proposed radioactive waste repository; inset
map shows location of the Crater Flat volcanic field. (Source:
Wells et al. 1990, figure 1)

provides substantive justification of our treatment of
the total number of eruptions (E), and demonstrates
that data for the Yucca Mountain region are incom-
plete at this preliminary stage of the site characteriza-
tion studies.

Another key issue in the volcanic risk assessment
studies is the disagreement over age-dating of the rocks.
For example, the K-Ar dates for Red Cone presented
by Smith et al (1990b, table 4) are: 0.98+0.10 Ma for
dike, 1.01+£0.06 Ma for amphibole-bearing unit, and
0.95+0.08 for basalt on top of Red Cone. Until more
reliable dating techniques are available, we have no
way to distinguish the ages of the cones within each
cluster of volcanic centers. Notice that, although an in-
dividual observation (x; or t,) is not required for the es-
timation of E developed in this article, the limited
availability of precise ages would affect the counts of
both m; and e; in Eq. 4.

Consistent with the notations used in the previous
sections, the Quaternary volcanism yields:

T=16 Ma, E=8, Ty=1.2 Ma, and 7,=0.01 Ma.
Therefore, based on Eq. 1,
A=E/T=8/(1.6x10%)=5x10"%/yr

Based on Eq. 2,

A=(E-1)/(To—T,)=(8—1)/(1.2x 10°—0.01 x 10°)
=59x10"%/yr
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Of course, the estimated rate based on Eq. 3 is
5% 10~%/yr regardless of the value of V¥, since the
magma volume is really never needed in this calcula-
tion.

Discussion and conclusion

The statistical estimation of recurrence rate A requires a
reliable count of distinguishable vents. This approach is
based on the geologic record of volcanism at the NTS
region. The methods of the approach are supported by
sound statistical sampling theory. Crowe and Perry
(1989), however, object that vent counts record only the
recognition of a volcanic event, not its magnitude, and
so they refine the parameter estimation by concentrat-
ing on the cumulative magma volume, which is a con-
tinuous variable. Nonetheless, their model assumptions
and development are still based on a discrete simple
Poisson model, which treats each eruption equally in
order to calculate the final probability.

We now conclude this section with a few comments
and point to some further work.
1. Their recommended method for estimating A is to
construct a curve of cumulative magma volume versus
time, which is also affected by the counts of vents (E) in
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the observation period (T). Their ignorance of the crit-
ical factor E in Eq. 3 leads them to believe that estima-
tion based on magma volume is the most acceptable
method (Crowe and Perry 1989); this questionable be-
lief, in turn, handicaps their estimates for 5 and thus for A.
2. All of the published results that demonstrate statisti-
cal sampling techniques for volcanic activity require a
representative sample and a sufficiently large sample
size to calculate a reliable long-run average with preci-
sion at a desired level (flipping a coin twice does not
tell the whole story of the fairness of the coin).

3. Their recognition of the fact that short periods of
eruptive activity are bounded by long periods of inac-
tivity at NTS indicates that their choice of a simple
Poisson model should be adequately checked based on
more detailed geologic data. So far, the problems of
model assumptions and parameter estimations have
been treated only separately by Crowe et al. (1982) and
Crowe and Perry (1989), despite the fact that the model
(simple Poisson, or Volume-predictable model) as-
sumptions and parameter (occurrence rate, or magma
effusion rate) estimation methods virtually always de-
pend on each other in volcanic hazard and risk calcula-
tions.

Yucca Mountain is remote from human habitation.
There is no historical record of volcanism near Yucca
Mountain. Therefore, the volcanic record must be de-
veloped by detailed field, geomorphic, and geochrono-
logic studies. Precise ages are critical for volcanic rate
calculations, but traditional K-Ar dating commonly has

a large error in the age range recorded by the volcanoes

near Yucca Mountain (1.1 Ma to 20 Ka). Until more
precise techniques are developed, there will be uncer-
tainties with regard to the age and duration of volcan-
ism. Since predictions are needed, one possible im-
provement would be to reconfirm all of the crucial as-
sumptions using data that are the only basis we have
for making necessary plans, calculations, and model se-

lections. We have no choice but to form our notion of

governing laws on the basis of data and to act accord-
ingly. This is particularly true in volcanic studies, where
data are rare and expensive (=$300-$600 per age of a
vent at Yucca Mountain). Our efforts for future studies
will be devoted to considerably more detailed data col-
lection and statistical modeling. At this preliminary
stage of our work, all we can conclude is that the prob-
abilistic results of Crowe et al. (1982) are based on ide-
alized model assumptions, a premature data base, and
inadequate estimates of the required parameters. For
the reasons discussed, we think that Crowe et al. under-
estimate the risk of volcanism at the proposed Yucca
Mountain repository site.
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