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GEOLOGY OF CENTRAL COSTA RICA AND
ITS IMPLICATIONS IN THE GEOLOGIC HISTORY OF THE REGION

By RICHARD D. KRUSHENSKY; ENRIQUE MALAVASSI V.,* and
ROLANDO CASTILLO M.,® Reston, Va.; San José, Costa Rica

Prepared in cooperation with the Direccién de Geologia, Minas, y Petroleo, Ministerio

de Economfa, Industria, y Comercio of Costa Rica

Abstract.—The oldest rocks in Costa Rica, the Nicoya Com-
plex, crop out in an arcuate belt along the Pacific coast and
outside the mapped area. The complex is an ophiolite assem-
blage and indicates that a Late Cretaceous arc-trench system,
probably a southerly extension of the Middle America Trench,
lay along and west of the present Pacific coast. Polarity of
the system is indicated by the presence of a volcanic olivine
basalt arc east of the ophiolite belt and by a younger magmatic
arc farther east. Relative lack of metamorphism of the ophiolite
assemblage suggests that the rocks were obducted rather than
subducted. Fossil evidence indicates that the complex was
emplaced no later than the late Campanian. By the late
Eocene both the ophiolite assemblage and the olivine basalt
arc had been established as major sediment sources for
basins that lay to the east, and they continued as such
through the Oligocene and possibly into the middle Miocene.
Widespread deposition of trachyandesite lava and volcani-
clastic sediments, local marine planation, uplift, and renewed
volcanism mark what is presumed to be the end of the Mio-
cene. Extreme south-to-north coarsening of the unconform-
ably superposed Doén Formation and the presence of corals
in the shaly facies of the Dofn in the southern part of the
mapped areas suggest that marine sedimentation there was
undisturbed by orogeny and that intrusion of the Talamancan
magmatic rocks must have followed deposition of the Doan.
Volcaniclastic block breccia, characteristic of northern ex-
posures of the Doén, indicates that volcanism in the proto-

- Cordillera Central had begun by at least Doan time. Vol-
canism has been a dominant process in central Costa Rica
since that time.

The reconnaissance geologic map of central Costa
Rica (fig. 1) includes four 15-minute quadrangles and
major parts of three others, covering an area of about
3,150 km?. The major part of the Cordillera Central;
the capital, San José; and the principal towns of
Cartago, Heredia, and Alajuela are in this area (fig.
2).

1 Direccién de Geologia, Minas, y Petréleo, Ministerio de Economia,
Industria, y Comerecio.

The correlations and geologic history outlined here
are highly tentative as the country has been little
studied geologically. Outstanding reports are those by
Williams (1952) in the Meseta Central Occidental
(western central valley), by Weyl (1957, 1961) in the
Cordillera de Talamanca in south-central Costa Rica,
and by Dengo (1961, 1962a, b) in western and west-
central Costa Rica. Henningsen (1966) studied the se-
quence exposed along the Pan-American Highway in
southern Costa Rica, and Krushensky (1972) and
Castillo M. and Krushensky (unpub. data, 1975)
studied the geology of the IstarG and Abra quad-
rangles in central Costa Rica.

Description of map units
(See fig. 3 for location of places mentioned.)

Central and western areas:

Qm Mudflow deposits of 1963-65 (Holocene) : Unsorted and
nonbedded material ranging from silt to boulders.
Qac Stream and lake deposits, minor colluvium (Holocene
and Pleistocene) :
All locally derived ; thickness as much as 60 m.
Stream deposits: Bedded and sorted silt,
gravel, and nonsorted mudfiow deposits.
Lake deposits : Southeast of Cerros de la Carpintera,
Istart quad. fine sand and clay; between Troya,
Tapant{ quad., and Finca Ajenjal, Istart quad.,
bedded coarse sand and gravel.
Colluvial deposits: Southeast Carrillo and northeast
Istarfi quads., talus, ash, and minor alluvium.
Qtl  Ash-flow tuff sheets and lava flows of the Central Val-
ley (Pleistocene) :
Four single ash-flow tuff cooling units, three lava
flows, minor alluvium, and ash-fall tuff, all un-
divided on the map; all volcanic deposits from
Volcan Barba, Barba quad.; thickness as much
as 350 m.
‘Single ash-flow-tuff cooling unit: Crops out from its
gsource at the summit of VoleAin Barba, Barba

sand,
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F16URE 1.—Reconnaissance geologic map of central Costa Rica.

Description of map units—Continued Description of map units—Continued
Central and western areas—Continued Central and western areas—Continued

quad., to San Felipe, Abra quad., light-yellow- Single ash-flow-tuff cooling unit: Crops out from
brown, massive, very fine grained devitrified non- San Miguel Norte to Hacienda Caja, Abra quad.,
welded ash-flow tuff; locally abundant lithic upper vapor-phase zone of light-yellow-brown,
clasts of dense to vesicular andesite from the un- devitrified, nonwelded to partly welded ash-flow
derlying lava flows, common to abundant essen- tuff, common light-brown essential pumice frag-
tial pumice fragments. ments, abundant accidental lithic clasts of densely

Andesitic lava flow: Crops out from Huacalillo and welded light-gray ash-flow tuff and dark-grayish-
Angeles, Barba quad., to Ojo de Agua, Abra quad., brown vesicular andesite; lower devitrified to
dark gray to dark reddish brown, vesicular to glassy zone of light-brown to light-bluish-gray
dense, containing abundant plagioclase and some . densely welded ash-flow tuff, abundant lithic

augite phenocrysts. clasts, and partly to completely collapsed essen-
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Description of map units—Continued

Central and western areas—Continued
tial pumice fragments, compaction foliation well
developed.

Andesitic lava flow: Crops out from San Miguel
Norte to Vuelta Virilla on Rio Tues and Rio
Virilla, Abra quad., medium-grayish-brown clink-
ery top, dense middle, and dense but platy base,
sparse to rare plagioclase phenocrysts.

Andesitic lava flow: Crops out south of the junction
of Rio Tues and Quebrada Tierra Blanca, Abra
quad., dark-reddish-brown to dark-gray scoria-
ceous, containing abundant plagioclase, some
augite phenocrysts, and some iddingsite after
olivine.
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Description of maep units—Continued

Central and western areas—Continued

Single ash-flow tuff cooling unit: Crops out from
Curridabat to Puente Mulas, Abra quad., upper
vapor phase zone of nonwelded to partly welded
light- to medium-gray devitrified ash-flow tuff
containing abundant light-green to yellowish-
brown essential pumice fragments, sparse acci-
dental lithie clasts, and sparse plagioclase and
augite phenocrysts; lower partly devitrified zone
of bluish-gray densely welded ash-flow tuff con-
taining partly to completely collapsed essential
pumice fragments, locally lithophysal, containing
sparse to common plagioclase and augite pheno-
crysts.

Single ash-flow tuff cooling unit: Crops out from
Potrerillos to western edge of the mapped area,
Abra quad., upper zone of light-gray glassy partly
welded ash-flow tuff containing sparse to common
plagioclase and augite phenocrysts; lower dark-
gray to black glassy zone of densely welded ash-
flow tuff containing abundant plagioclase and
some augite phenocrysts, compaction foliation
well developed in upper part of the densely welded
zone, pumice locally lithophysal throughout zone.

Mudflow, alluvium, and ash: Unconsolidated non-
sorted mudflow deposits, bedded coarse gravel and
sand, minor bedded ash.

Lahar, alluvium, and ash (Pleistocene) : Unconsolidated
nonsorted lahar deposits, bedded coarse gravel and
sand, minor bedded ash; lahar and ash deposits com-
monly saprolitized.

QTv Lava mudflow, tuff, and ash deposits of Barba, Iraz,
and Turrialba volcanic centers (Holocene to
Pliocene?) : Not divided on the map. Thickness
exceeds 3,000 m.

Deposits of Barba volcanic center: Crop out in
eastern Barba, northern Abra, and western Car-
rillo quads., interbedded dark-grayish-brown oli-
vine-augite andesite and olivine basalt lava flows,
light-gray welded to nonwelded andesitic ash-flow
tuff, and predominant mudflow deposits; mudfiow
deposits are deeply weathered and consist of
andesite and basalt clasts in a clay matrix; some
fine- to coarse-grained light-brown and dark-
grayish-brown ash-fall tuff.

Deposits of Irazii volcanic center: Crop out in
central and northern Istart and central Carrillo
quads., interbedded thick mudflow deposits of
light-gray-brown andesite clasts in a clay-silt
matrix; augite andesite lava flows containing
abundant to sparse plagioclase and augite
phenocrysts, sparse to rare bronzite, rare olivine,
hypersthene, and biotite; some ash-fall tuff and
and ash.

Deposits of Turrialba volcanic center: Crop out in
eastern Carrillo and in western Tucurrique quads.,
interbedded mudflow, lava flows, ash-fall tuff, and
ash as in the Irazit center and on breached north-
east flank of VoleAn Turrialba; younger light-
reddish-brown froth flow in crater wall at sum-
mit of VoleAn Turrialba; youngest ejecta are
trachyandesite bombs plastered on walls of south-
ernmost crater of the volcano.

Qla
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Description of map units—Continued

Central and western areas—Continued

Te Intrusive rocks near Escazai (Pliocene?): Crop out
from Aserri to Cerro Bandera, near Patarr, and near
Cerro Palomas, Abra quad.; Meseta to Bajos la Zorra,
Loma Ococa, to La Cruz, Carsigres quad.; and Finca
Belén to Alto Tres Picos, Tapant{ quad.; quartz
diorite, granodiorite, gabbrodiorite, and locally sye-
nite; chiefly hornblende bearing. All apparently be-
long to the Talamanca comagmatic series.

Td Doan Formation (Pliocene?): Crops out from Pilén de
Azitcar, Tucurrique quad., to Cerro Cruces, Istarh
quad., and between Rfo Villegas and Finca Belén,
Tapant{ quad.; consists of coarse clastic and fine
clastic facies. Thickness in excess of 800 m.

Coarse clastic facies: Crops out from Pilén de
Azficar, Tucurrique quad., to Peiias Blancas-
Cerro Dofin, Tapanti quad., thick- to thin-bedded
poorly sorted densely cemented dark-gray boulder
and block volcaniclastic conglomerate breccia;
subrounded to angular, dense to vesicular andesite
and basalt clasts as much as 8 m across in a
coarse sandstone matrix or breccia matrix of the
same composition; forms prominent cliffs.

Fine clastic facies: Crops out at Tausito, predomi-
nant at Rio Villegas, Tapant{ quad., interbedded
fine-grained  volcaniclastic-epiclastic thin-bedded
dark-gray-blue fissile shale, mudstone, and silt-
stone, some fine-grained conglomerate; rare corals.

Tau Aguacate Formation, undivided (Pliocene? to Upper
Miocene?) : Ash-flow and ash-fall tuff interbedded

with mudfiow deposits and lava flows, undivided
on map. Thickness more than 900 m.

Ash-flow and ash-fall tuff: Crops out from Patio de
Agua, Caraigres quad.,, to San Isidro, Tapant{

" quad.; not divided on map, fine-grained light-
gray partly welded ash-flow tuff, compaction folia-
tion well developed, abundant dark-grayish-green
and dark-gray accidental lithic clasts, common
light-gray essential pumice fragments; forms
prominent cliffs; generally deeply saprolitized.
Thickness in excess of 500 m.

Ash-fall tuff, mudflow deposits, and basalt lava
flows: Crop out from Cerro Jucosal-Estrella,
Tapanti quad., to Corralillo-San Pablo, Caraigres
quad., to Tabarcia, Abra quad.; fine-grained thin-
to thick-bedded pale-brown, light-greenish-gray,
and dark-reddish-brown ash-fall tuff; mudfiow de-
posits and some basalt flows; dark-gray glassy
densely welded ash-flow tuff in the Rio Conejo
area, Caraigres quad., not divided on map, cor-
related with lowest welded ash-flow tuff beneath
.the Irazii sequence.

Southwest area:

Ts: Sandstone, limestone, siltstone, shale, and conglomerate
includes the Coris Formation, San Miguel Lime-
stone, Térraba Formation, and Pacacua Forma-
tion, not divided on the map. Thickness exceeds
3,000 m. .

Coris Formation (Miocene): Crops out from Cer-
ros de la Carpintera, Istarfi and Abra quads., to
Altos Tablazo, Caraigres quad., to San Miguel-
San Rafael Abajo, Abra quad.: yellow to red

GEOLOGY OF CENTRAL COSTA RICA AND ITS IMPLICATIONS

Description of map units—Continued

Southwest area—Continued
argillaceous sandstone and mudstone; local fri-
able white quartzose sandstone and hard purple
orthoquartzite.

San Miguel Limestone (Miocene) : Crops out south .
of Bermejo, Istari quad., near San Miguel,
Patarri-Guatuso, Abra quad., fine- to medium-
crystalline light-bluish-gray to pale-brown lime-
stone; argillaceous partings and rippled-bedding
surfaces abundant; pectens common.

Térraba Formation (Miocene to Oligocene) : Crops
out from Quebradillas, Istart quad., near Patarra,
Altos Tablazo, Tarbaca, Alajuelita, Mesén, the
southern flank of the Cerros de Escazfi, Abra-
Caraigres quads., and from Montes de Oro to the
Rio Grande de Candelaria, Caraigres quad.; in-
terbedded black and gray to medium-green silt-
stone and shale, densely cemented, calcareous,
thin-bedded, and locally fissile; locally mudstone
to siltstone and tuffaceous sandstone; weathers
pale gray, grayish green, brown, red, and yellow;
contains abundant Foraminifera.

Pacacua Formation (upper FEocene): Crops out
from Cachf and Orosi to Barro Morado, Tapanti
quad., Verbena to Belo Horizonte, west of Escazi,
Cerro Palomas, and Cerro Pacacua, Abra quad.;
interbedded dark-purple and dark-reddish-brown
to dark-greenish-brown tuffaceous breccia-con-
glomerate; andesite and basalt clasts in a clayey
pale-gray to purple tuffaceous matrix; tuffaceous
yellow, gray, green, and purple sandstone, silt-
stone, and shale, well bedded and calcareous,
rarely fossiliferous.

Tv  Basalt flows (Eocene): Crop out south of Tiguires and
Cerro Caraigres, Caraigres quad., dark-gray, gray-
ish-green, and green olivine-augite basalt and
olivine-augite-hypersthene basalt flows; local vol-
caniclastic beds; basalt flows locally cut by veins
of opaline silica and locally serpentinized.

Northeast area :

Tss Conglomerate, sandstone, limestone, siltstone, and shale:
Includes the Suretka(?) Formation, Gatin(?)
Formation, Las Animas Limestone, and Uscari
Formation, not divided.

Suretka(?) Formation (Pliocene?) : Crops out from
Encanto to Rio Colima, Tucurrique gquad. con-
glomerate predominantly of well-rounded andesite
boulders in a clayey matrix.

Gattin(?) Formation (Miocene): Crops out at the
the junction of the Rio Chiz and Rio Reventazdn,
Tucurrique quad., dark-gray medium- to fine-
grained-thin-bedded volcaniclastic sandstone, 40—
60 percent volcanic clasts.

Las Animas Limestone (Miocene): Crops out be-
tween Rio Jestis Marfa and alluvium bordering
Rio Azul, Tucurrique, quad., irregularly bedded
dark-grayish-brown mottled limestone.

Uscari Formation (Miocene to Oligocene) : Crops
out from Jesfis Marfa to Rio Calvario, Tucurrique
quad., irregularly bedded dark-gray shale, some
black carbonaceous shale and brown mottled hard
calcareous shale.
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of Costa Rica.

The oldest rocks in Costa Rica make up an ophiolite
assemblage (Dengo, 1961, 1962a, b), the Nicoya Com-
plex, which lies in an arcuate belt along the Pacific
coast. The complex consists of folded and overthrust
volcaniclastic sedimentary rocks, pillowed basalt flows,
chert, limestone, and mafic intrusive rocks (Dengo,
1962a, p. 11-13). Late Campanian Foraminifera from
limestone in the complex in southern Costa Rica (Hen-
ningsen, 1966, p. 564) and middle Maestrichtian to late
Campanian Foraminifera from the unconformably

superposed Rivas Formation (Dengo, 1962a, p. 18, 22)
suggest that the ophiolite assemblage was emplaced by
the late Campanian.

Within the mapped area (see “Description of map
units”), the oldest rocks exposed consist of an un-
named sequence of olivine basalt lava flows (To), an
unnamed sequence of volcaniclastic sedimentary rocks,
the Parritilla Limestone, and the Pacacua Formation
(Ts,). These units are little known, and correlations
with surrounding areas are tentative as all but the
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Parritilla are also unfossiliferous. Olivine basalt flows
and associated volcaniclastic rocks in Cerro Caraigres
in the southwestern corner of the mapped area (fig. 3)
may correlate with similar rocks beneath the Machuca
“formation” (Hayes, 1899, pl. 32) of southern Nica-
ragua and with similar basalt and tuff (Weyl, 1957, p.
24) of early Tertiary age (Dengo, 1962a, p. 142) in
Cerro Buena Vista and Cerro Paramo of southern
Costa Rica. The fossiliferous Parritilla Limestone and
the overlying vivid purple, generally calcareous vol-
caniclastic sedimentary rocks of the Pacacua Forma-
tion are tentatively correlated with the upper Eocene
of Brito Formation in northwestern Costa Rica—south-
western Nicaragua on the basis of fossils and lithology
(Castillo M., 1968, p. 4). The Pacacua, according to
Gabriel Dengo (in Castillo M., 1969, p. 11), is also
lithologically like the Tuis (Eocene) and Senosri (low-
er Oligocene) Formations of the Atlantic coast of
Costa Rica. The coarse character of much of the Paca-
cua in the Orosi and Villa Colon (fig. 3) areas sug-
gests derivation from a nearby source of volcanic
rocks, possibly the olivine basalt clastic units noted in
the Cerro Caraigres area.

84°15 84°01
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Interstratified beds of dark-colored siltstone, cal-
careous and tuffaceous sandstone, and shale of the
Térraba Formation (Ts, in fig. 1) crop out widely in
central and southwestern parts of the mapped area;
they extend westward beyond the mapped area to Ven-
tanas on the Rio Virilla and southward to the Valle
del General and Valle de Coto (fig. 2) on the Panama~
Costa Rica border (Dengo, 1961, p. 49). The Térraba
is argillaceous to the south and progressively more
silty, arenaceous, and tuffaceous to the north (Hen-
ningsen, 1966, p. 562). It also contains increasing
amounts of augite, hypersthene, and hornblende toward
the west, the direction of sediment supply (Henning-
sen, 1966, p. 565). Foraminifera indicate an early
Oligocene age (Henningsen, 1966, p. 562) for the low-
er beds of the Térraba in southern Costa Rica, and a
middle or early Miocene age (Ruth Todd, in Xrushen-
sky, 1972, p. 7) for beds near the upper contact in the
Orosi-Bermejo area of the Istari and Tapanti quad-
rangles. The Térraba unconformably overlies the up-
per Eocene David Formation in the Valle del General
(Dengo, 1961, p. 49) and unconformably overlies the
Pacacua near Orosi in the Tapanti quadrangle. It is
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correlated with shale identified as Uscari (Ts,) in the
Tucurrique quadrangle.

The San Miguel Limestone (Ts,) (Romanes, 1912,
p. 106) is thin, fine grained, and areally restricted; it
contains abundant specimens of Lyropecten? (Nodi-
pecten) sp. (Woodring and Malavassi V., 1961, p.
491). The San Miguel is correlated (Castillo M., 1968,
p. 10) with calcareous epiclastic and volcaniclastic
rocks of the Punta Carballo Formation (Dengo, 1962a,
p. 38) on the flank of Cerro Turrucares in the Rio
Grande quadrangle adjoining the Abra quadrangle on
the west and on the Pacific coast near Puntarenas. The
Punta Carballo on the Pacific coast consists predomi-
nantly of coarse sandstone and conglomerate derived
from erosion of the Nicoya Complex. Foraminifera
from the Cerro Turrucares locality suggest that the
Punta Carballo and the correlative San Miguel are
middle Miocene. Mollusks from the same locality sug-
gest a middle or early Miocene age (Woodring and
Malavassi V., 1961, p. 496).

The Coris Formation (Ts;) (Castillo M., 1969, p.
17), characterized by tuffaceous sandstone, siltstone,
local lignite lenses, and ripple-marked quartzose sand-
stone, crops out in the mapped area only from the east
end of the Cerros de la Carpintera to Aserri in the
Istard and Abra quadrangles. The Coris is unfossilifer-
ous, but 1s tentatively considered late to middle Mio-
cene. It overlies the San Miguel disconformably in the
Istart quadrangle and overlies the Punta Carballo un-
conformably in the Caraigres quadrangle. Rocks identi-
fied as the Gatin Formation in the Rio Chiz-Rio
Reventazén area of the Tucurrique quadrangle are ten-
tatively correlated with the Coris and the base of the
Aguacate Formation on the basis of similar lithology
and sequence.

The Aguacate Formation (Tau) ranges from bedded
fine-grained ash-fall tuff at the base to coarse vol-
caniclastic breccia-conglomerate and basalt flows in
the middle to massive partly welded ash-flow tuff in
the upper part. The formation crops out west of the
Cerro Aguacate (Dengo, 1962a, p. 57) and south into
the northern part of the Cordillera de Talamanca (fig.
2). The basal tuff is interbedded with the Coris in the
northern part of the Caraigres quadrangle and may
make up the upper tuffaceous part of the Gatéin For-
mation to the west. In the northwest part of the
Tapanti quadrangle, the middle part of the Aguacate
and older rocks are folded and unconformably overlain
by an ash-flow tuff sequence. The Aguacate is unfos-
siliferous and is assumed to be late Tertiary (Plio-
cene? to late Miocene?) (Dengo, 1962a, p. 57); it is
correlated with volcanic rocks of the Paso Real se-
quence in the Valle del General (Dengo, 1962b, p. 149).
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Volecaniclastic block breccia, conglomerate, and inter-
bedded volcaniclastic siltstone, sandstone, and shale of
the Doian Formation (Td) (Escalante, 1966, p. 64) and
as redefined by Krushensky (1972, p. 12) are known
only in the southern part of the mapped area. Out-
crops show progressively finer grained epiclastic-vol-
caniclastic rocks toward the south. In the upper reaches
of the Rio Grande de Orosi in the Tapanti quadrangle,
the Doin consists of marine coral-bearing siltstone-
shale. The Dodn unconformably overlies the middle
part of the Aguacate Formation in the Tapanti and
Istara quadrangles. It is lithologically like the Suretka
Formation in the Tucurrique quadrangle, but the in-
cluded blocks and boulders are less well rounded and
clinopyroxene is more plentiful in the Doan.

Volcanic rocks of the Cordillera Central and the
coeval Cordillera del Guanacaste in northwestern Costa
Rica (fig. 2) have not been subdivided regionally, and
correlation of specific sequences from one to another of
the voleanic piles is not presently possible. Williams
(1952) studied the ash-flow tuff and the trachyandesite
lava-flow sequence in the Valle Central Occidental
(formerly Meseta Central Occidental) in the northern
part of the Abra quadrangle and farther west, and
Dengo (1962a) studied the post-Tertiary rocks on the
western flank of the Cordillera del Guanacaste. Kru-
shensky (1972, and unpub. data, 1975) subdivided the
voleanic rocks of the IrazG volcanic center in the Is-
tard quadrangle and the interlayered partly welded
ash-flow tuff and lava-flow sequence of the Volcan Bar-
ba in the Abra quadrangle.

Turrialba, Iraza, Barba, and Poas (fig. 2) are the
principal and currently active volcanoes of the Cor-
dillera Central. Turrialba, Irazii, and Barba are with-
in the mapped area; all are stratocones composed of
moderately to steeply dipping trachyandesite lava
flows, lahar deposits, lesser quantities of bedded tuff,
and local rhyodacite to quartz latite ash flows and
froth flows (QTv). Deposits from adjacent volcanoes
are interlayered, and none of the older volcanic rocks
are known as erosion has penetrated only the upper
parts of the volcanic piles. The northeastern part of
the cone of Turrialba was apparently blown out and
has been only partly rebuilt by recent eruptions. Older
rocks may be exposed in the cliffs enclosing that new
cone segment, but the volcano is largely unmapped.

The rock sequence of Costa Rica suggests formation
of a Late Cretaceous arc-trench system and the em-
placement by the late Campanian of an ophiolite as-
semblage in western Costa Rica. Lack of metamorph-
ism beyond low-grade chloritization suggests that the
complex was obducted, that is, thrust over the Carib-
bean plate, rather than subducted beneath it. Polarity
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of the arc-trench system is indicated by the presence
of an olivine basalt arc east of the ophiolite belt and
by a younger magmatic arc farther east.

Insular volcanic centers erupting olivine basalt lavas
and surrounded by volcaniclastic sedimentary aprons
had been established by at least the late Eocene. Up-
lift of the ophiolite belt and the basalt arc furnished
sediments to a back-arc basin, present central and west-
central Costa Rica, through the Oligocene and into the
middle Miocene. Farther and possibly rapld uplift of
the ophiolite belt-basalt arc is evident in rocks of the
Punta Carballo, but central Costa Rica remained a
basin of sedimentation. Rocks of the Coris and the dis-
conformable to unconformable contact of the Coris
and the underlying San Miguel-Punta Carballo indi-
cate that uplift of central Costa Rica had begun by
late to middle(?) Miocene. The general absence of
quartz-bearing rocks in the ophiolite assemblage and
the continued existence of the central part of the coun-
try as a sedimentary basin require a farther removed
source of the abundant quartz in the Coris. Henning-
sen (1966, p. 566) has suggested quartz-bearing plutons
in northern Nicaragua as such a source.

The earliest fold period in the Tertiary of Costa Rica
seems to follow deposition of the middle part of the
- Aguacate Formation. Flows and volcaniclastic rocks
of that unit, in addition to older rocks, were folded in-
to low-amplitude structures, locally overturned and
overthrust, and cut by northeast-trending left-lateral
wrench faults, probably in the latest Miocene. Later
deposition of the nearly horizontal ash-flow tuff
(youngest) part of the Aguacate suggests at least local
marine planation, uplift, and deposition under sub-
aerial conditions. Volcanism in the Cordillera Central,
perhaps contemporaneous with the ash-flow tuff of the
Aguacate, is indicated by the block breccia of the Doén
Formation. However, the inclusion of corals in the pre-
dominantly shaly facies of the Doén in the southern
part of the mapped area indicates that marine deposi-
tion there continued uninterrupted by orogeny. The
Talamancan orogeny and intrusion of the Talamancan
comagmatic series occurred only after deposition of
the Dodn. Compositional similarity of the Doan vol-
caniclastic materials and rocks of the Cordillera Cen-
tral suggest that current volcanism in the Cordillera
Central is a continuation of that which began in Doan
time. Recent volcanism in the Cordillera Central (Qtl)

GEOLOGY OF CENTRAL COSTA RICA AND ITS IMPLICATIONS

and the Cordillera del Guanacaste has produced pre-
dominantly trachyandesite lava flows and tuff, and
lesser quantities of rhyodacite—quartz latite as ash
flows and froth flows.
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CENOZOIC DEPOSITS OF SOUTHEASTERN NEW MEXICO AND
- AN OUTLINE OF THE HISTORY OF EVAPORITE DISSOLUTION

By GEORGE O. BACHMAN, Denver, Colo.

Abstract.—Sedimentary records of Cenozoic history in
southeastern New Mexico begin with the Ogallala Formation
of Miocene and Pliocene age. Later records include the Gatuna
Formation of early or middle Pleistocene age, Mescalero cali-
che, an informal term, of middle Pleistocene age, and fluvial
deposits of late Pleistocene age but there are many gaps in
the record. The modern landscape is the result of erosion
and deposition in clmates that have ranged from semihumid
to semiarid as well as dissolution of soluble rocks in Permian
formations in the subsurface. This dissolution may have be-
gun as early as Jurassic time and has continued intermittent-
ly to the present.

The geologic features discussed here are mostly in
Eddy, Lea, and Chaves Counties of southeastern New
Mexico (figs. 1, 2). This portion of New Mexico is in
the southern part of the Pecos River section of the
Great Plains physiographic province and, climatically,
in the northern part of the Chihuahuan desert. The
present climate is semiarid; however, climate has
ranged from arid to semihumid during Cenozoic time.

Cenozoic history has been generally neglected in
many of the previous studies of southeastern New
Mexico but major contributions have been made by
Fiedler and Nye (1933), Morgan (1942), Price (1943,
1958), Horberg (1949), Nicholson and Clebsch (1961),
and Vine (1963). The purpose of this report is to sum-
marize the present knowledge of Cenozoic stratigraphy
and to outline the history of dissolution as a geologic
process that has contributed to the formation of the
modern landscape (table 1).

I worked in southeastern New Mexico during parts
of 1972 and 1973 as part of a U.S. Geological Survey
group studying underground beds of salt for disposal
of nuclear waste. This work was supported by the Oak
Ridge National Laboratory of the U.S. Atomic Energy
Commission. Fieldwork consisted of reconnaissance
geologic mapping from the Pecos River eastward to
Grama Ridge and from the Querecho Plains southward
to the New Mexico-Texas State line. Selected areas
were mapped in detail. In addition to traverses on the

ground, much of the area was observed during low-
level flights in light aircraft.

Acknowledgments—Many people contributed ideas
to the basic concepts in this report. Among these, L. E.
Gard, C. L. Jones, and P. W. Lambert discussed geo-
logic relations with me in the field. During the 1973
field season I conferred with J. C. Frye, A. B. Leonard,
C. C. Reeves, Jr., and J. W. Hawley, who contributed
freely of their knowledge of the area. S. E. Galloway
of the New Mexico State Engineers Office discussed
ground-water relations and geology of the Roswell-
Artesia basin. Subsurface information for the inter-
pretation of parts of figure 8 was provided by C. L.
Jones.
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PRE-TERTIARY ROCKS

The oldest rocks exposed in southeastern New Mexi-
co are of Permian and Triassic age. These rocks con-
tribute to the physiographic relief, but the Permian
rocks are especially noteworthy because the included
evaporites have been dissolved at various times causing
subsidence of younger deposits. The evaporite-bearing
Permian rocks were deposited in shallow basins (fig. 3)
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Ficure 3.—Index map showing subsurface Permian
features in southeastern New Mexico.
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and have been discussed by King (1942, 1948), Hayes
(1964), and Jones (1973). These rocks include the
Castile, Salado, Rustler, and Dewey Lake Formations.
Of these Permian formations, only the Rustler Forma-
tion and the Dewey Lake Red Beds are exposed in the
study area.

OGALLALA FORMATION

The Ogallala Formation of Miocene and Pliocene
age is the oldest record of Tertiary history and climate
preserved in southeastern New Mexico. It underlies the
High Plains and is well exposed along Mescalero Ridge,
at Hat Mesa, Grama Ridge, and The Divide. Along
Mescalero Ridge it typically includes the following
three units, in descending order:

Thickness in
metres (ft)
1. Caliche (caprock), brecciated, light-gray to
white, densely pisolitic in upper part.
Dense and hard under hammer. Forms
prominent ledge
2. Sand, light-brown, fine-grained; grains are
mostly quartz, subangular to well
rounded, and well sorted. Cement is
weak and calcareous. Forms vertical cliff
in places
3. Sand, very friable, moderate orange-pink to
grayish-orange-pink, fine-grained; grains
are mostly quartz, well rounded, and well
sorted. Strongly cross laminated in
places. Forms gentle slope

25-3 (8-10)

24 (6.5-14)

_____________ 5-6

(16-20)

Because the base of the Ogallala Formation commonly
is covered, these three units do not represent the total
thickness along Mescalero Ridge.

Much of the Ogallala Formation in eastern New
Mexico was deposited on an irregular erosional surface
as a series of complex alluvial fans. Frye (1970) con-
cluded that deposition ceased when the region was
covered by an extensive alluvial plain. By the end of
Ogallala time the High Plains surface probably was
continuous westerly across the region of the present
Pecos River drainage to the backslope of the Sacra-
mento Mountains.

‘When Ogallala deposition began in the central Great
Plains, climatic conditions were somewhat moist,
streamflow was regular, and temperature may have
been somewhat warmer than at present. As Ogallala
time progressed the climate became drier, the water
table declined, and streamflow became intermittent
(Frye and Leonard, 1957, p. 8). The thick deposits of
sand along Mescalero Ridge probably accumulated as
eolian deposits during this dry period.

When Ogallala deposition ceased during late Plio-
cene time the region was tectonically stable and the
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TABLE 1.—Summary of late Tertiary and Quaternary events in southeastern New Mewico

Agé Stratigraphic unit Deposits Events Probable climate c:frer!:stl:gz:s
Holocene Young sand dunes __| Sand _____________ Working wind from | More dry than
southwest. present.
Old soil _____ - —— mmme] e More moist than
present.
Old sand dunes ____| | co o More dry than
present.
Lakewood terrace River conglomerate, | Pecos River de- More moist than Wisconsin.
deposits. pond, marsh, and veloped as axial present. Prob-
lake silts. stream from Fort ably cooler.
Sumner to
Roswell.
Orchard Park al- Limestone-porphyry | Reworking of Black- | More moist than Probably early
luvial deposits. conglomerate, dom deposits. present. Prob- Wisconsin,
Late Caliche caprock. ably cooler.
Blackdom alluvial Limestone-porphyry { Major erosion of More moist than Do.
deposits. conglomerate. back slope of present. Prob-
Caliche caprock. Sierra Blanca and ably cooler.
Sacramento and
Capitan Moun-
tains,
Hiatus .| el e | e e

® Mescalero caliche, Caliche oo Land surface stable. | More dry than Yarmouth ( ?)..

] 2 an informal Soil development present. Prob- Unnamed

§ % name. over much of ably warmer. gravel surface

5 g southeast New west of Pecos.

E’ Mexico.

A Gatuna Formation _| Gravel. Stream Pediments formed Much more moist Analogous to
gravels, pond in area between than present. Kansan de-
sediments, solu- Carlsbad and San Probably cooler. posits in
tion basin fill, Simeon Swale. Trans-Pecos
Conglomerate, Streams cut High Texas.
sand, silt, some Plains escarpment

Middle gypsum. eastward. Exten-
or sive solution of
early salt and gypsum
in subsurface.
Collapse of Nash
Draw and Clayton
Basin. San Simon
Swale may have
been of major
stream.
Barly ()| Hiatus . | oo | e
Pliocene Ogallala “climax- Caliche ._________ ~-| Land surface stable. | Similar to, or more
soil.” Soil development. dry than,
present.
Pliocene and Ogallala Forma- Gravel, sand, silt___| - | .
Miocene tion.

climate was semiarid to arid. The High Plains were
extensive and featureless. In southeastern New Mexico
the High Plains surface slopes southeastward about
2.1 m/km (10 ft/mi) and this slope is presumed to re-
flect the original depositional surface. On this surface
a pedocal soil, the Ogallala “climax-soil” (Frye, 1970),
formed and the present caliche caprock accumulated in
the zone of illuviation.

Stages of formation of pedogenic caliche in southern
New Mexico have been described by Gile, Peterson, and
Grossman (1966). Similar stages are present in south-

eastern New Mexico where the caliche varies from

weak calcareous accumulations in youthful soils
through nodular and laminar deposits on older geo-
morphic surfaces, and finally to the brecciated and

pisolitic caliche of the Ogallala. The pisolitic texture
forms during late stages of caliche genesis after re-
peated solution and desiccation. Caliche deposits
younger than the Ogallala may contain pisoliths locally
but on younger geomorphic surfaces the pisoliths are
not as abundant, widespread, nor as completely formed.
I used this distinctive aspect of the Ogallala caliche in
extreme southeastern New Mexico to identify clasts in
later deposits that have been eroded from the Ogallala
caprock.

Bretz and Horberg (1949, p. 483) suggested that the
Pecos River system near Carlsbad is of pre-Ogallala
‘origin and that “if it be assumed that no postconglom-
crate deformation has occurred, a former Ogallala fill
of more than 1,300 feet [425 m] along the Pecos de-
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pression is indicated.” My work does not support this
hypothesis. Instead, the Ogallala Formation thins to-
wards the south and southwest from the High Plains.
Drill-hole information indicates that the Ogallala For-
mation is about 102-112 m (315-345 ft) thick along
Mescalero Ridge north of Maljamar. At Hat Mesa it
ranges in thickness from about 33 to 60 m (100-180 ft)
and on the west side of The Divide it is no more than
9 m (27 ft) thick. At all these localities the pisolitic
caliche caps the Ogallala Formation which indicates
that the southwesterly thinning must have occurred
before the caliche formed. Erosion probably was not
the cause of regional thinning because other evidence
points to a progressive desiccation as Ogallala deposi-
tion ceased. Much of the lowering of the Pecos River
valley has occurred as a result of dissolution of evapor-
ites in the underlying Permian rocks since Ogallala
time.

THE PLIOCENE-PLEISTOCENE HIATUS

The Ogallala “climax-soil” (Frye, 1970) formed
after most Ogallala deposition and before the extensive
erosion that characterized Pleistocene time. Late in this
period of soil formation and after the caliche was in-
durated, northwest-trending fields of longitudinal, or
seif, dunes probably formed on the High Plains sur-
face in southeastern New Mexico. These dune fields
have since been eroded away but oriented depressions
remain on the High Plains surface that are believed to
have formed by the etching and removal of the Ogal-
lala caliche between the former longitudinal dunes
(Price, 1943; 1958, p. 3). Havens (1966, p. 8) reported
that drilling in depressions west of Lovington indicates
that caliche “thins toward or is absent beneath the
central part of the depressions.” The depressions are
partly filled by alluvial and lacustral sediments, and
plant growth is relatively more abundant within them.
Flint (1955, p. 156-160) reviewed various concepts of
the origin of parallel drainage on shale and concluded
that some form of eolian control was probable, but
that the mechanism of stream development was not
clear.

These alined swales and dolines are especially com-
mon in the vicinity of Lovington (fig. 2). They are
commonly about 35-100 m (100-300 ft) wide and about
3-5 km (2-3 mi) long, although some are as much as
16 km (10 mi) long. These depressions have gentle
relief (fig. 4) and most are less than 13 m (40 ft) deep.
They are generally oriented about N. 60° W. This
orientation indicates that effective winds were from the
northwest during late Pliocene or early Pleistocene
time which contrasts with the dominant southwesterly
winds of present time.
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F1cURE 4.—-Aerial view of alined drainage on the mesa west
of Eunice, Lea County, N. Mex. View is west-northwest-
ward. Swales are marked by darker vegetation. Caliche of
the Ogallala surface is exposed along the margins of the
swale in the foreground. These swales are 30-90 m (100-
300 ft) wide and about 5 km (8 mi) long. Internally
drained depressions are visible in the distance.

In areas of longitudinal dunes in the Navajo country
of Arizona “troughs between the ridges, as well as the
flanks of ridges, are covered with vegetation; only the
long ridge tops are bare” (Hack, 1941, p. 243). In other
modern dune fields, plant growth is more abundant in
troughs between dunes than on the dunes themselves.
Plant growth between longitudinal dunes on the High
Plains probably accelerated the etching of the under-
lying Ogallala caliche by chemical action that included
the release of humic acids. Erosion by wind and water
could then more effectively remove sediments from
these etched swales.

Some swales are locally minor drainages in eastern
Lea County. Monument Draw, northwest of Eunice,
and San Simon Swale (fig. 2) are parallel in part to
the system of swales on the High Plains surface. These
drainages may have begun in etched swales on the
Ogallala caliche. Drainage has developed along similar
swales about 240 km (150 mi) farther north on the
High Plains in Curry County, N. Mex. (Price, 1958,
p. 63).

PLEISTOCENE AND HOLOCENE DEPOSITS

In Pleistocene time large areas of Ogallala deposits
were removed or reworked by water and wind. The
Pecos River and its tributaries became entrenched;



140 CENOZOIC DEPOSITS,

some underlying Permian evaporites were dissolved,
resulting in surface collapse. Pleistocene deposits found
in this region are presumed to represent parts of early
or middle Pleistocene time. They include the Gatuna
Formation and the Mescalero caliche.

GATUNA FORMATION

The Gatuna Formation was named for exposures of
light-reddish-brown sandstone and conglomerate more
than 25 m (80 ft) thick in Gatuna Canyon, eastern
Eddy County, by Robinson and Lang (1938, p. 84-85),
who did not describe a type section. The formation is
well exposed along the east side of Clayton Basin (fig.
2), where it rests on rocks of Permian age and is over-
lain by the Mescalero caliche, an informal name. Al-
though the Gatuna is estimated to be thicker at other
localities, it is better exposed and less disturbed by
slumping on the north side of Gatuna Canyon. The
following stratigraphic section is here proposed as a
reference section for the Gatuna Formation.

Reference section of the Gatuna Formation
[North side of Gatuna Canyon, SW14SW1;, sec. 36, T. 19 8., R. 30 E.
Color notations are from Goddard and others (1948)]
Thickness in
metres (ft)
Mescalero caliche :
5. Caprock is eroded. Well-cemented hodular
zone grades downward to nodular zone
that engulfs top of Gatuna ___________ 1.7

Gatuna Formation : ‘

4. Sandstone, pale-reddish-brown (10R 5/4),
slightly calcareous, medium-grained;
grains are subround to round and well
sorted; weathers to irregular masses.
Bedding is indistinet _________________ 3.5

3. Conglomerate, poorly sorted. Upper part
of unit includes abundant coarse sub-
angular clasts as much as 25 em (9.8
in) in diameter which are derived
from Ogallala pisolitic caliche; grades
downward to less coarse sand and peb-
bles. Clasts at base are subangular to
subround and do not exceed 4 cm (1.6
in) in diameter in basal metre of unit. 12.3

2. Sandstone, friable, moderate-reddish-
orange (10R 6/6) to pale-reddish-brown
(10R 5/4), fine- to medium-grained;
grains are subangular to subround, well
sorted, and include rock fragments,
quartz, and sparse biotite. Cement is
weak and calcareous. Beds in unit are
about 10 em (4 in) thick, and are
irregular to indistinet _________.______ 1.0 ( 3.3)

Total Gatuna Formation _________ 16.8

(54.7)
1. Covered; in slopes below base of meas-
ured section (estimated thickness) ___ 7

( 5.5)

(11.4)

(40.0)

(23 )

The Gatuna Formation is extensively slumped in
Gatuna Canyon. Its thickness there is estimated to
range from about 15 to 30 m (50-100 ft). At a gravel
pit on the north side of Gatuna Canyon (S14 sec. 35, T.
19 S, R. 30 E.) it is well exposed and is at least 17 m
(56 ft) thick in a slump block.
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Although much of the Gatuna Formation is fine
grained, the conglomeratic beds have provided most of
the evidence for the history of the formation. The con-
glomerate comprising unit 3 of the reference section
contains the following types and percentages of clasts:

Ogallala pisolitic caliche ___________ i ——— e 36
Sandstone . e 10
Orthoquartzite __ —— — — 24

Tertiary porphyries (mostly Sierra Blanca rock types,
but one clast noted may be from Capitan Mountains) 16

Permian limestone 6
Quartz e 4
Chert e 2
Jasper o= P 2 -

Clasts in the conglomeratic sand in Gatuna Canyon are
largest in the basal part of the formation where they
average about 7-10 em (34 in) in diameter, with
clasts as much as 20 cm (8 in) not uncommon. In the
upper part of the formation in Gatuna Canyon, clasts
are generally less than 9 cm (3.5 in) in diameter.

Rounded cobbles and boulders derived from the piso-
litic caprock caliche of the Ogallala Formation are
widespread and common in the Gatuna. Gravel in a pit
on the north side of Gatuna Canyon contains the fol-
lowing percentages and types of clasts: 35 percent are
derived from the Ogallala caliche, 50 percent are
quartzite and orthoquartzite, 10 percent are Tertiary
porphyries, and 5 percent are red sandstone. The clasts
derived from the Ogallala caliche are 7-20 cm (3-8 in)
in diameter which indicates that they have been trans-
ported shorter distances than the quartzite and por-
phyry clasts which have a generally smaller average
diameter.

A conglomeratic, lenticular channel deposit is well
exposed in the Gatuna Formation along the west side
of Long Arroyo about 13 km (8 mi) east of Hagerman.
There the Gatuna rests on an uneven erosion surface
on Permian red beds. The sandy matrix is pale red,
poorly sorted, and crossbedded. The clasts are as much
as 15 em (6 in) in diameter. Of the clasts in the de-
posit, 45 percent are quartzite and orthoquartzite, 35
percent are Ogallala pisolitic caliche, 10 percent are
red sandstone, and 10 percent are chert. In the south-
ern part of Eddy County conglomerates are wide-
spread in the upper part of the Gatuna Formation
where they were deposited as alluvial gravels on a pied-
mont surface. More than 50 percent of the clasts in the
gravels of this area are of Permian limestone and the
rest of the clasts are of quartz, orthoquartzite, chert,
and Tertiary porphyries.

Conglomerates with quartzite clasts are common
along the Pecos and Black Rivers and remnants are
widespread in the Pecos River Valley. They were first
described by Nye (in Fiedler and Nye, 1933, p. 35-38).
Bretz and Horberg (1949) and-Thomas (1972) have
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suggested that these gravels are basal Ogallala, but
clasts derived from the Ogallala pisolitic caliche are
present in at least one outlier west of the Pecos River
near Loving (SE1 sec. 33, T. 23 S., R. 28 E.). Pebble
counts at other places suggest pebble associations found
in the Gatuna Formation; therefore I consider these
gravels to be remnants of the Gatuna.

Underlying the caliche caprock of the Dunahoo Hills
(fig. 1) is an outlier of conglomerate that also may be
part of the Gatuna Formation. It is an irregular, cross-
bedded channel deposit with some interbeds of fine
sand. Clasts in the conglomeratic beds are subround to
round and spherical to oblate spheroidal. Most com-
monly they are 6-8 cm (about 3 in) in diameter but a
few are as much as 20 em (8 in) in diameter. Nearly
70 percent of these clasts were derived from Permian
limestone ; the remaining 30 percent are orthoquartzite,
chert, and Tertiary porphyries. Rare clasts of Ogallala
pisolitic caliche were observed in these exposures. In
roadcuts near the highway other rock types are pres-
ent, but many roadcuts were contaminated by exotic
debris during highway construction.

Fine-grained deposits in the Gatuna are well ex-
posed in Nash Draw, Pierce Canyon, and at Crow
Flats. In the southern part of Nash Draw (SE1j sec.
33, T. 23 .S., R. 29 E.) thin, even beds of yellowish clay
and silt dip steeply into a sink that formed during
Gatuna time. At this place a bed of gypsum 2 m (6 ft)
thick is intercalated with the yellowish clays. Near
Crow Flats (figs. 1, 7) east of Artesia the Gatuna in-
cludes massive fine-grained beds which locally fill sinks
of Gatuna age.

The Gatuna Formation was derived locally and was
deposited before the Pecos River had cut headward to
the Sangre de Cristo Mountains. Sources for the
Gatuna include: (1) The Ogallala Formation, (2) Per-
mian and Triassic rocks, and (3) Tertiary porphyries
in the Capitan and Sierra Blanca uplifts west of the
Pecos River. Apparently there are no clasts derived
from the Sangre de Cristo Mountains or Pedernal up-
lift to the north. The pink, alkalic feldspars that might
be expected in such a gravel are abundant only in the
much younger (Wisconsin) Lakewood terrace along
the Pecos River near Roswell. :

Other workers have suggested that the Gatuna For-
mation could be pre-Ogallala (Kelley, 1971, p. 30), or
that some siliceous gravels in the Pecos River valley,
herein correlated with part of the Gatuna, could be
Ogallala (Thomas, 1972 p. 17) or pre-Ogallala (Bretz
and Horberg, 1949, p. 487). The Ogallala pisolitic ca-
liche clasts in the Gatuna Formation in its type locality
‘are evidence for its post-Ogallala age. More specific
evidence of age has not been found.
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The Gatuna Formation is here considered to be early
or middle Pleistocene in age. The widespread channel
deposits as well as the sink fillings indicate that the
climate was unusually wet. Other workers have re-
garded middle Pleistocene (Kansan) time as the wet-
test time in the Pleistocene in the High Plains (Frye
and Leonard, 1965, p. 211; Hibbard, 1970, p. 401), and
probably the Gatuna was deposited at this time. In ad-
dition, the Gatuna is almost everywhere overlain by an
extensive, indurated caliche (the Mescalero caliche).
This caliche covers a geomorphic surface that is ana-
logous in extent and maturity to high surfaces along
the Rio Grande in southern New Mexico which are
believed to have developed during middle Pleistocene
time (Kottlowski and others, 1963, p. 292).

MESCALERO -CALICHE

The Mescalero plain lies generally east of the Pecos
River and west of the High Plains in southeastern New
Mexico (Bretz and Horberg, 1949, p. 481). It extends
southward from the vicinity of Fort Sumner to the
New Mexico-Texas State line. Wherever the surface
can be observed beneath the widspread deposits of
windblown sand, it is underlain by a distinctive ca-
liche. T observed this caliche at many places and treated
it as an informal stratigraphic unit, here-called the
Mescalero caliche.

The Mescalero caliche consists of two parts: a basal,
earthy to firm, nodular calcareous deposit, and an up-
per well-cemented laminar caprock. These units cor-
respond to the K zone of Gile, Peterson, and Gross-
man (1966) and include the K; and K, zones, respec-
tively. The two units commonly weather to a ledge in
which the caprock overhangs the nodular base. To-
gether the two parts range in thickness from about 1 to
4 m (3-13 ft) with the caprock usually making up
about one-third to more than one-half of the total
thickness.

Although both parts of the Mescalero caliche may
engulf underlying sediments, most commonly this is
more apparent in the basal part. Near the base of the
caliche, irregular masses of bedrock may be partially
surrounded or completely engulfed by the caliche. In
the caprock where diagenesis is most advanced, scat-
tered quartz pebbles and sand grains may be the only
vestige of the engulfed sediment.

Prominent laminations throughout much of the cap-
rock characterize the Mescalero caliche. These laminae
consist of alternating dark and light layers generally
less than 5 min thick and parallel to the land surface.
They may be weakly crenulated or even disrupted by
pisoliths. The pisoliths are common only locally and
are less common and less well developed than in the
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Ogallala caliche along Mescalero Ridge. Brecciation is
rare in the Mescalero caliche.

Microscopically the carbonate of the caprock is most-
1y micrite with subordinate sparry calcite in veinlets,
replacements, and irregular masses. The dark layers
are clotted micrite. The micrite occurs in places as yel-
lowish bands around pisoliths which suggest the pres-
ence of iron oxide. v

Sand grains are common in both the lower nodular
zone and the caprock of the caliche. However, in the
caprock, sand grains are abundant in the massive, un-
laminated part but are rare in the laminae. More com-
monly, detrital grains in the laminated zones are very
fine silt (0.01-0.02 mm in diameter). Sand grains in the
massive parts of the caprock are subangular to rounded
quartz that range in diameter from about 0.1 to 0.3 mm.
Some of these grains are etched and replacéd by sparry
calcite. The general absence of sand grains in the lami-
nated zones suggests that processes of solution and
reprecipitation that formed the laminae separated the
carbonate from larger detrital grains.

The Mescalero caliche was formed during an inter-
val of climatic and tectonic stability that followed de-
position of the Gatuna Formation. The Mescalero caps
the Gatuna Formation almost everywhere that the
Gatuna is exposed. It locally caps Triassic and Permi-
an rocks as well. The Mescalero caliche formed in the
semiarid environment that followed the moist condi-
tions of Gatuna time. It is analogous in maturity and
extent to the caliche that caps the La Mesa surface
~ along the Rio Grande valley in southern New Mexico
(Gile and others, 1966, p. 348), and is considered to be
middle Pleistocene in age.

PLEISTOCENE DEPOSITS AND THE DEVELOPMENT
OF MODERN DRAINAGE

Major dramage was probably eastward to southeast-
ward during early Tertiary time and this continued to
be the dominant direction of drainage while the Ogal-
lala Formation was being deposited during late Terti-
ary time. Bretz and Horberg (1949, p. 487) postulated
an early Tertiary ancestral Pecos drainage, and there
may have been a local Pecos drainage but this south-
ward-flowing system was limited in extent and its
headwaters may have extended no farther north than
the vicinity of Carlsbad and San Simon Swale. Streams
probably flowed eastward from the Capitan and Sierra
Blanca uplifts, but the pattern of that drainage system
1s not known. ) _

Southeasterly flowing streams formed at least three
major drainage systems in eastern New Mexico during
late Pliocene and early Pleistocene time (fig. 5). The
Canadian River system to the north cut through the
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Ogallala Formation and flowed eastward into the Red
River system. A second major system drained south-
eastward towards the Portales valley and finally into
the Brazos drainage in western Texas (Baker, 1915,
p. 52-54). The third system generally followed the
southern part of the Pecos River valley. Igneous debris
was carried from the Sierra Blanca and Capitan up-
lifts eastward down the Rio Penasco, Rio Hondo, and
other valleys west of the Pecos into the southward-
flowing Pecos River. By middle Pleistocene time a
stream system also flowed westward from the High
Plains toward Clayton Basin and deposited portions of
the Gatuna Formation.

After Gatuna time there was a period of tectonic
stability during which the Mescalero plain formed and .
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extensive deposits of caliche accumulated in a semiarid
climate. Streams were smaller than in Gatuna time but
the pattern of their drainage is not known.

After Mescalero time pediment surfaces were cut
east of the Sacramento Mountains, and the Pecos River
entrenched itself near its present channel along the
toes of these pediments. The wetter climate that con-
tributed to the formation of pediments also caused
widespread solution and collapse in the Roswell-Arte-
sia basin and probably farther to the south. Stream
gradients and sediment-carrying capacity thus de-
creased along the Pecos River during most of late
Pleistocene and Holocene time.

During early and middle Pleistocene time sediments
were derived largely from the Sierra Blanca and Sac-
ramento and Capitan Mountains, but in late Pleistocene
(post-Mescalero) time the Pecos River intersected the
Portales. valley drainage system near Fort Sumner.
The Pecos River thus became a permanent stream flow-
ing from the southern Rocky Mountains to the Rio
Grande.

Part of the history of the Pecos River drainage is
recorded in five physiographic surfaces that have been
recognized in southeastern New Mexico west of the
Pecos. Horberg (1949, p. 464) summarized the studies
of previous workers and enumerated these surfaces,
from oldest to youngest: (1) The Sacramento plain,
(2) the Diamond A plain, (3) the Blackdom terrace,
(4) the Orchard Park terrace, and (5) the Lakewood
terrace. A tentative correlation of these physiographic
features and their accompanying deposits is proposed
in table 2.

TABLE 2.—Tentative correlation of Quaternary features and
formations in southeastern New Mewico

West of Pecos River East of Pecos River Age
Lakewood terrace Playa deposits ____ Woodfordian
deposits. Substage (late
Pleistocene).
Orchard Park Not recognized __. (7).
alluvial gravel.
Blackdom alluvial Not recognized ___ (7).

gravel.
Dijamond A plain _ Mescalero caliche - Middle Pleistocene.
Gatuna(?) Forma- Gatuna Forma- Early or middle

tion, locally. tion. Pleistocene.
Sacramento plain __ High Plaing Late Pliocene to
surface. early Pleistocene.

At the close of Ogallala time an extensive physio-
graphic surface extended from the High Plains to the
Sacramento Mountains. In the Sacramento Mountains
this surface is highly dissected and has been named the
Sacramento plain (Fiedler and Nye, 1933, p. 14-15).
The limits of this plain have not been defined, but Hor-
berg (1949, p. 464, 465) suggested its correlation with
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‘the High Plains surface and also believed it to be

equivalent to the upland surface on the Guadalupe
Mountains.

Remnants of a lower physiographic surface, the Dia-
mond A plain (Fiedler and Nye, 1933, p. 14), are pres-
ent about 3240 km (20-25 mi) west of the Pecos River.
This surface is less dissected than the older Sacramento
plain, but it is hummocky and marked by numerous
dolines. It is well preserved about 37 km (23 mi) west
of Hagerman, where it is capped by caliche. This ca-
liche has a prominent laminar caprock and is morpho-
logically very similar to the Mescalero caliche east of
the Pecos River. )

The next lower surface has been named the Black-
dom terrace (Fiedler and Nye, 1933, p. 12, 32-35), and
this usage has been followed by other workers in the
area (Morgan, 1942; Horberg, 1949, p. 464465, 470-
471). The Blackdom alluvial deposits are coalesced
fans that rest on a broad surface cut on older rocks and
it seems more proper to refer to these deposits as the
Blackdom alluvial deposits. They were deposited by
aggrading western tributaries of the Pecos River dur-
ing an early stage of formation of the Pecos drainage
before the river was entrenched in its present course.
The Blackdom, as well as the younger Orchard Park al-
luvial deposits, should be distinguished genetically
from the Lakewood terrace deposits. The latter contain
clasts from the Sangre de Cristo Mountains and are
related genetically to the modern Pecos River.

Blackdom alluvial deposits occur only west of the
Pecos River. They are present intermittently from
about 16 km (10 mi) south of Roswell to the Seven
Rivers Hills. These deposits appear to be present in
the vicinity of Arroyo del Macho but have not been
examined in that area. .

The Blackdom deposits are about 6.0-8.5 m (20-30
ft) thick. The surface of the deposits slopes eastward
about 5.5-7.5 m/km (30-40 ft/mi), is hummocky to
undulating, marked by small dolines, and is more un-
even than the younger Orchard Park surface. The
gravel in the deposits consists mostly of limestone from
the underlying Permian rocks but clasts of porphyries
derived from the Sierra Blanca and Capitan uplifts
increase in abundance in exposures toward the north.
The clasts average about 6-8 cm (2.4-3.2 in) in diame-
ter but sorting is poor and some clasts are as much as
0.5 m (1.6 ft) in diameter. Clasts are subangular to
round and are cemented by an earthy to well-indurated
caliche. Many of the limestone clasts are solution fa-
ceted. Laminar zones in this caliche are poorly de-
veloped and pisoliths were not observed.

The Orchard Park alluvial deposits (the Orchard
Park terrace of Fiedler and Nye, 1933, p. 11-12, 31-32)
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occur west of the Pecos River between Roswell and
Lakewood. They represent a later stage of the erosional
cycle that abraded the Blackdom deposits. Some clasts
are reworked from the Blackdom and they are general-
ly smaller than clasts in the Blackdom. In a gravel pit
near Orchard Park (SE14SE1; sec. 21, T. 12 S, R.
25 E.) clasts average about 34 cm (1.2-1.6 in) in di-
ameter with some as much as 15 em (6 in) in diameter.
At this quarry, 58 percent of the clasts are of Tertiary
porphyry derived from the Sierra Blanca and Capitan
uplifts to the west, and 42 percent are of Permian lime-
stone. About 45 km (28 mi) south of Orchard Park
and 3.2 km (2 mi) east of Artesia, the Orchard Park
deposits are composed entirely of Permian limestone
clasts, many of which are solution faceted. The matrix
is structureless caliche that is poorly to moderately in-
durated. The incomplete exposures at the quarry near
Orchard Park are 3.8 m (12.5 ft) thick. Near Lake-
wood the Orchard Park deposits are estimated to be
6-9 m (20-30 ft) thick.

The Lakewood terrace is the youngest named physi-
ographic feature along the Pecos River (Fiedler and
Nye, 1933, p. 10). It is present in a narrow strip along
the river from the vicinity of Roswell to about 6.4 km
(4 mi) south of Carlsbad where it loses its identity.

Surfaces near the Pecos channel east of Loving are

here interpreted as older collapsed surfaces which have
been exhumed and are not properly a part of the Lake-
wood terrace. The Lakewood terrace is present west-
ward along some of the tributaries to the Pecos and is
especially prominent in the Roswell-Artesia basin.

The Lakewood terrace deposits are widely varied
along the Pecos River. The northernmost exposures
near Roswell contain a large variety of rock types that
reflect the source areas of the Pecos River as far north
as the Sangre de Cristo Mountains. For example, about
22 km (14 mi) northeast of Roswell (SW14NE1, sec.
3, T.9 8., R. 25 E.), gravels in the Lakewood terrace
contain subround to round pebbles that average about
3 cm (1.2 in) in diameter, with some clasts as much as
10 cm (4 in) in diameter. The types and percentages of
clasts in the gravels are:

Orthoquartzite __ - - — 22
‘Granite, pink to yellow, medium- to coarse-
crystalline . - - 12
Chert _ - 15
Quartz . 12
Permian limestone __ ——— 22
Sandstone oo e 12
Schist, mica, hornblende, quartz —_____ . ______________ 2
Diorite(?) weathered ___ J 2
Pink alkalic feldspar, “fresh,” sparse fragments ___.__ 1
Total e 100

This is the most heterogeneous conglomerate ob-
served along the Pecos River from the Roswell-Artesia

basin southward to the New Mexico-Texas State line.
The granites are similar to those in gravels along the
Pecos River near Fort Sumner about 100 km (63 mi)
north. It is noteworthy that clasts of the Tertiary por-
phyries exposed farther west are apparently absent,
although such clasts are commonly represented in the
older Orchard Park alluvial deposits in the same area.

At the south end of the Roswell-Artesia basin, Lake-
wood deposits are generally fine sand, silt, and clay.
The size of the material in the deposits reflects the low
gradient of the Pecos River south of Roswell and the
effectiveness of the Roswell-Artesia basin as a settling
basin. Near Carlsbad the Iakewood terrace deposits
are mostly sand and gravel derived from Permian
limestones, which indicate local sources.

FANGLOMERATES EAST OF THE GUADALUPE
MOUNTAINS

Lime sand and limestone pebble fanglomerates cover
an extensive area of low relief between the Guadalupe
Mountains and the Pecos River. These deposits are
continuous from Carlsbad southward nearly to Black
River and in a narrow belt in the Black River drainage
along the eastern front of the Guadalupe Mountains.
Some of this clastic debris has been described as an
alluvial apron (Hayes and Koogle, 1958). Horberg
(1949, fig. 3) recognized a “Blackdom plain” south of
Carlsbad, and Motts (1962) mapped “younger” and
“older” alluvium which he correlated with the Lake-
wood terrace and with the Orchard Park and Black-
dom “plains.” These plains may be underlain by some
equivalents of the Orchard Park and Blackdom alluvi-
al deposits but they are part of an extensive fan sys-
tem east of the Guadalupe Mountains, and this system
has not been traced with certainty north of Carlsbad.

Clasts in these fanglomerates are derived from the
Permian limestones and other rocks from the Guada-
lupe Mountains. Most of the limestone pebbles are solu-
tion faceted, and caliche cements the deposit at many
places. The caliche is generally structureless and was
probably deposited from surface water solutions.

These fanglomerates appear to be deposited on an
erosional and karst topography. South of Carlsbad
Caverns lenticular beds of conglomerate fill channel-
shaped depressions along the tops of ridges. North of
Carlsbad Caverns the fanglomerates appear to fill
sinks, and, at places, the surface itself is locally marked
by dolines and sinks. Modern drainage on these fan-
glomerates generally parallels low discontinuous ridges
that radiate from the Guadalupe Mountains. This sug-
gests that the fans are now being dissected.

The age of these fanglomerates is not known. They
may be as old as the Blackdom deposits, or older. How-



BACHMAN

ever, northeast of Loving, along the west side of the
Pecos River, remnants of these fanglomerates rest on
probable Gatuna Formation and Mescalero caliche.
Here the underlying deposits are distinguished from
the fanglomerate by the many Tertiary porphyry and
siliceous pebbles cemented in the caprock. This cap-
rock is here interpreted as an exhumed Mescalero ca-
liche surface that has collapsed along the Pecos River.
Therefore, at least the eastern fringes of the fanglom-
erate are assumed to be post-Mescalero in age.

WINDBLOWN SAND

Windblown sand is widespread over much of the
area east of the Pecos River. Some of these deposits
occur as coppice dune fields with local informal names
such as Los Medanos and Mescalero sands. Most of
these dunes are relatively inactive, but they have been
active during Holocene time and local blowouts sug-
gest that they would soon be reactivated if the plant
cover were disturbed.

At least two distinet deposits occur at most places in
coppice dune fields. These include a lower deposit of
compacted, somewhat clayey sand that may be as much
as 0.5 m (1.5 ft) thick and an overlying deposit of
loose blow sand as much as 6-8 m (20-25 ft) thick.
Locally, soils are very poorly formed on some deposits
of blow sand.

The widespread deposits of windblown sand indicate
a large source of fine sand. Sand deposits are discon-
tinuous along the banks of the Pecos River and there is
very little evidence that much sand has been derived
from there. I believe that most of the windblown sand
in areas such as Los Medanos was derived from the
Ogallala Formation. During wet intervals in the Pleis-
tocene the sand was eroded from the Ogallala, and dur-
ing arid intervals it was blown across the Mescalero
plain.

HISTORY OF EVAPORITE DISSOLUTION

The parts of southeastern New Mexico underlain by
salt, gypsum, and other soluble Permian rocks near the
surface attract popular interest because of the wide-
spread karst topography that has formed on modern
surfaces. The removal of these soluble rocks by dissolu-
tion has caused subsidence and collapse of the surface
at many places (Lee, 1925). However, my work indi-
cates that dissolution and collapse have not been con-
fined to the modern landscape but have been active
processes in this area for long intervals in geologic
time. ‘

In east-central New Mexico near Santa Rosa, karst
topography developed during Late Triassic time, but
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evidence for Triassic karst development in southeast-
ern New Mexico has not been seen. However, dissolu-
tion of Permian salt in the western part of the
Delaware basin may have begun as early as Jurassic
time. During this time southern New Mexico was above
sea level and there was probably considerable erosion.
South of New Mexico, in western Texas, near-shore
marine conditions prevailed during at least part of
Jurassic time (Albritton, 1938, p. 1764). In central
New Mexico continental Jurassic rocks were derived
from the south. These relations, as well as the regional
pattern of thinning of Triassic rocks, indicate an area
of extensive erosion in southern New Mexico during
Jurassic time (fig. 6).

Rocks of Triassic age wedge out to a featheredge on
Permian rocks in southern New Mexico. Rocks of Cre-
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Fiecure 6.—Map showing extent of Jurassic erosion in
southern New Mexico. Control points: 1, Carthage
coal field (Triassic less than 500 ft thick; Wilpolt
and Wanek, 1951). 2, North San Andres Mountains
(Triassic absent, Cretaceous rests on Permian; Bach-
man and Harbour, 1970). 8, Southern Sierra Blanca
(Triassic about 100 ft thick; G. 0. Bachman, un-
pub. data). 4, North Sacramento Mountains (Triassic
absent, Cretaceous rests on Permian; Pray and ,Allen,
1956). 5§, Crow Flats (Triassic about 504 ft thick,
chaos structure). 6, Northeast Carlsbad (Triassic
remnants present in sinkholes). 7, Red Bluff Reser-
voir (Triassic present). 8, South Lea County (Triassic
present). 9, Black River valley (Triassic absent,
Cretaceous remnant present in sinkhole; Lang, 1947).
10, Cornudas Mountains (Triassic absent, Cretace-
ous rests on Permian). 11, Otero Mesa (Triassic
absent, Cretaceous rests on Permian).
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taceous age lap across this wedgeout at some places.
These places indicate the configuration of the line of
pre-Cretaceous zero thickness of Triassic strata and
outline the area of southern New Mexico, including a
portion of the Delaware basin, where Permian rocks
were unprotected by Triassic strata during Jurassic
erosion. Probably some dissolution of Permian salt and
gypsum occurred in the western part of the Delaware
basin at this time. During Cretaceous time the entire
region was submerged below sea level and presumably
neither erosion nor dissolution was an effective process.

Extensive erosion, presumably accompanied by dis-
solution of Permian salts, occurred during parts of
Tertiary time. However, there are no sedimentary rec-
ords of these events that can be related directly to the
formation of modern karst topography.

The earliest and most widespread datum for deter-
mining the relative time of solution and collapse of
many modern karst features is the Pleistocene Mesca-
lero caliche. I believe that the Mescalero caliche is
pedogenic and that it formed on an undulatory, stable
surface. Pedogenic caliche—like other soils—probably
would not form on steep slopes. However, along the
margins of some major depressions the Mescalero dips
steeply—nearly vertically in places; yet this caliche is
comparable in thickness and morphology to adjacent
horizontal profiles. In addition, fracturing and slump-
ing of the Mescalero along the margins of these de-
pressions indicate collapse after Mescalero time. Major
solution and collapse of the surface preceded and fol-
lowed the accumulation of the Mescalero caliche in
Nash Draw, Clayton Basin, and at Crow Flats.

Crow Flats is a large collapse feature about 24 km
(15 mi) east of Artesia (fig. 7). Evidence for at least
three episodes of solution and collapse is preserved
there. These episodes occurred (1) after Triassic and
before Gatuna time, (2) during or after Gatuna time,
and (3) after Mescalero time.

At Crow Flats dolomite and gypsum of the Permian
Rustler Formation are the oldest rocks exposed. These
rocks are overlain by conglomeratic, crossbedded, dark-
reddish-brown sandstone of the Upper Triassic Dock-
um Group. South of Pavo Mesa for about 11 km (8 mi)
along the east side of Crow Flats, Triassic and Permi-
an rocks are contorted and fractured and exposed as
chaotic, angular blocks. At many places Triassic rocks
fill collapse sinks at least 15 m (50 ft) deep in Rustler
gypsum. These sinks formed after the Triassic rocks
were indurated and possibly as early as Jurassic time
when the entire region was uplifted and eroded. Cer-
tainly this collapse occurred before Gatuna time be-
cause the Gatuna Formation rests unconformably on
these chaotic structures.

CENOZOIC DEPOSITS, NEW MEXICO AND EVAPORITE DISSOLUTION HISTORY

Southwest of the Nakee Ishee Lakes the Gatuna For-
mation itself dips persistently northeast with apparent
dips of as much as 20°. East and southeast of the lakes
the Gatuna is relatively flat lying and cuts unconform-
ably across the steeply dipping Gatuna beds. The steep
dips in the Gatuna are interpreted as partly deposition-
al and partly a result of collapse before Mescalero
time.

At another place along the eastern edge of the ex-
posure of chaotic rocks (NW1j sec. 14, T. 17 S., R. 28
E.), the Gatuna Formation is at least 10 m (33 ft)
below the uppermost exposures of Triassic rocks. These
exposures of Gatuna are about.700 m (2,000 ft) wide
and are roughly circular in plan. They are sinkhole
fillings capped by relatively undisturbed Mescalero
caliche. _

At the north end of Pavo Mesa the Mescalero caliche
is relatively flat lying and truncates dipping beds of
the Gatuna Formation. However, along the east side of
Pavo Mesa the Mescalero dips east and northeast ; dips
range from about 10° to nearly vertical. On Pavo Mesa
the Mescalero caliche is at the 3,700-ft contour. Along
2 low escarpment southeast of the Nakee Ishee Lakes
the Mescalero is fractured and is at the 3,590-ft con-
tour. This indicates a displacement of 30 m (110 ft)
since the caliche formed. Observations of similar dis-
placements indicate that Clayton Basin has subsided
more than 30 m (100 ft) and parts of Nash Draw have
subsided as much as 55 m (180 ft) since Mescalero time.

Surface measurements and drilling data were used
to compile a contour map with the Mescalero caliche as
the datum for an area in eastern Eddy and western
Lea Counties (fig. 8). This map shows gross topo-
graphic features of both Mescalero and post-Mescalero
time and delineates some areas that have collapsed
since Mescalero time. Relatively uniform spacing of
contours beneath the Querecho Plains suggests that
this represents an original slope on the Mescalero sur-
face. The Mescalero surface dips southwestward, away
from the High Plains, about 5.5-7.5 m/km (3040 ft/
mi). The uniform spacing of contours between The
Divide and Livingston Ridge suggests that this surface
also approaches its original slope. The closed contour
at 3,700 ft around The Divide indicates that this area
has been a drainage divide between San Simon Swale
and Nash Draw at least since Mescalero time. A promi-
nent swale east of Gatuna Canyon may indicate a relict
Gatuna drainage system. At present this swale is occu-
pied by several prominent depressions that include
Williams Sink and Laguna Plata. These depressions
do not appear to be collapse features and there is no
evidence in the subsurface for dissolution of salts be-
neath these depressions. They are here interpreted as
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blowouts within the relict drainage. Closely spaced con-
tours around Clayton Basin and Nash Draw delineate
these post-Mescalero features.
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THE PLACER RIVER SILT—AN INTERTIDAL DEPOSIT
CAUSED BY. THE 1964 ALASKA EARTHQUAKE

By A. T. OVENSHINE, DANIEL E. LAWSON,* and SUSAN R. BARTSCH-WINKLER,

Menlo Park, Calif., Urbana, lll.,

Abstract.—At the head of Turnagain Arm near Anchorage,
the major lasting geologic consequence of the Alaska earth-
quake of 1964 was deposition of the Placer River Silt, an
intertidal deposit covering an area of more than 18 km® and
containing more than 20X10°m® of sediment. This formation,
which was derived from erosion of intertidal bars in Turn:
again Arm, averages 1.5 m thick seaward of the Seward
Highway and 0.9 m thick landward. Its distribution is con-
trolled both by the arrangement of the major streams that
enter tidewater and by manmade features such as the high-
way and railroad embankments. The Placer River Silt is
still being deposited. The contemporary lowland sedimenta-
tion system of the Portage area includes a number of deposi-
tional settings: (1) In the Placer River Silt— upper tidal
flats, levees, and channelway fans, (2) elsewhere in the in-
tertidal zone—tidal stream channels, lower tidal flats, and
saltwater marsh, and (3) in the supratidal zone—gravel levees,
freshwater marsh, bogs, and lakes. Since 1964, the critical en-
vironmental results of the earthquake-caused deposition have
been abandonment of the settlement of Portage, formation of
an unsightly blanket of silt, destruction of natural plant com-
munities, localized erosion, and creation of quicksand hazards.

The Alaska earthquake of March 27, 1964, caused
land subsidence in the Portage area (fig. 1) amounting
to at least 2.4 m. Of this, slightly more than 1.6 m re-
sulted from regional tectonic subsidence and 0.8 m was
from local subsidence (McCulloch and Bonilla, 1970,
p. D128 and fig. 114), probably related to seismically
induced compaction in the 300 m (Dennis Kalpacoff,
oral commun., 1973) of unconsolidated sediment that
underlies the area. The subsidence allowed high tides
to inundate approximately 18 km? of land that had
been above sea level, resulting in deposition of more
than 20X10° m® of fine-grained intertidal sediment.
This report describes this sediment and the contempo-
rary sedimentation system at Portage and notes some
of the environmental consequences of its deposition.

The Portage area, about 77 km southeast of Anchor-
age, was within the area of maximum damage and

1 University of Illinois.

Menlo Park, Calif.

shaking related to the Alaska earthquake of 1964. The
small roadside settlement of Portage was abandoned
after the earthquake; present habitation is limited to
one house and several mobile homes associated with a
service station. The area is crossed by the Seward
Highway and contains the junction of the Whittier
and Seward spurs of The Alaska Railroad.

Portage is situated at the mouths of three broad,
alluviated valleys—Twentymile, Portage, and Placer—
separated by steep bedrock ridges that rise 900-1,200 m
above the valley floors. Bedrock in the region is Juras-
sic(?) and Cretaceous graywacke, siltite, and argillite
assigned to the Valdez(?) Group (Clark, 1972). The
valleys in the Portage area, 1.5-2.5 km wide and with-
in 10 m of sea level, are underlain by Holocene sands
and gravels that interfinger with tidal silts and sands
about 1 km landward of the present shoreline. The
water table is within 1.5 m of the ground surface
throughout most of the area. Large fast-flowing
braided streams near the midlines of each of the three
valleys typically are flanked by well-drained natural
levees underlain by sand and gravel. Much of the wa-
ter in the streams originates in snowfields of the Chu-
gach Mountains and in glaciers that descend to low
altitudes at the heads of the valleys. Between the
levees and the bedrock valley walls is grassy or sparse-
ly forested freshwater marsh and bog.

The streams reach tidewater at the head of Turna-
gain Arm, a southeast-trending, 72-km-long marine em-
bayment at the northeast end of Cook Inlet. Turnagain

"Arm is noteworthy for its high tidal range (10 m),

frequent occurrence of bore tides, and extensive de-
velopment of intertidal sand bars. No data on tide
characteristics are available for the Portage area, but
our observations during the summer of 1973 suggest a
tidal range of 8 m or more and lag in the start of
flooding of 4 hours or more relative to Anchorage.
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THE PLACER RIVER SILT

The deposits of intertidal origin that resulted from
the Alaska earthquake make up a recognizable geologic
unit that has been mapped throughout the Portage
area (fig. 2). This unit, here named the Placer River
Silt for its occurrence on Placer River, commonly over-
lies a soil horizon rich in organic material. In 1973 the
Placer River Silt was still being deposited.

The best exposures of the formation are in the steep
banks of Portage Creek and Placer and Twentymile
Rivers. The exposure in the north bank of the north
fork of Portage Creek west of the Seward Highway is
designated the type section (fig. 3D). Excellent ex-
posures occur in many of the small channels that cross
the tidal flats seaward of the Seward Highway.

Sections of the Placer River Silt have been measured
at five localities shown in figure 3: Ingram Creek (4),
Placer River (B and C), Portage Creek (D), and
Twentymile River (£).

Base of the Placer River Silt

As shown in the measured sections (fig. 3), the
Placer River Silt overlies a buried soil and vegetation
horizon developed on an older unit of intertidal silts.
These older silts, in contrast to the post-1964 silts, are
relatively firmly compacted and contain abundant yel-
lowish-orange and yellowish-brown oxidized zones
that encapsulate rootlets, twigs, or other buried plant
debris.

The soil horizon developed at the top of the older
silt ranges in thickness from a few centimetres to more
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than several tens of centimetres and is recognized main-
ly by a high proportion of nearly undecayed vegetable
matter. The nature of the soil varies according to the
plant community that lived on it at the time of the
earthquake: in areas that were forest or alder thicket,
the soil is a centimetre or more of black leaf duff over-
lying 1-10 cm of brown rootlet-bearing silt; in areas
that were bog or marsh, from 1 to 5 cm of spongy black
malodorous peat composed of partly decayed grass
blades, sphagnum moss, and rootlets; in areas that were

grassland, as much as 30 cm of compacted silt bound
together by a lacework of grass roots. The grassland
soil is well exposed in the shoreline bluffs of Turna-
gain Arm between Placer and Ingram Creeks. During
storm high tides, blocks of this rootbound silt as much
as 1 m? in area and 0.3 m in thickness are eroded and
transported hundreds of metres across the tidal flats.
Before the Alaska earthquake, the Portage area had
a variety of plant communities including spruce and

cottonwood forest, willow and alder thickets, well-
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Ingram Creek
Cumulative thickness

(metres)

Placer River Silt:

Upper unit, medium-dark-gray (N4) silt with

minor very fine sand; abundant air voids in

~ \0.37

_upper part

Lower unit, intercalated olive-gray (5Y 4/1) and

medium-light-gray (N6) silt; well laminated

1.50

¥ Soil horizon, dark-gray (N3); locally oxidized to mod-
erate-brown (6YR 4/4) silt with up to .50 percent
black plant debris; laminations disturbed by roots

D

Portage Creek (type section)
Cumulative thickness

(metres)
0

‘/1 .62

Y

Placer River Silt: Olive gray (5Y 4/1) silt and minor
very fine sand; lamination and wispy bedding
caused by ripples; only vague stratification in.
upper part

1.07 -
Soil horizon, very dark gray (N2) siit and plant debris

Very fine grained sand, poorly stratified, brownish
gray with orange root casts

Forest layer; rooted stump and nonpersistent grass
peat

T 1.68
i
=
Intertidal silt, dark gray (N3); locally oxidized to
brown (5YR 4/4) around roots; very finely lamin-
ated; laminations average about 2 cm
= 3.02
B

Placer River
Cumulative thickness

(metres)

Placer River Silt:
Upper unit, intercalated olive-black (5Y 2/1) silt

and olive-gray (5Y 4/1) very fine sand; 1- to

4-cm lamination dips toward creek; ripples,

cross stratification, and slump folds near top

Lower unit, olive-gray (5Y 4/1) coarse silt; rare
1.07 laminations dip 6° toward creek

""" Soil horizon, two rootlet peat layers separated by

1.13 fine sand

Sand and silty sand; intercalated olive gray (5v 4/1)

and olive black (5Y 2/1); rootlet deformation; dark

sand is stream-laid, lighter sand and silt is inter-

1.83 tidal

C

Placer River

Cumu

lative thickness
(metres)

P72

0

Placer River Silt: Olive-gray (5Y 4/1) silt; laminated

1.70
Soil horizon, rich in organic material, well developed

'7"lntercalated brownish-gray laminated silt, gray silt,
241 and very fine sand; abundant rootlets

""" Granule- and fine-gravel-bearing sand; dark gray;
2,59 comp_osed of argillite grains
1 _Laminated brown silt

> 271 -
._/ Granule- and fine-gravel-bearing sand; dark gray;

composed of argillite grains

Intertidal silts, dark gray (N3), finely laminated;

Sy

~~—1.92

abundant allochthonous wood
Forest layer’

2.10

Intertidal silts, dark gray (N3); lamination averages

2.41 1 mm; compact

Twentymil
Cumu

e River
lative thickness
(metf(es)

v
Placer River Silt:
Upper unit, olive-gray (5Y 4/1) silt and micaceous
very fine sand; planar lamination dips 3° to-
ward channel; abundant air voids

0.70
e Lower unit, olive-gray (5Y 4/1) silt with dark-gray
(N3), medium-gray (N5), and light-gray (N6)
= laminations, especially in upper part; air voids
.common only in upper 0.3 m
1.92

Soil horizon, medium dark gray (N4) and dark gray
(N3); about 50 percent plant debris

1.94
Intertidal silt, medium dark gray (N4) with irregular
patches around roots oxidized to light brownish
1‘ }L gray (5YR 5/1); pervasive fine lamination averages
——— 3mm,; contorted in lower part
—— 2.35
VERTICAL SYMBOLS
SCALE
8
- e
S Sand with Sand Stump structures
01,_0 gravel —<
‘ . ot
19 — Cross stratification Root or
Laminations in ripples root cast
2=
—
3
-1 Vague
laminations
4
5- ~
Rooted stump
6-
-2
7 Soil horizon rich
in plant debris
8-
.. LOCATION
Silt OF SECTIONS

FIGURE 3.—Measured sections of the Placer River Silt.
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drained and marshy grasslands, and sphagnum bogs.
After the earthquake, these communities were killed
by the change to a saltwater environment, but sedimen-
tation was so rapid that nearly all trees and shrubs
were buried intact, in upright position (figs. 4 and 5).
Ten years after the earthquake, the parts of the plants
that project above the silt were desiccated and brittle
and were being broken off in increasingly large num-
bers with each passing year. The buried parts of the
plants, however, were little decayed and retained their

Ficure 4.—Tidal thicket

stream cutbank exposing alder
killed and buried by deposition of the Placer River Silt.
The pre-Placer River soil horizon is at 1.6 ft on the meas-
uring rod. Bank of Portage Creek, seaward of the Seward
Highway.
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bark, fresh wood color, and much of the strength of
living plant tissue. One of the principal future charac-
teristics of the Placer River Silt will be its extensive
preservation of upright rooted stumps in a peat-bear-
ing soil layer.

LITHOLOGY

The Placer River Silt is a thin-bedded to laminated
micaceous silt that locally contains thin intercalations
of silty clay or very fine grained sand. The predomi-
nant color is olive gray (5Y 4/1), darkening when
wet; individual clay or very fine sand laminations
range from medium dark gray (N4) to medium light
gray (NV6).

Under the hand lens, the sediment is uniform in com-
position, appears well sorted, and consists of medium
and coarse silt-size grains of quartz and feldspar (60
percent), green and black rock fragments (25 percent),
and mica (15 percent). The quartz and feldspar grains
are angular and equant, whereas the lithic fragments
are angular to subround and range from equant to rod
or plate shaped. Muscovite, biotite, and chlorite occur
in cleavage flakes and elongate shreds as much as 1 mm
in length.

Examination of samples taken along the profile from
Twentymile River to the highway indicates that the
silt consists of quartz (30 percent), quartzose lithic
fragments (25 percent), feldspar (20 percent), horn-
blende (15 percent), and chlorite plus mica (15 per-
cent). Trace constituents are glauconite(?), opaque
minerals, garnet, apatite, colorless and brown volcanic
glass, and diatoms. All the grains are angular, and ex-
cept for iron staining of some of the lithic fragments,
all are fresh and unaltered.

Plant debris is the only constituent of organic origin
that is at all common in the Placer River Silt. In most
sections, material such as twigs, limbs and logs, bark
fragments, willow and cottonwood leaves, and spruce
needles are dispersed rather than concentrated in layers
and make up less than 3 percent of the sediment vol-
ume. At no place in the Portage area was evidence of
sediment infauna found, although centimetre-size
valves of Macoma sp. are transported from Turnagain
Arm and, rarely, incorporated in the formation.

In figure 6 are the results of pipet grain-size analysis
of eight surface samples from the locations shown on
the profile of figure 7. Attempts to draw separate
curves on the same plot for each of the eight samples
analyzed were unsuccessful, because many of the data
points were coincident or nearly so. Shown in figure 6
are “average” curves drawn through points that repre-
sent the means at each phi class boundary of percentage
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F1cURE 5.—Spruce forest buried by the Placer River Silt, Portage Creek tidal flats. Augering in the tidal channel (foreground)
showed that 1.83 m of silt had accumulated between 1964 and 1973.

values obtained by analysis of the eight samples.
Standard deviations for the means used in construct-
ing the frequency percent curve are also shown on the
figure and indicate that the variations in percentages
are generally small.

Slightly less than 97 percent of the sediment is silt
size, and most (91 percent) is medium and coarse silt.
The median diameter is 37um and the Folk graphic
mean diameter is 35 pm. The grain-size distribution is
moderately well sorted (Folk inclusive graphic stand-
ard deviation=0.64 phi units) and moderately fine
skewed (Folk inclusive graphic skewness=0.43 phi
units).

The samples analyzed show no systematic grain-size
trends that can be correlated with distance along the
profile. Field observations suggest that although the
silt may become finer grained in the marsh areas near
the zero edge, the grain-size distribution depicted in

figure 6 is probably representative of most of the
formation.

The most common sedimentary structures are planar
lamination and small-scale cross stratification within
ripple marks. The planar lamination, which ranges in
thickness from 0.5 to 4 cm and averages about 1 em, is
caused by byrial of thin layers of fine silt or clayey
silt that are darker in color and less erodable than the
medium and coarse silt that makes up an estimated 91
percent of the formation. The planar lamination com-
monly is laterally persistent for 2 m or more. In chan-
nel-bank exposures, it dips 8° to 15° toward the chan-
nel axis.

Small-scale cross stratification resulting from the
migration and eventual burial of ripple marks is com-
mon in most exposures but generally is clearly visible
only on outerop faces that have been cleared of slope-
wash. Sets of ripples have amplitudes of approximate-
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frequency per phi unit class for eight samples of the Placer

River Silt. Sample localities shown in figure 7.
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ly 2 em and wave lengths of 10-15 cm. Commonly, both
ebb and flood directions are observed in a single out-
crop. Less than 5 percent of the ripples and cross strata
observed show oversteepened, convoluted, or folded
forms caused by syn- or post-depositional processes.

Thickness and distribution

The distribution of the Placer River Silt is deter-
mined to a large extent by the geometry of the three
valleys and five streams that intersect at tidewater in
the Portage area. The thickness of the formation re-
flects not, only the influences of these elements but also
the effects of the highway and railroad embankments,
structures that existed before and were rebuilt after
the Alaska earthquake.

Thickness measurements of the Placer River Silt
(figs. 2 and T7; table 1) were obtained either by hand
augering to the vegetation-rich soil layer underlying
the formation or hand leveling to the “general sedi-
ment surface” from exposures of the buried soil layer
in the banks of tidal channels.

For purposes of discussion and statistical summary,
the thickness data are grouped into the 10 subareas
shown on figure 2 inset. Subareas I, IIT, IV, V, and VI
ave tidal flats separated by the major stream channels
entering Turnagain Arm and situated inside, or sea-

TABLE 1.—Thickness and volume of the Placer River Silt by

subarea
Nun}’ber A Sedl ¢
. verage A Sedimen
Subarea tglggglve;s thic(l;]r‘l;:ss‘ (mz;eiloo) (r;g?("ln&)
tions
I e 42 1.57 2.01 3.16
0 SR 3 86 26 17
Iy e~ 16 1.65 75 1.24
IV 23 1.35 .89 1.20
Ve 27 144 111 1.60
VY e 6 141 1.72 2.43
VII . 6 .66 .58 .38
VIIIT .. 53 121 2.95 3.57
IX o 24 .92 1.44 1.33
X 2 101 .90 6.28 5.65
Totals -______ 301 —— 17.99 20.73
* Average thickness:
All subareas .. ooooemoo-
Subareas I, IIT, IV, V, VI _____. 1 48
Subareas 11, VII VIII, IX, X _.. .87
SOUTHEAST
ALASKA -
HIGHWAY

1

0 50100 FEET o Level paoint

VERTICAL EXAGGERATION X 20
ARBITRARY DATUM

¢ Level point and grain size and
petrographic sample location

7 50 METRES Base of Placer River Silt T T —— Highway embankment

® Locality where thickness of Placer River Silt
was measured

F1eure 7.—Cross section of the Placer River Silt from the edge of the Twentymile River tidal channel to Alaska Highway 1.
Section location shown in figure 2.
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ward, of the curve of the Seward Highway as it goes
around the head of Turnagain Arm. Subareas IT, VIII,
IX and X are “outside” the highway and most include
the landward or zero edge of the formation. The thick-
ness data grouped in subarea VII are, with two excep-
tions, from a tidal flat situated between the highway
and railroad embankments and connected to Turnagain
Arm by only a single culvert 2 ft in diameter.

Seaward of the Seward Highway, the Placer River
Silt averages about 1.5 m in thickness; landward of the
highway, it averages about 0.9 m. Although factors
such as proximity to the sediment source and greater
subsidence could cause more accumulation -inside the
highway, doubtless the single most important factor is
the containment effect imposed on the flood tide by the
gravel highway embankment. Flow through the em-
bankment can occur only at the culvert connecting sub-
areas VI 'and VII, at the bridges across the Twenty-
mile and Placer Rivers, and at the two forks of Port-
age Creek.

In subareas I, III, IV, V and VI, deposition has
produced tabular sediment bodies of relatively even
thickness. Levees are not typically present along the
banks of the major channels, and in the few localities
in which they are observed, levees show an estimated
relief above the sediment surface of less than 0.3 m.
Tidal channels as much as 2 m deep and 25 m wide
are present but are less numerous and more widely
spaced than in the intricate channelway fan systems
that occur landward of the highway in the Placer
River area.

Landward. of the Seward Highway, the thickness
and distribution of the Placer River Silt presents a
more complicated pattern controlled largely by the
geometry of the major stream channels and to an un-
known extent by differential subsidence. In this area,
the active depositional elements are levees and channel-
way fans, both of which are prograding into marsh-
land surrounding freshwater bogs and lakes. In figure
2, the narrow bands of the formation mapped along
the main forks of the Placer River are levees 60-250 m
wide with relief of as much as 1 m.

The term “channelway fan” is used here to designate
areas of active deposition that are lobate to irregular
in outline and crossed by numerous small tidal chan-
nels. Channelway fans form where one or more tidal
channels breach the levees and allow silt-laden flood
waters to extend hundreds of metres into the marsh. In
the Portage area, channelway fans occur in two places
west of the west fork of the Placer River, between the
north fork of Portage Creek and the embankment of
the Whittier spur of The Alaska Railroad, and on the
north side of the Twentymile River.

THE PLACER RIVER SILT, ALASKA

The thickness data from the south side of the
Twentymile River are contoured in figure 8 in order
to show the geometry of the sediment body that has
formed between 1964 and 1973. The deposit is thickest
adjacent to the river and is shown by 'relatively wide-
spaced contours over most of the area. At the distal
edge of the deposit, however, the contours are closely
spaced, indicating abrupt thinning toward the zero
edge. Possibly this almost tabular deposit has formed
by the coé,lescing of a series of channelway fans whose
outlines are still partly discernible in the lobate form
of the distal edge of the formation. »

In the years since 1964 the marshlands beyond the
levees dnd channelway fans have received only minor
amounts of silt—generally less than 0.3 m (fig. 2). The
grass-dominated plant community seems to be flourish-
ing and keeping pace with the slow buildup of parts of
the marsh surface.

o} 500 METRES

0 1500 FEET
CONTOUR INTERVAL 0.1 METRE

F;GURE 8.—Isopach map of the Placer River Silt on the south
side of Twentymile River. Contours are closely spaced near
the edge of the deposit and more widely spaced elsewhere.
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Source

Source is considered at two levels as follows: The
original source is the bedrock terrane from which the
sediment was eroded ; the immediate source is the loca-
tion of the sediment prior to movement into the Port-
age area from 1964 to 1973.

At least three bedrock sources appear to be repre-
sented in the Placer River Silt. The quartzose lithic
fragments, the chlorite, and much of the quartz are
consistent with derivation from the weakly metamor-
phosed graywacke and argillite that make up the Chu-
gach Mountains surrounding Turnagain Arm. The vol-
canic glass and the unaltered hornblende associated
with it, however, do not occur in the bedrock of the
Turnagain watershed and probably were derived fromi
one or more of the active volcanoes on the northwest
side of Cook Inlet (fig. 1). They could have reached
their present locations through combinations of wind
and water currents. There is no major local source for
the biotite and plagioclase feldspar that make up a
significant part of the sediment. These constituents
were probably derived from the batholithic terrane of
the Talkeetna Mountains and transported to Knik Arm
through the Susitna or Matanuska Rivers. This sug-
gests the existence of currents that sweep sediment
from the Knik area into Turnagain Arm.

Prior to the investigations reported here, we believe
that the immediate source of all the silt was the alluvi-
um in the valleys of the major streams that meet in
tidewater at Portage. However, the inferred bedrock
sources far to the north and west and the thickness
pattern of the formation are clear indications that the
immediate source of the formation is seaward of Port-
age rather than landward. Probably this immediate
source is the extensive intertidal bars of sandy silt that
occur throughout Turnagain Arm.

THE SEDIMENTATION SYSTEM OF THE
PORTAGE AREA

The Placer River Silt is only one of the recognizable
sedimentary elements in the environment of the Port-
age area. In this section we list and describe briefly
some of the intertidal and supratidal settings that oc-
cur in this environment of contemporary sedimenta-
tion. The characteristics and interrelations of the vari-
ous settings are the subject of continuing study.

A diagrammatic portrayal of the arrangement of
the recognized subdivisions of the intertidal and fluvi-
atile environments, figure 9, points up the importance
of zones of maximum sedimentation in the formation
of the lowland physiography. The most rapid sedimen-
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tation occurs on.the tidal flats and on the levees of the
supratidal rivers. As these regions build up, drainage
from the peripheral areas is impeded and a zone of
marshes, bogs, and lakes develops in the vicinity of
the valley walls. The distribution of this zone is clear-
ly shown in figure 2.

Intertidal settings

In the intertidal environment, 3 km wide at some
plices, we now recognize six subdivisions, discussed
here in order of decreasing proportion of time covered
by the tide.

Tidal stream channels.—The discharge of the streams
that flow through the valleys and into Turnagain Arm
is sufficient to maintain swift currents in the channels
during times of low tide. Surface-water velocities in
the channels are in the range from 50 to 150 cm/s on
the basis of a single series of observations on the Twen-
tymile River at the start of ebb flow. Standing waves
and antidunes are typical features of the water sur-
face. The channel deposits cannot be directly observed,
but from study of midchannel bars and channel banks,
the streams appear to be moving coarse sand and fine
gravel. Large ripples with wave lengths of approxi-
mately 1 m and amplitudes of 7 cm are exposed on
some bars during low water.

Lower tidal flats—These flat constructional terraces
are graded to the average low-tide water level. The
landward juncture of the lower tidal flats with the
upper tidal flats is typically an erosional scarp 1-2 m

Landward limit
of high tides
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Fi1gure 9.—Idealized diagram depicting the major elements in
the lowland depositional system of the Portage area.
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high and rarely a smooth- constructional slope dipping
about 85° toward the channel. Rippled silt and very
fine sand accumulate on the lower tidal flats. As the
water table is nearly at the surface, the sediment is
saturated, readily liquefiable, and hazardous to
traverse.

Channelway fons—Channelway fans occur behind
the leveed parts of tidal streams where one or more
tidal channels breach the levee system. In the Portage
area, the channelway fans are flooded during about
half of the high tides and appear to be actively pro-
grading into the saltwater marshes. The sediment sur-
face is extremely irregular because of the close spacing
of numerous small channels 0.5-1.5 m wide and 0.3-0.5
m deep. Many of the channels are constructional in
origin because laminations in their banks dip toward
the channel axis at the same angle as the bank face.
Interchannel areas support a sparse to abundant flora
of salt-tolerant grasses. As deposition continues, chan-
nelway fans may coalesce and evolve into upper tidal
flats. '

Upper tidal flats—The upper tidal flats are nearly
horizontal constructional terraces that are building
toward the level of the highest tides that reach the
Portage area (fig. 7). The deposits of the upper tidal
flats are laminated and rippled silts, commonly ex-
hibiting small voids that originate from air entrap-
ment during rapid flooding. The more landward parts
support a sparse flora consisting of two or three types
of salt-tolerant grasses.

Levees—Levees are common only in the upper
reaches of the tidal streams, where they probably
originate through the formation of current nulls caused
by the meeting of seaward-directed streamflow and
shoreward-directed tidal flow. Levees do not generally,
occur at the junction between the lower and upper tidal
flats, probably because the boundary is erosional.
Levee deposits show air-entrapment voids, laminations,
and ripples and are indistinguishable from the sedi-
ments of the upper tidal flats.

Saltwater marsh—The saltwater marsh zone sup-
ports a dense growth of several species of salt-tolerant
grass and had received less than 0.3 m of sediment
from 1964 to 1973. Deposits are fetid fine silt and mud
that may exhibit millimetre-scale lamination.

Supratidal settings

Stream gravels and organic deposits are forming be-
yond the influence of the tide in the Portage area. We
recognize three supratidal zones.

Braided streams.—Deposits of pebble and cobble
gravel and variable amounts of coarse, poorly sorted
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sand occur in and near the present stream courses. The
deposits are linear in shape and parallel to the stream
axis.

Freshwater marsh.—Between the stream gravels and
the bogs and lakes that border the valley walls is a
densely vegetated freshwater marsh. Growth of vege-
tation is apparently much more rapid than sedimenta-
tion because samples obtained by augering consist of
slightly muddy plant debris in various states of decay.

Bogs and lakes.—Little or no sediment reaches the
bog area between the marsh and valley wall, and auger
samples consist almost entirely of water-saturated
spongy peat. Sphagnum moss, several varieties of
grass, and prostrate shrubs are the dominant vegeta-
tion. Deposits in the lakes are finely comminuted plant
debris.

ENVIRONMENTAL CONSEQUENCES
OF INUNDATION AND SEDIMENTATION

The direct effects of the earthquake in the Portage
area included destruction of bridges (Kachadoorian,
1968), subsidence of railroad and highway embank-
ments (McCulloch and Bonilla, 1970; Kachadoorian,
1968), and damage to buildings (Plafker and others,
1969). Although railroad and highway damage was
quickly repaired, there are longer lasting effects on the
environment of the Portage area that resulted from
the inundation and sedimentation. These effects include
abandonment of the area, destruction of flora, esthetic
deterioration, localized erosion, and development of
“quicksand” hazards.

The Portage area has been all but abandoned by man
because of the high tides and the blanket of silt that
now covers the lowlands. The sole house and the serv-
ice station currently maintained were constructed on
thick gravel pads after the earthquake. Although the
house is safely located, the service station is on the
seaward side of the highway where it is threatened by
the spring and storm high tides.

Having to abandon the Portage area was a hardship
to the residents for many reasons, perhaps mainly be-
cause it thwarted development that might reasonably
have been expected. The area is one of the very few
roadside parcels of fee simple land excluded from the
Chugach National Forest. It is situated on the heavily
traveled Seward Highway at the junction of the road
to Portage Glacier, one of the major tourist attractions
of the Anchorage area; it is approximately midway
between Anchorage and the popular recreation areas
around Kenai Lake; and it is at the vehicle-loading
point for The Alaska Railroad where, during the sum-
mer months, thousands of touring cars and buses are
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shuttled to the Alaska Ferry System at the deepwater
port of Whittier. The Portage area, before its inunda-
tion and siltation, was ideally situated for commercial
development based on tourist and roadside services.

Special construction techniques, though adding to
costs, might still facilitate development of Portage
were it not for the esthetic deterioration of the area.
The abandoned, partly buried and vandalized build-
ings (fig. 10), the uniform mantle of gray silt, and the
stands of dead spruce and cottonwood are depressing
sights. A measure of the deterioration of the area is
that tourist buses now use it as the main stopping point
at which to discuss effects of the Alaska earthquake.

Contributing to the esthetic deterioration is the
widespread destruction of preearthquake plant com-
munities. Forest at least 250 years old, well-drained and
marshy grassland, and alder thicket have been killed
over an area of more than 18 km?. Salt-tolerant grasses
and reeds and a few willows that have sprouted roots
from branches at levels as much as 2 m above the
former root zones constitute the only vegetation of the
active tidal flats. The dead forest and thicket at Port-
age are the sources of extensive layers of plant debris
that accumulate on intertidal bars elsewhere in Turna-
gain Arm and of the huge limbs and whole trees that
are transported seaward to become hazards to boating
in Cook Inlet.

Although many of the environmental effects result
from sedimentation, currents generated during the ebb
and flood locally focus to produce erosion that forms,
enlarges, and extends tidal channels. A major conse-
quence of headward erosion of channels is providing
tidal access to the low-lying marsh, bog, and lake areas
that rim the active intertidal zones. The result is con-

Ficure 10.—Roadside business adandoned after the 1964
Alaska earthquake. As much as 2 m of silt has accumulated
in this area. Photograph taken during high tide.
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tinued progradation of intertidal sediment into the
freshwater marsh, leading to further destruction of
plant communities. A channelway fan system is de-
veloping in a marsh on the northwest side of the Twen-
tymile River (fig. 11). Access to the marsh and a path-
way for sediment influx is provided by a 150-m-long
channel that is being eroded in the trench fill of the
Anchorage-Whittier refined products pipeline. As much
as 0.7 m of silt has entered the marsh by this develop-
ing tidal channel. A similar channel is developing
along the axis of an old wooden waterline between
Portage Creek and the junction of the Seward and
Whittier spurs of the railroad.

Another group of environmental effects are quick-
sand hazards resulting from the properties of the
Placer River Silt. The uncompacted nature and pre-
dominance of silt-size sediment results in ready lique-
faction if the sediment is saturated (as it is in the
tidal channels at all times and over the entire area im-
mediately following high tide). The instability of the
sediment is well known to local sportsmen, who shun
foot travel in the region. In our experience, the lower
tidal flats, tidal channel bottoms, point bars, and mid-
channel bars are extremely dangerous to traverse be-
cause it is possible to sink instantly to midthigh depths.

400 METRES

0 1000 FEET

F1cUre 11.—Sketch map of north side of Twentymile River
showing depositional environments and a channelway fan
prograding into marsh deposits where tidal access is pro-
vided through erosion along the pipeline trench. Symbols:
Itf, lower tidal flat; utf, upper tidal flat; cf, channelway
fan; msh, marsh; bl, bog or lake; br, bedrock ridge.
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THE FUTURE OF THE PORTAGE AREA

The effects on the environment of the Portage area
brought about by intertidal deposition—the destruc-
tion of natural plant communities, erosion, and creation
of quicksand hazards—are severe and lasting results
of the Alaska earthquake of March 27, 1964. But they
are not necessarily permanent consequences. As shown
in figures 3 and 4, beneath the. buried soil horizon that
records the earthquake is a unit of older intertidal silts
resembling the Placer River Silt in many ways. From
this, and from the evident buildup of the Placer River
Silt toward the level of the highest tides (fig. 7), we
can expect that the surface will eventually reach a
level at which saltwater incursion is exceedingly rare.
As this level is approached, the former plant communi-
ties will recolonize, ultimately prosper, and play an
important role in stabilizing the courses of the tidal
streams and channels. The area will then much resem-
ble Portage as it was before the earthquake.

The circumstances that developed the Placer River
Silt—earthquake, subsidence, and a gradation leading
to natural “repair” of the landscape—may have occur-
red many times during Holocene deposition in the
Portage area. The older intertidal silts may record one
comparable episode of subsidence and sedimentation
that occurred more than 250 years ago, as judged by
the age of an old spruce rooted in the silts, and possi-

THE PLACER RIVER SILT, ALASKA

bly less than 723 years ago on the basis of tenuous cor-
relation with a carbon-dated section in the Girdwood
area, 18 km west of Portage (Karlstrom, 1964, pl. 7).
As the area is underlain by at least 300 m of silt
(McCulloch and Bonilla, 1970, p. D131 ; Dennis Kalpa-
coff, oral commun., 1973), it is possible that many epi-
sodes of earthquake-caused sedimentation are pre-
served in the geologic record. Deciphering this record
may have a critical bearing on the future of Portage
and of the greater Anchorage area.
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BOG STRATIGRAPHY, RADIOCARBON DATES, AND PINEDALE TO
HOLOCENE GLACIAL HISTORY IN THE FRONT RANGE, COLORADO

By RICHARD F. MADOLE, Denver, Colo.

Abstract.—Radiocarbon dates and stratigraphic cores from
bogs, kettle ponds, and former ice-marginal lakes on the east
and west sides of the Front Range, Colo., between lat 40°00’
and 40°24’ N. suggest that (1) valley glaciers of Pinedale age
began to recede from their terminal positions between about
14,600 and 13,000 yr ago, (2) revegetation of glaciated areas at
altitudes of 2,600-2,900 m (8,600-9,500 ft) was complete by
11,000-10,000 yr ago, (3) at one site, 3,500+1,000 yr elapsed
before peat began to form after deglaciation, (4) the forma-
tion of bogs within the glaciated areas kept pace with glacier
recession in a general way, beginning at progressively later
times as deglaciation proceeded upward, (5) Pinedale glaciers
had disappeared or were reduced to small remnants by about
8,000 yr ago, (6) moraines that have been mapped as be-
longing to the early stade of Pinedale Glaciation are no
younger than 13,000 yr B.P. and may be older than 14,600 yr,
and those delimiting what has been mapped as late stade
are no younger than about 7,600 yr B.P. and are probably
older than 7,800 yr, and (7) most of the till mapped as Pine-
dale was deposited between about 14,600 and 8.000 yr ago.

This paper describes the stratigraphy and radiocar-
bon dates of four localities in the Front Range and
gives interpretations that bear on the beginning and
end of Pinedale deglaciation, on the ages of moraines
mapped as delimiting the early and late stades of
Pinedale Glaciation, and on postglacial revegetation.
Although the dates and stratigraphic data are too few
to be interpreted rigidly, they offer insights not pro-
vided by morphology and weathering, criteria which of
necessity have been relied on heavily by Quaternary
stratigraphers in the Front Range and southern Rocky
Mountains in general.

My work on a radiocarbon correlation of stades of
Pinedale Glaciation began in 1969. Sediment for dat-
ing was collected from the base of bogs, kettle ponds,
and former ice-marginal lakes. Samples from bogs and
kettles were recognized as providing only minimum
dates, and their interpretation was known to be sub-
ject to the kinds of errors discussed by Florin and
Wright (1969) and Porter and Carson (1971). How-
ever, no radiometrically datable materials have yet
been found in till in the Front Range or any other part
of the southern Rocky Mountains. '

Bogs were found to vary in degree of utility for
radiocarbon dating, not only because of their location
relative to a stratigraphic boundary or moraine system,
but also because of conditions which influenced how
soon after deglaciation they formed. Closed depres-
sions, preferably those unassociated with landforms
produced by stagnant ice, are the best sites for sam-
pling because the imperfect drainage needed to form
bogs was present as soon as they became free of ice.
Where closure is not complete, bogs can take hundreds
or even thousands of years to get started. ,

Acknowledgments.—Most of the work described was
made possible by National Science Foundation Grant
GA-29137. Geological Society of America Grant 16644
supported mapping at the Winding River site. Mark
Anders, Jim Clark, Jeff Davis, Bonnie Gray, Barbara
Madole, Mark Madole, Thomas Madole, Tom Meier-
ding, Joe Noffsinger, and Katie Thorsheim helped with
coring. Rolf Kihl made grain-size analyses and pre-
pared samples for radiocarbon dating. Estella Leopold,
Harold Malde, G. M. Richmond, and Van Williams
provided several valuable suggestions for improving
the organization and presentation of the results of this
study.

SETTING AND STRATIGRAPHY OF SAMPLE SITES

The location, stratigraphy, and radiocarbon dates of
four key sites are described in the following sections.
Figure 1 shows the locations of the four sites plus
others mentioned later in the paper. (See table 1.)

Winding River kettle pond

Winding River kettle pond is on the Pinedale ter-
minal moraine, 250 m west of the Colorado River in the
southwest corner of the Grand Lake quadrangle. This
is the lowest of the four key sites (alt 2,640 m or 8,660
ft), and Madole, Fahnestock, and Meierding (1972)
correlated the moraine on which it is located with the
early stade of Pinedale Glaciation of Richmond (1960)
and Madole (1969). Four metres of sediment overlie
the till of the kettle floor. This sediment is divisible
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F16URE 1.—Location of key sample sites: (1) Winding River
kettle pond, (2) Hidden Valley, (3) Devlins park, (4)
Mitchell bog. Others referred to: (5) Stapp Lakes, (6)
Red Rock, (7) Long Lake, (8) Supply Creek bog. Quad-
rangles (7%-minute) : (A) Grand Lake, (B) Trail Ridge,
(C) Ward. Sites 4 and 7 are near the upper limit of con-
tinuous till at altitudes of 3,250 and 3,200 m (10,660 and
10,500 ft) ; the others are nearer the lower limit of glacia-
tion at altitudes between 2,640 m (8,660 ft) and 2,953 m
(9,690 ft).

into three principal parts (fig. 2): (1) an upper unit
of peat 2.1 m thick, (2) a middle unit of black organic
mud about 0.3 m thick, and (3) a lower unit of grayish-
olive silt and clay 1.5 m thick, of which at least the
lower half is finely laminated. Compared to other lo-
calities in the region, this is a large amount of sedi-
ment for so small a basin. Several kettle ponds of
similar size at comparable altitudes in the Ward quad-
rangle contain only 25 to 100 cm of sediment.

The lower unit (3a and 3b) contains very little
coarse sediment. Sand makes up only 2-12 percent of
six samples that were analyzed (fig. 3), whereas silt
ranges from 40 to 59 percent. The dominance of silt
suggests a windblown origin. Laminations in this sedi-
ment indicate that the kettle hole contained water when
the sediment was deposited. A lack of deformed lami-
nae shows that subsequent collapse or slumping due to
the melting of buried ice was insignificant. An absence
of laminations in the upper part may reflect a decrease
in water depth and a corresponding change to more
turbulent conditions. '

The lower unit also has only a few percent organic
matter, whereas the middle unit (unit 2) is nearly half
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F1eure 2—Winding River kettle pond core.

Description of units shown in figure 2

Unit 1a: Olive-brown to dark-olive-brown (2.6Y 4/8 to 2.5Y
8/8 rootlet mud (fresh). Darker in lower 20 cm. Approxi-
mately 80 percent organic matter, dominated by a dense
network of rootlets as much as 1 c¢m across. Remainder is
mud consisting of 12 percent sand, 42 percent siit, and 46
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Description of units shown in figure 2—Continued

percent clay. pH 4.8. When squeezed, the organic matter
- yields relatively clear water that has suspended dark ma-
terial.

Unit 1b: Brownish-black to olive-black (2.5Y 3/2 to 5Y 3/1)

" rootlet mud (decomposed); 49 to 57 percent organic mat-
ter, much more decomposed than above. Few rootlets, but
sedgelike remains occur throughout. Sand-silt-clay content
of mud component ranges from 22-48-34 percent at top to
12-40-48 percent at bottom. Amount of sand is two to six
times greater than in other units. pH 5.0. Waterlily seeds
abundant in upper 55 cm. Horizontally bedded fragments
of wood and laminae of sand and granules occur through-
out, Flakes of muscovite are particularly prominent in mid-
dle 23 cm. Lower boundary is recognized by an abrupt de-
crease in plant remains. :

Unit 2: Black (6Y 2/1) silty clay mud; 46 percent organic
matter, almost all fine grained (microscopic). Remainiﬁg
sediment is 6 percent sand, 41 percent silt, 53 percent clay.
PH 5.1. Sand grains, flakes of muscovite, lily seeds, and de-
composed rootlets are sparse.

Unit 3a: Grayish-olive (7.5Y 6/2) mud of silt and clay (non-
laminated). Samples E, F, and G have 6.7, 6.0, and 9.5 per-
cent organic matter, respectively, all colloidal sized;
amounts of sand-silt-clay in these samples are, respectively,
6.5-54.1-39.4, 3.4-53.4-43.2, and 1.7419-56.4 percent. pH
4.8, 4.5, and 4.6. Not visibly laminated but has perceptible
differences in shades of gray from layer to layer. Micro-
scopic laminations may be present in lower 38 cm. Micaceous
throughout. Generally devoid of visible sand grains. Basal
part particularly low in sand.

Unit 8b: Light-olive-gray (5Y 6/2) mud of silt and clay
(laminated). Samples H, I, and J have 5.2, 3.3, and 3.7
percent organic matter, all colloidal sized; amounts of
sand-silt-clay in these samples are 3.3-48.1-48.6, 9.1-57.9-33,
and 10.3-47.6—42.1 percent. pH 4.4 in all. Micaceous, especial-
ly near the bottom.
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F16URE 8—Grain-size distribution for samples E-J from
Winding River kettle pond core (fig. 2). The grain size
(40-59 percent silt, 2-12 percent sand, and no grains
larger than 1 mm) suggests that this interval consists
of windblown material.
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organic. This abrupt increase in organic content is
interpreted as marking the return of an abundant
growth of plants near the site following deglaciation.

The upper unit (1b and 1la) consists predominantly
of organic matter, which, unlike that in unit 2, is
chiefly in the form of visible plant remains. Unit 1b is
about half organic matter, while 1la is four-fifths or-
ganic. Unit 1b contains scattered grains of coarse sand
and granules and fragments of wood—materials de-
rived from adjacent slopes. These constituents suggest
that the setting had changed from what it was during
deposition of unit 2 to something similar to that of
today—a small pond surrounded by forest and filling
with peat.

A small quantity of colloidal-sized organic matter,
presumably consisting of pollen, humus, and other
windblown organic debris of the kind described by
Bonde (1969), which was concentrated from the bot-
tom 12 ecm of the lower unit, yielded a radiocarbon
date of 13,820+810 yr B.P. (Gakushuin Univ. sample
GaK-4537). Black mud of the middle unit gave a
radiocarbon date of 10,320+200 yr B.P. (Gakushuin
Univ. sample GaK-4536).

Hidden Valley bog

Hidden Valley, in the southeast corner of the Trail
Ridge quadrangle, Rocky Mountain National Park,
was once tributary to Fall River, but it has been
blocked by a large lateral moraine of the early stade of
Pinedale Glaciation (Richmond, 1960). Drainage from
Hidden Valley is diverted eastward along the flank of
the moraine, and sediment deposited behind the
moraine has formed a broad relatively flat marsh. The
marsh is at an altitude of about 2,802 m (9,180 ft),
approximately 4.8 km west of the Pinedale terminal
moraine that closes off Horseshoe - Park, a broad
meadow, 180 m below Hidden Valley, on the valley
floor of Fall River.

A boring at the marsh penetrated 2.4 m of peat and
the upper 1.5 m of coarse sand and granules that un-
derlie it. Two or three thin layers of sand (a few
centimetres or less thick) were found in the peat, of
which the most conspicuous is at a depth of 2 m. The
bottom 5 cm of the peat, which is a mixture of organic
mud and highly decomposed plants, provided a radio-
carbon date of 10,630+250 yr B.P. (Gakushuin Univ.
sample GaK-3977). As at other localities discussed
here, dates from basal peat or organic mud are inter-
preted as marking the time when plants reoccupied the
area of the sample site after glaciers of Pinedale age
retreated.
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Devlins park

Devlins park (a name for a mining claim not shown
on most maps) is the site of a former ice-marginal lake
at the south edge of the Ward quadrangle, western
Boulder County (fig. 1). Drainage from Devlins park
was blocked by a moraine in a manner similar to Hid-
den Valley. The site is at an altitude of 2,953 m (9,690
ft), approximately 2.3 km upvalley from the glacial
terminus. During Pinedale Glaciation, Devlins park
was covered by water 30-50 m deep, which was backed
up 1.5 km behind the impounding moraine. The lake
persisted long enough to form a large delta, wave-cut
terraces, and a spillway across crystalline rocks (fig. 4).

While sand and fine gravel were being deposited in
the delta and along the shoreline, clay and silt were
accumulating over most of the lake basin. Water depth
and temperature probably inhibited organisms from
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disturbing most of this sediment, and the lake’s orienta-
tion and configuration limited disturbance by waves.
Hence, thin horizontal laminations thought to repre-
sent, seasonal layers are perfectly preserved.

Approximately 7 m of core from Devlins park was
obtained during the summer of 1971 using a hand-
operated modified Livingston piston-sampler. During
the following summer a power-driven rig using a split-
barrel sampler recovered nearly 12 m of section. Un-
fortunately, the split-barrel sampler seriously . de-
formed the sediments. Most of the section cored is
sticky, unoxidized, gray, rhythmically layered silty
clay consisting of dark-gray laminae generally <2 mm
thick that alternate with light-gray laminae of varia-
ble thickness, ranging from 0.5 to 20 mm, but being
typically from 2 to 4 mm. Most such rhythmites, the
pairs of dark- and light-gray laminae, are from 1 to 6
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(1975).
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mm thick. These are interrupted intermittently, as for
example every 20-25 rhythmites, by layers of fine sand
or silt, most of which are from 12 to 20 mm thick. The
thicker the interrupting layers, the coarser is the sedi-
ment composing them. Those 25-30 mm thick tend to
be coarse sand.

The dark layer of the rhythmites contains organic
and inorganic colloids. The organic fraction consists of
pollen and probably also of humus and other organic
debris. Much of this organic material is believed to
have been transported by wind. Organic material con-
centrated from the uppermost lakebeds exposed in the
south bank of the creek that drains from Rainbow
Lakes (fig. 4) yielded a date of 12,180+240 yr B.P.
(Gakushuin Univ. sample GaK-4834). This is believed
to date the end of glacial Lake Devlin, which drained
catastrophically when the glacial dam was breached
and left a swath of flood deposits in the valley of North
Boulder: Creek (fig. 4).

Mitchell bog

Mitchell bog fills an oval depression in a moraine 0.5
km east of Mitchell Lake in the northwestern part of
the Ward quadrangle (fig. 1). The bog is at an altitude
of 3,255 m (10,680 ft), approximately 3.6 km from
cirques at the valley head and about 0.9 km downvalley
from the upper limit of nearly continuous till. Mitchell
bog is the highest of the four key sites. The moraine on
which it is located was mapped as delimiting the late
stade of Pinedale Glaciation (Madole, 1969). The bog
is 80-115 m across and slightly more than 2 m deep on
.the west side, becoming progressively more shallow
toward the east and southeast. It is saturated with
melt water most of the summer and drains by seepage
through a swale on the southeast that is filled with
about 30 cm of peat.

Seven cores removed from Mitchell bog were from
0.3 m to 2.2 m long and composed entirely of peat. The
absence of a basal unit of silt and clay such as that
found at the Winding River kettle is tentatively at-
tributed to a sparse supply of sediment upvalley from
the site. Cores near the west edge of Mitchell bog con-
tain more black inorganic sediment, especially in their
upper parts, than those on the east. Thin streaks of
scattered sand occur within the peat on the west, where-
as wood is relatively abundant in the cores from the
center and the east. The wood is of interest because
woody plants do not grow in this bog. The wood may
mark episodes of milder climate when the timberline
rose and forests encroached on the bog. The site is es-
sentially at timberline now. A spruce-fir krummholz
(stunted, wind-battered trees) flanks it on the west,
and a normal subalpine forest lies only a fraction of a
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kilometre to the east and south. The bottom 10 cm of
the longest core, taken about halfway between the cen-
ter of the bog and the west edge, yielded a radiocarbon
date of 7,690+115 yr B.P. (Stockholm Univ. sample
St 3898).

DISCUSSION

Radiocarbon dates and stratigraphic evidence from
Winding River kettle and Devlins park provide an in-
dication of when Pinedale deglaciation began in the
Front Range. Judging from the date of 13,820+810 yr
B.P. for lake sediment at the base of Winding River
kettle, Pinedale ice in this area began to recede from
its maximum veach between about 14,600 and 13,000 yr
ago. Undisturbed laminae in the lowermost sediment in
this kettle indicate a lack of disturbance by collapse
over melting ice and imply that all ice had disappeared
from this locality by the time the sediment was de-
posited. Furthermore, the absence of megascopic plant
remains and the paucity of organic matter in the sedi-
ment seem to refute the notion that it could have
accumulated over stagnant ice long after deglaciation,
as described by Florin and Wright (1969) in Minne-
sota. The location of Glacial Lake Devlin and the
radiocarbon date for the uppermost rhythmites indi-
cate that the Pinedale glacier in the valley of North
Boulder Creek had receded at least 2.3 km from its
terminal moraine by 12,180 +240 yr B.P.

Data from the Winding River core indicate that a
large time lag may occur between glacier recession and
revegetation. From 2,500 to possibly as many as 4,500
yr elapsed between the disappearance of ice at Wind-
ing River kettle and the deposition of the fine, black,
organic mud of unit 2 (fig. 2). Whether or not the lag
recorded between these two events at this site is typical
of the region as a whole is unknown.

The accord between the 10,320 +200 yr B.P. date for
unit 2 of the Winding River core and three other dates
from similar settings (two of which were not discussed
in the previous section) suggests that the dates from
the bottom of organic-rich sediment in bogs and ponds
probably mark the time of revegetation and bog forma-
tion rather than glacier recession. The other three dates
include one of 10,630+250 yr B.P. from the base of
Hidden Valley bog (alt. 2,802 m or 9,180 ft), a second
of 10,340+285 yr (Stockholm Univ. sample St 3894)
from a streak of organic matter in gravel just below
peat near Stapp Lakes (site 5, table 1; alt 2,890 m
or 9,480 ft), and a third of 10,530 %230 yr (Gakushuin
Univ. sample GaK—4165) from charcoal-like fragments
in mud beneath peat in a kettle on the outermost (early
stade) Pinedale lateral moraine, 2 km upvalley from
the Winding River site (site 8, fig. 1; alt 2,750 m or
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9,025 ft). These dates are interpreted as indicating that
revegetation of deglaciated areas had extended to alti-
tudes of at least 2,900 m (9,500 ft) by 11,000-10,000 yr
ago.

Radiocarbon dates from peat obtained from a variety
of settings (see also table 1) suggest that bogs did not
all form at the same time, but kept pace with glacier
recession. Those from similar settings, but at succes-
sively higher altitudes, tend to be progressively young-
er. However, as shown in table 1, there are exceptions.
Local peculiarities of topography and drainage also
influence how soon after deglaciation bogs begin to
form. Apparently, the poorer the drainage, the sooner
peat began to form. The age difference between the
bogs at site 4 (7,690+115 yr B.P.) and site 7 (5,250
120 yr B.P.) (table 1), which have comparable settings,
is attributed to incomplete topographic closure—and,
hence, continuing drainage—at site 7. The same expla-
nation is offered for the anomalously youthful date
(7,085+100 yr B.P.) at site 6, which lies only about
300 m from another site known to have been free of
glacier ice by 9,490+150 yr B.P. (I-4581) (Mabher,
1972).

A single radiocarbon date provides an estimate of
when Pinedale deglaciation ended. The date, 7,690+
115 yr B.P., for peat from Mitchell bog, a site within
3.6 km of the cirque headwalls, shows that Pinedale ice
was nearly, if not entirely, gone from the east slope of
the Front Range by 8,000 yr B.P. The time at which
peat began to accumulate in Mitchell bog probably
postdates the end of Pinedale deglaciation in this area.

The moraines at the key sites have been correlated
with either the early or late stade of Pinedale Glacia-
tion of Richmond (1960), Madole (1969), and Madole,
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Fahnestock, and Meierding (1972). The radiocarbon
date from the base of the Winding River core shows
that the early stade moraine there is no younger than
13,000 yr B.P. and may be older than 14,600 yr. Like-
wise, the date from Mitchell bog suggests that the
moraine system originally mapped as late Pinedale is
no younger than about 7,600 yr B.P. and may be older
than 7,800 yr—a distinct probability inasmuch as some
lag probably occurred between glacier recession and
peat formation. Again, it should be noted that all dates
reported here are minimal.

Finally, all the radiocarbon dates reported, but es-
pecially those from Winding River kettle and Mitchell
bog, which are sites near the lower and upper limits of
Pinedale Till, indicate that most of the till mapped as
Pinedale was deposited between about 14,600 and 8,000
yr ago. This would help explain the lack of success in
using soil studies and weathering to subdivide and cor-
relate stades of Pinedale Glaciation. The times at
which soil formation began near the lower and upper
limits of till would not be notably different, at least
not different enough to override the influence of differ-
ences in climate and vegetation.
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TABLE 1.—Time of beginning of peat formation with respect to altitude and physiographic setting as determined at bogs in
Ward quadrangle, Colorado, listed in order of ascending altitude
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GEOLOGY OF THE MASSIFS AT THE APOLLO 17 LANDING SITE

By EDWARD W. WOLFE and V. STEPHEN REED,
Flagstaff, Ariz.

Abstract.—The Apollo 17 spacecraft landed in a narrow
valley that embays mountainous terrain near the southeast-
ern edge of Mare Serenitatis. Two overlapping basin struc-
tures underlie Mare Serenitatis: a larger one to the south and
a smaller one to the north. The massifs and sculptured hills
in the Taurus-Littrow area and the mountains and knobby
terrain in the outer Rook ring (third ring) of the Orientale
basin are similar in morphology; the Apollo 17 site lies ap-
proximately on the third ring of the southern Serenitatis
basin structure. Assuming the third ring represents the ap-
proximate rim of the transient cavity of the southern Sereni-
tatis structure, we suggest that ejecta many kilometres thick
was deposited in the Taurus-Littrow area by the southern
Serenitatis impact. This ejecta is visible in the massifs in
the Apollo 17 landing site as discontinuous, irregular lenses
of variable lithology. The southern Serenitatis target rocks
were predominantly breccias that were invaded by impact-
generated melt and redeposited during the southern Serenitatis
event.

Apollo 17 landed on the floor of a narrow valley that
embays mountainous terrain near the southeastern
edge of Mare Serenitatis. Descriptions by the crew
during the mission and the returned samples show that
the valley is underlain by mare-type basalt and the
bordering massifs are underlain by impact-generated
feldspathic breccias. Interpretation of the geologic sig-
nificance of these massif breccias depends upon assess-
ment of (1) the Serenitatis basin structure, (2) its sig-
nificance in interpreting the geology of the Apollo 17
site, (3) local massif geology, and (4) later modifica-
tion of the mountain slopes, largely by deposition of
basin ejecta and by local impact and mass wasting.

Acknowledgments—This work was done under
NASA contracts T-5874A and W13, 130.

THE SERENITATIS BASIN STRUCTURE

The Serenitatis basin has been interpreted as one of
the Moon’s older circular basins (Stuart-Alexander
and Howard, 1970 ; Hartmann and Wood, 1971), which
are generally considered to have been formed by giant
impacts. Wilhelms and McCauley (1971) mapped a
Serenitatis basin structure of four rings concentric to

a single basin center (fig. 1). They placed the second
ring crest in an area slightly west of the Apollo 17
landing site; the overall diameter of their basin struc-
ture is about 1,400 km. The outer two rings of their
inferred basin structure are difficult to recognize; only
the first ring, defined by wrinkle ridges within Mare
Serenitatis, and segments of the second ring, defined
by the discontinuous mountainous border of Mare
Serenitatis, are unequivocally distinct. Hence, Stuart-
Alexander and Howard (1970) and Hartmann and
Wood (1971) suggested that the second ring, less than
700 km in diameter, might be the basin rim.

Geologic mapping by Scott (1972) suggested that
Mare Serenitatis is underlain by two overlapping
basins, the smaller one in the north and the major basin
to the south. Subsequent interpretation of the Apollo
15 and 17 gravity data by Sjogren, Wollenhaupt, and
Wimberly (1974) showed that Mare Serenitatis is un-
derlain by two mascons, one centered near 23° N., 18°

5° 02 52 152 20° 30° 35° 40°

10°
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L 1 1 1 i}
SCALE AT CENTER OF MARE SERENITATIS

Ficure 1.—Ring structure of Serenitatis basin as shown by
Wilhelms and McCauley (1971).
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E., and the other north of a gravity saddle at 27.5° N.
In light of these results, Scott (1974) revised the pho-
togeologic interpretation to show a double basin struc-
ture with the larger, southern basin centered at ap-
proximately 24.5° N, 18° E. (fig. 2).

Using Scott’s basin center and modifying the ring
structure of Wilhelms and McCauley (1971), one can
derive the ring structure shown in figure 2. Compari-
son of this ring structure with the better preserved
structure of the Orientale basin is shown in table 1.

Ring 1 in the southern Serenitatis basin is repre-

sented by prominent wrinkle ridges whose distribution -

approximates a circle 400 km in diameter on the mare
surface. Muehlberger (1974) suggested that such a
wrinkle ridge ring may form in mare basalt where a
drowned ring of the basin structure affects the com-
pressional stress field that produced the ridges. In the
Orientale basin (fig. 3) the innermost ring, 320 km in
diameter, is marked by a bench surrounding mare ma-
terial at the basin center (Moore and others, 1974).
Such a bench in the southern Serenitatis basin would
have been buried under the much more extensive
Serenitatis mare fill.

Ring 2 in the southern Serenitatis basin is repre-
sented only by the arcuate structure of the Haemus
Mountains. Maintaining the 290-km radius measured
from the basin center to the Haemus Mountains, we

15°
T
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L 1 Il

SCALE AT CENTER OF SOUTHERN SERENITATIS BASIN

300 400km
| J

F1GUurRe 2.—Revised ring structure of Serenitatis basin. Solid-
line segments from Scott (1974) ; dotted-line segments from
Wilhelms and McCauley (1971) ; dashed-line segments, this
report. Cross shows approximate center of southern Sereni-
tatis basin. Numbers 1 through 4 identify basin rings dis-
cussed in the text.
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TABLE 1.—Comparison of southern Serenitatis and Orientale
basin structures

[Data for Orientale basin, except as indicated, from Moore, Hodges,
and Scott (1974)]

Southern Serenitatis basin Orientale basin Ratio
structure diameters structure diameters of
(kilometres) (kilometres) diameters
Ring 1 __ 400 320 1.25
2 _. 580 (Haemusring) 480 (inner Rook ring) 1.21
3 _. 750 (Littrow ring) 600 (outer Rook ring) 1.25
4 __1,300 900 (Cordillera ring) 1.44
Mascon — *442 1300 1.5
(Cal-
cu-
lated
sur-
face
disk).

* Sjogren and Wimberly (1974).
T Scott (1974).

extend this ring eastward beneath mare basalt west of
the landing site; it does not connect with the ring (Lit-
trow ring) drawn by Wilhelms and McCauley (1971)
through the mountains immediately east of Mare
Serenitatis. In the Orientale basin the second ring is
about 480 km in diameter (Moore and others, 1974).
Head (1974b) described this ring (his inner Rook
ring) as formed by isolated peaks or groups of peaks
up to 3 km high.

Ring 3 (Littrow ring) in the southern Serenitatis
basin (fig. 2) is represented by the part of the second
ring of Wilhelms and McCauley (1971) that passes
through the crater Posidonius and by the part of their
third ring that passes through the crater Manilius.
Adjustment so that the Littrow ring passes through
the west rim of the crater Littrow and through the
landing site preserves concentricity. However, as shown
for the Orientale basin in figure 3, perfect circularity
and concentricity of rings exist only conceptually.

In the Orientale basin, ring 3, 600 km in diameter,
forms the crest of the Rook Mountains. Morphologic
similarities suggest that this so-called outer Rook ring
(Head, 1974b) and the Littrow ring represent ana-
logous structures in the two basins. Figures 4 and 5 are
orbital views at similar scale of the Rook Mountains in
the southeastern part of the Orientale basin and the
Apollo 17 landing area southeast of Mare Serenitatis.
In each area several massifs of similar shape and size
are crudely alined along radials to the basin centers. In
contrast, the fourth (Cordillera) ring of the Orientale
basin is marked by a single, clean-cut mountain crest
and basin-facing scarp (fig. 6). In each area, linear
grabenlike troughs radial to the basin centers cut
through the mountainous third ring. In the Apollo 17
area, mare basalt has flooded such troughs and buried
the lower parts of the massifs.
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SCALE AT BASIN CENTER

Ficure 3.—Ring structure of Orientale basin as shown by Scott (1974). Mountains or scarps forming rings shown
by solid lines, idealized concentric rings by dashed lines. Numbers 1 to 4 identify rings discussed in text (1,
innermost ring; 2, inner Rook ring; 3, outer Rook ring; and 4, Cordillera ring).
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F1cURE 4.—Rook Mountains in the southeastern quadrant of
the Orientale basin. Lunar Orbiter IV high-resolution frame
181. Location of this area is shown in figure 6.

In the Orientale basin, knobby textured terrain
(knobby basin material of Moore and others, 1974;
domical faces of Head, 1974b) occurs in the graben-
like trough that transects the outer Rook ring and ex-
tends over most of the surface between the Rook
Mountains and the scarp that forms the west face of
the Cordillera Mountains. Comparable knobby textured
terrain (known informally as the sculptured hills)
forms a major part of the highlands adjacent to east-
ern Mare Serenitatis.

Wilhelms and McCauley (1971) identified a fourth
ring with a radius of about 670 km in the highlands
southwest of Mare Serenitatis. Their third ring lies
about 550 km east of the basin center shown in figure
2. It 1s difficult to say whether either of these segments
represents a basin rim analogous to the fourth ring
(Cordillera Mountains) of the Orientale basin or to
the outer ring (Apennine Mountains) of the Imbrium
basin. Such a ring in the southern Serenitatis basin
structure may never have been well developed or may
have been largely obliterated by subsequent events.

As summarized in table 1, the southern Serenitatis
basin structure consists of rings that we correlate with
the four well-defined rings of the Orientale basin
structure. The correlation derives particular support
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100 km

F1cUre 5.—Mountainous terrain southeast of Mare Serenitatis
in the Apollo 17 region. Cross shows Apollo 17 landing
point. Mapping-camera photograph AS17-M-446.

from the shape, size, and distribution of massifs near
the Apollo 17 site and in the outer Rook ring and also
from the spatial relation in both basins of the massifs
to the knobby terrain. These results are in agreement
with a similar correlation that Head (1974a) made be-
tween the Apollo 17 region and the Alpes Mountains
and the Alpes Formation of the Imbrium basin.

The southern Serenitatis basin structure is larger
than its Orientale counterpart; its rings range in di-
ameter from about 1.2 to 1.4 times the diameters of the
equivalent Orientale rings. It is interesting that the
surface disk calculated by Sjogren and Wimberly
(1974) for the southern Serenitatis mascon is 1.5 times
larger in diameter than the surface disk calculated by
Scott (1974) for the Orientale mascon. In each basin
the diameter of the calculated surface disk approxi-
mates the diameter of the inner ring. Apparently a
crude linear relation exists from one basin to the
other in the relative diameters of analogous features.

SIGNIFICANCE OF THE BASIN STRUCTURE IN
INTERPRETING THE GEOLOGY OF THE
APOLLO 17 LANDING SITE

Assuming that our correlation of the southern Seren-
itatis and Orientale basin ring structures is correct,
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Fieure 6.—Eastern part of the Orientale basin. Uncontrolled mosaic of Lunar Orbiter IV high-resolution photographs.
tangle shows area of figure 4.
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and that the massifs and sculptured hills at the Apollo
17 landing site are similar in origin to, respectively, the
outer Rook Mountain massifs and the associated knob-
by basin material, we can extrapolate geologic rela-
tions and interpretations from the relatively fresh
Orientale basin to the Apollo 17 landing area. Howard,
Wilhelms, and Scott (1974) summarized recent thought
on the origin of ring structure as follows:

Two main views have been expressed on the origin of the
mountain rings (Baldwin, 1974). One is that the rings repre-
sent slumping into the impact basin (McCauley, 1968; Hart-
man and Kuiper, 1962), possibly enhanced by ring dikes
(Hartman and Wood, 1971). The other is that the rings rep-
resent frozen tsunami-like waves formed by the shock (Bald-
win, 1949, 1972, 1974; Van Dorn, 1968, 1969). The observed
ring spacing has been incorporated- into both models (Van
Dorn, 1968; Hartman and Wood, 1871). Upturning or fold-
ing of the outer mountain rings is required by the ring-wave
model. Evidence for this uplift is provided by the outer
(Altai-scarp) ring of the Nectaris basin which tilts sharply
up from outside terrain- (Baldwin, 1972), and by the broad
concentric rises and depressions outside some basins, notably
Imbrium (Baldwin, 1949; Hartmann and Kuiper, 1962; Wil-
helms, 1964). On the other hand the height of the Cordillera
ring is comparable to the thickness of Orientale ejecta * * *
and so may be entirely depositional. Possibly both models are
correct: rings (or the whole region) were uplifted and then
immediately collapsed inward (McCauley, 1968).

It seems probable to us that the rings were formed by
a combination of uplift, due to the effect of tsunami-
like waves or to some other deformational process, and
normal faulting, due to basinward collapse.

Assessment of the geologic significance of the ma-
terial of the third ring depends not only on the mode
of ring formation but on its relation to the transient
cavity created by the impact. As Howard, Wilhelms,
and Scott (1974) have cautioned, (1) no unequivocal
way has been found to determine which, if any, of the
rings represents the transient crater, and (2) inner
ring diameters may have been shortened from their
original lengths in the centripetal motion that occurred
during collapse along outer rings. Head (1974b) sum-
marized some previously published estimates that range

from about 100 to 600 km for the diameter of the

transient cavity for the Orientale basin. Later writers
(Baldwin, 1972; McGetchin and others, 1973; Moore
and others, 1974; Head, 1974b) have preferred to re-
gard the outer Rook ring (ring 3, fig. 3, approximately
600 km in diameter) as the approximate rim of the
transient cavity. The most cogent photogeologic, sup-
port for this hypothesis has been developed by Head
(1974b), who, by analogy to the large crater Hausen
(170 km in diameter) and to the Schrodinger basin
(320 km in diameter), suggested that the inner Rook
ring (ring 2, fig. 3) is a central peak ring and that the
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outer Rook ring is the approximate rim of the transient
cavity.

Moore, Hodges, and Scott (1974), estimating thick-
ness from the calculated depths of buried craters, de-
termined a thickness of 2-4 km of Orientale ejecta at
the crest of the Cordillera ring. They found empirical-
ly that the ejecta thins away from the basin as pre-
dicted by the equation of McGetchin, Settle, and Head
(1973) for a transient cavity 600 km across with 12 km
of ejecta at its rim and 3.6 km of ejecta at a position
equivalent to the crest of the Cordillera ring. The
equation is ¢=7"(r/R)—%*°, where T is the thickness of
ejecta at the initial crater rim, B is the radius of the
initial crater, and ¢ is the thickness of ejecta at dis-
tance 7, measured from the center of the crater. In
addition, Moore, Hodges, and Scott (1974) pointed out
that the equation of McGetchin, Settle, and Head
(1978) for small experimental craters (7'=0.04F,
notation as above) predicts 12 km of ejecta at the rim
of a transient crater 600 km in diameter. Using the
equation of McGetchin, Settle, and Head (1973) for
cumulative volume (Vo) at distances of r and larger
(Vo=2xTR*(R/r), notation as above) and using
R=300, T=12 km, Moore, Hodges, and Scott (1974)
calculated the total volume of Orientale ejecta beyond
the Cordillera rim to be about 4.5X10° km?, a value in
reasonable agreement with the 5.3X10° km® predicted
by Scott (1974) from interpretation of gravity data.

Influenced by Head’s (1974b) photogeologic inter-
pretation and by the measurements and calculations of’
Moore, Hodges, and Scott (1974), we believe that the
massifs of the outer Rook ring (fig. 4) represent thick
Orientale ejecta emplaced near the rim of the transient
cavity. Whether or not the 12-km estimate of thick-
ness is correct, the ejecta at the outer Rook ring must
be thicker than the 8.6 km predicted at the Cordillera
rim.

By extrapolation from Orientale to the slightly
larger southern Serenitatis basin, we infer that many
kilometres of ejecta was emplaced in the vicinity of the
landing site. (The relation, 7'=0.04R, suggests a thick-.
ness of 15 km.) Later, but still during the period of
basin formation, the ring structure and radial faults
that define the massifs were imposed.

Application of Pike’s (1972) equations for experi-
mental craters (a=0.225D°%¢ and h=0.043D°%!, where
@ is the depth of the crater measured from the rim
crest, A is the height of the rim above the local sur-
roundings, and D is the diameter of the.crater; all
variables in kilometres) to an inferred transient cavi-
ty 750 km in diameter suggests that the southern
Serenitatis impact could have excavated to depths of
about 100 km.
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THE APOLLO 17 MASSIFS

Massifs at the Apollo 17 site rise more than 2 km
above a grabenlike valley floor (figs. 5, 7) that is un-
derlain by at least 1 km of basalt (Duennebier and
others, 1974; Talwani and others, 1973; Cooper and
Kovach, 1974). Large boulders were sampled at the
base of the South Massif at station 2 and at the base of
the North Massif at stations 6 and 7 (fig. 7). The sta-
tion 2 boulders may have rolled from a patch of boul-
ders about two-thirds of the way up the South Massif;
the boulders at stations 6 and 7 may have come from
the lower one-third of the North Massif (Muehlberger
and others, 1973).

A major question about the massifs is whether they
are composed of layered sequences or are heterogene-
ous mixtures of breccias. The problem is complicated
by the veneer of regolith, which prevents direct ob-
servation of outcrops. Most of the rocks seen on the
surface of the massifs are not in place but are blocks
ejected by local impacts. The possible exception is a
thin band of rocks that forms a ledge high on the
western face of the South Massif. Boulders are ran-
domly scattered or clustered on the massif surfaces.
Color differences on the South Massif that were recog-
nized both from the surface by the crew and in photo-
graphs may be instructive about the fabric of the
massifs. Detailed mapping on telephotographs taken
from the surface shows that the massif is a patchwork
of irregular and discontinuous light and dark units
(fig. 8). The patchy color distribution may be ex-
plained in two ways: (1) the massifs are not layered
but are composed of irregular lenses of differing lith-
ology, or (2) the dark color is caused by dark mantle
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material irregularly distributed on the surface of the
massif as shown on Lucchitta’s (1972) geologic map.
Both light- and dark-colored rocks are visible in the
large patch of boulders presumed to be the source of
station 2 boulders (fig. 8). However, dark rocks pre-
dominate in this predominantly dark part of the mas-
sif, suggesting that the color differences reflect litho-

(o] 10 km

Fi1cURe 7.—Major physiographic features in the Taurus-Littrow
region. Cross shows Apollo 17 landing point. Numbers 2, 6,
7 refer to massif localities sampled by the Apollo 17 crew.
Mapping-camera photograph AS17-M-446.

F1GUurRE 8.—Panorama of 500-mm photographs showing light-colored patches on the South Massif. Large patch of boulders
on the left may be the source of the station 2 boulders. Width of view approximately 6 km. Telephotographs AS17-144—
22051 to 22057 taken from the lunar surface.
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logic variations and not just dark mantle deposits. It
is probable that we see both effects.

Four major rock types that were collected from the
North and South Massifs are shown in table 2. Only
boulder samples are given, but several single rock frag-
ments and rake samples also fall into these lithologic
categories. All these rocks are multiple breccias that
suggest derivation from multiple impact events.

TABLE 2.—Major breccia types from the North and South
Massifs

Layered light gray
Station Boulder

Blue gray Green gray
Station Boulder Station Boulder

Light gray
Station Boulder

2 1 2 3 2 2 . =0
- = 6 1,2 6 2,45 6 1
- = 7 *) 7 ™ 7 @

1 Only one boulder sampled at station 7.

Preliminary examination suggests the following
lithologic correlations between the South Massif and
North Massif boulders (Muehlberger and others,
1973) :

1. The green-gray breccias from both massifs are
similar except that the vugs are smaller in the
South Massif boulders. In addition, green-gray
breccias with no cavities are seen in both massifs.

2. Blue-gray breccias appear identical.

3. Light-gray breccias from both massifs are highly
variable. The light-gray breccias fall into two
major categories—noritic breccias (station 2,
boulder 1) and anorthositic gabbros (stations 6

and 7).

These rock types, seen as individual boulders on the
South Massif, are all within single boulders on the
North Massif. The station 7 boulder (fig. 9) shows the
relations particularly well: Light-gray breccia is en-
closed by blue-gray breccia, which, in turn, has been
incorporated within vuggy greenish-gray breccia. Some
of the clasts of blue-gray and light-gray breccia are
large. The station 6 boulders are fragments of what
was once a single boulder with a blue gray clast about
9 m across. The light-gray breccias are as large as the
2-m boulder 1 at station 2. Another large boulder
(about 35 m across) on the slopes of the North Massif
shows clasts up to 10 m across (fig. 10). Such large
clasts may indicate proximity to the target of a major
impact.

We have drawn the following conclusions from these
observations:

1. The massifs are not composed of uniformly layered
sequences of units of differing lithologies. It ap-
pears from both the rock distributions and the
patchy nature of color variations that pods and
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Fieure 9.—Station 7 boulder. 4, Closeup view of the boulder.
B, Sketch map. The light-gray breccia clast is enclosed in
blue-gray breccia, which in turn is enclosed in green-gray
breccia. Except for labeled dikes and outline of boulder,
solid lines indicate traces of fractures. Dashed lines sepa-
rate rock units. Hasselblad photograph AS17-146-22305.

lenses of differing rock types are irregularly dis-
tributed in the massifs. The occurrence of coarse-
ly fragmental boulders suggests that the massifs
are formed of thick, coarse breccia. If the station
2 boulders originated in the upper third of the
South Massif, and the boulders of stations 6 and
7 in the lower third of the North Massif, it is
reasonable to suppose that most of the total visi-
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Ficure 10.—Enlarged photograph showing a breccia boulder
35 m long on the North Massif. Note the large (to 10 m)
clasts in this boulder. Hdsselblad photograph AS17-139—
21256.

ble thickness of these massifs consists of similar
materials.

2. We infer from the multiple breccias seen in the
boulders that breccia was a major component of
the pre-Serenitatis target material. Heterogene-
ous target material produced heterogeneous
ejecta. Hence the massifs are composed of pods
and lenses instead of continuous lithologically
distinet layers.

3. The light-gray and blue-gray breccias are older
breccias that were reexcavated and enclosed by
the impact-melted green-gray breccia during cre-
ation of the southern Serenitatis basin.

POST-SERENITATIS EVENTS

The landscape in the Apollo 17 area, in approxi-
mately its present form except for mare flooding, was
created by the southern Serenitatis impact. Subsequent
structural modification (Head, 1974a; Muehlberger,
1974) has little bearing on our interpretation of massif
samples.

It would be unreasonable to suppose that all the ma-
terials in the highlands are Serenitatis ejecta. Moore,
Hodges, and Scott (1974) have suggested that the
Apollo 17 site lies within the area that may have been
blanketed by Imbrium ejecta. Crisium ejecta might
also be present in the Apollo 17 area. Scott and Pohn
(1972) have mapped lineated terrain north of the
crater Littrow as well as still farther north in the vi-
cinity of the Taurus Mountains. They suggested that,
in the latter area, the lineated terrain, which is radial
to the Imbrium basin and was mapped by Wilhelms
and McCauley (1971) as the Fra Mauro Formation,
may include Imbrium ejecta. The lineated terrain north
of Littrow, which was regarded as pre-Imbrian by
Wilhelms and McCauley (1971), is not radial to either
Imbrium or Crisium; we assume that it represents
basin or large-crater ejecta deposited before the Im-
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brium impact. Scott and Pohn (1972) recognized no
lineated terrain south of Littrow. The preservation of
pre-Imbrian lineated terrain north of Littrow and the
absence of sculpturing related to Imbrium or Crisium
in the Taurus-Littrow area suggest to us that Imbrium
and Crisium ejecta, if present, are thin in the Taurus-
Littrow area. Parallel evidence is provided by the
preservation of the sculptured-hills topography. If our
correlation of the Littrow ring and the outer Rook ring
is valid, the sculptured-hills terrain is related in origin
to the southern Serenitatis impact. Its distinctive to-
pography would not be visible through great thick-
nesses of Imbrium and Crisium ejecta. This physiog-
raphic evidence combined with the extreme coarseness
of the massif breccias suggests that the sampled massif
boulders represent southern Serenitatis ejecta.

Erosion of the massifs is difficult to assess. Continu-
ing meteoroid bombardment and mass wasting have
certainly removed material from their surfaces. If
there was a thin deposit of post-Serenitatis ejecta on
the massif faces, part or all of it may have been
removed.

SUMMARY

The following points are critical in developing the
geologic model proposed in this paper:

1. The Apollo 17 landing site lies approximately on
the third ring of the southern Serenitatis basin
structure, which is slightly greater in diameter
than the Orientale basin structure.

2. The third ring is located near the rim of the tran-
sient cavity created by the southern Serenitatis
impact.

3. Many kilometres of southern Serenitatis basin
ejecta were emplaced near the rim of the tran-
sient cavity, and the massifs were defined by
development of the basin ring structure and
radial faults. This ejecta is visible in the massifs
as discontinuous lenses of variable lithology.

4. Target rocks for the southern Serenitatis impact
included large amounts of breccia; the blue-gray
and light-gray breccias are older breccias that
were reexcavated from this target and enclosed
by impact-melted green-gray breccia during the
southern Serenitatis event.

5. Photogeologic evidence suggests that basin ejecta
younger than the southern Serenitatis impact is
thin or absent.
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RISE OF A VARIABLE-VISCOSITY FLUID IN A
STEADILY SPREADING WEDGE-SHAPED CONDUIT WITH ACCRETING WALLS*

By ARTHUR H. LACHENBRUCH and MANUEL NATHENSON,
Menlo Park, Calif.

Abstract.—Relatively rigid plates making up the outer 50
to 100 km of the Earth are steadily separating from one an-
other along narrow globe-circling zones of submarine vol-
canism, the oceanic spreading centers. Continuity requires
that the viscous underlying material rise beneath spreading
centers and accrete onto the steadily diverging plates. It is
likely that during the rise the viscosity changes systematical-
ly and that the viscous tractions exerted on the plates con-
tribute to the unique pattern of submarine mountains and
earthquake faults observed at spreading centers. The process
is modeled by viscous creep in a wedge-shaped conduit (with
apex at the sea floor) in which the viscosity varies as 7™
where 7 is distance from the apex and m is a parameter. For
these conditions, the governing differential equations take a
simple form. The solution for the velocity is independent of r
and of the sign of m. As viscous stresses vary as ™ the pat-
tern of stress on the conduit wall is sensitive to viscosity varia-
tion. For negative m, the viscous pressure along the base of
the conduit is quite uniform; for positive m, it falls toward
zero in the axial region as the conduit base widens. For
small opening angles, viscons forces push the plates apart,
and for large ones, they oppose plate separation. Though
highly idealized, the solution provides a tool for investigating
tectonic processes at spreading centers.

The purpose of this paper is to present mathematical
results for a problem in fluid flow that is useful in
studies of the dynamics of oceanic spreading centers.
There is now extensive evidence that the outer 50 to
100 km of the Earth is broken into a relatively few
large “plates” with lateral dimensions of thousands of
kilometres (see, for example, McKenzie, 1972; McKen-
zie and others, 1974; Turcotte and Oxburgh, 1972;
Vine, 1971; Oxburgh, 1971). It has been useful to view
these plates (collectively called the lithosphere) as
rigid objects moving relative to one another over the
Earth’s surface. The lithosphere is evidently partially
decoupled at its base by the relatively fluid astheno-
sphere, a layer that probably contains a small fraction
of molten material. The lateral boundaries of litho-
sphere plates are the loci of most of the Earth’s seismic
and volcanic activity. There are three kinematically

1 This article was released in 1974 as U.S. Geological Survey open-
file report T4-251.

distinct types of lateral plate boundaries: (1) Those
where the plates slide past one another, the transform
faults such as the San Andreas fault in California, (2)
those where the plates converge and overlap, as be-
neath the great oceanic trenches, and (3) those where
the plates diverge, chiefly at narrow globe-circling
zones of submarine volcanic activity, the spreading
centers.

At the diverging boundaries, continuity requires
that new material be brought up from the viscous as-
thenosphere and accreted onto the trailing edges of the
spreading plates (fig. 1). As the asthenosphere material
moves upward in the cleft (or “conduit”) between the
plates, its effective viscosity probably changes sys-
tematically as a result of temperature changes, selec-
tive accretion of suspended crystals on the conduit
walls (Lachenbruch, 1973a), and partial melting in-
duced by the diminishing pressure (for example, Kay
and others, 1970). The upward flow also results in trac-
tions on the adjacent lithosphere that probably control

Axis of
spreading center

T
b!f

7

phere

Asthenosphere

|
|
Y

F16ure 1.—The physical model.
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the unique patterns of submarine mountains and earth-
quake faults observed at oceanic spreading centers (for
example, Atwater and Mudie, 1968 ; Anderson and Nol-
timier, 1973; Menard and Atwater, 1969). In order to
understand better the mechanical origins of these fea-
tures, we have considered a problem of Newtonian vis-
cous flow in an idealized conduit between diverging
rigid plates. The problem and its solution are described
below ; its geological application (Lachenbruch, 1976)
requires several additional considerations not discussed
in this brief report.

The walls r,<r<R, ¢=x¢, of the wedge-shaped
conduit region in figure 1 spread symmetrically in the
horizontal direction with velocity V, of the order of a
few centimetres per year in our application. New ma-
terial rises slowly across the surface 7=ZR, |¢| <¢o to
maintain mass balance. Material from the conduit con-
tinually accretes on the walls at ¢= *¢,, where it is
transformed into rigid lithosphere. As the process is
steady, accretion keeps pace with spreading of the
walls, and the conduit size and shape remain un-
changed. The flux of material through the upper sur-
face r=n, |¢| <o is just adequate to create the spread-
ing crustal layer. The region <7, is eliminated from
the problem domain for physical and mathematical
reasons to be discussed below. Mechanical effects of sys-
tematic variations in viscosity are explored by allow-
ing the viscosity 5 to vary as follows:

7. m
7(7) ="”<E>

where m may assume any value, and 5 is the effective
viscosity of the asthenosphere, possibly of the order of
102 poise. For the special case of uniform viscosity
(m=0), the problem is a member of the class of corner
flows considered by Moffatt (1964), although he did
not discuss these boundary conditions. The related
problem for a parallel-walled conduit and exponential-
ly varying viscosity has been discussed elsewhere
(Lachenbruch, 1973b).

(1)

THE MATHEMATICAL PROBLEM

As the Reynolds number for this problem is very
small (Lachenbruch, 1973b), we neglect inertial terms
in the Navier Stokes equations. With the terms for
radial dependence of viscosity retained, the governing
differential equations take the form

ov:, Tr 10V, ®
or r
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oF 4 aZV,+1 oV, V. 19V, _33_@)
E——yoosdx ’7( or? B or PR ¢ 1 D¢
377 aVr
— -, (3
AR (3)
1aP_ o 32V¢ 1aV¢ _ V¢ 1 62174,
7% Vsmw”(arz o P TR o
ELIAN ] L LW 102
™ 0¢ orL” 0¢ or\ r

where y represents specific weight and P represents
pressure.

Equations 2, 3, and 4 must be solved subject to the
following conditions of symmetry and boundary
motion :

V¢(7'a ¢’) = _V¢(7'a _4’), (5)
V¢=iV COS o, ¢="_"¢o, (6)
Ve(ry ¢)=V: (1, =9), (7)
V7-=V'Sin ¢o, ¢= t¢o. (8)

A uniform increase in density due to phase change at
the conduit wall can be accommodated by making the
constant V, equations 6 and 8, greater than the speed
of rigid motion behind the wall.

As the boundary conditions on velocity, equations 6
and 8, are independent of 7, it is anticipated that equa-
tions 2, 3, and 4 can be solved subject to conditions 5,
6,7, and 8 with the simplification

=0. (9)

or
Applying equation 9 to equation 2 yields

0¢ (19)

Equations 9, 10, and 6 require
V
2t (11)
or
and hence we are seeking a solution in which both
velocity components depend only on the angular co-
ordinate, . The velocity condition on the lower bound-
ary, =12, is left unspecified. With the aid of equations
9 and 11, equations 3 and 4 can be simplified as follows:

P ﬂ(szr__ dV¢_~ ) '
v s+ (o) (12)
oP . n<d2V¢ av, )
& - | ot
>4 —7ry Sin ¢ +7' Ve + P Vo
dn/dV, )
+——( 39 Ve). (13)

We now introduce equation 1, cross differentiate equa-
tions 12 and 13, and simplify with equation 10 to
obtain
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-a?"af—y sin ¢>——( d¢2¢+V¢)(m2 1). (15)

Equating 14 and 15 yields the general differential
equation
d*V, 4V
+ (2—m?
d¢4 ( m ) d¢2

which is easily solved by standard analytical methods.

The solution to equation 16 taken with conditions 5-8
yields complete analytic results for the velocity field
for any value of m. The pressure can then be deter-
mined by integration of equations 12 and 13, adjusting
the constants as required by the physical problem. The
components of stress are determined from their defini-
tions as follows:

¢4(1—m2)v¢=0 (16)

0,»=27] aT —P, (17&)
—o(10Vs _
0p= 217(—3—(1)4‘ - ) P, (17b)
(Vs laV,.
"[ ar( r ) r a¢] (17e)

By applying equations 9 and 10, equations 17 may be
simplified as follows:

0,-="0'¢=—P (18)
1 dV,_ >

ANALYTICAL RESULTS

Complete expressions for the velocity and stress fields
for all possible values of the parameter m are as
follows:

I. m=0, homogeneous case:

V4=VB (¢ cos ¢—cos?¢, sin ¢) (21a)
V.=VB (¢ sin ¢ —sin?¢, cos ¢) (21b)
14 N
P,=2B -F cos ¢0(,8 prs ¢0> (21c)
_op™ B 01d
T= ?7 sin qf) ( )
B = (¢$o—C0S ¢o Sin ¢o) ~1>0 (21e)
II. m2>1:
V¢=-g(1v sin ¢—sinhy/m?—1 ¢) (22a)

V,=—QK (Vm?=1 cosh\/m*—1 ¢ =N cos ¢)  (22b)
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m2 'I]RV
v o Vmi—1
P-,, Q(m 1) R Sh m ¢o
m—1 2_1
. <_> coshym’—1 ¢ ”m(”_pm—l (22¢)
R)  coshymi=1 ¢
Q =\/m*—1 sin ¢, coshy/m?—1 ¢o
—cos ¢osinhy/m?—1 ¢o (22e)
N =1/m?—1 cos ¢, coshym*—1 ¢,
+ sin ¢, sinhy/m2—1 ¢, (22f)
III. 0<m*<1:
Vo= I/;—(M sin ¢ —siny/1—m? ¢) (23a)
V,'=% (V1—=m?* cos\/1—m? ¢ —M cos ¢ (23b)
m2\/1—= eV
P,= S- m) 7 cosy/1—m? ¢
x[ . (_> osVI=m 4 | oy
r cos\/1—m? ¢,
- "; ’m;’ < > " sinyI=m ¢ (23d)
S=1/1—m? sin ¢, cos\/T—m? ¢o
—¢0S ¢o siny/1—m? $o>0  (23e)
M =\/1—m* cos ¢ cos\/1—m? ¢
+sin ¢ sin\/1—m? ¢o  (231)
IV. m?=1:
Vo=VA[($osin ¢o + 008 ¢o) sin ¢ —¢] (24a)
V,=VA[1= (¢osin ¢o + cOS ¢o) oS ¢] (24b)
A= (sin ¢o— o C0S ¢o) ™ (24c)
IVa. m=-1:
1 14 R\z
Poir )= 6= ()] (25)
V ([ R\?
MR
4% <7> i (250)
IVb. m=+1:
WRV -1 __ 2_ g2 26
Py (7 7| 1o A +¢> —¢: (262)
e 26b
| A (26b)
In equations 21-26, we have used the notation
To
-
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and 2, is used to denote the viscous part of the pres-
sure. The total pressure, P, at any point is obtanied by
adding to it the hydrostatic part, as follows:
P(r, ¢) =7y cos ¢+ Py(7, ¢), (27)
It is seen that the radial dependence of the viscous
stresses (P, r) is generally as 7»—*. Hence for m<1, it
would not be possible to impose a bounded pressure
condition at the top of the conduit if some region <7,
were not excluded from the problem domain. Physically
it is natural to identify »<7, as the crustal portion of
the conduit where the viscous stresses are expected to
be very small relative to those in the mantle portion,
7o<r<R. Hence in the results above (eq 21-26), we
have imposed the condition
Py (70, ¢0) =0. (28)
In the applications, the pressure in the crust »<r, is
assumed to be hydrostatic.
It is convenient to normalize the viscous stresses by
the viscous pressure P,(R, ¢,) at the base of the con-
duit wall. We adopt the following notation:

PT,:Pn(R‘a $0), (29a)
P, 4= 2208, (29h)
'(r, )= T2 (29¢)
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where it is understood that in any equation P* and P,
or r are always evaluated for the same values of the
parameters ¢q, m. IForegoing results can now be repre-
sented as follows:

<1>m—1 cosh \/m_‘:—l ¢ _lem—l

, B cosh Vm?—1 ¢
P = )
n 1_Bm—1
m£1, (30a)
o 5)re-s |
= —'——1, 30
s
o= m—1 (11 )”‘-1 sinhym?—1 ¢
Vmr=1\ B (1—pm=1) coshy/m* =1 ¢,
lm|7=1,  (31a)
r \"? ¢
=9f{ —) —* =1,
2(1?) T m . (31b)
¢ m=+1. (3lc)

()
In these relations \/m?—1 is treated as a complex
quantity.

DISCUSSION

The selected streamlines and velocity profiles illus-
trated in figures 2 and 3 show that the flow seems to

(R,0)¢

A B

FiqUure 2.—Streamlines for a steadily spreading wedge-shaped conduit (|#]<90, r<R). A, Case $=15°, m=0. B, Case $,—=45°,
. m=0, +10, C, Case $:=60°, m=0.
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Figure 3.—Radial velocity in a wedge-shaped conduit for
$0=30° and 60° and m=0 and =+10.

take on a boundary layer character for very large |m|.
It is surprising that the velocity is independent of the
sign of m (eq 21-24) ; that is, the velocity field is the
same whether the viscosity decreases as 7—2 or increases
as 7+ The dynamics of flow, however, are very differ-
ent in each case.

The normal component P/, and tangential component
7/, of normalized viscous stress at the conduit wall are
shown for selected conditions in figure 4. It has been
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pointed out that both stresses have a singularity at =0
for m<1 (eq 21-25). For m=+1 (fig. 4D), the shear-
ing stress is independent of 7 (eq 26b), but the normal
stress has a logarithmic singularity (eq 26a). Figure 4
is drawn for the case §=0.1, corresponding to a crustal
thickness (7 cos ¢,) of 5 km and a lithosphere thick-
ness (£ cos ¢o) of 50 km. It is seen that as m increases
to large positive values, viscous stress on the wall be-
comes negligible in the upper part of the conduit, and
we can set B=0 (eqs 22a-f), eliminating the formal
distinction between crust and mantle . For m> +1 the
shearing stress asymptotically approaches limiting val-
lues with increasing ¢, (figs. 4, F), and for very
large m, this limit is the normal stress P, (7, ¢o). The
horizontal component of the normal viscous stress at
the wall, P, (7, ¢o) cos o, acts to push the walls apart,
whereas the horizontal component of the tangential
stress, 7(7, ¢o) SIN ¢y, acts to pull them together. Hence
for smaller opening angles, viscous forces in the con-
duit contribute driving energy to the separating walls,
and for larger angles they resist this separation. (In
applying these results, effects of gravity forces must, of
course, be superimposed.) For m between 0 and 5, the
integrated effect of these horizontal tractions changes
sign when ¢, is between 50° and 60°. For m=—1, the
crossover occurs at ¢o==75°. The vertical component of
the viscous traction is, of course, always directed up-
ward. It evidently relates to the uplift-and-collapse
topographic features of the sea floor and to the Earth’s
gravity field near a spreading center. Discussion of
these complex features is beyond the purpose of this
presentation.

Along any arc of constant 7, the viscous pressure in-
creases toward the axis for m< —1 and decreases to-
ward the axis for m> —1; for the special case m= —1,
it is uniform (eq 25a). The variation of the viscous
pressure along the base of the conduit »= R is indicated
by the value at the axis shown in figure 5. This pres-
sure is uniform to terms of higher order for any ¢, at
r=/[ for all m=-1. As m becomes positive, however,
any assumption of uniform basal pressure would be
valid only for smaller opening angles ¢,. For the larger
values of m, viscous forces are negligible in the axial
region for intermediate and large opening angles ¢,.

The viscous pressure P, (r,, 0) at the axis on the
upper boundary is shown in figure 6. It is seen that the
condition in equation 28 is adequate to assure that the
viscous pressure is negligible on »=7, for m2 +2 and
m=—1. As the pressure changes rapidly with 7 near
r=r, for m=+1 (fig. 4), we can assure negligible vis-
cous pressure along the upper boundary by replacing
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1'Oo 0.2 0.4 0.6 0.8 1.0

Py or 7 TPy oor T
FIeURE 4.—Viscous traction at wall (¢=¢,) of a spreading wedge-shaped conduit for various opening angles (%)
and viscosity distributions (m). P,’ is the normal component, v’ is the tangential component. Both are normal-
ized by the viscous pressure P,(R,%). In B, C, D, E, and F, dashed curves represent P,” and solid curves rep-
resent 7’. Case illustrated is 7/ R=0.1.
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F1eure 5.—Normalized viscous pressure on the axis (¢=0) at
the base (r=R) of a wedge-shaped conduit as a function of
opening angle (¢.) for various viscosity distributions (m).
Case illustrated is ro/R=0.1.
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F16URE 6.—Normalized viscous pressure on the axis (¢=0) at
the top (r=r.) of a wedge-shaped conduit as a function of
opening angle (¢,) for various viscosity distributions (m).
Case illustrated is ro/R=0.1.

the boundary curve »=7, with an arc through (7,
*¢o) with somewhat less curvature for m< —1, and,
provided ¢, is not too great, one with somewhat more

AND NATHENSON

187

curvature for —1<m=+1. In general, an appreciable
tangential stress will persist near the conduit wall on
the upper boundary for m<2, but its effects on the
equilibrium of the conduit and the energetics of the
system will not be great (for 8=0.1) as long as ¢, 1is
restricted to values less than 60° to 75°.
The dimensionless function ¥ defined by
72V \ 7
¥ ($o, By m) =P’:<—H— (32)
relates the normalizing factor for equations 30 and 31
and figures 4 through 6 to the other parameters of the
problem. It is illustrated for f=0.1 in figure 7. The
quantities nr and H may be considered as constant,
though poorly known, properties of the asthenosphere
and lithosphere, respectively. If the viscous pressure at
the base of the conduit wall, P¥, remains constant as
the velocity of plate separation ¥ increases from one
steady state to another, the conduit opening ¢, must
increase according to ¥ to admit the increased flow as
required by continuity. For small values of ¢, (not
exceeding 10° or 15°), it can be shown that ¥ varies
as ¢,~% and in fact, that the curves of figure 7 prac-
tically coincide with the comparable ones for a narrow
vertical-walled conduit having the same mean width
and viscosity variation (Lachenbruch, 1978b).

50,000 \ T T (— T T
10,000 \
i W(so,8,m)=Py/ 2 T
\ g=0.1
1000 \
L ” -
> \\\J
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%o

Figure 7.—The function ¥ of equation 32 as a function of
opening angle (¢,) for various viscosity distributions (m).
Case illustrated is ro/ R=0.1.
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Representing physical processes in the Earth with
an idealized model like this one, of course, presents
difficulties, but as the model is supported by exact ana-
lytical results, these difficulties can be understood. The
solution provides a useful point of reference for con-
siderations of the dynamics and energetics of an
oceanic spreading center (Lachenbruch, 1976).
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THE VOLUMETRIC PROPERTIES OF H.0—
A GRAPHICAL PORTRAYAL

By JAMES R. FISHER, Reston, Va.

Abstract.—A graphical display of the volumetric properties
of H;0 is presented as density (0.01 to 1.0 g-cm™) contoured
on pressure-temperature coordinates and pressure (1-10,000
bars) contoured on density-temperature coordinates over the
temperature range 0-1,000 °C. Data were obtained from
sources published during 1964-1969; several minor inconsis-
tencies are observed and attributed to inadequacies in the
equations of state used to describe experimental data obtained
above 1,000 bars.

To date, the volumetric properties of H,O have been
investigated experimentally from 0 °C to 900 °C and
to pressures of 8,200 bars; extensive tables derived
from the fitting of equations of state to such data are
available (Bain, 1964; Burnham, Holloway, and Dayvis,
1969 ; Keenan, Keyes, Hill, and Moore, 1969; the last
two are hereafter referred to as “BHD” and
“KKHM?"). Those whose work requires relatively pre-
cise data must consult these tables directly; others,
such as those engaged in fluid-inclusion research, may
require less precision and can profitably use a graphi-
cal portrayal, with its attendant speed and conveni-
ence. For these latter workers, the volumetric proper-
ties of H,O are presented in figures 1-4.

Data below 1,000 bars were taken from Bain and
KKHM ; those above 1,000 bars, from BHD. Figure 1
is a plot of density (g-cm—3*) versus temperature (°C)
contoured in pressure (bars). Isobars from 1 to 50 bars
have been omitted for clarity in the single-phase region
at low densities, as have the isobars from 1 to 200 bars
at high densities adjacent to the two-phase region. The
area outlined by the rectangle in figure 1 at high den-
sities and low temperatures is presented in figure 2,
where again the 1- to 50-bar isobars in the single-phase
region have been omitted. Figure 3 shows isochores
contoured on pressure-temperature coordinates. The
area in figure 3 outlined by the rectangle at low tem-
peratures and pressures is presented in figure 4. The
isochores below 1,000 bars were obtainéd directly by

evaluating the cquation of state (of the form
P=f(V,T)) given by KKHM; those above 1,000 bars
(in fig. 3) were calculated using the equations of state
given by BHD. The latter are of the form p=g(P,T),
where p is density. In order to determine the exact
pressure for a given density and temperature, an initial
estimate of P was obtained from their tables, and a
density calculated for that 2 and 7'. The pressure was
then systematically varied, and the equation repeatedly
evaluated until the calculated density agreed with that
required for the isochore to 1 part in 10,000.

The observant reader will note several oddities in
figure 3. The isochores between 0.70 and 0.95 g-cm—?3
above 1,000 bars (from the BHD equations of state) do
not join smoothly with those below 1,000 bars (from
the tubles of Bain and KKHM). In addition, the BHD
isochores are linear along their midsections but concave
toward the temperature axis both at high and low
pressures. These effects are most likely the result of
inadequate constraints on the BHD equations of state
(polynomials of high degree) along their boundaries.

These inconsistencies are of little consequence in the
present context but probably could be eliminated by
fitting a single equation of state to all available volu-
metric and thermodynamic data on H,O over the entire
P-T range of interest.

Figures 1 through 4 follow “References Cited.”
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F1cURe 3.—Density contoured on pressure-temperature coordinates. The two-phase liquid-vapor coexistence curve termin-
ates at the critical point. The area outlined by the rectangle is expanded in figure 4.
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THE HEAT CAPACITIES AT LOW TEMPERATURES AND
ENTROPIES AT 298.15 K OF
LOW ALBITE, ANALBITE, MICROCLINE, AND HIGH SANIDINE

By RONALD E. OPENSHAW;* 2 BRUCE S. HEMINGWAY, RICHARD A. ROBIE;
DAVID R. WALDBAUM;* and KENNETH M. KRUPKA,
Princeton, N.J.; Reston, Va.; Princeton, N.J.; Reston, Va.

Abstract.—The heat capacities of low albite and analbite,
NaAlSi:Os, and of microcline and high sanidine, KA1Siz0s, have
been measured from 15 to 375 K using an adiabatic calorimeter,
Tables of the thermodynamic functions C€°,, (H°r—H®)/T,
(@°r—H®) /T, and 8°r—8°, are presented for these four feld-
spars from 0 to 370 K. At 298.15 K (25.0°C) the values for
8°7—8° for low albite, analbite, microcline, and high sanidine
are 207.4+0.4, 207.7+0.4, 214.2+0.4, and 214.2+0.4 J/(mol-K),
respectively.

The effect of the state of Al/Si order upon the heat capacity
is quite small. The difference, AC3, between albite-analbite and
microcline-sanidine never exceeds 0.5 percent at temperatures
below 400 K.

With the exception of microcline, the heat capacities of these
four feldspars follow a smooth S-shaped curve between 15 and
375 K, with no indication of transitions or anomalous behavior.
Above 250 K, the heat capacity of microcline shows a form of
thermal hysteresis. In the temperature range 250 to 375 K, the
heat capacity of microcline is dependent upon its past thermal
history. At 375 K, microcline which had been cooled to 230 K
before the measurement of C°, has a heat capacity greater by
approximately 1.2 percent than microcline which had not been
previously cooled below 295 K. After a day of annealing at
about 300 K, C°;, of the previously cooled microcline decreases
to essentially the same value as the microcline which had never
been at a temperature below 300 K.

The polymorphic modifications of NaAlSi;Os and
KAISi;Os, the alkali feldspars, occur in a wide range
of geologic environments and constitute one of the
most important groups of rock-forming minerals. Ac-
curate thermodynamic data for these important min-
erals is desirable as an aid to understanding chemical
equilibrium in many rock-forming processes and for
delineating more exactly the stable phase relations
within the alkali feldspar group. To this purpose, we
have measured the heat capacities, C°,, for low albite,
analbite, microcline, and high sanidine between 15 and
375 K in order to obtain their standard entropies,

S;i)&partment of Geology, Princeton University, Princeton, N.J.

3 Present address: Centre de Recherches Petrographiques et Geo-

chimiques, C.O. No. 1, 54500 Vandoeuvre-les-Nancy, France.
3 Deceased.

8°,05.15, Trom the third law of thermodynamics. In par-
ticular we were interested in the effect of the state of
the Al/Si order on the low-temperature vibrational
properties of the alkali feldspar framework.

In this report, we shall use the phase names low
albite and microcline to refer to the triclinic modifica-
tions of NaAlSi,Os and KA1Si,Qs, space group C1(2),
in which the aluminum occupies the 7', (0) position ex-
clusively and the three silicon atoms occupy the 7', (m),
7:(0), and T,(m) positions (Megaw, 1956). Converse-
ly, we will use the names analbite and high sanidine to
mean NaAlSi;O; and KAISi;0g, in which the alumi-
num and three silicon atoms are randomly distributed
over the 7', (0), 7y (m), T.(0), and 7T.(m) sites. Anal-
bite is triclinic, space group €1(2), and high sanidine
is monoclinic, space group C€2/m(12). Phases for
which the Al/Si distribution is partially ordered will
not be considered in this report.

Previous measurements of the heat capacities of the
alkali feldspars have been reported for low albite,
adularia, and ferriferous orthoclase over the range 50
to 300 K by Kelley and others (1953). These authors
also reported values of H°r—H°;s for low albite for.
temperatures as high as 1,271 K. White (1919) deter-
mined the relative enthalpies, (H°r—H ), for low
albite, NaAlSi;Os glass, “microcline,” and KAlSi;O,
glass at intervals of 200 K to as high as 1,373 K. Holm
and Kleppa (1968) have reported a single value for
(H 971 —H°:85) for low albite and analbite.

Acknowledgments.—The studies presented in this
report were made possible by the support of the Ad-
vanced Research Projects Agency, U.S. Department of
Defense (A.R.P.A. Order 1813), to whom we are most
grateful. The views and conclusions contained in this
report are those of the authors and should not be inter-
preted as necessarily representing the official policies,
either expressed or implied, of the Defense Advanced
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Princeton University, for the atomic absorption chemi-
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. APPARATUS AND PROCEDURES

The adiabatically shielded low-temperature heat ca-
pacity calorimeter and the methods of data reduction
used 1n this investigation have been described by Robie
and Hemingway (1972). The platinum resistance ther-
mometer used with our calorimeter was calibrated in
terms of the International Practical Scale of Tempera-
ture of 1968 (Comité International des Poids et Mes-
ures, 1969). It had an ice point resistance, 2, of 34.94
ohms and the temperature derivative of the resistance
at 0°C was 0.14 ohm deg—'. The atomic weights for
1969 (Commission on Atomic Weights, 1970) were used
to calculate the gram-formula weights for NaAlSi,O,
=262.224 and KAISi;0;=278.337. The densities used
to correct the sample weights for bouyancy were 2.620,
2.611, 2.560, and 2.552 g cm—? for low albite, analbite,
microcline, and high sanidine, respectively. The
weights (in vacuo), of the samples used in the meas-
urements were 77.026, 60.335, 53.510, and 59.925 g for
low albite, analbite, microcline, and high sanidine, re-
spectively. The contribution of the calorimeter to the
total observed heat capacity, (sample+ calorimeter),
was about 60 percent from 20 X to 370 K. The observed
heat capacities were corrected for slight differences in
~ the quantity of helium, solder, and Teflon tape be-
tween the measurements on the empty and filled calori-
meter. The results are reported in S I. units (Page and
Vigoureux, 1974).

MATERIALS

Low albite was obtained as crystal-clear cleavage
fragments of albite crystals from the Rutherford mine,
Amelia County, Va. The crystal fragments, +70 mesh,
were handpicked free of impurities. Microcline was
obtained by ion-exchange of the Amelia albite starting
material, —150 mesh, in fused KCl (9 g KCl/gram
NaAlSi;0s) at 1,083 K for 35 to 40 hours followed by
ion-exchange of this product in fused KC1 (2 g KCl/
gram KAlSi;O4) at 1,113 K for 16 hours. The analbite
used in the heat-capacity measurements (7001 in table
2) was prepared by heating a portion of the low albite
sample at 1,325+10 K for 755 hours. A second anal-

bite (7015 in table 2) was prepared by heating another -

portion of the low albite sample at 1,325+10 K for 710
hours. High sanidine was prepared by ion-exchanging

ALKALI FELDSPAR HEAT CAPACITIES AT LOW TEMPERATURES

the second analbite in fused KCl (6-9 g KCl/gram —
NaAlSi;O;) at 1,138 + 10 K for 31 to 40 hours. Four
separate exchanges were performed, and the products
(71105, 71106, 71107, and 71108 in table 2) were me-
chanically mixed to obtain the calorimetric sample.
Both the microcline and the sanidine occurred as a
fine powder as a result of the fused KCl ion-exchange.
Analytical data for the samples used in our calori-
metric studies are listed in table 1. X-ray unit cell
parameters for these samples are given in table 2.

TABLE 1.—Atomic absorption analyses of alkali feldspar
heat-capacity samples

[The ﬁfth analysis listed for low albite was obtained by H. W. Kruger,
Geochron Laboratories, by flame photometry. All other analyses
were made by Maria Boresik, Department of Geological and Geo-
physical Sciences, Princeton University, by atomic absorption. N.d.,
not determined]

Chemical analyses Mole percent
Sample (ppm) (An-Ab-Or tenary)
Ca Na K An Ab Or
Analbite ___.___ 468 80.256 1,706 033 98.44 1.23
465 80,316 1,710 .33 9844 1.23
668 179,341 1,355 48 . 98.54 .99
N.d. 79,540 1,977 (*) 98.56 1.44
"Average -__ 534 79,863 1,687 .38 98.40 1,22
LOW alblte _--- 832 81467 1,413 - 0.58 98.42 1.00
430 82,533 1,367 30 98.74 96
666 82,149 1,342 46 9860 . .95
N.d. 78,290 2,168 (*) 98.40 1.60
N.d. 80,500 1,850 (*) 9881 1.19
Average ___ 643 80,988 1,686 45 9842 1.13
Microcline _____ 426 . 168 116462 036 0.24 99.40
: 277 139 126,468 21 19  99.60
N.d. 498 126,942 (*) .66 99.34
Average .. 351 = 268 123,201 .28 37 99.36
High sanidine__ 288 434 127,101 022 0.58 99.20
342 402 127,388 26 53 99.21
iN.d. 1991  1126,780 (*) +1.81 198.69
Average ___ 315 418 554 99.208

127,246 24

* Mole percent calculated for Ab-Or blnary
+ Not a composlte sample and not included in average.

To correct the heat-capacity measurements for devia-
tions of the samples from the exact compositions
NaAlSi;Os and KAISi;Os, we assumed that the sam-
ples are within the ternary system KAISisOs-
NaAlSi;0;—CaAl,Si,Os, and on the basis of the ana-
lytical data in table 1, we have used (N& 0ssK 011C8.00s)
AlSiOs; (Na:.ss«;K.oﬁ Ca,ooz) AlSi;Os 5 (K.994Na.oo‘4
Ca.00;) AlSi;0s; and (K 002N 606C8.001) AlSisO5 as the
chemical formulas for our low albite, analbite, micro-
cline, and high sanidine respectively.

Furthermore, we assumed that the heat capacity of
a ternary feldspar is an additive function of the heat
capacities of NaAlSi,Os, KAISi,Os, and C2Al,Si,0s

“for small deviations from end-member compositions.

Inasmuch as all four samples had a composition of
>0.98 with respect to the ideal components KA1Si,0,
or NaAlSi;Og (within the ternary) and the heat ca-
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TABLE 2.—X-ray unit cell parameters of feldspar
calorimetric samples ,
[Cell parameters obtained for Amella, Va., albite and microcline

6452 are included for comparison with results of other investigators.
A angstroms] R

Unit
. Num-
Sam- ¢ b o e B LA 33}1_ ber
eg eg) (deg) ume
Pl (A) (A) (A) (deg) (deg)(deg)
A3 Iines
High
sanldlne -71105 8 606 13 0235 7.180 90.0 115.9990.0 7234 35
+.001 4-.001 +.01 +.3
71106 8 606 13.030 "7.183 90.0 116.0290.0 723.8 66
+.001 +.001 +.001 +.01 +.2
71107 8 606 13.023 7.181 90.0 116 0190.0 723.3 36
+.001 +.001 +.001 +.01 +.2
77108 "8.605 13.025 "7.181 90.0 116 00 90.0 723.4 37
+.001 +.001 +.001 +.0 +.3
Analbite ___ 7001 8.17712.869 7.112 93.46 116.51 90.26 668.1 36
+.005 +-.003 +.003 +.03 +.02 +.04 +.7
7015 "8.156 12.872 “7.108 93.42 116:42 90.30 866.8 39
+.003 +.002 +.002 +.02 +.02 +.20 =+.4
Low albite _ 7010 8 143 12.787 7.160 94.21 116.61 87.67 664.7 42
+.002 +-.001 4.001 +.02 +.01 +.01 =+.3
Amelia 8 144 12,788 "7.162 04.22 116.61 87.65 685.1 36
002 +.002 +.001 +.02 +.01 +.02 +.3 !
Amelia 8 143 12,788 "7.161 94.23 116.59 87.80 665.0 22
+.008 +.004 +.002 +.04 +.03 +.05 =+.7
Microcline _71104 8.587 12.968 7.220 90.62 115.93 87.66 722.3 32
002 +.001 +.01 +.01 +.01 +.3
6452 8 582 12.961 7.219 90.59 115.91 87.69 721.7 34
003 +.008 +.001 +.02 +.01 +.02 +.3

pacities per gram of the four phases were always with-
in 5 percent or less of one another above 30 K, the mag-
nitude of the impurity correction never exceeds 1.0
percent, and this method of correction should not in-

troduce any further uncertainty beyond that of the

experimental scatter of the raw heat-capacity data,
that is about 0.1 percent. The correction for the

CaAl;Si;O; component was made using the heat ca-

pacity data of King (1957).

HEAT CAPACITIES OF THE ALKALI FELDSPARS
BETWEEN 15 AND 375 K

The experimental heat-capacity measurements for
low albite, analbite, microcline, and high sanidine, cor-
rected for curvature but not corrected for the small
deviations from the ideal end-member formulas, as
described above, are listed in tables 8 through 6 in
their chronological order of measurement..

The heat capacities of low alblte,_analblte; and high
sanidine behaved normally, displaying a continuous
sigmoidal curve between 15 and 375 K and no indica-
tion of a transition or anomalous behavior. The data
for low albite are shown in figure 1. The results of
Kelley and others (1953) on a sample of low albite
from Varutrask, Sweden, are in excellent agreement
with our results for low albite.

1In figure 2, the difference between the smoothed val-
ues, O, (analbite) minus O, (low albite), is plotted at
integral temperatures. As can be seen from the figure,
the difference in the heat capacities of analbite and low
albite is always less than 0.3 percent between 40 and
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TaBLE 3.—Eaperimental heat capacities of low albite uncor-
rected for KA18i,0s and CaAl:Si.0s in solid solution

[Asterisk indicates data not used in calculating thermodynamic

functions}
Heat Heat Heat
Temper- capacity Temper- capacity Temper- capacity
ature n ature in ature n
in K J/(g'K) in K J/(g'K) in K J/(g'K)
SERIES 3 - SERIES 64748 SERIES 15
Tl. 84 .20892 271,28 « 73650 15.82 «00942
76,06 ~ ,22480 276,37 74450 17.09, +01179
80,63 0264197 281,47 075334 18455 «01500
85,67 «26050 286,77 « 76375 19.90 01850
91,25 «2805%8 292,31 «77238 21,54 «02279
97,36 «30211 298,29 «78135 23,77 «02922
103.86 «32451 304,70 «79213 26,42 «03738
110,58 34700 311,46 +80290 29,46 «04739
117,06 «36818 32,65 05857
123,18 «38773 SERIES 9 35,79 «07004
129,15 040634 298,44 «TB147 39.17 08267
135,06 042604 305,2R «79231 42.R4 +09668
160,94 «44140 312,77 «B042S 464,85 011268
146,78 +45816 320,93 81704 51.25 «13320¢
152.61 «47449 329,60 «83009 56,00 .14878
158,44 049047 : 61,08 016814
164,20 50599 SERTES 10 66,39 «18843
169.91 «52072 328,97 «82995
175,57 «53534 337.7 +R4305 SERIES 16
346,51 +R5457 63,27 «17645
SERIES 4 355,37 «86556 68,44 019616
169,13 «51870 364,28 «87678 73.R88 021676
174,81 «53334 373,26 «8R953 79.51 «23785
180,45 «54730 85,28 025903
186.06 «56111 SERIES 12 91,064 «27981
191,58 «S5T446 31.41 «05414 96,84 «30027
197,08 «5879S 364,32 «0hb64 102.69 032042
202,62 «60003 37.17 +07514 108.55 «34021
213,82 062645 60,31 +0R697 114,37 35938
219,49 63690 43,79 010037 120,10 37782
47,65 «11598 125,76 39561
SERIES S 56,59 +15109 131,30 041275
225,22 064897 61,59 «17017 136,75 «42894
230,94 «66019 66,85 «19025 142,19 «44488
236,71 «67167
242,52 «68357 SERIES 13414 SERIES 17
248,33 «69461 288,12 « 76514 153,00 «47543
254,13 « 70549 293,19 « 77385 158,32 «48994
259,93 «71639 299,75 +TR429 163,65 050429
265,79 « 72747 169,00 «51838
271,70 «739)2 174,37 «53217
277,28 074727

340 K, which indicates that the Al/Si distribution has
very little effect upon the heat capacities below 340 K.
This is not unexpected, inasmuch as their molar vol-
umes differ by only 0.3 percent.

Our results for high sanidine and those of Kelley
and others (1953) for adularia from St. Gothard,
Switzerland, are shown in figure 3. In figure 4, the
difference in the heat capacities, ¢, (sanidine)—C),
(microcline), is shown at integral temperatures, and
again, AC, is less than about 0.3 percent over most of
the temperature range. '

In contrast to the other feldspars studied, the heat
capacity of microcline behaves anomalously at tem-
peratures above 250 K. The heat capacity in this tem-
perature range apparently depends upon the immediate

_prior thermal history of the sample—to how low a

temperature it has been cooled and the length of time
it has remained at a temperature above 250 K. Some of
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TABLE 4—Ezperimcental heat capacities of analbite uncorrected TABLE 5.—Ezperimental heat capacities of microline uncorrected

for KAISi;0s and CaAl:Si,0s in solid solution for NaAlSi,Os and CaAl:Si:0s in solid solution
[Asterisk indicates data not used in calculating thermodynamic [Asterisk  indicates data not used in calculating thermodynamic
functions] functions]|
. Heat Heat Heat Heat Heat " Heat
Temper-  capacity  Temper-  capacity  Temper-  capacity Temper-  capacity = Temper-  capacity  Temper-  capacity
ature n ature n ature in ature in ature in ature in
in K J/(g'K) in K J/(g'K) in K J/(g'K) in K J/(g'K) in K J/(g'K) in K J/{(g'K)
SERIES 142 SERIFS S SERIES 9 SERIES 1-2 SEPIES 9-10 SERIES 19%
306,64 « 78981 154,75 «47963 -315,33 +80746 3064.89 +73R60 244,78 «65058 266,86 »6835
311,43 «80068 159,91 49360 321,04 +81676 . 250,52 «66063 272.80 6938
318,57 «R1210 165,12 +50766 326,72 +82531 313,73 «74822 256,18 «67098 278,64 « 7032
326,19 «82370 170,36 52112 332,43 +83392 321.59 «76086 284,43 7125
333,93 «B3519 175,64 +53463 o 329,49 «77302 261,73 «6R001 290,17 «7219
361,94 +R4608 180,89 «54784 SERIES 10 337.66 «78391 267,45 «69081 295,87 «7298
. ) 186,20 56080 15,65 201097 346,02 «79384 273,12 «70103 301,52 7381
SERIES 3 191,62 «57375 16,64 «01233 ° - 354,43 «R0420 278.82 «INTTT .
350,03 +R5489 197,09 «58679 17,74 «01495 362,80 «A161S 284,61 «T1763 SERIES 20=21e
358,24 «8654) 202,61 59911 18,99 01763 371.13 «R2462 209,41 «72701 300,94 7339
366,46 87829 208,19 061140 20,55 «02320% .
374,64 +«88585 213,76 62342 SFERIES 34445 ~ SERIES 12 304,72 7390
219,32 +$3539 SERIES 11 15.84 «00892 287,34 « 72226 310,36 « 7475
SERIES 4 224,94 «64710 22,69 «02729 293,01 «73083 315.9 « 7556
60,24 «16540 ' 24,88 +03370 17.33 «01150 298,70 «73876 321.5 7635
65,62 «18K12 SERIES 6 27.51 «04187 18,69 001443 304,41 «T4TT6
70,98 020649 219,02 «63401 30,43 «05154 20,60 «01918 SFRIES 22=23
76,45 022713 224,53 «54628 33,69 «06306 22.96 002606 . SERIFES 13-14 305,11 « 73786
82,08 24793 230,09 65762 37.19 «07585 234,06 «63104 310,83 « 74663
87.72 «26R47 235,72 +66876 40,74 «08914 25485 +03503 239,75 «64120 316,45 « 75527
93,33 «28840 44,48 «10342 28,67 «04590 245,39 «65086 322,00 « 76379
98,94 030797 SFRIES 7 48,49 011904 o 251,03 «66031 327.50 «T77201°
104,49 «32681 245,60 +6R828 SFERIES 6 256,70 «67030
109,95 034512 251,32 «69862 SERIES 12 32,44 «06055 262,38 «68100 327.88 «77138
115,35 036288 257,05 «T70926 52.94 e13672 35,72 «07391 268,09 «69115 333,37 «77881
120,76 .38 262,79 «72014 56.89 015224 39,34 «0RAT3 273,81 «70140
126,21 «39495 26R,53 «73106 60,A7 «16782 43,47 «10549 279,58 «70833 SERIES 24
131.64 «41379 274,21 «T4144 65,22 18451 48,01 «172399 251,10 «TT04
137,06 062962 279,92 «74980 70,03 «20291 52,90 14365 285,07 «71630 256,83 +6698
142.41 044523 285,63 « 75002 75.12 022209 58,11 +16394 290,74 072647 262,50 «6793
147,70 «46009 291,30 « 76989 63,55 18431 296,40 «73310 268,13 «6886
153,01 «47501 269,99 « 77845 SERIES 13 69,04 020432 302.09 «T4166
158,34 048943 302.69 « 78745 227,70 065220 307,81 74984 SERIES 25%
308,35 «79618 233,27 266355 SERIES 7 273,23 06976
. . 238,73 67451 68,77 «20340 SERIES 15 278,717 «7061
1 264,20 68505 T4,.11 022245 302,11 «73182 284,27 « 7145
249,76 069553 79.71 024207 309,13 « 74311
255,33 «70575 85,50 « 26172 316,29 «75478 SERIES 26
260.92 471609 - 91,42 .28126° 323,52 - 76592 288,50 ,72120
- 97.40, «30014 330,71, « 77616 293.93 «73107
103,31 431862 299,32 . 73814
109,19 233652 SERIES 16-17 304,69 e 74613

our heat-capacity measurements on microcline in the  11s.06 .35393 339,11 ,78520 310,01 ,75393
ature inter : 120.86 37076
temperature interval 230 to 375 K are shown in figure 126,70  .38743  367.16  .79484 SERIES 27
5. ‘ : : 132,58  ,60367 355,764  ,806lé 280,58 .70796
. . . 138,37 441921 364,48  ,B1606  285.44  .71682
Although our heat-capacity data are insufficient to 144000 .63a18  373.06 .82651 ~ 289.15 .72314

resolve the exact nature of the transition in microcline } ;9-85 . '“929 E . 29;-77 -75;?6
] .. 5.5 46339 SERIES 18 293.86 .73116
(see for example Pippard, 1957, p. 187), they do limit 141027 147771 260.33  .67730  295.94  .7339

» F 111 1 51 ] 167,21 049226 265,99 «6R8754 298,02 « 73602
the temperature of transition to the range 250 to 300 K . 173051 osees  Cartey . tearer  Sapez alaee:

(see particularly series 19, table 5). 178.91  .51923 277,33 ,70484 304,25  .T74468
. ° is sai icro- : 283,16 71435
.New measurements of ¢°, for t.hls sgmple of micro . SERIES B 38901 12400 SERTES, 28
cline after a much longer annealing time at tempera-  177.85  .51720 294,81  ,73264 291,35  ,72454

) ' o 183.65  .53030 300,65 473998 295,68  ,73205
tures between 270 and 300 K are.clearly desirable, as 189.49  .56354 306.52  .74947 299.99  .73855
would be heat-capacity studies on a different sample of - 195.39  .55626 312,34 75789 304,27  ,74497
: e . 201,27  .56860 318,06  .76632 308,53 ,75142
microcline in order to prove that the observed behavior 207,14  .sso0s) 323,60  .77405
e o s . - e . 213.01  .59262 329,06  ,78133
of €°, is not unique to t‘hls_sa‘mpk. A detailed struc 218,80  .60431 334266 178890
tural refinement of the microcline in both the annealed ~ 244.52 .61502  339.80  .79580

: . . » 230,24 ,62479 . 345,13  ,80183
state, that is after several days at 300 K or above, and 335,08 .63560  351.77  .80941

: ot : i 261,66  ,64671 359,86 .B1884
after rapid cooling to below 230 K but without heating TS etly  daass  rhiees
above 290 K would be most useful. i ‘
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F1eUuRe 1.—Experimental molar heat capacitles between 15 and 376 K for low albite (NaAlSi;Os) not corrected for KAI181,0; and
CaAl:Si:0s in solid solution. Open circles, this investigation. Solid diamonds are the measurements of Kelley and others
(1958) on low albite from Varutrask, Sweden. Solid line is the least-squares fit to the data of this investigation.

The heat capacity below 15 K for each phase was
estimated by plotting the data below 45 K in the form
0. /T versus T* (Pitzer and Brewer, 1961, p. 123) and
extrapolating this function smoothly to 0 K; then all
the data were anzlytically smoothed, as described by
Robie and Hemingway (1972). The entropy change,
87 —8?, is obtained from the experimental heat-capaci-
ty data using the relation

8°—8°= / ¢2/T dT (1)
For each of the feldspar phases, the extrapolation of
C? below 15 K involved a contribution to §7 = —&87

298.16 .

of less than 0.8 J/(mol-K), or about 0.3 percent. By
comparison, the measurements of Kelley and others

(1958) required an extrapolation of {7 below 51 K,

which contributed about 21 J/(mol- K) to 87, 0 or
about 10 percent.

The values of 87 —8% obtained in this study for

low albite and sanidine differ from the values reported
by Kelley and others (1953) for the Varutrask low
albite and the St. Gothard adularia by 2.6 and 5.4
J/(mol-K), respectively. S7  —8; obtained in the
two studies differs by only 0. 4 J/ (mol K) for both the
Na and K feldspars, whereas 8% —8, the extrapolated
part of Kelley and others’ (1953) measurements, dif-
fers by 3.3 and 6.2 J/(mol-K) for the Na and K feld-
spars, respectively. The extrapolation from 51 K intro-
duces significant errors into the value of the calori-
metric entropy at 298.15 K.

After the measurements of the feldspars had been
completed, the heat capacity of the empty calorimeter
was redetermined over the range 15 to 380 K. These
new measurements agreed to within 0.1 percent with
results obtained 6 years previously on this same calori-
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Fieure 2.—Difference between the smoothed values of C°, for
analbite minus C°, for low albite versus temperature.

meter. This result eliminates the possibility that the
anomalous thermal behavior of microcline was an arti-
fact of the sample container.

Because the original calibration by the National
Bureau of Standards of the platinum thermometer
(Meyers 322) used for the feldspar measurements was
made 13 years previously and because we had recently
acquired a new miniature platinum thermometer (Min-
co 68), which also had been calibrated by the Bureau
in 1972, we decided to check the calibration of the
Meyers thermometer against the Minco thermometer
to see if any change had taken place. Minco 68 ther-
mometer, Meyers 322 thermometer, and a second un-
calibrated Minco thermometer (No. 84) were mounted
in a cylindrical copper calibration block weighing
369 g.

The three thermometers were connected in series, and
the calibration block was mounted within the cryostat
in the position normally occupied by the calorimeter.
The calibration block has an electrical heater wound
on its outer surface and a differential thermocouple is
connected between the block and the adiabatic shield.
The voltage drop across each of the three thermome-
ters and an NBS calibrated 100-ohm standard re-
sistor were measured alternately for a period of 30
minutes while the block was maintained at a constant
temperature. Measurements were made at 71 tempera-
tures between 14.1 and 381.4 K.

The original calibration of the Meyers 322 thermom-

ALKALI FELDSPAR HEAT CAPACITIES AT LOW TEMPERATURES

TaBLE 6.—Ezperimental hcat capacitics of high sanidinc un-
corrceted for NaAlSiz:Os and CaAl:Si.Os in solid solution

[Asterisk indicates data not used in calculating thermodynamic

functions}
Heat Heat Heat
Temper- capacity Temper- capacity Temper- capacity
ature in ature in ature in
in K J/(g'K) in K J/(g'K) in K J/(g'K)
SFRIES 1 SERIES 6 SERIES 10
303,20 e 74092 105.91 32627 319,50 « 76387
308,70 ¢ 74955 111,24 «34223 325,70 «77307
314,19 « 75774 116,75 «35846 332,25 «78216
319,64 « 76536 122,36 «37449 339,16 « 79075
325,01 o 77278 128,01 +39030 346,47 079941
330,48 «78000 133,71 «40601 353.98 «8077S
336,04 « 78742 139,40 042140 361,47 «81626
341,69 079448 145,02 43589 368.88 «82857
347,63 «B01l44 150,71 «450446
354,18 «8093] 156,43 <6470 SERIES 11412
361,32 «81795 162,02 47850 15,87 «0086]
368,58 «R2758 167,65 «49178 17.27 «0l077
375,76 «83022 18.94 «01542
SERIES 7oA
SERIES 2 173,35 «50522 35,70 «07522
219.53 « 72539 179,06 «51874 39.36 09020
295.56 «73193 184,73 «53149 43,59 010742
299,55 «73782 190,46 «54397 48,10 «12561
303.58 « 74387 196,16 «55594 52.84 014456
201,79 «56776 57.93 016432
SERIES 13 63,27 018417
273,70 «69583 204,93 «5T416
278,98 « 70498 210,52 58565 SERIES 13+14
284,18 «71352 216,16 059652 21,30 202636%
289.35 «72208 221,86 «60718 24,26 003260
294,48 «72950 227,55 061823
233,18 «62776 27,38 «04208
SERIES & 30,19 +05286
87,96 «27001 SERIES 9 33,33 « 06553
92.97 «2R621 243,82 «64461 36,59 07852
97,.88 «30159 249,29 «65479 40,18 «09361
254,89 «66419 44,27 011022
SERIES S 260,59 «6T7492 48,78 12828
62,02 «17998 266,23 «68504 53,63 014767
66.99 «19796 271,96 «69482 58,72 «16720
T72.02 21591 2717.79 «70334 64,06 18685
T7.26 023406 283,57 «71258 69,66 020696
82.67 25247 289,31 «72113 75,09 «22613
87.98 27012 295,14 «72906
93.22 «28719 301,08 +73864 SERIES 15416
98,58 «30405 306,96 « 74687 297,96 e 73471
103.99 «32058 312.80 «75458 303,18 « 74289
298,69 « 73660
304,03 «T74481

eter gave a resistance of 0.05421 ohms at 14 A, whereas
the U.S. Geological Survey calibration of May 1973
gave 0.05412 ohms; A7, then, is 0.0036 K.

On the basis of our recalibration, we conclude that.
Meyers 322 thermometer has changed by less than
0.004 K at 14 K and 0.009 K at 300 K in the 13 yr
since it was initially calibrated.

THERMODYNAMIC PROPERTIES OF
NaAlSi;0, AND KAISi;O;

The smoothed values for ¢ and the functions de-
rived therefrom, (H—H?)/T, (G,—H?)/T, and §7,
—8? for the alkali feldspars are listed at integral tem-
peratures from 0 to 370 K in tables 7 through 10 for
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Ficure 3.—Experimental molar heat capacities of high sanidine (KAlSi;Os) from 15 to 375 K not corrected for CaAl:Si:Os and
NaAlSi:0s in solid solution. Open squares, this investigation. Filled circles are the measurements of Kelley and others (1953)

for adularia from St. Gothard, Switzerland.

: [ . I | _
S 20 -
g - -
~
-’ i Oo o o =
Z
. - o oo -
: : -
3 o
I 10 :
o
: - -
: - -
g O, +0.2 ')ercer:.E _O_f..C;
G ~ 0”0 L Tezem ]
U b Oo J— :
i 0 .20 o
g 0.0 fg—= - -
< n oo :
S OOt <o
: il g ]
< - Oo —0.2 percent of ¢ _]
E (o]
%a = oo :
) l | I
-1.0
0 100 200 L 1

TEMPERATURE, IN KELVINS

F1eure 4.—Difference between the smoothed values of C°, for
high sanidine minus C°, for microcline versus temperature.

low albite, analbite, microcline, and high sanidine,
respectively.

In the ideal low albite and microcline structures, the
aluminum atoms are entirely on the 7',(0) sites, and
the three silicon atoms are on 7, (m), T:(0), and 7:(m)
sites. Consequently, there is no configurational con-
tribution to the entropy; that is, 87 is zero for these
phases, and accordingly the values for the entropies,

sosns) L0 be used in thermodynamic calculations are,
207.4+0.4, and 214.2+04 J/(mol-K) for low albite
and microcline, respectively.*

On the other hand, in the structures of ideal analbite
and high sanidine, the (Al1+3Si) are randomly dis-
tributed over the four tetrahedral sites. This distribu-

¢ Although there is some evidence (Stewart and Ribbe, 1969 ; Stewart
and Wright, 1974) that Amelia albite is not completely ordered with
respect to the (Al14-38i) distribution within the four tetrahedral sites,
the very close numerical agreement between the heat capacities of
low albite and analbite below 350 K indicates that the vibrational part
of the heat capacity is relatively insensitive to the Al/Si distribution
and therefore does not effect the values for Szs.as—8¢ for ideal low
albite and analbite reported in tables 7 and 8
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F16URE 5.—Heat capacity of microcline between 230 and 375 K.

tion is apparently “frozen in” at low temperatures, and
therefore S° is not zero for these two phases. Holm
and Kleppa (1968) have shown that the difference in
the entropies of ideal low albite and analbite, that is,
the configurational term arising from Al/Si disorder in
analbite, is 4R(0.75 In 0.75+0.25 In 0.25)=—18.70
J/(mol-K), where R is the gas constant and has the
value 8.31434+0.00070 J/(mol-K) (U.S. National
Bureau of Standards, 1971). Thus to the values of
85, —S; listed in tables 8 and 10, we must add 18.70
J/(mol-K) to obtain the correct entropies for use in
thermodynamic calculations. The correct values for

83, for analbite and high sanidine are therefore

207.7+18.70=226.4+0.4, and 214.2+18.70=232.9+0.4
J/(mol-K), respectively.
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TABLE 9.—Molar thermodynamic properties of microcline,

[A zero point entropy of 18.70 J/(mol'K) has been included in the KAISLO
Gibbs energy function ] L
. Gibbs Gibbs
Heat Enthalpy energy Heat Enthalpy energy
Temper- capac- Entropy function function Temper- capac- BEntropy function function
ature, ity, (87—=8%), (H*—H3)/T, — (Gr—H)/T, ature, ity, (87—80), (Hi—H/T, — (Gr—Hs)/T,
T,in Op, in in in in T, in O, in in in in
kelvins J/(mol-K) J/(mol-K) J/ (mol-K) J/ (mol-K) kelvins J/(mol-K) J/(mol-K) J/(mol-K) J/(mol-K)

5 . 0,101 0,033 0,024 18,71 L} 0,080 0,026 0,019 0,007
10 0,741 0,251 0,186 18,77 10 0,632 0,207 0,155 0,052
15 2,401 0,823 0.612 18,91 15 2,117 0,705 0,529 0,176
20 5,289 1.884 14398 19,19 20 4,905 1.656 1,239 0,417
25 8,939 3,403 24529 19.61 2s 9,117 3,176 2.369 0,807
30 13,14 5,435 3.939 20,20 30 14,24 S.281 3,911 1,370
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40 22,63 1V,49 Te407 21,79 40 25,47 10,90 7.8R0 3.016
45 27,63 13,45 9.374 22,717 45 31,11 14,22 10,18 4,074
50 32,82 16,62 1145 23,87 50 36,78 17,80 12,53 5,266
60 43,11 23,51 15.87 26,34 60 47,63 25,47 17,48 7.990
70 23,21 30,92 20,49 29,1¢ 70 57,90 33,59 22,93 , 11,06
80 63,03 38,67 25.19 32,18 80 67,67 41,97 27,57 } 14,40
90 72,55 46,65 29.93 35,42 90 76,98 S0.48 32,54 17494

100 81,76 54,77 34465 38,82 100 RS ,87 59,05 AT.44 21,62
110 90,61 62,98 39.34 42,34 110 94,37 67,64 42,23 25,41
120 99,09 71,23 43,97 45,96 120 102,5 76,20 46,91 29,29
130 107,2 79,48 48,52 49,66 130 110,4 B4,T72 51,50 33,23
160 115,0 87,72 53.00 53,42 140 117,.9 93.18 55,97 37,21
150 1228 95,91 57.38 57,23 150 125,1 101,6 60,34 41,22
160 129,6 106,0 61467 61,07 160 132.1 109.9 64,61 45,25
170 146,5 1ie,l 65.87 64,93 170 138,.8 11R8,.1 68,78 49,29
180 13,2 120,1 69,99 68,82 180 145,3 126.2 72,85 53,34
190 149,6 128,0 74,01 72,71 190 151,5 134,2 76,82 57.38
200 155.7 135,8 T7.96 76,60 200 17,5 142,) R0,71 61,42
210 161,5 143,6 8l.78 80,50 210 163,3 150.0 84,51 65,45
220 167,1 151,2 85,53 86,39 220 168,7 157.7 88,21 69,47
230 172,5 158,8 89,20 88,27 230 173,8 165,3 91.82 73,47
240 177,06 166,2 92.77 92,15 240 178,.7 172.8 95,34 77,45
250 192,7 173,6 96.27 96,00 250 183,3 180,2 98,77 1,42
260 187,06 180,8 99.69 99,85 260 17,7 187,5 102,1 85.36
270 192,4 188,0 103,0 103,7 270 191,.8 194,6 105,3 89,27
260 197,0 1951 10643 107.5 280 195,6 201.7 108,5 93,16
290 201,64 202,1 109.5 111,3 299 199,3 208,.6 111,6 97,02
300 205,5 209,0 112.6 115.0 300 203,1 . 215.4 114,6 100,9

310 209,6 215,8 115.7 118,8 310 207,1 2221 117.5 104,7

320 213,.8 222,5 1187 122,5 320 211,3 22R,.8 120,3 108,4

330 217,9 229,1 1217 126,2 330 215,.4 235,3 123,2 112.2

340 221,¢ 235,7 124.5 129,.,9 340 218,9 241,8 125,9 115,.9

350 226,4 262,2 127.3 133,5 350 22,2 248,2 128,6 119,6

360 227,8 248,5 130.1 137,1 369 225.6 254,5 131.3 123,2

370 231,.9 254,8 132.8 140,7 370 2?28.9 260,.8 133,9 126.9

273,15 193,9 190,3 10641 104,9 273.15 193,0 196,8 106,4 90,50
298,15 2V4,8 207,7 112.1 114,3 298,15 2n2,4 214,2 114,0 100,1
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TABLE 10.—Molar thermodynamic broperties of high sanidine,
KAIlSi;0s

[A zero point entropy of 18.70 J/(mol-K) has been included in the
Gibbs energy function]

Gibbe
Heat Enthalpy energy
Temper- capac- Entropy  function funection
ature, ity, (8t—83), (H#—HG)/T, —(Gv—H3)/T,
T, in Oy, in in in in
kelvins J/(mol-K) J/(mol-K) J/(mol-K) J/(mol-K)
s 0,075 0,024 0,018 18,71
10 0,601 0,197 0,148 18,75
15 2,045 0,667 0,499 18,87
20 4,862 1.601 1,203 19,10
25 9,256 3.130 2,349 19.48
3n 14,54 5.277 3,933 20,04
35 20,12 7.933 5.842 20,79
40 25,86 10.99 7.985 21,71
45 31,50 14,37 10,29 22.78
S0 37.15 17.98 12.69 23.99
60 47,90 25,71 17.67 26,74
70 s8,10 33,87 22,72 29,84
80 67,79 42.27 27.76 33,21
90 77,02 50,79 32,72 36,77
100 85,83 59,36 37.60 40,47
110 94,27 67,94 42,37 44,27
120 102,4 76,49 47,03 48,16
130 110,2 85,00 51,59 52,11
140 117.7 93.44 56,04 56,09
150 126,9 101.8 60,39 60,11
160 131.8 110.1 64,64 64,14
170 138,4 118,3 68,79 68,19
180 1644,9 126,.4 72.83 72,23
190 151,1 134,464 76,79 T6.28
200 157,0 142,3 80,65 80,31
210 162,17 - 150.1 B4,43 A4,34
220 168,0 157.8 R8.10 88,35
230 173,0 165,3 91.69 92,35
240 177,9 172.8 95,18 96,33
250 182,.6 180,2 98,58 100,28
260 187,.3 187,.4 101,9 104,2
270 192,1 194,6 105,2 108,1
280 196,7 201,6 108.3 112,0
290 201,1° 208,.6 111.5 115.9
300 205,2 215.5 114,5 119.7
310 209,1 222.3 117.5 123.5
320 212,9 229.0 120.4 127.3
330 216,8 235.6 123,3 131,0
340 220.4 242,1 126,1 134,7
350 223,6 248,6 128.8 138,4
360 226.9 254,9 131.5 142,1
370 230,8 261,2 134,2 145,7
273,15 193,6 196,.8 106,2 109,3

298,15 204,.5 214.2 114,0 119.0
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DEFINITIVE X-RAY POWDER DATA FOR
COVELLITE, ANILITE, DJURLEITE, AND CHALCOCITE

By ROBERT W. POTTER 1l and HOWARD T. EVANS, Jr.,
Menlo Park, Calif., Reston, Va.

Abstract.—By using the Guinier-Hiigg focusing X-ray powder
camera with OrKa, and CuKa; radiations, new powder data for
covellite (CuS), anilite (Cu:8.), djurleite (Cu,xS), and low
chalcocite (CusS) have been obtained from synthetic and
natural materials. The powder data were treated by least-
squares analysis to obtain the best unit-cell parameters con-
sistent with the data. These powder data are intended to re-
place inferior and incomplete data previously published and
to serve as standards for the study of copper sulfide minerals.

During an electrochemical investigation of the equi-
librium relationships and thermodynamie properties of
the copper sulfides, it was found necessary to confirm
the identity of the phases composing the sulfide elec-
trodes by X-ray powder diffraction as well as by re-
flected light microscopy. X-ray powder data were ob-
tained for powdered electrodes by using a modified
Guinier-Higg powder camera (fig. 1) and compared
with those listed in the Powder Diffraction File (PDF)
of the Joint Committee on Powder Diffraction Stan-
dards. The Guinier-Higg films contained many more
lines than were reported in the PDF for the copper
sulfide phases of which the sulfide electrodes were pre-
sumed to have been composed. Much time was wasted
in trying to identify “new phases” until indexing
showed that all the extra lines could be accounted for
by the appropriate Cu-S phases. To avoid such con-
fusion in the future, the powder data for the Cu-S
phases stable at 25°C and 1 atm have been measured
with the sensitivity and precision afforded by the most
recent Guinier-Hagg techniques and are here reported.

A well-known and valuable compilation of powder
data for mineral sulfides is in the atlas of Berry and
Thompson (1962). Our understanding of the Cu-S sys-
tem, as well as the X-ray powder techniques we use,
have advanced somewhat beyond what was available
to those authors. In particular, the important minerals
djurleite and anilite were not known to exist at that
time,

EXPERIMENTAL METHODS

The copper sulfides were synthesized from high-
purity copper wire (99.975 percent) and sulfur (99.999
percent). Spectrographic analysis of the copper wire
by the U.S. Geological Survey showed only the pres-
ence of iron (100 ppm), nickel (100 ppm), magnesium
(10 ppm), and barium (10 ppm) above the limits of
detection. The copper wire was cleaned by using hydro-
chloric acid, washed in distilled water, dried, and
weighed to £0.01 mg. Crystalline fragments of sulfur
were weighed (to +0.01 mg) and sealed with the cop-
per in an evacuated silica tube. The charge was heated
to 450° £ 5°C for 24 to 120 h and then rapidly quenched
in cold water.

The grinding of certain copper sulfides is known to
produce phase transitions (Morimoto and others, 1969).
In order to guard against this difficulty, samples were
gently crushed or annealed at temperatures as high as
84°C (low chalcocite decomposes at 103°, djurleite at
93°, and anilite at 75°C). Except for the time during
which they were exposed to X-rays, the samples were
stored in evacuated sealed Pyrex tubes.

Finely powdered and annealed CaF, was intimately
mixed with each copper sulfide powder to serve as an
internal standard. For this purpose, the lattice con-
stant a=>5.4638(4) A* (Robie and others, 1967) was
used as a reference datum. (The best recorded value
measured from single crystals of synthetic CaF. by
Batchelder and Simmons (1965) is a=5.46375(7) A.)
NaCl and MgO were also used in the study of covellite
and anilite; the lattice constants were given by Robie,
Bethke, and Beardsley (1967). The sample was
mounted in a standard aluminum planchet on matte-
surface transparent tape, and strictly monochromatic
Culfa, (A=1.54050 A) and CrKe, (A=2.28962 A) radi-
ations were used (Bragg, 1947) ; exposure times ranged

1In this paper, standard errors are indicated in terms of the last
significant figure in parentheses.
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F1cUrRe 1.—The new model Guinier-Higg focusing X-ray powder camera with cover removed to show modification of the sam-
ple drive. The circular film holder is 100 mm in diameter. The flat powder sample in a planchet is rotated in its plane im-
mediately below the film holder through a gear-and-chain linkage by the motor, which is mounted outside the vacuum
chamber behind the shaft at the left.

from 4 to 48 h. The processed films were measured in a
microfilm reader (magnification, X 20) and also a
standard powder film reader. The line positions were
taken from a millimetre scale (graduated in tenths)
exposed on the film prior to exposure to X-rays and
were measured to =0.02 mm (0.01° 26). As a test of
the accuracy of the method, the powder pattern of pure

silicon was measured in the same fashion by compari-
son with CalF,. The measured cell edge was 5.4303(3)
A, in close agreement with the value of 5.4305(3) A
given by Robie, Bethke, and Beardsley (1967). (The
best recorded value measured from single crystals of
zone-purified silicon by Bond (1960) is ¢=15.43072(2)
A.) The relative intensities for each powder pattern
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were obtained by one or a combination of three meth-
ods, depending on the complexity of the powder pat-
tern, as follows: (1) Densitometer, (2) counter dif-
fractometer (major reflections only), and (8) visual
comparison with a calibrated film strip.

The powder data were indexed and the unit-cell
parameters refined by using a computer program writ-
ten by Appleman and Evans (1973) for the indexing
and least-squares refinement of powder data. Wherever
possible, indexing was verified by reference to single-
crystal intensity data.

The X-ray powder diffraction patterns were made
using the new version of the Guinier-Higg focusing
camera (Higg and Ersson, 1969). This instrument has
been found to provide high resolution (approx 0.08°
26), precision (approx 0.01° 26), and great sensitivity
(recording of weak lines), all with comparative ease
and speed of operation. One difficulty was encountered
in the instrument as supplied; namely, the sample
holder was heated as much as 10°-15°C above room
temperature by the operation of the motor that rotates
the sample which is mounted on the same metal block.
This problem was eliminated in our instrument by
mounting the motor outside the case and driving the
sample holder through a chain-and-gear linkage. The
linkage, which is shown in figure 1, is arranged so that
the camera block can be shifted from the CuKa, to the
CrKa, position, and also moved aside to permit initial
alinement of the camera on the track, without being dis-
connected. By using this arrangement, heating of the
specimen is negligible, and changes in the X-ray pat-
tern caused by thermal expansion are eliminated. Dur-
ing this investigation, the ambient room temperature
varied from 23° to 26°C.

RESULTS

According to the best and most recent studies, four
compounds are stable in the Cu-S system at room tem-
perature and pressure (Djurle, 1958; Roseboom, 1966 ;
Morimoto and Koto, 1970; Cook, 1971, 1972; Potter,
1974) : low chalcocite (Cuygss-z.0002)S), djurleite
(Cly.034-1.065(2)S), anilite (Cuy.rs0(5S), and covellite
(Cuy.0000()S). Low digenite (Cuy.res-1.80005) has been
shown to be a metastable phase in the pure Cu-S sys-
tem (Potter, 1974) and does not occur in nature with-
out an appreciable amount of iron present to stabilize
the phase (Morimoto and Koto, 1970). Because of the
sensitivity it shows to compositional variations, we
have not included it here. Qur results are shown in
tables 1-4, in which all d spacings are in angstroms and
all intensities are scaled to 100 for the strongest
reflection.
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We have measured and indexed 48 lines for this com-
pound on a pattern made by using CuKa, radiation
(table 1), whereas Swanson, Fuyat, and Ugrinic
(1955), in their diffractometer study of synthetic ma-
terial, reported 26 (PDF card 6-464) and Berry and
Thompson (1962) listed 17. The agreement between
our spacing and intensity measurements and those of
Swanson, Fuyat, and Ugrinic, as shown in table 1, is
excellent. By least-squares analysis, we find hexagonal
unit-cell parameters that are in full agreement with
previously reported values, but are considerably more
accurate, as shown below (¢ and ¢ in angstroms) :

a [
This work _ - 3.7938(5) 16.341(1)
Swanson, Fuyat, and Ugrinic (1955)_-- 38.792 16.344
Djurle (1958) 3.794(2) 16.332(10)

TABLE 1.—X-ray powder data for synthetic covellite

[Guinier-Hidgg method; CuKa: radation (A=1.54050 A); CaF: as
internal standard; *, least-squares analysis]

Swanson and others
(1955)

Calculated This work
hkl d(calc) d(obs) 1(obs) d(obs) I(obs)
002 8171 *8.162 7 8.18 7
004 4.085 4.078 4 ——— -——
100 3.256 *3.284 15 3.285 14
101 3.221 *3.220 27 3.220 28
102 3.048 *3.047 62 3.048 67
103 2.813 *2.813 100 2.813 100
006 2.7124 *2.7385 68 2.724 56
104 2.560 *2.659 10 ———— —
105 2,317 *2.316 24 2317 10
106 2.097 *2.097 6 2,097 6
008 2.043 *2.043 7 2,043 7
107 1.90630 *1.9020 25 1.902 26
110 1.8969 *1.8971 7% 1.896 %
112 1.8477 *1.8474 3 ———— _—
108 1.7347 *1.7345 34 1.735 34
114 1.7205 *1.7208 7 ———— ———
200 1.6428 *1.6423 3 _———— ———
201 1.6345 1.6349 53 1.634 3
202 1.6105 *1.6108 6 1.609 8
109 1.5892 *1.5886 8 —— —
203 1.5728 *1.5733 15 1.672 15
116 1.5566 *1.5564 37 1.656 87
204 1.5242 *1.5244 g ———— ——
205 1.4678 *1.4684
1010 14632  *1.4637 3 1468 5
206 1.40687 *1.4073 6 ——— P
118 1.3899 *1.3905 9 1.890 ]
0.0.12 1.3618 *1.3616 3 ——— —
1.0.11 1.3536 *1.3536 9 1.354 7
207 1.3435 *1.8434 b 1.843 b
208 1.2801 *1.2796 9 1.280 9
1.0.12 1.2580 *1.2577 8 ———— _—
210 1.2418 *1.2417 4 _———— ——
211 1.2382 1.2378 1 R _—
212 1.2277 *1.2278 b 1.227 53
209 1.2182 *1.2183 2 ———— —_—
213 1.2108 *1.2106 9 1.210 9
214 1.1881 *1.1884 2 —— —
1.0.13 1.1740 *1.1742 4 ———— ——
0.0.14 1.1672 *1.1675 3 ——— ——
215 1.1608 1.1600 3 —— —
216 1.1299 *1.1298 4 ——— —_—
1112 1.1069 *1.1063 2 ——— _—
2.0.11 1.1019 1.1014 8 —— ———
1.0.14 1.0999 *1.0998 3 1.0998 8
217 1.0964 *1.0962 10 _— _—
300 1.0952 1.0952 3 1.0946 10
301 1.0927 1.0927 2 _———— —
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TABLE 2.—X-ray powder data for synthetic anilite

[Guinier-Hdgg method ;

CuKa1 radation

(A=1.54050 A);

internal standard; *, least-squares analysis]

D. K.
Smith
(unpub.
data, Morimoto and
Calculated This work 1973) others (1969)
hkl d(calc) d(obs) I(obs) I(calc) d(obs) I(obs)
011 6.390 *6.395 1 3 ——— —
112 3.924 *3.928 5 14 —— e
211 3.362 *3.357 25 47 3.36 20
103 3.346 22
10y oo s 2 ; 3.32 17
013 3.339 *3.340 10 14
202 3.218 *3.218 40 38 3.20 57
022 3.195 *3.198 9 11 ———— —
113 3.076 *3.076 3 3 ——— —
220 2.780 *2.780 55 59 2.77 65
004 2.770 *2.769 15 22 2,75 21
203 2.699 *2.699 6 11 } 2.69 14
221 2.697 *2.607 25 41 :
104 2.614 2.619 20 29 2.59 20
301 2.564 *2.565 3 4 ——— P
031 2.538 *2.538 25 31 2.54 31
131 2.417 *2.418 2 3 ——— —-
302 2.380 *2.380 30 22 2.39 10
124 2.173 *2.173 35 49 2.16 39
321 2.144 *2,145 10 18 213 15
231 2.136 2.140 6 7 ——— —
015 2.132 *2.132 2 3 _——— —
313 2.069 *2.068 1 10 2.05 5
133 2.057 . *2.056 20 25 —_——— ———
400 1.877 *1.977 25 21 ——— ——
224 1.962 *1.962 100 100
040 1956 1.953 40 38} HOSoR 100
304 1.909 *1.909 15 16 ——— ——
323 1.8809 *1.8813 10 10 1.873 10
006 1.8464  ______ — —
134 18460  ______ o 2} 1.847 3
412 1.8111 *1.8108 2 2 —— _—
142 1.7958 *1.7960 15 12 ——— c——
240 1.7528 *1.7526 5 6 —— ——
225 1.7328 *1.7328 1 1 _—— _—
805 1.6960 *1.6965 2 2 _——— I
422 1.6809 16
206 16729 } 1.6784 15 16} 1.877 35
026 1.6697 *1.6698 10 11 —— —
135 1.6512 *1.6512 2 2 ———— —
126 1.6335 *1.6336 1 1 ———— R
423 1.5918 *1.5918 2 2 ——— _—
431 1.5595 *1.5590 10 14 ———— S
325 1.5560 *1.5565 10 10 _—— —
051 1.5491 *1.5492 1 1 —_—— -
433 1.4489 *1.4491 5 4 —_—— ——
343 1.4452 *1.4454 2 1 ——— —
440 1.3902 *1.3900 5 4 - .
108 1.3640 *1.3638 2 3 ——— ——
317 1.3368 *1.3370 1 1 ——— —
505 1.2871 *1.2872 1 1 —_—— N
345 1.2813 *1.2808 1 1 —_—— -

TABLE 3.—X-ray powder data for synthetic djurleite

[Guinier-Hdgg method; CrKa: and CuKa radiations; CaF: as in-
ternal standard; *, least-squares analysis; W, weak; M, medium;

S, strong. Composition Cu.S; #=1.934 for this work, #=1.96 for

Djurle]

Calculated This work Djurle (1958)
hkl d(cale) d(obs) I(obs) /4 I
120 7.54 7.53 2 L _—

220 6.778
002 6.768 } 6.76 2 e -
121 6.582 6.60 3 - _—
012 6.215
410 6.181 } 6.17 B e -
112 6.055
202 6.045 } 6.05 4 . _—

CaF: as

TABLE 3.—X-ray powder data for synthetic djurleite—Con.

Calculated This work Djurle (1958)
hkl d(calc) d(obs) I(obs) d I
130 5.135
022 5.125} 513 8 e --
421 4777
402 4770 } 477 2 - --
231 4587 4.59 2 . -
600 3483 448 s T =
331 4.286 +4.284 5 %4.286 w
430 4129
213 4127 } 4127 N --
132 4,091 *4.005 B - -
232 3956 *3.957 2 T =
313 3.904 *3.903 9 3.890 w
332 3.758 *+3.758 20 *3.750 M
602 3737
141 3732 3.733 1 e -
710 3732
413 3.644 *3.646 2 . -
241 3.629 3,627 s =
m 3.598
340 3504 } 8.596 4 e --
323 3585 *3.586 5 *3.584 w
432 3595 *3.524 6 .
341 3474 *3.472 5 - =
503 3.457 #3.457 2 7T =
042 3.304
133 3389
140 3.389 3.385 3 3.381 w
004 3384
423 3381
800 3362 +3.362 3 -
721 3.344
702 3.341 } 3.344 5 e --
233 3311 *3.310 o .
242 3,291 +3.201 g8 T =
810 3987 . T =
114 3283 3.283 15 3.275 w
204 39282  _.____ DR -
214 3.212 3.219 3 =
g;; gigg } 3.194 18 3.190 w
523 3162 +3.161 5 . -
314 3103 *3104 3 3.101 w
433 3.046 *3.044 15 3.035 w
632 3.041
151 3.038 } 8.041 1 e -
442 3.030 3.031 1 .
S 8.018 } 3.013 19 3.001 w
251 2982 +2.982 2 -
414 2968 *2.970 9 2,963 w
623 2.947
143 2943 } 2847 2 e --
s g-ggg 2.938 3 2.939 w
901 2918 *2.916 2 .. .
351 2,894 *2.805 15 *2.801 w
ggé g‘ggi } 2.885 3 2.883 \4
ba2 2 } 2.869 13 2.865 w
152 2.832 *2.833 2 *2.831 w
424 2.891
514 2818 } 2.818 10 0813 W
343 2.811 } 0812 5
822 2811 :

i . } 2.785 3 2785 w

234 2780 2779 10 -

921 2735

902 2734 } 2.783 T e --

352 2714 *2.713 1 .

604 2701 *2.701 2 =
2,691 4 2.688 w
2.654 20 2.653 w
2.629 10 -
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TABLE 8.—X-ray powder data for synthetic djurleite—Con. TABLE 3.—X-ray powder data for synthetic djurleitc—Con.
< - Calculated This work Djurle (1958)
Calculated This work Djurle (1958)
Tkl d(caic) a(ohs) T(obs) 2 T hkl d(calc) d(obs) I(obs) d I
- 16811 2 A -

2.620 2 e = 1.6740 1 =

2.608 6 2,599 w 18622 s T =

by S v S 15420 2 ;

- - 1.5167 8 1.5132 w

2.530__ 8 ... — 1 Bos4 5

2.517 8 2518 w 14942 s --

2,477 10 2476 w 1.4650 s T --

2.469 L -- 1.4093 2 I -

2.440 1 e -- 1.3912 g 1T -

2.432 T = 1.3507 1 -

2417 17 2.415 w 13391 : -

2.896 A 5 1.3275 1 -
842 2.3886 *2.389 85 2.388 8 12054 s o ;

2.385 R -- 12848 12 12738 M

2.378 L e -- 1.2752 2 -

2.354 5 e - 1.2700 1 -

2.336 O - 1.2615 4 -

2318 2 oo = 1.2483 2 -

2.312 6 2316 w 12430 1 T -

2.300 2 - = 1.2280 38 -

2.288 5 2.290 w 12159 s T =

2.263 5 e - : 1.2105 2 -

2.250 I e -- 1.1965 2 -

2.234 4 e -- 1.1693 2 -

2.219 8 e - 1.1859 3 -

2202 1 e -~ 1.1297 4 -

2188 5 e -- 11193 5 11197 w

2177 1 e -~ 11121 5 -

2.166 1 . _

2148 6 2148 w

2.140 2 . —

2107 5 2.107 w

2.062 4 2.070 w

2.052 3 _ Y. .

2046 5 Y W TaBLE 4.—X-ray powder da“éo];f:, low chalcocite from Bristol,

gggg i “““ - [Guinier-Hagg method; CrKai radiation (A=2.28962 A); CaF2 in-

Ve e -~ ternal standard; *, least-squares analysis; Vw, every weak; W,

2.017 8 _— weak; M, medium; 8, strong. I(x1), from single-crystal measure-

2,004 S - ments; Dj, from Djurle (1958)]

1.9886 7 --§—-- - hkl nk'l
080 1.9630 *1.9626 50 *+1.9634 S I ) v
046 19557  *19556 100  *1.9564 s Uigig T atealed  dlobs)  I(obs) d(Dj) - I(DJ) (orthor.

1.9455 1 — . ”

1.9328 5 oo — 011 .. 84

1.9195 8 . 11 . 8.478 } 8-485 2 8.514 Vw 111

1.9007 4 — 111 __ 6371

Taom s - 63719 3 6413 W 181

12.4.2 1.8704 *1.8710 95 *1.8698 S 211 1 4.660

1.8689 2 - 311 1 4659 } 4668 2 4.661 w151

1.8360 2 - 220 1 44838 ______ -~ 4500 Vw 240

1.8275 2 1.8303 w . . 10 4409 Vw

1.8208 1 - 22 42

1.8180 3 - 322 2 4239 } 4239 4 4245 w222

1.8132 2 _ 221 2 3855

17931 2 - 321 1 3855 } 3855 3 3867 w251

1.7773 2 - 13 1 3.820

17649 e = %3 1 589 8817 3 3820 Vw 138

1.7504 3 - 202 1 3776

17320 1 T = 2 1 3.7;; } 8719 2 3776 w062

1.7229 2 . 122 15 37

17120 1 T = s 8 ) 373% 25 3736 M 242

1.6950 15 . — 212 11 3.598

1.6905 20 1.6901 M 12 6 3507 } 3599 13  3.599 M 162

1.6807 4 — 311 1 3576 3.577 2 e } 1

1.6790 15 1.6800 w 411 0 35716 - e e o

1.6634 4 - i23 0 3556 @ _____. R - } 213

1.6412 15 — 223 1 3556 3.558 2 .

1.6319 2 - 3.482 Vw .

1.6267 5 . — 400 1 3416  ______ . 8418 Vw 080

1.6240 2 — 304 1 3374 *+3.373 3 . - 004

1.6154 s — 113 3 3.334

1.6067 e T = 13 2 3333 3336 6 3336 W 168

1.5921 S - 032 13 3314

15843 s = 332 8 3814 3316 18 3318 M 322



210 COVELLITE, ANILITE, DJURLEITE, AND CHALCOCITE X-RAY DATA

TABLE 4.—X-ray powderAdata for low chalcocite from Bristol,
Conn.—Continued

TABLE 4.—X-ray powder data for low chalcocite from Bristol,
Conn.—Continued

Rkl " hkl "l
(cllr;g?& I(x1) d(galc) d(obs) I(obs) d(Dj) .I(Dj) ﬁgﬁflb‘ﬂe? E:'ltilg?co). I(x1) d(calc) d(obs) I(obs) d(Dj) I(Dj) t(}g;ﬂ)\locr)
0.
104 12 3278 440 5 22417  ______ . e e 480
304 10 3.275} 8216 35 327 M 024 244 1 202298  ____._ T 22301 Vw404
a1 it s 18 3181 M 26 J06 2 221381 22188 3 22183 Vw026
821 2 3172 052 4 22124 '
421 3 3_171 } 3-171 2 . _——— 241 252 3 292123 } 2.2122 4 —— 522
i14 13 3158 } 316 23 22100  *22097 35 22088 M 106
314 10 3157 8158 25 - - 1 26 2 28} L4 g 2184 W 128
281 1 38121 16 2 21815 : '
331 2 3120 311 2 %z Vw351 413 5 2139 21375 3 21369 Vw } 1118
A - l"l ------ e e ——— L »
%gg a g.ggg} 3054 13  3.057 M 342 G0 1 21268 21261 8  _.___ . 2120
420 1 29618  ______ - 29619 W 280 044 7 21199
312 18 29524 344 4 2_1196} 21197 9 21188 W 444
512 11 oosia| 29516 18 29530 M 182 441 8 20078 - *20969 3 _____ ==} am
314 4 bogia| 2938 13 20838 M lad o3 1 3:83,3.8} e, T T s
041 g 2.8855 543 2 2.0926 V9ol & e _——
I 3 288 | 2s60 6 281 M 4n 033 4 204190 20470 B 20467 VW| gaq
2¢ 2 28688 33 1 20477 - SO -
Sa 2 g'gggg} 28086 4 e - g22 4 208881 .07 6 20217 W 2122
2 : 722 3 2. '
B15 1 osa0) 2% 3 -—- 118 120 6 200011 ,508 9 20105 W 248
033 3 2.8266 *2.8267 2 28246 w333 526 3 20102 .
33 0 28260 @ ______ — 144 5 2.0029 *2,0025 2.0022 W} 464
B 5 g LTob 1B 2T M| g 22;12 § om0 3 im V|
232 9 27332 5 0o 19922  _____. —— e —-
f o oqms) 2@ 9 2mm Mo se 016 5 19883 19886 4 19877 Vw 166
240 31 2.7246 *27256 35 27246 M 440 616 8 1.9879 ’
02¢ 1 2.6962} 060 31 19808  *19812 9 19805 M 600
B¢ 1 2600 26973 2 26979 W 244 60 57 19742 *19746 70 19740 S 8120
- " 21 9607 oo - e -"} 2131
%42 7 2.6668} 26675 18 26857 M 422 721 5 1.9605 19610 4 19604 Vw
421 4 26512  *26504 3 _____ __ 450 17 19510  *19513 13 19513 M _ 580
b1 1 28508 e el } 291 d3 11806 oo o o -] 03
114 3 26537 3 3 19201 19211 2 -
gig ? gg;g:%} 2.6432 4 26429 w164 161 4 1.9163 ______ __ 19171 VW} 631
6201 ______ o e — %1 0 19159 @ - e - -
Egg 1L 26198 @4 18 26200 M} 15 026 7 1.3338 ;19110 g} 19089 W 266
1 : 26110 2 _____ — 826 5 19094 .
433 1 26108  ______ L o808 532 4 18950 18042 4 18055 W 3122
21 9 256 *25621 6 25630 W} 451 72 4 18946 :
4 . . e, ——— 136 6  1.88 18811 T0) oo ___ 346
402 10 2.5331 536 27 1.8802 : 1.8799 S
802 7 2.5323 } 2.5329 13 2.5324 M 0.10.2 106 17 1.8789 18800 100| ... - 086
42 10 25268 25273 18 25272 M} 440 706 uo sl
5263 (L - - 045 : 8170 9 - -~} 455
B 1> sarer) 242 18 241 M 102 S 9 EEE oo T T aae
143 0 24601  ______ e mmeen — 802 4 1.8747 9 18748 ..
208 11 24600 2438 4 248 M 413 B2 T 18144 1.8745 582
. *2.4616 2 ____. — 552 .
613 2 2'4615 ------ _—— mmea- —_—— 193 517 2 1.8630 } 1.8627 2 1.8626 Yw 187
Bo5 1 24477 *244900 2 24458 W 517 2 1.8627 :
325 0 24475 7 T I PR T S— . 51
034 80 24045 } 407 50 344 551 1 18538 ‘
254 22 24040 030 70 9409 . 261 2 1881 g5 2 1844 Vw651
204 28 24009 24030 70 24035 s} 084 361 2 18447 : -
ggg 16 28908 +23996 35 2399 S %833 1 i.gggg} 18087 8 ool 618
3 2 2 1. :
343 2 cer] E— -~ 28924 w} 433 20 4 11920 g 5 2124
%5 1 23729 24 1. :
3 235
a5 0 23724 . 036 3 17975 1980 W 868
31 2.3724} 23725 4 23697 W } 501 e 3 11970 17980 4 17 |
531 1 238721 822 4 17 2142
233 0 23656 @ ______ —— e ——_— 822 2 17878 6 17879 w
533 2 23648  *23666 3 _____ ,__} 313 It 4 L7814 1.1882 564
422 10 23302 5 2 1
822 8 2.3206 23303 25 23202 M}“M 255 0 17801 ... SO -} 515
341 1 23289 ' : } a1 35 2 17800 LT3 17805 w} _
441 12 23286 443 3 17550  *17644 2 _____ —
152 13 22419 *22424 13 22420 M 502 743 1 17446 ______ - __jens
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TABLE 4.—X-ray powder data for low chalcocite from Bristol,
Conn.—Continued

hkl WY
(mono- I(x1) d(calc) d(obs) I(obs) d(Dj) I(Dj) (orthor-
clinic) hombic)

200 1 11879 17379 2 o . 0106

383 8 17282

858 0 17279 1708 3 593

844 2 117278 . B - =,

744 1 17274 10.4

364 15 17082 “17085 9 o - 604

434 12 17042 *17041 13 .- __-} 312

84 8 17034 *17038 2 _____ _j8124

055 .0 1.6959 555

B55 2 1.6958 L6956 8

ig4 2 1.6950 6356 8 oooe- T a0

364 2 16949

08 12 16869 *16869 18  _____ - 008

g}‘i 2 }'g'.fgg 16718 38  _____ oo 1144

The powder data are consistent with the established
space group P6;/mmc (Berry, 1954) and also are prac-
tically identical with those obtained from natural
specimens.

ANILITE

The 49 measured powder lines obtained from syn-
thetic anilite by using CuKa, radiation are compared
in -table 2 with a calculated powder pattern (D. K.
Smith, unpub. data, 1973) based on the structure re-
finement data of Koto and Morimoto (1970) (see PDF
card 24-58) ; they are also compared with the original
powder data given by Morimoto, Koto, and Shimazaki
(1969) (PDF card 22-250). The data listed were com-
piled from patterns made by using samples that were
slightly richer or poorer in copper than the ideal Cu,S,
composition of anilite, and the few contaminating lines
of djurleite or covellite, respectively, were eliminated.
The relative intensities of the measured patterns were
determined by using all three methods described earli-
er, and agreement is good between observed and calcu-
lated intensities (table 2). The powder data of anilite
are consistent. with the space group Pnma as found by
Morimoto, Koto, and Shimazaki (1969). The cell-con-
stants derived by least-squares analysis of the measured
data are as follows (e, b, and ¢ in angstroms) :

a b c
This work . ___ ... 7.9065(8) 17.8223(8) 11.078(1)
Morimoto, Koto, and
Shimazaki (1969) .____ 7.89(2) 7.84(2) 11.01(2)
DJURLEITE

The composition of djurleite varies from a copper-
to-sulfur ratio of 1.934(2) to 1.965(2) (Potter, 1974).
The powder data in table 3 were measured from pat-
terns made by using a synthetic sample having a com-
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position ratio of 1.934(1). The measurements were
taken mainly from a pattern made by using CrKe,
radiation, but some, especially at smaller d values
(d<1.62 A), were taken from a CuKa, pattern. The
weak low-angle lines (d>4.5 A) may be seen only on
carefully prepared annealed samples.

For a synthetic sample of composition Cua.eeS,
Djurle (1958) gave 42 unindexed powder lines which
are closely consistent with our data. Takeda, Donnay,
Roseboom, and Appleman (1967) measured 45 lines
and attempted to index them on the basis of their
single-crystal studies, having many extensive ambigui-

. ties. Cook (1971) gave 38 lines (PDF card 23-960) and

indexed them using an orthorhombic unit cell twice the
size of that found by Takeda, Donnay, Roseboom, and
Appleman. We have listed 159 lines, but indexing be-
yond d=2.70 A is not feasible without more single-
crystal intensity data than we have at this time. Four
intense lines at higher angles can be indexed conclu-
sively as belonging to the strong sublattice (842, 080,
046, 12.4.2; Takeda and others, 1967) and they have
been used to strengthen the unit-cell refinement. As far
as we can tell, the powder data are consistent with the
unit cell and space group (Pmnm) suggested by
Takeda, Donnay, Roseboom, and Appleman. The unit-
cell parameters obtained by least-squares analyses of
the data indicated by asterisks in table 3 are as follows
(a, b, and ¢ in angstroms) :

¢ in CuzS a b c

This work _.... 1934 26.896(6) 15.694(3) 13.536(3)
Djurle (1958)-- 1.96 26.861(17) 15.700(6) 13.528(8)
Takeda,

Donnay,

Roseboom,

and Appel-

man (1967)_- 1.97 26.92(5) 15.71(3) 13.56(3)

LOW CHALCOCITE

The first valid set of X-ray powder data for low
chalcocite was reported for synthetic material by
Djurle (1958), who listed 83 lines which he indexed
using the orthorhombic unit cell of Buerger and Buer-
ger (1944). Cook (1971) has reported a set of 38 lines
which are given on PDF card 23-961. The pattern
shown by Berry and Thompson (1962) is actually that
of djurleite, and the data listed by them are also those
of djurleite plus a few lines of anilite. Qur pattern of
material from Bristol, Conn., made by using CrKe,
radiation (CrKe«, was also used by Djurle), yielded 93
lines, which are shown in table 4 compared with those
of Djurle (1958). Clearly, his measurements are as
good as ours, and measurements made from synthetic
material showed no significant differences or improve-
ment. After the discovery that low chalcocite has a
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monoclinic crystal structure (Evans, 1971), we are now
able to provide a more accurate indexing, which is
shown in table 4 with the pseudo-orthorhombi¢ index-
ing used by Djurle. The transformation from mono-
clinic to orthorhombic is accomplished with the matrix
010/201/001.

The availability of a complete set of three-dimen-
sional, single-crystal intensity data has made is possi-
ble to assign indices to many of the large number of
observed lines that are ambiguous pairs resulting from
the nearly exact orthogonality of the pseudo-ortho-
rhombic lattice. These intensities converted to expected
powder-diffraction intensities are also shown in table
4. The least-squares analysis of 34 lines, indexed on
the basis of the single-crystal data (indicated by as-
terisks in table 5), was carried out for the monoclinic
unit cell found by Evans (1971) in his structure deter-
mination. The results are as follows (a, b, and ¢ in
angstroms and 8 in degrees) :

e b c B

This work_ 15.235(3) 11.885(2) 13.496(2) 116.26(1)

Pseudo-
orthor-
hombic
cell _____

Djurle
(1958) .. 11.881(4)

11.885(2) 27.325(4) 13.496(2) 90.027(8) (a)

27.323(8) 13.491(4) 90
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A REVIEW OF THE MINERALS OF THE ALUNITE-JAROSITE,
BEUDANTITE, AND PLUMBOGUMMITE GROUPS

By THEODORE BOTINELLY, Denver, Colo.

Abstract.—Minerals of the alunite-jarosite, beudantite, and
plumbogummite groups can be divided on the basis of iron
or aluminum. content into two groups which are consistent in
optical and X-ray characteristics. Both chemical and X-ray
data are needed for identification.

An investigation of the secondary minerals associ-
ated with lead-zinc vein deposits of the Montezuma dis-
trict of central Colorado disclosed several minerals
belonging to the alunite-jarosite, beudantite, and plum-
bogummite groups. Comparison of the X-ray powder
patterns of these minerals with the standard patterns
in the file of the Joint Committee on Powder Diffrac-
tion Standards (JCPDS) did not lead to definite
identification, and it was decided that part of the diffi-
culty was related to the standard patterns A survey
was made of the pertinent patterns in the JCPDS file
and of a number of patterns in the literature. This
paper comments on some of the problems met in the
identification of these mineral groups by X-ray diffrac-
tion methods.

The minerals of these groups are isostructural and in
Dana’s System of Mineralogy (Palache and others,
1951) are separated into groups according to the nature
of the anion. The alunite-jarosite group minerals are
sulfates, the beudantite group minerals are phosphate-
sulfates and arsenate-sulfates, and the plumbogummite
group minerals are phosphates and arsenates. (Other
groups and classifications have been used by various
mineralogists.) The groups include about 30 minerals,
of which some are rare but many are widespread and
abundant. They usually occur as fine-grained masses
mixed with other minerals, and many resemble the
hydrous iron oxides. Some X-ray, optical, and chemi-
cal data for the minerals of these groups are summar-
ized in table 1.

All the minerals of these groups probably formed at
low temperature, under oxidizing conditions, and in a
slightly acid environment. Some have been stated to be
primary; others occur commonly and abundantly as
products of the oxidation of sulfide minerals. A few

have been reported in soils treated with phosphate
fertilizers.

Acknowledgments.—The author is grateful to P. L.
Hauft for running the least-squares computer program
for unit-cell dimensions for several of these minerals
and to A. L. Sutton for computer solutions of the
simultaneous equations for the treatment of Duncan
McKie’s data.

COMPOSITION

The general formula for the minerals of these groups
is AB;(X0,).* (OH),. The A position may be filled by
one-, two-, or three-valent ions such as Na, K, H,O,
Ca, Pb, Sr, or Ce. The B position is usually filled domi-
nantly by Al or Fe; in some minerals this position con-
tains some Cu. Usually (XO0,) is (SO.), (PO.),
(As0O,), (AsO,S0,), or (PO,S0,), but some analyses
indicate CO; or SiO, substituting in this position. A
few analyses report halogens which substitute in part
for (OH)s,.

Most analyses of these minerals, at best, lead to ap-
proximations of the type formula. Many of the analy-
ses are old and were done on very impure material.
Some of the modern analyses were done on very small
quantities of material, and some of the more recently
named members were analyzed only qualitatively and
the composition established by analogy with other
members of the groups. Synthetic analogs of these min-
erals have been prepared by numerous workers, but the
products of the synthesis are usually fine grained and
may contain unreacted amorphous components. Thus,
the composition of many of these naturally occurring
minerals is still not adequately known.

The formulas recalculated from some of the pub-
lished analyses of these minerals suggest that many of
the minerals are mixtures of end members, and, as
pointed out by Fortsch (1967) for plumbogummite,
components originally considered as an impurity may
actually be part of the mineral. In general, most analy-
ses show a deficiency (small or large) in the A position
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214 MINERALS OF ALUNITE-JAROSITE, BEUDANTITE, AND PLUMBOGUMMITE GBOUPS

TasLE 1.—Selected X-ray, optical, and chemical data for minerals of the alunite-jarosite (A), beudantite (B), and plumbo-
gummite (P) groups

Jgaﬁ.lgs ao Co ' x:l&?fﬁr A XOs4 OH Remarks .
verage
Aluminum-bearing members, optically positive except as noted

1 Alunite A ____________ 4-865 6.97 17.38 1.579 K, Na SO, OH = e

2 Alunite A ___________ 14-136 6.982 17.32 -~ K, Na SO, OH W e

8 Crandallite P _________ (@) 6.989 16.159 161+ Ca PO, OH'H:0 oo
4 . Eyelettersite P _______ ) 6.98 16.7 —--2 Th, Pb, and PO,SiOCO0s ___._- Optlc sxgn?

so forth.

5 Florencite P . 8-143 6.96 16.33 1.698 Ce PO, OH W o
6 Florencite P ____._____ 15-320 6.971 16.42 —~-- Ce, Sr,Ca PO, OH,F,H:0 (804) 0w

7 Gorceixite P . ____ 19-535 7.02 16.87 1.6256 Ba, Ca, Sr PO, OH,HO0 W .
8 Goyazite P ___________ 11-194 6.981 16.487 1632 Sr PO, OH,H.0 -
9 Hidalgoite B —____.___ 6-380 7.04 16.99 1.709 Pb As0,, SO, OH W
10 Hinsdalite B _________ 14-185 6.97 16.8 1.677 Pb, Sr PO, SO+ OH W o
11 Kemmlitzite—-(RE) B . 22-1248 7.027 16.51 1.703 Sr, RE AsOQ,, SO, OH W e
12 Natroalunite A _._____ 14-130 6.977 16.74 —e=- Na, K SO, OH Optic sign?

13 Osarizawaite A _______ 15-178 7.05 317.25 1746 Pb S0, OH

14 Plumbogummite P ____ 20-841 7.018 16.784 1.686 Pb PO, COs OH W -
15 Svanbergite B ________ 4-661 6.96 16.8 1.636 - Sr PO,,-80, OH W oo
16 Svanbergite B __._____ 5-737 6.973 16.549 .- 8r, Ca PO,, SO, OH W
17 Waylandite P _..._____ *) 6.96 16.26 eeeo Ca, Bi PO, 8i0, OH Optic sign(—)
18 Weilerite B __________ 19-1419 7.05 17.16 1.690 Ba AsO,, SO, OH W e
19 Woodhouseite B -_____ 4-670 6.975 16.30 1.640 Ca PO,, SO, OH = .

Iron-bearing members, optically negative

20 Ammoniojarosite A ___. 17-753 7.3 17.1 1783 NH. SO. OH
21 Argentojarosite A _____ ®) 7.8347 16.580 1.850 Ag S0, OH W e
22 Beaverite A _________. 17476 7.20 16.94 1.85x= Pb S0« OH (*).

23 Beudantite B ___._._____ 19-689 7.32 17.02 1.952 Pb AsO,, SO, OH W e
24 Corkite B ____________ 17-471 7.22 16.66 1945 Pb PO,, SO, oH .
25 Dussertite P ._________ 19-112 7.40 17.48 183 Ba AsO, OH'H:0 W .
26 Hydronium-jarosite A__ 21-932 7.3559 17.0097 1.787 H,0 SO, OH *.
27 Jarosite A ___________ 22-827 7.29 17.16 1.785 K SO. OH W -
28 Lusungite P _.__._____ 14-58 7.04 16.80 1812 Sr, Pb PO, OH:-H0 Optic sign(4)?
29 Natrojarosite A ______ 11-302 7.34 16.72 1.805 Na S0, OH = .
30 Plumbojarosite A _____ 18-698 7.315 33.788 1.845 Pb S0, OH Plotted at Yco.

1 Slade (1974) ; synthetic. JCPDS card 16-682, crandallite, is triclinic dimorph. Could not be confirmed as either trlc]inlc or hexagonal by

leasi-squares program.
2van Wambeke (1972).

3 From Morris (1963) where value of co is corrected from Morris (1962). B position {is filled by (Cu Al).

4von Knorring and ‘Mrose (1963).

8 May, Sjoberg, and Baglin (1973) synthetic.
‘B posltlon is filled by (Cu, Fe, Al ).

7 Analysis shows some Cu. possibly in B position.

8 Fes(S04)2(0H)s-2H20, rewritten to show hydronium substitution in A positions

and also excess water. These discrepancies could be due
to hydronium substitution, but the data are inadequate
to confirm this. Minor substitutions in the B and
- (X0,) positions may occur, but most analyses were
done on such impure material that this cannot be
proved.

X-RAY DATA

The structure of alunite and the jarosites was deter-
mined by Hendricks (1937) to be hexagonal rhombo-
hedral; presumably all the members of the three groups
have the same structure. Lattice paraméters in the
literature have been derived from Debye-Scherrer pat-
terns, from Guinier patterns, from diffractometer pat-
terns, and from single crystal studies. Thus, the unit-
cell parameters and the powder patterns vary greatly
in quality, and many are not linked to material of
known composition.

Because the quality of the data varies so greatly,
some of the powder patterns and lattice parameters
were checked using the computer program of Evans,
Appleman, and Handwerker (1963); others were
checked by calculation of d values from the given unit-
cell parameters. Generally, values of a, checked quite
closely, but many values for ¢, showed large
discrepancies.

COMPARISON OF UNIT-CELL PARAMETERS .
AND COMPOSITIONS

Despite the imprecision in analytical and X-ray data,
a plot (fig. 1) of @, against ¢, shows some consistent
variation of unit-cell parameters with composition.
With the exception of lusungite, [ (Sr,Pb)Fe;(POy),
(OH), HZO] (No. 28, fig. 1, table 1), those minerals
with iron in the B position have a, greater than 7.20 A
(angstroms) and those with aluminum in the B posi-
tion have a, less than 7.05 A. The aluminum-bearing
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F16URE 1.—Unit-cell dimensions of minerals of the alunite-
jarosite (Q), beudantite ([J), and plumbogummite (A)
groups. Numbers refer to table 1. Chemical symbols indi-
cate composition.

minerals fall into three poorly defined clusters, based
on the length of ¢,. Those minerals with iron in the B
position fall into a somewhat more regular sequence,
with the exception of beaverite (No. 22, fig. 1, table 1)
and corkite (No. 24, fig. 1, table 1). (These two miner-
als may each contain copper as well as iron in the B
position.) ‘ '

The aluminum minerals with ¢, ranging from 16.15
to 16.55 X have strontium, calcium, or rare earths in the
A position; the anions are mostly phosphate or phos-
phate-sulfate with one arsenate-sulfate, kemmlitzite,
and one phosphate-silicate, waylandite. Strontium,
barium, lead, calcium, and sodium occupy the A posi-
tion in the aluminum minerals with ¢, ranging from
16.70 to 17.00 & ; the anions are phosphate, phosphate-
silicate, phosphate-carbonate, phosphate-sulfate, sul-
" fate, and arsenate-sulfate. Barium, lead and potassium
fill the A position in the minerals with ¢, from 17.15

215

to 1740 A; the anions are sulfate with one arsenate-
sulfate, weilerite.

The iron members (except for lusungite) are optical-
ly negative and have a mean index greater than 1.78.:
The aluminum members (except for waylandite) are
optically positive and have a mean index less than 1.75.
Certain members of these groups are in part anoma-
lously biaxial; this anomaly does not seem to be related
to composition or unit-cell parameters.

The length of ¢, for the various minerals corresponds
only very roughly to the size (table 2) of the ions in
the A and XO, positions. The lack of a better correla-
tion may be due partly to the imprecision in the deter-
mination of ¢, and in the chemical data. McKie (1962,
table V) determined. lattice parameters and chemical
compositions for six naturally occurring solid solutions
of crandallite, florencite, gorceixite, and goyazite, and
expressed compositions as percentage of end-members.
Simultaneous equations were set up from his data and
solved for a, and ¢, for each end-member.

The results did not agree with @, and ¢, in the litera-
ture for the various minerals and suggest that a, and
especially ¢, are not simply related to composition even
in minerals that differ only in cation composition. This
probably reflects the “looseness” of the structure which
can accommodate cations with a large difference in
size (table 2).

TABLE 2.—Radii of certain ions

[Data, in angstroms, from Weast (1966), p. F-124, except for HsO+
. from Kubisz (1964, p. 32)] '

A Bs

Bi* 0.96 AP 0.51
Na* 0.97 P o 0.64
Ca* o 0.99 Cu® . 0.72
Ce* o 1.03

Sr* 112

Pb™ . 1.20

hO0t 1.24 (XO04)

AgY e 1.26 X S 0.30
K o 1.33 ) 0.35
Ba™ e 1.34 i e 0.42
NH.* o~ 1.48 As™ . 0.46

CONCLUSIONS

The data from the literature suggest that the miner-
als of the alunite-jarosite, beudantite, and plumbogum-
mite groups would better be divided into two groups—
the alunite and jarosite groups—on the basis of iron
or aluminum content as was suggested by McConnell
(1942) or be combined into one group with aluminum
and iron members (Larsen and Berman, 1934).

Certain mineral names in these groups are superflu-
ous, the compounds being combinations of several end-
members. McKié (1962) described complex mixtures of
crandallite, florencite, gorceixite, and goyazite by using
percentages of end-member molecules, as is commonly
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done for feldspars. The use of such a system is more
informative than present usage and might avoid fur-
ther proliferation of names.

X-ray powder patterns usually will not give precise
identifications of minerals in these groups. The length
of a, should indicate whether one is dealing with an
iron or aluminum member and should give some indica-
tion of the optical properties. The length of ¢, gives an
approximate idea of elements in the A and XO, posi-
tions but chemical data ave required for identifications.

Inasmuch as most of these minerals occur as fine-
grained masses which are usually impure and also vari-
able in composition, especial care should be taken to
insure that optical, X-ray, and chemical data actually
come from the same mineral. Data that conflict with
the common characteristics of the members of each
group should be fully validated.
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FLAMELESS ATOMIC ABSORPTION DETERMINATION OF
BISMUTH IN SOILS AND ROCKS

By W. H. FICKLIN and F. N. WARD, Denver, Colo.

Abstract.—Recent advances in flameless atomic absorption
allow determinations of bismuth in concentrations as small as
50 ppb in 0.2 g of rock or soil sample. The sample is fused with
sodium bisulfate and the fusion product is leached with hot
2 M hydrochloric acid and treated with ammonium citrate,
(ethylepedinitrilo) tetraacetic acid disodium salt, and finally
with ammonium 1-pyrrolidinedithiocarbamate to form a com-
plex which is extracted into methyl isobutyl ketone. Aliquots
of the latter are pipetted into a graphite furnace and then
subjected to an established and automated program of drying,
charring, and atomizing. Recorded peak heights provide a
measure of the amount of bismuth present.

Small amounts of bismuth are often associated with
gold and silver in minerals such as sylvanite and with
tellurium in tetradymite in high-temperature hydro-
thermal deposits. Trace amounts of bismuth also occur
in galenas, the amount varying with the temperature
of deposition in a manner that suggests a quantitative
indication of the formation temperatures (Gold-
schmidt, 1954). In mull ash, bismuth is strongly asso-
ciated with copper and gold and is to a lesser extent
associated with zinc and molybdenum (Curtin and
others, 1971).

These associations are significant because small en-
richments to levels above the crustal abundance, which
is about 100-200 ppb (Taylor, 1964; Vinogradov, 1959,
p. 174), may serve to identify areas of lead, copper,
gold, zine, or molybdenum mineralization of possible
economic importance. A method for determining these
small enrichments of bismuth in soils and rocks is of
great importance in the U.S. Geological Survey’s ex-
panding effort to test and demonstrate new ways of
geochemical exploration for mineral deposits.

Although the Geological Survey has published two
different analytical methods for determining trace
amounts of bismuth in soils and rocks (Ward and
Crowe, 1956; Ward and Nakagawa, 1967) and both
methods filled a short-term need, neither procedure had
enough sensitivity to measure the small enrichments
near and slightly greater than the crustal abundance.
The proposed procedure has sufficient sensitivity to
measure these enrichments and is therefore applicable

to the delineation of dispersion products produced dur-
ing weathering of concealed ore deposits.

Recent advances in flameless atomic absorption tech-
niques have increased the sensitivity for many elements
beyond that heretofore achieved by conventional atomic
absorption (Slavin and others, 1972; Ediger and
others, 1974). Bismuth is an example of such an ele-
ment and several workers have developed methods
for determining extremely small amounts—1X10-2 g
per gram of sample—in nickel and iron alloys using
selective extraction to enrich the level before measure-
ment.

Headridge and Richardson (1970) developed an
atomic absorption method for determining bismuth in
iron alloys. They were able to extract into MIBK 2~
130 pg of bismuth quantitatively from a solution 2.3 ¥
in hydrochloric acid, 0.09  in ascorbic acid, and 0.2 ¥
in potassium iodide. The use of a flameless attachment
allows one to decrease the lower amount of bismuth
to 0.1 ug per millilitre of ketone.

Burke (1972) reported that bismuth as well as anti-
mony, lead, and tin could be extracted into MIBK
from a solution of a nickel base alloy containing 10
percent hydrochloric acid, 6 percent potassium iodide,
and 2 percent ascorbic acid. The extraction is achieved
with a 5-percent solution of trioctylphosphine oxide
dissolved in MIBK. The practical limit of the amount
of bismuth extracted in Burke’s procedure is about
0.1 ug per millilitre of ketone.

Followmg the practice of others, especially in use
of ammonium 1-pyrrolidinedithiocarbamate (APDC),
Lau, Droll, and Lott (1971) studied the extraction of
the bismuth complex into MIBK. With (ethylenedi-
nitrilo) tetraacetic acid disodium salt (EDTA) and an
ammonium citrate buffer, only copper, silver, gold,
osmium, thallium, and bismuth are extracted into
MIBK. With the addition of potassium cyanide, only
bismuth and thallium are extracted. Thus, under basic
conditions resulting from the addition of cyanide, bis-
muth is selectively extracted as the carbamate into
MIBK; gold, silver, osmium, and thallium have no
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adverse effect. In the absence of cyanide as much as
10 ppm of copper and (or) 10 ppm of thallium do not
interfere.

Hofton and Hubbard (1972) applied this method to
the analysis of bismuth in steels. We have adapted the
extraction step to soils and rocks and finally measured
the bismuth using a flameless technique and a graphite
furnace to achieve levels as low as 50 ppb in the soil or
rock sample or 0.01 pg of bismuth per millilitre of
ketone.

REAGENTS AND APPARATUS

Ammonium citrate-(ethylenedinitrilo) tetraacetic acid
buffer (EDTA buffer). Prepare by dissolving 294 g
of sodium citrate dihydrate, 50 g of (ethylenedini-
trilo) tetraacetic acid disodium salt, and 267 ml of
concentrated ammonium hydroxide in water and
finally add water to make 1 litre of solution.

Ammonium hydroxide, concentrated, reagent grade.

Ammonium 1-pyrrolidinedithiocarbamate (APDC).
Prepare by dissolving 1 g of reagent in 100 ml of
demineralized water.

Bismuth standard solutlon A, 1,000 pg/ml, Fisher
preparation used.

Bismuth standard solution B, 10 wg/ml. Prepare
weekly by diluting 1 ml of 1 000 pg per millilitre of
standard solution to 100 ml with water, acidified
with 1 ml of concentrated nitric acid.

Bismuth standard solution C, 0.1 ug/ml. Prepare daily
by dllutlng 1 ml of 10 pg/ml standard solution to
100 ml with water.

Bismuth standard solution D, 0.01 pg/ml. Prepare
daily by diluting 10 ml of 0.1 pg/ml standard solu-
tion to 100 ml with water.

Hydrochloric acid, concentrated, reagent grade.

4-methyl-2-pentanone  (methyl isobutyl .
(MIBK), reagent grade.

Sodium bisulfate, fused.

Centrifuge.

Culture tubes, borosilicate glass, 18 X150 mm.

Culture tubes, borosilicate glass, screwcap, 16 X150 mm.

Mechanical shaker.

Pipets, Eppendorff or similar style.

ketone)

EQUIPMENT

A Perkin-Elmer model 306 atomic absorption spec-
trophotometer with a Perkin-Elmer HGA-2100 graph-
ite atomizer is used for the analyses. For each bismuth
determination a 10-ul sample is introduced into the
atomizer with an Eppendorff pipet. A deuterium back-
ground corrector is also used.

The instrumental parameters are as follows:

FLAMELESS ATOMIC ABSORPTION DETERMINATION OF BISMUTH

Wavelength __________________ 223.7 nm
Slit width ___________________ 0.2 nm
Source __.____ Perkin-Elmer intensitron
bismuth hollow-cathode

lamp

The HGA-2100 program is:
Drying - ____ 10 s at  125°C
Charring ______________ 20 s at 400°C
Atomizing _____________ 8 s at 2,000°C

Argon is used as purge gas and the flow rate is 40
cm?®/min with the interruption device on.

Scale expansion of 3 X can be used, but generally no
scale expansion is necessary.

Peak-height readings are taken from the Perkin-
Elmer model 56 strip-chart recorder. Peak heights are
compared to those of standards.

PROCEDURE

=

Weigh 0.2 g of finely powdered sample into an
18 X150 mm borosilicate glass culture tube.

2. Add 1.0 g of fused sodium bisulfate and fuse sam-
ple with bisulfate for 2 or 3 min until dense white
fumes evolve from tube.

3. Allow fused material to cool; add 1 ml of concen-
trated hydrochloric acid and 5 ml of demineral-
ized water. Heat mixture gently until fused
material breaks down.

4. Filter solution through No. 41 paper (9-cm dia-
meter) and collect filtrate in a 16X150 mm
screwcap culture tube. Rinse residue with 2 ml of
hot demineralized water and decant through
filter.

5. Add 5 ml EDTA buffer followed by 1 ml of con-

centrated ammonium hydroxide, 1 ml of APDC

reagent, and finally 1 ml of MIBK Mix after
each addition of reagents.

6. Screw cap on culture tube and shake tube on me-
chanical shaker for 5 min. Then, centrifuge tubes
for 1 to 2 min to assist in separating MIBK from
aqueous layer.

7. Pipet a suitable aliquot—preferably 10 pl—into
graphite tube and initiate automated program of
drying, charring, and atomizing.

8. Using a series of working standard solutions pre-
pared according to the following scheme, refer to
peak heights to determine blsmuth content of
aliquot.

Generate a series of working standard solutions ac-
cording to the following scheme:
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Bismuth content
of working

Volume of suitadle
bismuth standard

standard solution solution
(ng/ml of MIBK) “(ml)
5 0.5 of D
10 1.0 of D
20 2.0 of D
50 0.5 of C
100 1.0 of C
300 3.0 of C
500 5.0 of C
700 7.0 of C
1000 10.0 of C

Add amounts of appropriate bismuth standard solu-
tion to screwcap 16X150 mm culture tubes each con-
taining 1 ml of concentrated hydrochloric acid. If
necessary, add water to bring the volume to 10 ml;
then add the following reagents sequentially: 5 ml of
EDTA buffer, 1 ml of concentrated ammonium hy-
droxide, 1 ml of APDC reagent, and 1 ml of MIBK.
Mix after each addition and shake tubes in mechanical
shaker as directed in procedure for samples. Centri-
fuge. Pipet 10 nl aliquots into graphite furnace and
treat as in step 7 of procedure for samples.

Absorbance values obtained for calibration of the
instrument with no scale expansion and with 3X scale
expansion are listed in table 1.

TABLE 1.—Calibration of HGA-2100 atomizer for bismuth
determination

Peak height
(chart units)

Standard concentration
( ng/ml of solvent)

No scale expansion

50 8
100 16
200 28
300 37
400 48
500 58
600 67
700 77
800 88
900 95

3% scale expansion
5 5

10 7

20 11

50 23
100 43

Following is an example of the calculation of an
unknown sample concentration. If an unknown were
to display an absorbance of seven chart units on the
3 X scale, then the concentration of bismuth in MIBK
is 10 ng/ml. To convert this to parts per billion or
nanograms of bismuth per gram of sample, the 10
ng/ml is divided by 0.2 g (the sample size) to give
50 ppb of bismuth. '
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Shown in table 2 is the range of values in assorted
samples of various rock types and soil types analyzed
by the EDTA buffer method.

Using the earlier procedure of Headridge and Rich-
ardson, we also analyzed five of the standard reference
materials, as given in table 2. These are the same ma-
terials selected for use in evaluating methods of anal-
ysis useful in geochemical exploration (Allcott and
Lakin, 1974). Samples GX1 and GX4 contained 1,700
and 9 ppm bismuth, respectively; the relative stand-
ard deviations calculated from repeat determinations
are 8.5 and 13.2 percent. Samples GX2, 5 and 6 con-
tained less than 500 ppb bismuth.

TABLE 2.—Values obtained for bismuth by EDTA buffer and
APDC ecztraction
[Bi content in parts per billion except where noted)

Relative
Sample Type Bi(mean) JORGETY  deotation
(percent)
GX1 .___ Jasperoid rock, >100ppm ___._ —
Drum Moun-
tains, Utah.
GX2 ____. Soil, Park City, 360 90 25
Utah.
GX4 ___. Mill head, Utah _ 22 ppm 33 15
GX5 _.__. Soil (B zone), 349 38" 10
Somerset
County, Maine, .
GX6 __._._ Sotl (B zone), 212 37 17.5
Davidson
County, N.C.
RS1 __.. Ultramafic rock'. 507 96 19
RS2 ____ Ultramafic rock'. 1,200 285 24
RS4 __._ Ultramafic rock*. 588 124 21
G2 ______ USGS analyzed 51 8.5 17

granite.®

1 Sample furnished by Geological Survey of Canada.
2 Recommended value 43 ppb Bi (Flanagan, 1973). .

DISCUSSION

Several methods were attempted to extract bismuth
from rocks and soils for analysis by flameless atomic
absorption. Of these, the procedure which resulted in
the best extraction is that based on the work of Lau,
Droll, and Lott (1971), who used APDC to form an
extractable complex with bismuth. With such an ex-
traction, bismuth is detectable to about 50 ppb in geo-
logic materials. This detection limit is adequate to
measure small bismuth enrichments in the Earth’s
crust that may provide clues to mineral deposits of
economic importance.
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INTERSTATION CORRELATION OF PEAK-FLOW ESTIMATES

By CLAYTON H. HARDISON, Reston, Va.

Abstract.—Equations are given for using the correlation
coefficient between annual peaks at a pair of stream gaging
stations to estimate the interstation correlation coefficient of
estimated 7T-year peaks, computed standard deviations, and
computed skew coefficients at the same pair of stations. The
equations are based on statistics computed from samples of
annual peaks simulated from normal distributions with built-in
interstation correlation. The interstation correlation of 50-
year peaks was found to be about equal to the square of the
interstation correlation coefficient of the annual peaks.

The accuracy of flood frequency results obtained by
statistical analysis of annual peak discharge at groups
of stream gaging stations depends in part on the inter-
station correlation of the statistics used in the analyses.
Hardison (1971), for example, shows that the standard
error of prediction of an estimate from a regression of
computed 7'-year peaks against basin characteristics
depends in part on the interstation correlation of the
T-year peaks. Similarly, the standard error of the mean
skew coefficient computed as the average skew of a
group of stations depends in part on the interstation
correlation of the computed skew coefficients. Unless
there is some degree of independence between the sta-
tistics computed from the annual peaks observed at a
group of stations, a flood frequency result based on the
data at all the stations is no more accurate than a
result based on the data at a single station.

At most stream gaging stations the lengths of con-
current record are too short to permit the interstation
correlation of 7-year peaks or of other statistics of the
annual peaks to be appraised directly by analysis of
data from the sample. It is usually feasible, however,
to estimate the interstation correlation between annual
peaks at pairs of stations during a concurrent period.
This paper uses synthesized records to relate the cross
correlation of annual peaks to the cross correlation of
flood-frequency statistics based on the annual peaks.
These relations provide a means of estimating the
cross correlation of flood-frequency statistics computed
from streamflow records. Although the relations were
developed from samples from normal distributions, the
results are applicable to samples from log-normal dis-

tributions when the statistics used are those of the logs
of the annual peaks.

The computer program used in this study generated
correlated random normal numbers from two popula-
tions each with a mean of zero and a standard devia-
tion of 0.5 using cross correlation coefficients ranging
from 0.1 to 0.9 by steps of 0.1. Each number in one
series was obtained by a random normal number gen-
erating subroutine. The corresponding numbers in the
other series were generated by

Y¢=pX¢+ (\/1—p2)0.564 (1)

in which X is the value in the first series, p is the given
cross correlation coefficient, ¥; is the corresponding
value in the second series, and ¢ is a random number
from a normal population with a mean of zero and a
standard deviation of 1.0.

Samples of size 10, 25, and 50 from the correlated
random numbers were used to compute the mean,
standard deviation, and skew coefficient for each sam-
ple from each series. The means and standard devia-
tions were then used to compute the 10-, 25-, 50-, and
100-year peaks for each sample by the equation

XT=X+KTS (2)

in which X and § are the sample mean and standard
deviation, respectively, K r is the standard normal devi-
ate for recurrence interval 7', and X7 is the computed
estimate of the 7’-year peak.

The T-year peaks thus computed from many pairs of
concurrent samples from the two series were used to
compute a cross correlation coefficient. Values of 50-
year peaks computed from 100 samples of size 25 from
one series, for example, were correlated with the 100
values of 50-year peaks computed from the corres-
ponding annual peaks in another series that was gen-
erated with p=0.6 to obtain 0.342 as an estimate of the
cross correlation between 50-year peaks at pairs of
stations for which the cross correlation coefficient of
annual peaks is 0.6. This value of 0.342 is plotted as an
“X " on the p, equals 0.6 line of figure 1.

The process was repeated using 100 samples of size
50 and 500 samples of size 10, and then these three
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F1GURE 1.—Relation of interstation correlation of 50-year
- peaks to that of annual peaks. O, X, and [J are for sam-
ple sizes of 1_0, 25, and 50, respectiv_ely.

runs were repeated using eight other given values of
cross correlation coefficients between 0.1 and 0.9. The
average cross correlation coefficient for 50-year peaks
given by each of these runs is plotted against the cross
correlation coefficient of the annual peaks in figure 1. A
curve with the equation '

(Pa (3)

appears to average the points fairly well considering
that only 100 samples were used for sample sizes of 25
and 50.

Cross correlation coefficients for peaks with other
recurrence intervals were obtained as described for
P50. The results are given in equations 4-7.

TPso = ) 2.07

Tpio = (Pa) 14 (4)
sy = (o) (5)
Teso = (pa) > (6)
TP100 = (pa)?? (7
ry = {(pa)2—0.04; r4=0.0 for p,<0.2 (8)
Tes = (p,,)z——O.lG; ’I"gg=0.0 fOI‘ pa<0.4 (9)
% “=pa ‘ (10)

INTERSTATION CORRELATION OF PEAK-FLOW ESTIMATES

The cross correlation coefficients between sample
standard deviations, 7g, and between the sample skew
coefficients, 7cs, shown by equations 8 and 9 were deter-
mined in the same way as those for the 7-year peaks by
plotting the cross correlation coefficients of the sample
standard deviations and of the sample skew coefficients
against the cross correlation coefficient of the popula-
tions of annual peaks from which the samples were
drawn. Although both populations are normal (skew
equal to zero), the skew coefficient of a sample will sel-
dom be zero. Moreover, if the two populations of an-
nual peaks are highly correlated and the skew coeffici-
ent of the sample from one of the populations happens
to be highly positive, the skew coefficient of the corres-
ponding sample from the other population will also
tend to be highly positive. It is this tendency for values,
of reg computed from sarriples taken from correlated
populations to be correlated with each other that is
evaluated by equation 9.

The cross correlation between sample means will tend
to average the same as the cross correlation of annual
peaks as indicated in equation 10. This equation was
not tested by the random number experiments described
here.

Use of equations 4-10 requires that p,, the correla-
tion coefficient between the populations of annual
peaks, be estimated as 7,, the correlation coefficient be-
tween annual peak flows observed at a pair of stream
gaging stations during a concurrent period of record,
from a generalization of 7, or from a Bayesian weight-
ing of the two estimates (Conover, 1971, eq 27). The
more accurate the estimate of pg, the more accurate will
be the » values given by the equations.

Although equations 4-10 are applicable only to sam-
ples from normal or log-normal distributions, they are
proposed for interim use in the analysis of flood fre-
quency provided Pearson Type III distributions are
fitted to the logarithms of the annual peak discharge.
The fact that logarlthmlc skew coefficients of annual
peaks in various regions of the United States are in
the range —0.4 to 0.7 should not greatly affect the
results. Further analysis with larger samples and with
samples from skewed populatlons would refine the
results presented here.
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REASSESSMENT OF MERCURY IN SURFACE WATER
IN THE ADIRONDACK REGION, NEW YORK

By WILLIAM BULLER, Ithaca, N.Y.

Work done in cooperation with the New York State Department of Health and the New York

- State Department of Environmental Conservation

Abstract.—A study in 1970 established a natural background
concentration of mercury in surface water in the Adirondack
region of New York. In 1974, new methods of sample preserva-
tion and analysis were used in determining concentrations of
mercury of samples of water from the same surface-water
sites sampled in 1970-71. Concentrations of mercury for all
sites in the 1974 study were virtually the same as those ob-
tained in 1970-71, less than 0.5 microgram per litre, which is
the detection limit of the methods.

The results of a study of mercury concentrations in
surface water of the Adirondack region of New York
were reported by Buller (1972). The purpose of that
study was to determine the natural background concen-
tration of mercury in surface water by investigating
an area relatively free of artificial sources of mercury.
Since that study, new methods of sample preservation
and analytical methods for determining concentration
of mercury in water have evolved. To obtain a more
accurate definition of the background concentration of
mercury, the sampling sites of the previous study were
resampled in 1974, and the new methods were used to
determine the mercury concentrations of the samples.

LITERATURE REVIEW

One of the major problems in studies of mercury in
water supplies is the rapid loss of dissolved mercury in
water samples. This problem is most pronounced in
water samples having low mercury concentrations; for
example, natural water. Dokiya, Yamazaki, and Fuwa

(1974) found that loss of mercury in 0.1 mg/1 aqueous
solutions of mercury was as much as 50 percent after
15 days but that mercury in 1 mg/1 aqueous solutions
of mercury remained stable for 15 days. Much of the
loss is due to vaporization of mercury; gaseous mer-
cury may diffuse through the walls of polyethylene

containers (Peter Avotins and E. A. Jenne, written
commun., November 1974). Bacteria may expedite this
process by converting organic mercury to compounds
of methylmercury (Wood and others, 1968), or, as
indicated by Furukawa, Suzuki, and Tomomura
(1969), bacteria may reduce various mercury com-
pounds to metallic mercury. Some compounds of
methylmercury have a volatility similar to that of
metallic mercury, which has a vapor pressure of 1.2 to
3.4X10~% mm of mercury (Phillips and others, 1959).
Loss of mercury may also occur owing to uptake by
bacteria adsorbed on container walls (Peter Avotins
and E. A. Jenne, written commun., November 1974).
Avotins and Jenne use strong oxidizing agents as pre-
servatives. They obtained best results by preserving
water samples with a nonacidified 0.05-percent potassi-
um permanganate solution. This treatment method
resulted in 90-percent recovery of mercury in an 0.8-
pg/1 solution after 13 days. A 7.5-percent solution of
mtrlc acid resulted in 60-percent loss of mercury in a
.5-pg/1 solution after 10 days.

The current method of analysis for total mercury
(mercury adsorbed on suspended sediment as well as

" dissolved mercury) is a modification of the method out-

lined by Hatch and Ott (1968), which was used to
determine the total mercury concentrations reported
by Buller (1972). The quantities of oxidants used in
digesting organomercury compounds in water samples
are greater in the current method (American Society
for Testing and Materials, 1974, p. 349-350) than in
the method of Hatch and Ott (1968). In addition, a
heating step (95°C or 203°F, for 2 hours) is used in
the current method. The American Society for Test-
ing and Materials (1974) method of digestion is more
thorough than that of the previous method. B. A. Malo
(oral commun., December 1974) noted that in some

223



224

water samples recovery of mercury is several orders of
magnitude times the recovery obtained by the previous
method.

GEOGRAPHIC, CLIMATIC, AND GEOLOGIC SETTING

The Adirondack region is primarily a rural area,
where most communities have a population of less than
2,000, and industry consists of a few papermills and
mines (Thomas Lang, oral commun., 1971). Most of
the terrain is mountainous with clear, fast-flowing
streams that generally carry only small amounts of
suspended sediment. The climate of the study region is
rather severe. According to Mordoff (1949), air tem-
peratures range from about 40°F below zero to about
100°F (—40° to 38°C), and annual precipitation is
usually between 40 and 50 in (1,000 and 1,250 mm).
The bedrock consists mainly of felsic metaigneous rocks
of Precambrian age such as anorthositic gneiss and
granitic gneiss (Fisher and others, 1971) and lesser
amounts of marble and gneisses of metasedimentary or
metavolcanic origin. The bedrock is covered by an ex-
tensive mantle of glacial drift, most of which is de-
rived from the local bedrock. No distinet mercury de-
posits are known in the region (P. R. Whitney, oral
¢ommun., 1971).

STUDY METHODS

Most major lakes and streams in the study area were
sampled. Locations of the sampling sites are plotted in
figure 1 and are described in table 1.

Two sets of water samples for determination of mer-
cury were collected on November 21-23, 1974, in poly-
ethylene bottles that had been washed with nitric acid
and had been rinsed with distilled water. Streamflow
in the study area during sampling time was about mid-
way between base flow and high flow. The two sets of
water samples were preserved at the time of collection
by addition of 1 ml of concentrated nitric acid to each
250-ml sample of water in set 1 and enough potassium
permanganate to each 250-ml sample of water in set 2
to make a 0.05-percent solution. Nitric acid was used as
the preservative in the 1970-71 study. To determine the
amount of mercury that might be induced by reagents
and bottles, blank solutions were prepared by adding
nitric acid and potassium permanganate to distilled
water in the same proportions that they were added to
the samples.

Total mercury concentration of unfiltered samples
and blanks were determined by the flameless atomic-
absorption method (American Society for Testing and
Materials, 1974). All samples were analyzed within 6
days after the day of sampling. Mercury concentra-
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tions of blank solutions (0.1 ug/1 for nitric acid blank
and 0.4 pg/]1 for potassium permanganate blank) were
subtracted from sample concentrations to correct for
mercury induced by reagents.

RESULTS AND CONCLUSIONS

Mercury concentrations of all samples were less than
0.5 ug/), the detection limit of the analytical methods.
Preference for either treatment was not indicated in
this study. However, experimental data of Peter Avo-
tins and E. A. Jenne (written commun., November
1974) indicate that the 0.05-percent potassium perman-
ganate method of sample preservation is effective in
preventing significant loss of mercury in water sam-
ples. These results agree with the results reported by
Buller (1972), which represented various hydrologic
conditions. The concentration is considerably less than
the recommended limit of 5.0 pg/1 mercury for drink-
ing water (New York State Department of Health,
1971) and would probably be considered as trace
amounts.

In considering various hydrologic aspects of the
study region, the low concentrations of mercury in sur-
face water there are expected. Bedrock and glacial ma-
terial of the drainage areas are quite resistant to weath-
ering and chemical solution and probably contain only
minor amounts of mercury. Data by Rankama and
Sahama (1950) indicate that the mercury content of
felsic igneous rocks similar to the metaigneous rocks of
the study area is less than 100 pg/kg. The lesser
amounts of metasedimentary rocks, which may contain
greater amounts of mercury and which are generally
less resistant to weathering than the metaigneous rocks,
are apparently not releasing appreciable amounts of
mercury to surface water. Mercury from sources out-
side the region might conceivably be transported
through the atmosphere by wind currents; however,
the data do mnot support this possibility. The author
concludes that the concentration of total mercury in
surface water of the Adirondack region is generally
less than 0.5 pg/l1 and that this concentration repre-
sents a natural background concentration for the re-
gion. Concentrations greater than this amount would
indicate contamination.

TABLE 1.—Location of sampling sites in selected streams and
lakes of the Adirondack region, New York

Sampling
gitel Location
1. Hudson River, 1 mi southeast of The Glen, next to State
Highway 28.
2 . Hudson River at North Creek, at bridge on State High-
way 28N.
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TABLE 1.—Location of sampling 8ites in 8selected 8trecams and  TABLE 1.—Location of sampling sites in selected streams and

lakes of the Adirondack region, New York—Continued

Sampling
sitel

Balfour Lake, 4 mi north of Minerva, next to State 6
Highway 28N.

_____ Boreas River, 1 mi north of Aiden Lair, at bridge on 7
State Highway 28N,

Hudson River, 2 mi east of Newcomb, at bridge on State 8
Highway 28N.

Sampling
Location sitel Location

1202 and 1030 on State Highway 28N.
State Highway 28N.

Highway 30.

lakes of the Adirondack region, New York—Continued

_____ Bog, 5 mi west of Newcomb, next to highway markers
_____ Stream, Y%mi east of the village of Long Lake, next to

_____ Long Lake at the village of Long Lake, next to State
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TABLE 1.—Location of sampling sites in selected streams and
lakes of the Adirondack region, New York—Continued
Sampling
sitel
9 ____ Tupper Lake at the village of Tupper Lake, 5 mi north
of junction of State Highways 421 and 30, next to
Highway 30 at water-supply building.

10____Raquette River at the village of Tupper Lake, 114 mi
south of junction of State Highways 3 and 30, next to
Highway 30.

11.___Raquette River, 3 mi east of the village of Tupper Lake,
next to State Highways 30 and 3.

12____Upper Saranac Lake at Wawbeek, next to State Highway
30.

13____Lake, 4% mi north of Wawbeek, next to State Highway
30.

14_.__Bog, 4% mi southwest of the village of Lake Clear, next
to State Highway 30.

15_.__Lake Clear at the village of Lake Clear, next to State
Highway 30.

16____Drainage across State Highway 3, 2 mi northwest of
Piercefield.

17____South Branch Grass River, 3 mi northeast of the village
of Cranberry Lake, at bridge on State Highway 3.

18____Cranberry Lake at the village of Cranberry Lake, next
to State Highway 3.

19____Oswegatchie River at the village of Cranberry Lake, at
bridge just below dam.

20.__.Oswegatchie River at Fine at bridge on State Highway
58.

21____Drainage across State Highway 58, 3 mi southwest of
Edwards.

22____West Branch Oswegatchie River, 2 mi east of Fowler
at bridge on State Highway 58.

23____West Branch Oswegatchie River at Fullerville, at bridge.

24____Turnpike Creek at Highway 58, 1 mi east of Fowler.

25_._..Lake Sylvia, 1 mi west of Balmat.

26____Raquette Lake 2 mi east of the village of Raquette
Lake, next to State Highway 28.

27____Bog, 1 mi southwest of the village of Raquette Lake,
next to State Highway 28.

28____Fulton Chain of Lakes, 83 mi west of Eagle Bay, next to
State Highway 28.

29____North Branch Moose River, 3 mi north of McKeever, next
to State Highway 28.

30____Moose River at McKeever, at bridge on State Highway
28,

31____Rock River, 3 mi east of the village of Blue Mountain
Lake, at bridge on State Highways 28 and 30.

32____Cedar River, 2 mi west of the village of Indian Lake, at
bridge on State Highway 30-28.

83____Indian River, 1 mi east of the village of Indian Lake,
at bridge on State Highway 28.

84____Indian Lake, 8 mi south of Sabael, at drainage line
between Lewey Lake and Indian Lake, next to State
Highway 30.

Location

MERCURY IN SURFACE WATER, ADIRONDACK REGION, NEW YORK

TABLE 1.—Location of sampling sites in selected streams and
lakes of the Adirondack region, New York-—Continued
Sampling
gitel
35-___Lake Pleasant at Speculator, at bridge on State Highway
30.

36___._Sacandaga River, 6 mi east of Speculator, next to State
Highway 30, at bridge on side road.

37._.__East Branch Sacandaga River, 1% mi northeast of
Griffin, next to State Highway 8. .

38-.___Algonquin Lake at Wells, near bridge on State Highway
30.

39.___Sacandaga River, 5 mi northwest of Northville, at bridge
on State Highway 30.

" Location

1 Sites 1-8 were sampled on Nov. 21, 1974, Sites 9-23 were sampled
on Nov. 22, 1974, Sites 24-39 were sampled on Nov. 23, 1974.
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AMINO ACIDS AND GASES IN SOME SPRINGS AND
AN OIL FIELD IN CALIFORNIA

By JOHN B. RAPP, Menlo Park, Calif.

Abstract.—Samples of water and gas were collected from
six springs and two wells in the Upper Cretaceous Great Val-
ley sequence and Franciscan Formation underlying the Coast
Range of northern California and from four oil wells pene-
trating Tertiary sedimentary rocks in the Kettleman North
Dome oil field. Comparison of the dissolved free amino acid
compositions of the waters from the two locations show over-
lapping ranges with many more similarities than differences.
The detection of nonprotein amino acids (sarcosine, B-amino
n-butyric acid, and others) indicates the protein degradation
is partly chemical rather than strictly biological. Other low
molecular weight degradation products (methane, ethane,
nonvolatile organic acids, and other organic chelating agents)
were found. This may be one mechamsm for the transporta-
tion of organic matter from the source rocks to the reservoir
rocks of an oil deposit.

The waters of several springs and wells in the Coast
Range of northern California contain high concentra-
tions of bicarbonate (7,100 mg/1 for Wilbur Springs),
chloride (18,200 mg/l for Complexion Spring, 14,000
mg/1 for both Murphy samples), ammonium ion (280
mg/1 for Wilbur Springs, 210 mg/1 for Complexion
Spring), and boron (310 mg/l for Wilbur Springs)
(Barnes, Hinkle, and others, 1973; U.S. Geological
Survey, unpub. data, 1972). Thesé constituents are also
high in the oil-field brines from the Kettleman North
Dome field in California (well 33-1P, for example, has
alkalinity = 2,220 mg/l as bicarbonate, chloride=19,700
mg/1, ammonium ion=288 mg/l, and boron=58 mg/1)
(Kharaka and Berry, 1974).

The purpose of this paper is to compare several
springs and wells of the Coast Range of northern Cali-
fornia with the Kettleman North Dome wells with
respect to the dissolved free amino acid compositions of
the waters and the composition of the gases which
separate from the liquid phase. This study reports the
concentrations of the gases and the dissolved free amino
acids in six springs, two wells, and four oil-field brines.
A summary of the geology and inorganic geochemistry
of the area of the springs is given by Barnes, Hinkle,
and others (1973), and a similar summary of the Ket-

tleman North Dome area is given by Kharaka and
Berry (1974).

Several amino acids have been found in oil-field
brines of Paleozoic, Mesozoic, and Cenozoic age from
Oklahoma, Colorado, Texas, and Utah (Degens and
others, 1964). The concentration of total amino acids
reported was between 20 and 230 pg/l. The major
amino acids found were serine, glycine, alanine, as-
partic acid, the leucines, ornithine, glutamic acid, and
threonine. Lesser amounts of unidentified amino acids
were found. .

The use of ligand-exchange column chromatography
to concentrate amino acids from various waters has
become widespread recently. In this technique, copper
is bound to the chelating resin Chelex 100, and am-
monia is complexed with the copper. As the sample
passes through the resin column, the amino acids dis-
place the ammonia since they form stronger complexes
with the copper. The amino acids are thus bound on the
resin and concentrated. Other organics which formed
strong complexes with copper would also be concen-
trated. Siegel and Degens (1966) used the copper-
ammonia form of Chelex 100 resin to concentrate amino
acids from seawater and used automatic high-pressure
ion-exchange chromatography to quantify them. Clark,
Jackson, and North (1972) used a combination of the
copper-ammonia form of Chelex 100 resin and a cation-
exchange resin to concentrate dissolved free amino
acids from seawater and used thin-layer chromatogra-
phy to quantify them. Gardner and Lee (1973) used a
combination of the copper-ammonia form of Chelex
100 resin and a cation-exchange resin to concentrate
dissolved amino acids in lake waters and used the N-
trifluoroacetyl methyl ester derivative of the amino
acids and gas chromatography to quantify them.
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cy and was monitored by the U.S. Geological Survey
under Order No. 1813, amendment 1.

227



228

EXPERIMENTAL METHODS
Apparatus

A Varian Aerograph Model 1440 gas chromatograph
having a flame ionization detector and linear tempera-
ture programer and a Varian Model A-25 recorder
were used. The Pyrex columns used were 1.8 m X 2 mm
(ID) TABSORB and 0.9 m X 2 mm (ID) TABSORB
HAC (both from Regis Chemical Co.) and 1.8 m X 2
mm (ID) Chromasorb 103 (Johns Manville Co.). All
samples were injected directly within the Pyrex column
to prevent decomposition in the hot metal injection
port.

Derivatives were prepared in tapered glass reaction
vials containing a Teflon-faced rubber disk in the
screwcap.

A 12-litre stainless-steel container, a stainless-steel
pressure-filtration apparatus, and 142-mm-diameter
filters with 0.45-um pore size (all Millipore) were used
to collect and filter the samples. '

A Finnigan Model 1015 gas chromatograph-mass
spectrometer (GC-MS) coupled with a System Indus-
tries Model 150 data system, a teletypewriter, and a
digital plotter were used to further characterize the
amino acids. '

Gas analysis was carried out on a Perkin-Elmer
Model 154 gas chromatograph having a thermistor de-
tector. Columns used were Waters Associates Porapak
Q (150-200 mesh) 1.8 m X 6.4 mm and Linde molecu-
lar sieve 13X (40-60 mesh) 0.9 m X 6.4 mm.

Chemicals

Copper-ammonia form of Chelex 100 resin was pre-
pared from Bio-Rad Laboratories Chelex 100 chelating
resin (50-100 mesh) according to the method of Siegel
and Degens (1966). Ammonium form of Chelex 100
resin was.prepared from Chelex 100 resin (100-200
mesh), sodium form, by first converting it to the hydro-
gen form with 2 ¥ HCI, washing with water, and then
converting to the ammonium form with 3 ¥ NH,OH.

Bio-Rad AG50X8 (100-200 mesh) resin was cycled
from the hydrogen form through the ammonium form
(with 7 ¥ NH,OH) to the hydrogen form (with 3 ¥
HCI) before being used..

Bio-Rad AG1X4 (100-200 mesh) resin originally in
the chloride form, was rinsed with 3 ¥ HCl and then
was converted to the hydroxide form with NaOH.

All the resins were leached with the same solution
which would be used to elute the sample off the resin.

The nitrogen gas used to hasten evaporation was
high purity (99.99 percent minimum) and was filtered
through charcoal and glass wool.

AMINO ACIDS AND GASES IN SPRINGS AND OIL FIELD, CALIFORNIA

Field and laboratory procedures

A summary of the procedures used to separate the
organic chelating agents is given in figure 1. '

The water sample was passed through a 0.45-ym
filter which had been leached with at least 1 litre of the
water before a 4-litre sample was collected. The pH
was adjusted to 9.5 with NaOH. If a precipitate
formed, the sample was filtered again. The filtered
sample was then passed through a 1.5-cm-diameter
chromatographic column containing 10 cm?® of Chelex
100 resin in the copper-ammonia form at a rate of ap-
proximately 8 ml/min. The column was refrigerated
until it arrived at the laboratory, at which time it was
frozen. The samples were stored frozen at —15°C.

Gases from the springs and wells of the northern
Coast Range were collected in glass, gas-tight syringes
by displacement of the native water. Gases from the
Kettleman North Dome field were collected in evacu-
ated stainless-steel gas-sampling tubes.

The columns were allowed to come to room tempera-
ture and rinsed three times with 5 ml of distilled water.
A 0.5-cm-diameter column of 3 cm® ammonium-form
Chelex 100 resin was rinsed twice with 5 ml of distilled

- water, and was connected to the exit of the copper-

ammonia Chelex 100 column. The columns were then
eluted with 3 ¥ NH,OH solution at 0.3 ml/min until
50 ml of effluent was collected.

The 3 N NH,OH effluent was distilled in an all-glass
apparatus and 4045 ml of distillate (volatile) was
collected. The contents of the flask (nonvolatile) were
allowed to cool and quantitatively transferred to a 10-
ml graduated centrifuge tube.

The nonvolatile fraction was passed through a 0.5-
cm-diameter column of cation-exchange resin in the
hydrogen form (3 cm® of AG50X8). The column was
rinsed with 5 ml distilled water and initial effluent and
rinses were collected (nonvolatile acids + neutrals).
The column was eluted with 7 ¥ NH,OH and 10 ml of
effluent (nonvolatile cations) were collected at 0.2 ml/
min. The solution was evaporated to near dryness on a
hot water bath with a stream of nitrogen gas passing
over the surface of solution. One drop of 3 ¥ HCI was
added to the sample and the volume adjusted to 4 ml
with distilled water.

The sample was then passed through a 0.5-cm-diame-
ter column of anion exchange resin in the hydroxide
form (2 cm® of AG1X4). The column was rinsed with
distilled water until a total of 10 ml of column effluent
(nonvolatile amines) was collected. The column was
then eluted with 3 ¥ HCl and a total of 10 ml of
column effluent (amino acids) was collected.
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I Filtered (0.45 wm) water (pH--9.5) I

Exchanged

I
Cu-NH3~Clhe|ex 100

Effluent
[
NH;-Chelex 100 in series
Elute 3 /Y NH40H Discard
[ Total chelating agents |
J
Distill
|
l Volatile I Nonvolatile
isti AG50X8(H™*
Condensate Dlsm|' PH 2 Nonvolatile Effluent | ) Exch]anged
]
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|
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T I [
Distill pH 12 AGIX4(0H™) AGIX4(0H™)
Condensate Nonvolatile Effluent Exchzinged Effluent Exct%nged
|
Distill pH 2 Elute 3lN HCI Elute 3|N HCI
: i
Volatile Volatile Nonvolatile Nonvolatile Nonvolatile Nonvolatile
neutrals acids neutrals acids amines amino acids

Fiaure 1.—Separation scheme for organic chelating agents in natural waters.

Some of the nonvolatile (acids + neutrals) fractions
were further separated by passing the fraction through
a column of AG1X4 (OH-) resin and collecting the
effluent (nonvolatile neutrals). The column was eluted
with 3 ¥ HCI and the effluent (nonvolatile acids) was
collected.

All the volatile samples were analyzed by gas chro-
matography (direct aqueous injection). A few samples
which showed peaks were further separated to partly
characterize the material. In the distillations which fol-
low, the sample was adjusted to 50 ml before distilla-
tion and 45 ml of distillate was collected. The volatile
fraction was adjusted to pH 2 with H,SO, and dis-
tilled. The distillate (volatile acids + neutrals) was
collected. The solution remaining in the distillation
flask was adjusted to pH 12 with NaOH and distilled.
The distillate (volatile amines) was collected. The pre-
vious distillate (volatile acids + neutrals) was ad-
justed to pH 12 and distilled. The distillate (volatile
neutrals) was collected. The solution remaining in the
distillation flask was adjusted to pH 2 and distilled.
The distillate (volatile acids) was collected.

Analytical methods

The nonvolatile amines and amino acids fractions
were analyzed by gas chromatography after prepara-

tion of derivatives. The amines were converted to N-
trifluoracetyl derivatives and the amino acids were con-
verted to N-trifluoracetyl n-butyl ester derivatives. The
micro method of Roach and Gehrke (1969) was fol-
lowed except the acylation was carried out overnight
at room temperature.

The nonvolatile acids fraction was analyzed by gas
chromatography after preparation of the n-butyl ester
derivatives., The derivatization was identical to the
first derivatization of the above procedure.

The above derivatives were analyzed on TABSORB
(temperature programed 100°—225°C at 4°C/min) and
TABSORB HAC (110°-245°C at 8°C/min) gas chro-
matographic columns with an internal standard of n-
butyl stearate.

The volatile amines and volatile neutrals fractions
were analyzed by gas chromatography on Chromasorb
103 at 150°C with direct aqueous injection.

The amino acids fraction of selected samples was
analyzed by gas chromatography-mass spectrometry
in order to confirm the identity of the amino acids. The
derivative was dissolved in acetone and injected into
the GC-MS. The retention times on the TABSORB
column and mass spectra of the sample components
were compared to standards.
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The gases were analyzed by gas chromatography
with helium as the carrier gas. Methane, ethane, and
carbon dioxide were analyzed on a column of Porapak

Q. Nitrogén, oxygen plus argon, and methane were
analyzed on a column of Linde molecular sieve 13X.

RESULTS AND CONCLUSIONS

The concentrations of dissolved free ammo acids in
the samples are given in table 1. The value for alanine
through lysine are the onglnal concentrations. The
recoveries for the various amino acids were 7 to 50 per-
cent for the whole procedure. The values for aspartic
acid, glutamic acid, and sarcosine are the concentra-
tions corrected for the procedural blank only. The
reason for reporting in this manner is that the recover-
ies for aspartic acid, glutamic acid, and sarcosine were
low. Gardner-and Lee (1973), using a very similar pro-
cedure, also reported low 1ecoverles for aspartic and
glutamic acids.

Blanks taken through the entire procedure contamed
very low concentrations of amino acids except for gly-
cine and iminodiacetic acid. These two amino acids are
breakdown products of the Chelex 100 and are leached
from the resin during the elution procedure. The
amount of material leached varies with the period of
time between the purification and use of the resin, and
also with the length of time it was frozen. Gardner and
Lee (1973) observed a compound which eluted from
the resin (presumably glycine) which interfered with
the glycine analysis. Siegel and Degens (1966) ob-
served two peaks in the blank and attributed them to
the imino groups released from the resin. The iniino-
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diacetic acid did not interfere with the analysis since
it appeared between aspartic acid and glutamic acid on
both gas-chromatography columns. In order to mini-
mize the breakdown of the resin, it is recommended that
the columns not be frozen. They should be eluted in the
field, or transported back to the laboratory under
refrigeration, and then eluted as soon as possible.

The concentrations of the dissolved free amino acids
in the water samples from the northern California
Coast Range generally.are within or near the concen-
tration range of the Kettleman North Dome oil-field
brine samples. The major exception is the high concen-
tration of proline in the Grizzly Spring sample and to
a lesser amount in the spring in Murphy Canyon and
the Wilbur oil test well. The rest of the amino acids in
the Grizzly Spring sample are within the concentration
range of the Kettleman North Dome samples. The
spring in Murphy Canyon and the Wilbur oil test well
contain concentrations of amino acids within and great-
er than the Kettleman North Dome concentration
range, whereas Soda Bay Spring contains amino acids
within and less than that range except for glycine and
sarcosine. These differeiices are very small compared
to the difference between proline in Grizzly Spring and
Kettleman North Dome. Generally the Coast Range
samples and the Kettleman North Dome samples. are
very similar. This work supports the proposal that
Complexion Spring may be a sample of only slightly
altered Jurassic or Cretaceous sea water (Barnes and
others, 1972). Degens showed that there is no essential
difference in the amino acid distribution between an-
cient brine waters of apparently marine origin and

TABLE 1.—Dissolved free amino acid compomtwn in nanomoles per litre, of spring and well waters

[The values for alanine through lysine are corrected for procedural blank and percentage recovery.

acid, and sarcosine are corrected for procedurdl blank but not for
in parentheses] ,

The values for aspartic acid, glutamic
percentage recovery. Township locations and county names are given

Skaggs Murphy 'Splring Wilbur  Wilbur
n

Com- Soda  Grizzly Kettleman North Dome wells

Spring oil Springs oil- plexion Bay Spring
] 1 test Murphy test Spring  Spring
Amino acid well  Canyon . well 61-33] K333-21Q 33-1P 323-21J
(NE1/4 (SE% (SWIA (NW1 ' (NWYy (SW1, (NEY (SWy (NEY (SEi4 (NW1y, (SW1
se sec. sec. sec. see. sec. sec. sec. sec. sec.
25. 5. 23 28, - 21, 3. -6 2, 33, 21, 1, 21,
T.10 N.. T.12N., T.12 N T.14 N, T.14N.,, T.15N.,, T.13N,, T.13N.,, T.218., T.228, T.228., T.218,,
R.11W, R.3W, R.3W, R.5W., R 5W, R.6W, R.8W, R.6W, R.17TE., R.18E, R.17E, R.17E,
Sonoma) Yolo) Yolo) Colusa) Colusa) Lake) Lake) Lake) Fresno) Kings) Kings) Fresno)
Alanine - ______ 270 270 1,800 140 2,000 170 110 920 170 170 520 1,400
Valine _________.___ 68 68 280 12 . 380 43 25 140 25 31 170 560
Glycine ___________ 1,200 1,000 1,600 1,600 4,500 4,300 6,800 1,600 1,400 1,900 790 4,100
Isoleucine _________ 30 26 130 13 140 13 9 56 13 9 47 160
Leucine aee________ 30 27 150 18 180 15 10 66 15 13 5 250
Proline ___________ 32 32 260 21 220 51 21 2,500 29 36 55 61
Threonine ___.______ 82 61 220 30 180 46 25 72 46 20 0 290
Serine ____________ 510 350 730 150 1,200 530 250 310 420 170 58 1,500
Phenylalanine ._._.__. 12 5 34 5 27 7 2 14 5 4 21 26
Ornithine _________ 47 21 8 17 110 20 3 18 23 11 6 120
Lysine ... ___ 10 4 40 7 33 19 2 13 7 3 0 48
Aspartic aeid —_____ 14 15 67 7 7 9 4 18 12 3 5 33
Glutamic aecid ... 6 8 97 5 32 9 2 42 2 1 21 48
Sarcosine ___.______ 12 2 4 17 15 25 24 8 <1 3 2 12
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present sea water (Degens and others, 1964). Work on
the optical isomers of the amino acids might show if
contamination had occurred; for example, from recent
biological material such as plant and animal life in the
spring, or from fingerprints on equipment. Amino
acids formed by organisms are levorotatory. An an-
cient sample containing amino acids would be racem-
ized from aging and contain equal parts of the dextro-
rotatory and levorotatory forms, whereas recent bio-
logical contamination would be entirely in the levoro-
tatory form.

Other materials found in the amino acids fraction
were small amounts of nonprotein amino acids (sar-
cosine, 8-amino n-butyric acid, and others) and plasti-
cizer impurities from laboratory contamination (di-n-
butyl phthalate). The presence of the nonprotein amino
acids is evidence for a chemical rather than a strictly
biological degradation of the original proteins.

The separation scheme presented in figure 1 was used
not only to concentrate and separate amino acids but
also to partly characterize the other organic chelating
agents which were concentrated by this technique. Oth-
er organic chelating agents were found in the nonvola-
tile acids, nonvolatile amines, and volatile neutrals
fractions.,. The nonvolatile acids fraction contained
many peaks in similar quantities to the amino acids
fraction and are presumably dicarboxylic acids. Only
one major peak was measured in the nonvolatile amines
fraction and two major peaks were measured in the
volatile neutrals fraction. The quantity of material in
these two fractions was much less than that in the non-
volatile acids fraction. The other fractions contained
very little material. It is recommended that further
work be done to identify and measure the material in
the nonvolatile acids fraction since it contains a large
fraction of the total organic chelating agents.

The analyses of the gases which bubble up in the
springs are given in table 2. Complexion Spring had no
gas at the times of sampling. The presence of methane
and ethane in the samples is evidence that there is deg-
radation of organic matter with release of low molecu-
lar weight breakdown products. The carbon dioxide
may come from the alteration of carbonate minerals
(Barnes, 1970) or from the breakdown of organic mat-
ter or both. The oxygen plus argon and the nitrogen
are probably air contamination.

The similar composition of free dissolved amino
acids in the springs, test wells, and Kettleman North
Dome brines, the presence of other dissolved organic
chelating agents, and the presence of methane and
ethane in the gases bubbling out of the springs and test
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TABLE 2.—Composition, in volume percent, of gases from
8prings and wells
[NA, not analyzed)

Os+Ar Na CH, COs CHy¢ Date
Skaggs Spring 1. 2.8 11 25 62 0.16 10-27-71
12 44 28 69 .25 *9-30-70
Skaggs Springs
well ________._ 10 12 49 40 .04 10-27-71
1.7 18 61 38 —_—— *9-30-70
Murphy oil test
well . 4 42 95 .08 .03 6- 4-72
Spring in
Murphy
Canyon _______ 3 21 98 1 ——— b— 8-72
Wwilbur Springs .. .3 11 33 95 —— 56— 4-72
NA NA 7 93 001 **4-11-68
Wilbur oil test
well ___.______ 3 13 94 2 31 5— 4-72
Grizzly Spring .. 3 11 16 98 —— 9-11-74
3 8 10 97 m—— *12- 1-69
Soda Bay
Spring —_._.___ 9 27 18 97 ———— 9-10-74
Kettleman North
Dome:
81-18Q _______ NA NA 81 b5 94 4-26-72
324357 ______ NA NA 89 12 656 4-26-72
823-21J ______ NA NA 89 1.2 6.0 4-27-72

* Barnes, Hinkle, and others (1973).
** Barnes, O'Nell, and others (1973).

wells are evidence of the degradation of organic matter
with the release of low molecular weight products. This
may be one mechanism for the transportation of or-
ganic matter from the source rocks to the reservoir
rocks of an oil deposit.
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SOLUTE TRANSPORT AND MODELING OF
WATER QUALITY IN A SMALL STREAM

By S. M. ZAND, V. C. KENNEDY, G. W. ZELLWEGER,
and R. J. AVANZINO, Menlo Park, Calif.

Abstract.—An injection of chloride, sodium, and stable
strontium was made at a constant rate for 3 hours into Uvas
Creek, Santa Clara County, Calif.,, to determine the mass
transport processes in a small stream. Five observation points
were selected within a 610-metre reach of the stream below
the injection site. Water samples were collected at the obser-
vation points during and immediately after the injection. A
mathematical model of the stream was obtained by solving
analytically and optimally the one-dimensional mass transport
equation of the solutes in the stream. Comparison of fleld
results with a simplified mathematical model indicates the
dominance of convection in the behavior of sodium and
chloride. The concentration of chloride and sodium can be
closely simulated by the model. However, strontium cannot
be well represented by the simplified model, which contains
a first-order decay-type sink.

The primary aim of this experiment was to answer
the following questions: (1) Can differences in be-
havior between reacting and nonreacting species be
detected? (2) is it possible to consider chloride as a
truly conservative constituent; that is, one with zero
source and sink terms? and (3) how well can one rep-
resent the result obtained, at least empirically, by
means of a simple one-dimensional dispersion model
which includes a linear sink

A small hydrologically simple stream was sought for
the initial investigation. Uvas Creek offered the most
suitable condition of the numerous streams investi-
gated. The drainage area of the creek above the study
reach is about 9 km? and is forested mostly by second
growth coast redwood (Sequoia sempervirens), ma-
drone (Arbutus menziesii), big-leaf maple (Acer ma-
crophyllum), and California laurel (Umbellularia
california). Annual rainfall in the area is normally
1,000 to 1,400 mm per year, occurring mostly between
October and May. There are no housing developments
in the watershed. Relief of the watershed is 840 m.

The experimental reach of 610 m on Uvas Creek is
accessible by a foot trail along its banks and by a serv-
ice road that approximately parallels the creek on

higher ground. In downstream order, the experimental
reach includes an injection point, an initial mixing
reach about 15 m in length, and five observation sta-
tions (fig. 1). Complete lateral and vertical mixing
was assumed within the initial mixing reach. The first
two columns in table 1 give the station numbers and
their distance from the injection point. The drop in
stream elevation from the injection point to the lower-
most station in the reach is 19.2 m through a series of
pools and riffles. Stream width ranges from about 0.3
to 4 m and the streambed is composed largely of par-
ticles greater than 4 mm in diameter. Figures 2 to 5
show representative views of the stream reach. Calcium
is the major cation in solution in Uvas Creek water.

EXPERIMENT

This research was done to investigate the processes
controlling the mass transport of solutes in a small
stream, Uvas Creek above Uvas Canyon County Park
in Santa Clara County, Calif. (figs. 1-5). This report
presents a mathematical model that was constructed to
simulate a 3-h injection test on September 26, 1972,
during the low-flow period near the end of the summer
dry season.

Injection
point

station

Study area

TRUE NORTH
H“"’Vfr/c
e
C)

Station 3
(o] 50 METRES
I

FicURE 1.—Experimental reach, Uvas Creek, Santa Clara
County, Calif.
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F16URE 4.—Stream reach at station 5.

F1eure 3.—Uvas Creek below station 4.

The selection of injection materials for the Uvas
Creek experiment was based on their effectiveness in
isolating different transport phenomena, prevention of
undue quality degradation, detectibility at low concen-
trations, ease of handling, and practical feasibility. For
the initial experiment in September 1972, chloride,
sodium, and stable strontium were selected as the in-
jection materials. Chloride was expected to show the
hydrodynamic properties of the experimental reach
because of its slight sorption on bed sediments. Sodium  pouge 5—Typical area of coarser sediments in the study
and strontium were expected to represent, in addition reach.
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to the hydrodynamics effect, the effect of differing
sorption uptake and release by sediments (sinks and
sources) in the reach. The injection materials, consist-
ing of 1,068 g of chloride, 534 g of sodium, and 214 g
of strontium, were in dissolved form and were held in
a single large container during the 3-h injection. The
gravity-fed injection apparatus consisted of a reser-
voir, tubing, a control valve, and a flowmeter. The rate
of injection to the stream was constantly controlled
manually through the valve during the injection test.

Sampling for chloride, sodium, and strontium at the
different sampling stations began 15 min before the
start of the injection and continued for 30 h after the
3-h injection ended. Information was gathered most
frequently during the period of greatest change in
concentration of injected material. Water samples were
collected either manually in plastic bags or by auto-
matic samplers using polycarbonate bottles. The sam-
pling points were at the center points of stream con-
strictions where mixing was presumed complete.

The flow rate in the creek at the gaging station (fig.
1) was monitored every 15 min using a standard U.S.
Geological Survey stream gage. The gage height
showed some diurnal fluctuation. However, in the
mathematical model of the experiment it was assumed
that the discharge could be considered a constant value
(0.0125 m?/s) equal to the average daily flow rate and
that there was no significant inflow to or outflow from
the stream within the study reach. With these assump-
tions the percentage losses of chloride, sodium, and
strontium were determined and are shown in table 1. A
summation period of 15.5 h was used for reasons given
later.

TABLE 1—Distance and percent recovery of injected material

]f)lstartlﬁe Weight recowt'ered 1
rom
Station injection p(e)int (percent)
(metres) Chloride Sodium Strontium
1 38 100 100 95
2 105 99 97 91
8 . 281 87 85 64
4 433 82 M 44
s J 619 85 53 19

1Based on average discharge of 0.0125 m3/s and 15.5-11 time
duration,

MATHEMATICAL APPLICATIONS

Mathematical modeling of surface-water quality is
in the initial stages of development. Significant exam-
ples of work in this area are the studies by Thomann,
DiToro, and O’Connor (1974) in large streams, the
work of Chen and Orlob (1972) in lakes and estuarine
systems, and the studies of Gloyna, Yousef, and Pad-
den (1971) in mass transport of biodegradable and
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nondegradable materials through a system of flowing
and nonflowing research flumes. An informative assess-
ment of estuarine modeling was prepared by Tracor,
Inc. (1971), for the Environmental Protection Agency.

Successful mathematical modeling of water quality
depends on the intricate relationship between concep-
tual modeling and complementary experimentation. As
described by Weber, Kisiel, and Duckstein (1973), a
major shortcoming in this interrelationship is data in-
adequacy, which may be broken down into insufficient
sample size, measurement errors, missing observations,
and proxy or secondary data or variables.

The dominant factors controlling the transport of
solutes in stream systems can be divided into three
groups: those that are primarily physical such as ad-
vective and dispersive flow, chemical reactions between
dissolved constituents or between dissolved materials
and inanimate stream solids, and reactions between dis-
solved solids and the stream biota. Advective mass
transport is caused by the streamflow. Dispersion
transport is caused by many factors, among which are
turbulence effects and molecular diffusion. Chemical
reactions can include sorptive exchange with the sedi-
ment and precipitation on or dissolution of the sedi-
ment. Biologic influences include the interaction of the
solutes with biota living in the water or on the sedi-
ments. The contribution of the sediments and biota to
the uptake or release of solutes is referred to in the
overall mass transport model as sinks or sources of the
solutes in the given body of water.

In mathematical modeling of surface-water quality
there are two distinctly different approaches. One is
the “black-box” type and the other is “structure-imitat-
ing.” In black-box mathematical modeling the system
of concern is isolated, as in a box, and significant vari-
ables of the system are assumed to be inputs and out-
puts of the box. In this type of analysis the internal
workings of the system—that is, the processes in opera-
tion—are completely neglected. A model constructed
using the black-box approach is purely empirical for a
particular stream and may fit observed data quite well,
yet it may be of little or no value for prediction outside
its calibration range.

In the structure-imitating approach, an attempt is

. made to imitate the internal workings of a given sys-

tem. To do so, physical laws are utilized to describe the
conceptual relationships among significant variables of
a system. A purely structure-imitating model may be
quite capable of predicting the behavior of the modeled
system or of similar systems and permit extrapolation
beyond its calibrated range. However, to be complete,
such a model must be as complex as the natural system
it describes, and this is manifestly impossible.
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Approaches commonly used are of the so-called gray
type. That is, to a large degree, structure-imitating ap-
proaches are utilized in their initial formulation. How-
ever, at the parameter evaluation stage (determination
of specific mathematical formulae) some degree of
“blackness” is utilized. This final stage of black-boxing
limits predictive capabilities. In general, the more the
internal workings of a system are considered and imi-
tated in mathematical modeling, the better the models
can be used as predictive tools. :

The approach used in this analysis is considered to
be of the gray type. It imitates the convective and dis-
persive influences tc a large degree in a structure-
imitating fashion. However, the overall behavior of
the sinks of chloride, sodium, and strontium are con-
sidered as falling into the first-order decay type; that
is, the rate of release of a particular solute to the sinks
is directly proportional to the concentration of that
constituent in solution. This approach to the chemistry
is virtually black box. With additional research, it is
expected that more realistic versions of the forms of
the sources and sinks of solutes in the given stream can
be determined.

The law of conservation of mass, when applied to a
stream system, results in the following set of partial
differential equations:

9% _ Eazc‘

ot ox*
when ¢; is the concentration of the ith variable; ¢,
time; £, the dispersion coefficient ; x, distance; v, aver-
age velocity; and S;; represents /; number of sources
or sinks for the ith variable. In the derivation of equa-
tion 1, average velocity, cross-sectional area, and the
dispersion coefficient in the stream are assumed to be
constants. The stream has also been assumed to have &/
significant variables.

a0‘+ ZS,, i=12,. ..,

i=1

M (1)

When the sources and the sinks of different variables
in a stream behave like chemical reactions with kinetics
of the first order, equation 2 results, as follows:

%=Eéz’_ aci+ Zk”cj 2—12
ot o oz =1
where ki, a first-order decay coefficient, represents the
influence of jth variable on the sth one. If there are no
significant interactions among different variables of a
system, equation 2 simplifies to equation 3, as follows:
2
o4 _pQ% 9% i ke, (3)
ot awz oz
where %; represents the first-order decay associated with
the 7th variable.

co M (2)

i=12,..., M
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The analytical solution of equation 3 for a continu-
ous and constant injection rate of v, at =0, starting at
¢=0, when ¢(,t) =0, for £>0 is obtained by a tra,ns-
formation of the form

)t ] (4)

' wux u?

o) =y(et) oxp [ o2-( 12
This transformation gives the canonical form of equa-
tion 3 that is the transient heat conduction equation,

shown here as equation 5,
goY_2Y (5)
ox* 9t

Back substitution in the analytical solution of equation
5 gives equation 6 that is the analytical solution of

equation 3, Ogata (1958).
() = o v)[ oefo (2T (wﬂ)
yA P\ 2F 1z )P\ oF
*—Qt €.
—erfe| ——— -— 6
ol g oo (-3z)] ©

where A is the cross-sectional area, Q=v>+4kE, y is
the specific weight of the transporting fluid, and erfc
is the complementary error function.

INTERPRETATION OF THE DATA

Thinner lines in figures 6, 7, and 8 show the measured
concentrations of chloride, sodium, and strontium, re-
spectively, at five observation stations during and
shortly after the injection test of 1972. As stated be-
fore, the experiment was planned for the end of the
rainless period of the year when a low and virtually
constant flow was expected. However, the first signifi-
cant rainfall of the season began approximately 15.5 h
after the start of the tracer injection. This rain caused
measurable changes in quality and quantity of stream
water. Therefore, data obtained from meonitoring of
the stream after the rainfall could not be used to con-
struct a die-away curve.

With the assumptions as described previously, equa-
tion 3 can be used to approximate the concentration
distribution of the injected materials as they move
downstream. The solution of equation 3 for a square
wave injection pulse is equivalent to the summation of
the solutions of two imaginary step inputs of the same
height, one being a positive step and the other, its time-
axis image. The negative step must lag the positive one
by the time width of the square wave pulse.

The dispersion coefficient and the first-order decay
are two parameters that must be evaluated for the
stream and for the solutes. The dispersion coefficient,
E, represents the overall hydrodynamic properties of
the stream system. The first-order decay coefficient, %,
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Figure 6.—Measured and theoretical concentration of chloride in Uvas Creek on September 26-27, 1972. Measure-
ments in metres are distances from the injection point.

represents the nonhydrodynamic mass transport be-
havior of the solutes in the stream.

The dispersion coefficient accumulates the effects of
many approximations and phenomena Among its sig-
nificant contributing components in a one-dimensional
approximation of streamflow are the dispersion caused
by averaging processes of different variables of the sys-
tem, turbulent mixing and molecular diffusion. Keefer
and McQuivey (1974) examined the relation between
turbulent diffusion, dispersion, and the statistical prop-
erties of turbulence in an open channel flow, and
McQuivey and Keefer (1974) developed a method for
predicting longitudinal dispersion coefficients from
mean flow parameters. Fischer (1968) utilized a rout-
ing method to evaluate the overall dispersion
coefficient.

In contrast to published data on the dispersion co-
efficient, information about decay-type phenomena in
stream-water chemistry and biology is relatively poor.
This may be attributed to the complex multidimension-
al nature of the problem. That is, even if we assume
that the decay of a substance in a given environment is

linearly proportional to its concentration, the value of
the decay coefficient is unique for the given substance
in its specific environment.

If enough time had been allowed for observation,
most of the chloride injected would have returned to
the stream, assuming that the stream was not losing an
appreciable fraction of flow to the ground water with-
in the study reach. During the experiment it was as-
sumed that the temporary overall loss of chloride from.
the stream was behaving like a chernical reaction with
kinetics of the first order. This assumption permitted
the use of the analytical solution for determining the
optimum values of parameters £ and .

The following simple optimization routine was util-
ized to evaluate £ and k. Initially, for a constant
velocity, arbitrary values were selected for the disper-
sion and the first-order decay coefficients. With the
assumed arbitrary values of £ and k, using the ana-
lytical solution, the starting theoretical concentration
of chloride at different stations was determined. The
comparison of the theoretical and the measured con-
centration according to a given criterion yielded the
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F1eUure 7.—Measured anii theoretical concentration .of sodium
in Uvas Creek on September 26-27, 1972. Measurements in
metres are distances from the m,]ectlon point.

local optimum values of the two parameters. Two cri-
teria were chosen for the optimization, one being the
root mean square error of estimate, ERR, equation 7,
and the second the percent weight loss, W, equation 8.

'ERR- Z(U* 07’1)2/2 (€ (7)

i=1 i=1
where ERR is the root mean square error of estimate, C
is the measured concentration, 7 is the theoretical
concentration, 7 is the ith value, and & is the number of
measured concentrations.
M—-w 1

W= X100

(8)

where W is the percent weight loss, M is the total
measured weight of the solute passing a given station,
and w is the total theoretical weight of the solute pass-
ing a given station, or

SOLUTE TRANSPORT AND WATER QUALITY MODELING IN A SMALL STREAM

N .
= ZQ,U,'At, (9)
1=1 .

where ¢ is the flow rate and A¢ is the time increment.
The outcome of many computer runs utilizing the two

-optimization criteria indicated similar results.

The mathematical model of the stream is very sensi-
tive to velocity variations. The average velocity from
the injection point to each station was adjusted using
another simple trial and error optimization procedure.
The optimum values for £ and % in each cycle were
evaluated as mentioned in the preceding paragraph.
The starting velocity was the one associated with move-
ment of the center of gravity of the chloride time-con-
centration curves (figs. 6, 7; and 8). Using the optimum
E and k, the velocity was changed until the improve-
ment in the goodness of fit was not significant.

Table 2 shows the average velocity, the optlmum
values of £, k, root mean square error of estimate (eq
7) and percent weight loss (eq 8) at different stations.
Figure 6 shows the plots of measured and theoretical
concentration of chloride using the optimum evaluated
coefficients at the five stations.

_The dispersion coefficient of chloride, as evaluated
above, was used for constructmg the theoretical models
of sodium and strontium. Again, the assumption was
made that the sinks for sodium and strontium behaved
as chemical reactions with kinetics of the first order.
An optimization similar to the one used for chloride
was utilized to evaluate the best first-order decay co-
efficient for sodium and strontium. Table 2 shows the
parameters that were evaluated in models of the three
solutes. Figures 7 and 8 show the measured and the
theoretical concentration of sodium and strontium, re-
spectively, at the five stations.

TABLE 2.—Velocity, dispersion coemcieni, first-order decdy co-
efficient, and associated errors for chloride, sodium, and
strontium at five stations

Station.
Velocity (v)
Dispersion coefficient (E)

________________________ 2 3 5.
m/s__ 0. 066 0.040 0.037 0 034 0.030
---m2/s__ .16 .18 .25 .49

Chloride
First-order decay
coefficient (k) o ____.___105/s.. O (1] 2 2 2
Error{eq 7) oo percent_. 6.83 4.10 4.64 3.85 6.05
Error(eq 8) ____________ percent__ .08 101 2.19 6.02 .34
' Sodium
First-order decay . - o
coefficient (k) ___________ 108/s._ 0 1 2 2 3
Error(eq 7) ___.________ percent__ 2,20 147 134 1.33 1.09
Error(eq 8) oo percent__ .03 .44 3.21 4,18 3.68
Strontium
First- order’ decay :
coefficient (k) ___________ 105/s_._ 8 3 6 6 8
Error(eq 7) - _-_______percent__ 14, 05 14.51 25.40 29.55 40.71
Error(eq 8) ____________ percent__ .02 14 .01 .03 .12
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FI1GURE 8.—Measured and theoretical concentration of strontium in Uvas Creek on September 26-27, 1972. Measurements in
metres are distances from the injection point.

SUMMARY AND CONCLUSION

An injection of chloride, sodium, and stable stronti-
um was made at a constant rate for 3 h to determine
the mass transport processes in Uvas Creek, Santa
Clara County, Calif., September 26 to 27, 1972. The
primary aim of the experiment was to answer the fol-
lowing questions: (1) Can differences in behavior be-
tween reacting and nonreacting species be detected ?
(2) is it possible to consider chloride as truly conserva-
tive constituent ; that is, one with zero sink terms? and
(3) how well can one represent the result obtained, at
least empirically, by means of a very simple one-dimen-
sional dispersion model which includes a linear sink of
the type S=%kc?

An analytical solution to the partial differential

equation describing the chemical-quality changes. in’
Uvas Creek during tracer addition was made possible

by considering the creek as a simplified one-dimension-
al system. Associated assumptions involved averaging
of velocity, concentration, and cross-sectional area in
time and space and the use of first-order decay in de-
scribing the reaction between the sinks and the solutes
in the stream. At the time of the preliminary experi-
ment, knowledge of the stream characteristics was lim-
ited, so that these simplified assumptions were required.
The experience with the one-dimensional model of the
stream indicates its high sensitivity to the variation of
stream velocity. This sensitivity causes significant ef-
fects on the structure, formulation, and verification of
the sink submodels of the solutes in the stream.

The difference between reacting and nonreacting
chemical species in the stream is demonstrated by the
observations presented in figures 6, 7, and 8. The first
significant rainfall of the season prevented determina-
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tion of the conservation of chloride during the experi-
ment. However, a later experiment indicated that, if
enough time is allowed, the major portion of chloride
returns to the stream.

Optimization of the dispersion coefficient and the
first-order decay coefficient indicated that the simpli-
fied Uvas Creek mathematical model could reasonably
well simulate the behavior of chloride and sodium.
However, the strontium concentration could not be
reproduced as closely as the other two solutes. Neither
sodium nor chloride are strongly adsorbed by sedi-
ments under the conditions present in Uvas Creek.
However, strontium would be expected to compete well
with caleium, the major cation in Uvas Creek, for ex-

change sites on the sediments. Thus, chloride shows

little or no reaction with the sediment and is virtually
a conservative constituent, whereas sodium is very
slightly adsorbed and strontium is rather strongly ad-
sorbed. The “losses” of sodium and strontium relative
to chloride observed in the stream study reach during
15.5 h of sampling correlate well with increased ad-
sorption capability.

The simplified mathematical model as described in
this report was a useful tool to give a generalized un-
derstanding of the behavior of the solutes in the stream
during the experiment. The model was not adequate to
describe the mass transport of solutes in a structure-
imitating fashion. As more data become available, the
sources and the sinks of solutes will be examined in
detail. ‘

SOLUTE TRANSPORT AND WATER QUALITY MODELING IN A SMALL STREAM

REFERENCES CITED

Chen, C. W., and Orlob, G. T. 1972, Ecologic simulation:
Walnut Creek, Calif.,, Water Resources Engineers, Inc.,
final rept., 157 p. '

Fischer, H. B., 1968, Dispersion predictions in natural streams:
Am. Soc. Civil Engineers, Jour. Sanitary Engineering
Div., v. 94, no. SA5, Proc. Paper 6169, p. 927-948.

Gloyna, E. F.,, Yousef, Y. A., and Padden, T. J., 1971, Trans-
port of organic and inorganic materials in small-scale
ecosystems, in Hem, J. D., ed.,, Nonequilibrium systems in
natural water chemistry: Washington, Am. Chem. Soec.,
p. 181-193.

Keefer, T. N.,, and McQuivey, R. S, 1974, Investigation of
diffusion in open-channel flows: Jour. Research U.S. Geol.
Survey, v. 2, no. 4, p. 501-509.

Ogata, Akio, 1958, Dispersion in porous media: Evanston, IIl.,
Northwestern Univ., Ph. D. dissert.,, 121 p.

McQuivey, R. 8., and Keefer, T. N.,, 1974, Simple method for
predicting dispersion in streams: Am. Soc. Civil Engi-
neers Proc., Jour. Environmental Eng. Div.,, v. 100, no.
EE4, paper 10708, p. 997-1011.

Thomann, R. V., DiToro, D. M., and O'Connor, D. J., 1974,
Preliminary model of Potomac estuary phytoplankton :
Am. Soc. Civil Engineers Proc., Jour. Environmental Eng.
Div., v. 100, no. EE3, paper 10576, p. 699-715.

Tracor, Inc., 1971, Estuarine modeling: an assessment: Water
Pollution Control Research Series 16070DZV, 497 p.

Weber, J. E., Kisiel, C. C., and Duckstein, Lucien, 1973, On the
mismatch between data and models of hydrologic and
water resources systems: Am. Water Resources Assoc.,
Water Resources Bull, v. 9, no. 6, p. 1075-1088.



Jour. Research U.S. Geol. Survey
Vol. 4, No. 2, Mar.—Apr. 1876, p. 241-245

THE MEASUREMENT OF ADENOSINE TRIPHOSPHATE IN
PURE ALGAL CULTURES AND NATURAL AQUATIC SAMPLES

By W. THOMAS SHOAF and BRUCE W. LIUM, Doraville, Ga.

Abstract.—Three methods for the extraction of adenosine
triphosphate (ATP)-—neutral dimethyl sulfoxide (DMSO),
boiling tris buffer, and butanol-octanol extraction—were
equally effective on the alga Chlorella vulzavis. Dilution of
extracted ATP samples was linear. Filtration of different
volumes of samples resulted in proportional values for ATP
in the extracts. Measurement of activity by either peak height
or integration of the area under the peak were equally sensi-
tive and reproducible. The assay of ATP sample was inhibited
by mercuric chloride > cadmium chloride > calcium chloride
> potassium or sodium phosphate, and by high concentrations
of the extractant DMSO. Analysis of ATP in aquatic environ-
ments led to the problem of transferring a sample from the
fleld to the laboratory without obtaining a change in ATP
concentration. Membrane filtration of the sample followed by
chilling at 4°C, slow freezing at —20°C, or freezing on dry
ice were ineffective in maintaining a constant level of ATP.
Chilling caused a marked increase in ATP, whereas slow
freezing caused a significant loss of ATP. Freezing on dry
ice was variable but generally resulted in large losses of ATP.
Quick freezing by immersion’ of filter and algae in liquid
nitrogen and storage on dry ice maintained a constant ATP
level. Field extraction of the ATP followed by quick freezing
in an acetone-dry-ice bath maintained the ATP in a con-
venient and stable form. '

An estimate of the quantity of living micro-organ-
isms (biomass) in an aquatic environment can be a
useful tool to assess water quality. Both phytoplank-
ton and microzooplankton biomass can be estimated by
direct microscopic determination of volume and num-
ber. Other micro-organisms (for example, bacteria)
have been estimated by various plating techniques
(colony counting) and extinction-dilution techniques.
The techniques are often time consuming, expensive,
and subject to inherent sources of error. Some of the
major problems include the following: Direct micro-
scopic counting of bacteria may yield higher estimates
because of the difficulty in distinguishing bacteria from
bacteria-sized inert particles. There is also the inability
to differentiate between viable and nonviable cells, and
the problems of cell aggregation, for bacteria and
algae. Low estimates may be produced by plating and
extinction techniques which are selective because of the

chemical composition of the media and inherent physi-
cal parameters such as temperature and pressure. The
extinction-dilution technique may also be biologically
selective in that only types capable of growth in spe-
cialized media will grow to measureable size.

For a total biomass determination, it would be de-
sirable to measure some biochemical that is present in
all living cells but is not associated with nonliving par-
ticulate material. This cellular constituent must have
a short survival time after death, so that it would be
specific for viable biomass. It must likewise be present
proportional to some measure of the total biomass for
all microorganisms—algae, bacteria, fungi, and proto-
zoans. Sensitive and accurate methods for its detection
should be available.

The biochemical which seems to meet these require-
ments best is adenosine triphosphate (ATP). ATP is
the primary energy donor in cellular life processes. Its
central role and biological and chemical stability make
it an excellent indicator of the presence of living ma-
terial. The level of endogenous ATP, which is the
amount of ATP per unit biomass in bacteria (Allen,
1973), algae (Holm-Hansen, 1970), and zooplankton
(Holm-Hansen, 1973), is relatively constant when com-
pared to the cellular organic carbon content in several
species and throughout all phases of the growth cycle.
In studies where cell viability was determined (Hamil-
ton and Holm-Hansen, 1967; Dawes and Large, 1970),
the concentration of ATP per viable cell remained rela-
tively constant during periods of starvation. The quan-
tity of ATP, therefore, can be used to estimate total
living biomass.

This report compares instrumentation for measure-
ment of ATP and procedures for extraction from liv-
ing cells in natural aquatic samples. It describes
changes that may occur in the ATP concentration of a
natural sample from the time it is removed from its
natural environment until the time it is assayed in the
laboratory, and how to prevent this change. Com-
pounds that interfere with the assay are also described.

241
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MATERIALS AND METHODS

Water—Fresh glass-distilled water was used for the
preparation of all reagents. The water was assayed for
ATP activity before being used as a reagent. Deionized
and older unautoclaved distilled water frequently con-
tained significant and variable amounts of ATP and
were not suitable.

Buffer preparation—Morpholinopropane sulfonic
(MOPS) acid buffer (sodium salt), 0.01 M, at pH 7.4,
was prepared with freshly distilled water, autoclaved,
and capped until used.

ATP standards—ATP was prepared at a concentra-
tion of 0.1 pg/ml in 0.5 mmol/1 (ethylenedinitrilo)
tetraacetic acid disodium salt (Na,EDTA), 5 mmol/]
MgSO,, and 5 mmol/1 Tris-Cl at pH 7.7 using freshly
distilled water. One half millilitre was placed in 6Xx49
mm glass vials, capped, and quick frozen in an acetone-
dry-ice bath. The standards were then maintained at
—20°C until used. A vial was thawed once and then
discarded after use.

Algae.—Chlorella vulgaris was obtained from Dr.
John Heiss, Georgia Institute of Technology, and
grown on the medium used for the provisional algal
assay procedure (Bartsch, 1971).

Extraction procedure—A modification of the neutral
dimethyl sulfoxide (DMSO) procedure described in
the E. I. Dupont De Nemours & Co. (1974) lumines-
cence biometer manual was utilized throughout, except
where compared to the boiling tris-buffer method and
the butanol-octanol method. The neutral DMSO pro-
cedure utilizes the Dupont filter stand and self-sup-
porting membrane filters (13-mm diameter, 0.45-pm
pore size). The filter assembly is placed in the stand
and rinsed with 1 ml of 0.01 ¥ MOPS, pH 74. A
volume of sample is placed on the filter and filtered.
The cells are then immediately rinsed with 1 ml of
0.01 4 MOPS, pH 7.4. Adhering droplets are shaken
from the bottom of the filter assembly. A clean gradu-
ated tube is placed in the filter stand to collect the
extract. A 0.2 ml mixture of 90 percent DMSO and 10
percent 0.01 4 MOPS, pH 7.4, is added to the filter
assembly so that all cells are covered. After 20 s, the
vacuum is applied and the sample is filtered “dry.”
One millilitre of 0.01 & MOPS, pH 7.4, is added to the
filter assembly. After 10 s the vacuum is applied and
the sample is filtered dry. One millilitre of 0.01 M
MOPS, pH 74, is again added to the filter assembly.
After 10 s the vacuum is applied and the sample is
filtered dry. The final volume, approximately 2.2 ml,
is recorded and used in the calculations for initial con-
centration. The sample is mixed well and assayed.

ADENOSINE TRIPHOSPHATE MEASUREMENTS

The boiling tris-buffer and butanol-octanol methods
were tested without filtration. The boiling tris method
consisted of pipeting a volume of sample (usually 100
pl) into 5.9 ml of boiling 0.05 M Tris-Cl, pH 7.7, in a
15-ml graduated tube. After 2 min the sample is cooled,
volume adjusted to 6 ml, and mixed. The sample is then
assayed. The method was modified from that described
by Hamilton and Holm-Hansen (1967). The butanol-
octanol extraction method is as described in the Du-
pont instruction manual.

Analysis.—Very sensitive methods of ATP analysis
have been developed from McElroy’s (1947) finding
that luminescence in fireflies has an absolute require-
ment for ATP. ATP is determined by measuring the
amount of light produced when ATP reacts with re-
duced luciferin (LH,) and O, in the presence of fire-
fly luciferase and magnesium, producing adenosine
monophosphate (AMP), inorganic pyrophosphate
(PPi), oxidized luciferin (L), H,O, CO,, and light
(hv), by the following reaction:

ATP+0,+LH, ‘_‘E;;‘;;;"_‘..AMP +PPi+L
+ Hzo + COz + hv.

The bioluminescent reaction is specific for ATP and
the reaction rate is proportional to the ATP concentra-
tion with 1 photon of light emitted for each molecule
of ATP hydrolyzed. When ATP is introduced to suit-
ably buffered enzyme and substrates, a light flash fol-
lows which decays in an exponential fashion (fig. 1).
Either the peak height of the light flash or integration
of the area under the decay curve can be used to form
standard curves.

Enzyme-substrate mixture—The mixture contains
100 Dupont units of purified luciferase, 0.71 mmol/1
luciferin, 10 mmol/l magnesium sulfate, and 10 mmol/1
morpholinopropane sulfonic acid, at pH 7.4, in a vol-
ume of 100 pl. This solution was stable at room tem-
perature (22°-24°C) for at least 4 h, and could be used
for longer periods, even the next day if ATP standards
were reanalyzed. The enzyme-substrate solution was
not used for ATP analysis until at least 15 min after it
was dissolved, as the background luminescence de-
creased rapidly during this period. Unless otherwise
stated, a 10-ul aliquot of sample containing the ATP
was injected into the standard 100-gl volume of en-
zyme substrate in a cuvette (50-mm length by 5-mm
ID). The injector was a Hamilton (Model 705-N) 50-
pl syringe equipped with a Shandon Reprojector (Mod-
el SAA1350) to aid in achieving a rapid and repro-
ducible delivery rate.
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Fieure 1.—Light-emission curve when a sample containing
ATP is injected into the luciferin-luciferase mixture.

RESULTS AND DISCUSSIONS

Comparison of instruments.—The Luminescence Bi-
ometer, Model 760 (Dupont Instrument Co.), is specifi-
cally designed to measure the peak height of the lumi-
nescent reaction. It provides five decades of range with
automatic range selection. A signal to the photomulti-
plier tube is amplified and utilized to charge a memory
capacitor. The signal is presented 3 s after the onset of
light emission on a digital display that gives the con-
centration of ATP directly. :

The ATP photometer, Model 2000 (JRB, Inc.) is
designed to measure either the peak height of emitted
light or integrate a part of the area under the reaction
curve. The integral mode measures the area under the
curve for a 60-s period after a 15-s delay. The peak
height mode measures the light emitted during the first
6 s of the reaction. The instrument provides six decades
of range with automatic range selection. The amplified
signal is presented on a digital display as counts per
minute, a value proportional to the ATP concentration.

The Chem-Glow photometer, Model J4-7441, and
integrator-timer, Model J4-7462 (American Instru-

243

ment Co.), can measure peak height or integrate ares.
under the response curve. Four decades of range selec-
tion: are provided. The range selection is manual for
peak height measurements, and if the range selécted is
inappropriate, the reaction must be repeated after
changing the range. The integrator-timer will integrate
the area under the curve for 1, 3, 5, 10, 20, 30, or 60 s
and has more than three decades of automatic range
change. :
All three instruments could detect amounts of ATP
as-Jow as 10=*° mol (5X10—** g). Reproducibility with
all three instruments was very good. The peak height
measurements were more dependent on a uniform rate
of delivery and mixing of ATP in the luciferin-luci-
ferase solution. The instruments produced linear re-
sponses from approximately 10— to 10—'° mol of
ATP. A representative standard curve using the ATP
photometer is seen in figure 2. The slope of this curve
was approximately 1, whereas the absolute value ob-
tained varied from one enzyme preparation to the next.
ATP extracts—Three extraction procedures were
tested: Neutral dimethyl sulfoxide (DMSO), boiling
tris buffer, and butanol-octanol extraction. These meth-
ods and the algae used are described in detail in the
“Materials and Methods” section. The boiling tris-
buffer and butanol-octanol methods were used to test
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Fi1gure 2—ATP standard curve. Counts per minute were de-
termined by a 1-min integration using the ATP photometer.
ATP was assayed in the liquid scintillation vials provided
with the instrument. The assay mixture contained 100 uxl of
the luciferin-luciferase mixture and varying amounts- of
ATP. The total volume was 500 ul.
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ATP extraction, without concentration of the algae.
Both methods produced the same amounts of ATP. The
neutral-DMSO method was tested with and without
concentration of algae (by membrane filtration). In
both procedures the total amount of ATP was the
same and this value was identical to those obtained by
the other two methods, boiling tris-buffer and butanol-
octanol extraction. Attempts to reextract ATP from
the samples filtered for neutral-DMSO extraction indi-
cated that no significant extractable ATP remained.
The fact that all three methods yield the same ATP
content and that no additional ATP is extractable indi-
cated that all the soluble ATP is being extracted. These
procedures work well for a number of algae and bac-
teria, but one extractant may not be suitable for all
organisms.

The neutral-DMSO extraction method was more
rapid and convenient and was used for the experiments
described in this report. The method eliminates the use
of a boiling apparatus in the field, which may not only
be difficult to maintain, but whose boiling temperature
(and thus extraction efficiency) would vary with alti-
tude. The neutral-DMSO method also eliminates the
possible problem of heat-gradient, formation (and thus
lower recovery of ATP) when the amount of filtered
biomass placed in the boiling tris buffer is large. The
neutral-DMSO method does not require a centrifuge
as does the butanol-octanol method.

Linearity with dilution and volume filtered.—Sever-
al laboratory cultures of algae and the biomass of
natural water samples were examined to determine the
reliability of diluting an extracted ATP sample, and of
filtering different volumes of a water sample. The ATP
concentration found in diluted extracts was propor-
tional to the dilution factor, and the final values of
ATP per unit volume of algal culture were consistent.
Results of an experiment of this type using Chlorella
vulgaris given in table 1 show linearity over a dilution
range that is 100 fold. The dilution solution was 0.01 /
MOPS buffer, pH 7.4, and was free of ATP.

Aliquots of decreasing size of a natural water sam-
ple or laboratory culture gave proportionally decreas-
ing values for ATP in their extracts. Results of an ex-
periment using Chlorella vulgaris are given in table 2.
The range of volumes filtered is 100 fold. This con-
sistency and linearity with dilution of extract and
variation of volume filtered should be useful when per-
forming routine analyses of ATP.

Inhibitors of the ATP assay.—The neutral- DMSO
extractant inhibits the luciferase enzyme (table 3) by
about 25 percent. This inhibition may be eliminated by
a 10-fold dilution of the neutral-DMSO extractant

ADENOSINE TRIPHOSPHATE MEASUREMENTS

with low-response distilled water before analyzing for
ATP content.

Several metal salts also inhibit the enzymatic deter-
mination of ATP (table 4). This inhibition can usually
be eliminated, however, by washing the filtrate with
0.01 3 M OPS buffer immediately after completing fil-
tration. Although high concentrations of most salts will
inhibit the reaction, a few were very potent inhibitors.
Mercuric ion was the most potent, reducing the amount
of ATP measured to 28 percent of the correct amount
(table 4) at a concentration of 8.3 umol/l mercuric

TaABLE 1.—Effect of dilution of extracted ATP

Micrograms off ATP per litre

Diluti Predicted
ution Observed (fromrelxngtfuted)
None ________ 141.0 141.0
1/2 . 70.5 70.5
1/4 . 34.5 35.3
1/10 . 139 14.1
1/20 . 6.0 71
1/100 ________ 14 . 14
TABLE 2.-—Effect of filtering various sample volumes
Micrograms of ATP per litre
Xftl:r!:; Predicted
(u1) Observed (from initial
volume)
2,500 ______ 125.0 125.0
1,000 ________ 51.5 50.0
250 124 12.5
100 . ___ 5.2 5.0
25 1.3 1.3

TaABLE 3.—Effect of the neutral dimethyl sulfozxide (DMSO)
extractant on the luciferin-luciferase reaction

Dilution

Dilution Response Résponse
f
extrgcf:tant (percent) extrgctant (percent)
None added® __________ 100 | 1/8 o~ 91
1/10 _ o ____ 102 | 1/2 e 89
1/8 96 | Undiluted ______________ 75
1/6 e 95

110 ul of low-response water without DMSO.

NoTE :(—The standard volume and concentration of - luciferin-luel-
ferase was used. Then 10 ul of low-response water or the appropriate
dilution of 90 percent neutral DMSO was injected into the luciférin-
luciferase solution and mixed. Samples were immediately assayed by
injection of 10 ul of 0.1 ug ATP per millilitre, The Dupont lumines-
cence biometer was used to measure peak height response.

TABLE 4.—Inhibition of the ATP assay

Flnatl
concentra- Activlty
Compound talggai;n (percent)
cuvette
Distilled water ______._________ . 100
Mercuric chloride _______umol/1__ 83 28
Cadmium chloride ______mmol/1__ 0.42 38
Calcium chloride ..____ mmol/1__ 4.2 63
Potassium phosphate .
(pH T4) . mmol/1__ 21 33
Sodium phosphate
(pH 74) o ______ mmol/1__ 21 41

Nore.—The standard volume and concentration of Iluciferin-luci-
ferase was used. Then 10 uxl of low-response water or the appropriate
inhibitor was added and mixed. Samples were then immediately as-
sayed by addition of 10 gl of 0.1 ug ATP per millilitre.
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chloride. Of those tested, cadmium was the next most
potent, followed by calcium, and sodium and potassium
phosphate. '
Stability of sample.—The stability of the sample
from the time it is collected to the time it is assayed is
critical when measuring ATP in natural aquatic en-
vironments. The ATP content of a laboratory culture
Chlorella vulgaris (grown on the media described in
Materials and Methods) is stable for at least 2 h when
removed from an environmental chamber at 24°C and
4,300 Im/m? (lumens per square metre) of cool, white
fluorescent light and placed at room temperature
(24°C) under less intense light of approximately 1,000
Im/m? However, natural aquatic samples when re-
moved from their natural environment, even if main-
tained in dim light and with no significant change in
temperature, may not maintain a constant level of
ATP. This can result from the sample containing a
significant population of growing bacteria, protozoans,
fungi, or heterotrophically growing algae. Thus the
ATP content of natural aquatic samples must be either
determined immediately or properly preserved.
Placing a liquid culture of Chlorella vulgaris in the
dark at ice-water temperature, such as might be re-
quired for shipment to a laboratory, resulted in a
marked loss of ATP. As a possible alternative, the
stability of membrane-filtered samples was examined.
Algae filtered on 0.45-um membrane filters and placed
in a refrigerator (dark) at 4°C did not maintain a
constant ATP level. The ATP increased (fig. 3) so
that after 94 h, approximately 1.9-fold more ATP was
present than when initially filtered. A similar effect has
been reported in leaves of Chenopodium rubrum and
Phaseolus vulgaris (Jones, 1970). The next approach
was to freeze the filtered samples by placing the filter
in a freezer at —12°C. The ATP level dropped rapidly
and by the end of a 94-h period only about 14 percent
of the ATP remained (fig. 3). Attempts to freeze the
filtered algae on dry ice and store in the freezer at
—12°C resulted in even a more rapid loss of ATP
(fig. 3). The ATP content of filtered algae could be
kept stable if the filter and algae were dipped into
liquid nitrogen (< —196°C) immediately after filtra-
tion, and then transferred to and maintained on solid
carbon dioxide (< —178°C). This procedure, although
convenient and effective in the laboratory, would be
less desirable as a field procedure. Because the ATP
extracted from the algae was stable when frozen at
freezer temperatures (—10 to —20°C), the best ap-
proach to insure that one obtains an accurate measure
of ATP is to extract the ATP from the sample in the
field (as described in “Materials and Methods”). The
extracted ATP can then be quick frozen by immersion
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F1GURE 3.—ATP concentration in Chlorelle vulgaris as a func-
tion of time after filtration. A liquid culture of Chlorella
vulgaris was filtered and the ATP extracted using the
neutral-DMSO technique as described in “Materials and
Methods.”

of a tube of ATP extract into an acetone-dry-ice bath
and then maintained in a frozen state.
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DETERMINATION, STORAGE, AND PRESERVATION OF LOW
MOLECULAR WEIGHT HYDROCARBON GASES IN AQUEOUS SOLUTION

By D. J. SHULTZ, J. F. PANKOW,2 D. Y. TAl,* D. W. STEPHENS,
and R. E. RATHBUN, Bay Saint Louis, Miss.

Abstract.—A gas chromatograph with a flame ionization de-
tector was used in conjunction with a stripping chamber and
cold trap apparatus to measure microgram-per-litre quantities
of low molecular weight hydrocarbon gases in water samples.
Glass bottles with ground-glass stoppers were used to store
the samples. Formalin was added to stop bacterial activity and
preserve samples with no measurable losses for as much as 7
days.

The development by Tsivoglou and others (1965,
1968) of a tracer technique for measuring reaeration
coefficients of streams was a significant contribution to
experimental studies of the oxygen cycle of streams.
The development by Swinnerton and Linnenbom
(1967) of a gas chromatographic technique for measur-
ing very small quantities of low molecular weight hy-
drocarbon gases in water samples suggested the possi-
bility of using these gases as a tracer for oxygen.

This report describes modifications of the Swinner-
ton and Linnenbom (1967) technique together with
techniques developed for sample storage and preserva-
tion of microgram-per-litre quantities of ethylene and
propane in aqueous solution.

ANALYTICAL PROCEDURE

The analytical procedure consists of (1) introducing
an aliquot of a water sample into a stripping chamber,

(2) stripping the dissolved gases from the water with.

a stream of helium gas, (3) trapping the gases in a
cold trap, (4) desorbing the gases from the trap by
warming, and (5) flushing the gases into a gas
chromatograph equipped with a flame ionization de-
tector. A single gas, ethylene, was used in most of the
initial work; however, in several instances ethylene and
propane were used together. Figure 1 is a diagram of
the stripping and gas chromatographic system; the
steps of the procedure are described in the following
paragraphs.

1 General Electric Co., Bay Saint Louis, Miss.
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FIGURE 1.—Stripping and gas chromatographic system in the
stripping mode.

Introduction of sample into stripping chamber

A sample (30 ml or less) is introduced into the strip-
ping chamber through the Teflon septum of the injec-
tion port with a glass syringe. The syringe is filled by
pouring the sample into the syringe barrel rather than
filling by suction.

Sample stripping

The dissolved hydrocarbon and atmospheric gases
are stripped from the sample and flushed into the cold
trap by a stream of helium gas flowing through the
glass frit in the bottom of the stripping chamber. The
stripping time is a function of temperature, sample
volume, helium flow rate, and pressure inside the strip-
per (Kroopnick, 1971). Additional time is necessary
for flushing of the stripped gases into the cold trap.
For samples of 30 ml or less, a stripping time of 15
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min with a helium flow rate of 30 ml/min gives quanti-
tative recovery of the hydrocarbon gases for the strip-
ping chamber used in this work. Figure 1 shows the
system in the stripping mode.

Sample trapping

The gases leaving the stripping chamber are dried by
flowing through a drying tube filled with anhydrous
calcium sulfate (fig. 1). The dry gases then flow into a
U-tube cold trap consisting of a 0.3-m (1.0-ft) length
of 6.4-mm (0.25-in) OD stainless-steel tubing packed
with activated alumina. Liquid nitrogen is used as the
refrigerant for the cold trap. At the temperature of
liquid nitrogen, any methane present in the water sam-
ples will also be trapped. Should the methane concen-
tration greatly exceed that of ethylene, the methane
and ethylene peaks may overlap. This has not been a
problem thus far in field applications. If samples have
interfering methane concentrations, a dry ice and ace-
tone slurry can be substituted for liquid nitrogen. At
the temperature of this slurry, the higher boiling point
hydrocarbons will be trapped while methane will not.

Trap flushing

After the stripping process is completed, the six-port
valve (fig. 1) is switched so that the helium carrier gas
for the chromatograph passes through the cold trap.
The refrigerant is replaced with a 70°C water bath
causing the hydrocarbon gases to vaporize and elute
into the gas chromatograph.

Sample analysis

A Varian Acrograph, Moduline Series 2800, gas
chromatograph equipped with a flame ionization de-
tector is used.

Separation of the hydrocarbon gases is accomplished
with two columns in series. The first, for separation of
ethylene and ethane, consists of a 1.2-m (4.0-ft) length
of 6.4-mm (0.25-in) OD stainless steel tubing packed
with activated alumina coated 10 percent by weight
with DC 200 (silicone oil). The second, for separation
of the saturated C,, C;, and C, hydrocarbons, consists
- of 2 3.0-m (10-ft) length of 6.4-mm (0.25-in) OD stain-
less steel tubing packed with Chromosorb P coated 20
percent by weight with SE-30 (methyl silicone). The
oven temperature is maintained at 30°C and the de-
tector temperature at 200°C. The helium carrier-gas
flow rate is 70 ml/min, and the hydrogen and air flow
rate for the detector are 30 and 300 ml/min, respective-
ly. The signal from the electrometer is recorded on a
potentiometric strip chart recorder operated at 1 mV
full scale and a chart speed of 5 mm/min. Unless other-
wise noted, the peak areas were integrated with a
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mechanical ball and disk integrator with printout.
Figure 2 is a chromatogram of river water containing
methane, ethylene, and propane. The methane is natur-
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Ficure 2.—Chromatogram of a river water sample containing
naturally occurring methane and artificially added concen-
trations of ethylene and propane.
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ally occurring, the ethylene and propane were added
for a field measurement of the reaeration coefficient.
Concentrations of the ethylene and propane were 6.17
and 1.58 ug/1, respectively.

A commercial calibration gas mixture certified to
contain 11.0 pg/g each of ethylene and propane and
10.5 pg/g of butane in nitrogen is used as an instrument
standard. A sample of this gas is analyzed at the be-
ginning and end of each day and whenever operating
conditions of the chromatograph are changed. A stain-
less steel sample cylinder of known volume is filled
with a known pressure of the gas standard using the
apparatus shown in figure 3. The sample cylinder is
placed in the stripping apparatus at the position indi-
cated in figure 1, and the standard gas sample is ana-
lyzed by the same procedure described previously for
the water samples.

A

-

W

Manometer
Valve
Valve
Quick
connector
Valve
Gas
standard

Vacuum pump

Fi6ure 8.—Apparatus for filling the standard gas cylinder.
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The weight of each of the three hydrocarbons (ethy-
lene, propane and butane) in the sample of standard
gas is calculated from the ideal gas law

W=PV,F/RT, (1)

where W is the weight of the particular hydrocarbon,
in micrograms,

P isthe gas pressure in the cylinder, in
atmospheres,

V. is the volume of the cylinder, in litres,

F is the microgram content of the particular
hydrocarbon gas in the gas mixture per
gram-mole of nitrogen,

7' is the temperature, in kelvins, and

I is the ideal gas law constant, in litre-atmos-
phere per gram-mole-kelvin

The detector response for a particular hydrocarbon
is calculated from

S\\’= W/A07

where Sw is the detector response in micrograms per
_ unit area,
W is the weight of hydrocarbon in micrograms,
determined from equation 1, and
4. is the peak area in arbitrary area units.

(2)

If an instrument parameter such as electrometer at-
tenuation, electrometer range, recorder chart speed, or
recorder sensitivity is changed, then another standard
gas sample is analyzed and Sw is recalculated.

Absolute concentrations of dissolved hydrocarbons
in a sample may be calculated from

H=A4,8v/V., (3)

where / is the concentration of the particular hydro-

carbon in the sample, in micrograms per
litre,

A, is the peak area of the particular hydrocar-
bon in the sample, in arbitrary area units,

Sw is the detector response for the particular
hydrocarbon, and

V. is the volume, in litres,of the sample injected
for analysis.

SAMPLE CONTAINER

Hydrocarbon losses were found to occur in the pres-
ence of substances such as soft rubber and some stop-
cock greases. This precludes use of many common
water-sample containers. At present a 60-ml glass bot-
tle with a ground-glass stopper is being used. There
are at least three processes by which losses of dissolved
hydrocarbon gases could occur from glass bottles with
ground-glass stoppers. First, there could be adsorption
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of the hydrocarbons onto the glass surface. There is,
however, no evidence in the literature suggesting that
this occurs. Second, there could be loss of the hydrocar-
bons as the result of an unsatisfactory seal around
the ground-glass stopper. Third, losses of the hydro-
carbons could occur when the stopper is removed for
transfer of the sample to the syringe.

Data from two experiments designed to determine if
losses of the hydrocarbons occur in the bottles during
storage are presented in table 1. In the first set, ethy-
lene and propane were used with distilled water; in the
second set, ethylene was used with water from the East
Pear] River, Miss. Samples were obtained from a well-
mixed reservoir. The bottles were filled to overflowing
by a siphon extending to the bottom of the bottles,
after which they were stoppered.

TABLE 1.—Evaluation of the glass bottle as a sample container

Da,
Bottle elapsed Number concentration
set prgftg& repli- (ug/l)

tion cates Ethylene Propane
0 2 11.9 141
1 2 11.6 14.2
8 2 11.9 14.2
0 10 9.88 —
1 10 9.74 —
6 10 10.4 -

Consideration of results shows that there were no
apparent losses of dissolved hydrocarbons in either
experiment. This suggests that losses as a result of un-
satisfactory seals, desorption during sample transfer,
or adsorption on glass surfaces must be small. We con-
cluded, therefore, that the 60-ml bottles with ground-
glass stoppers are satisfactory sample containers.

SAMPLE PRESERVATION

The ability to store the samples for several days
without loss of the hydrocarbon gases from bacterial
degradation is necessary. Formalin (37 percent for-
maldehyde, 11 percent methanol, in water) and hexa-
chlorophene (6 g/1 in 1.1 M potassium hydroxide) as
well as refrigeration were investigated as a means of
preserving the samples. Five sets of six bottles each
were filled with river water containing dissolved ethy-
lene and propane, using a siphon as previously dis-
cussed. Approximately 90 mg of leaf litter was placed
in each bottle of sets 2, 3, 4, and 5 prior to filling. Pre-
vious work had shown that losses of ethylene and pro-
pane occur during storage in the presence of the leaf
litter, apparently because of bacterial activity. One
millilitre of formalin was placed in each bottle of set 2,
and 2 ml of the hexachlorophene solution was added to
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each bottle of set 3. Set 4 was refrigerated, and sets 1,
2, 3 and 5 were stored in a constant-temperature water
bath at 26°C. Two samples from each set were ana-
lyzed the day of preparation, 5 days after preparation,
and 7 days after preparation. The results are shown in
table 2. The concentrations of the samples containing
hexachlorophene and formaldehyde were corrected for
dilution. The values shown in table 2 are the mean
values of the two replicates analyzed on a specific day.

TABLE 2.—Evaluation of sample preservatives

Concentration (ug/l)

Day of 5 days after 7 days after
Set preparation preparation preparation

Ethylene Propane Ethylene Propane Ethylene Propane

1 (water

only) ___ 11.6 11.2 10.1 10.3 10.5 10.5
2 (forma- .

lin) ____11.2 10.7 114 10.8 11.6 10.4
3 (hexachlo-

rophene)_ 11.3 10.8 11.0 10.2 114 10.3
4 (refrig-

erated) __ 10.9 10.7 8.24 7.6 8.18 9.34
5 (no preser-

vation) ._ 9.74 10.6 784 102 11.3 9.60

Both formalin and hexachlorophene were effective in
preventing hydrocarbon losses; however, refrigeration
was not satisfactory. Set 4 which was refrigerated had
comparable variation to set 5 which was not preserved
in any way. The concentration of methane increased in
the samples of set 5 with increasing time after prepa-
ration, suggesting bacterial activity. There was also
some methane generation in the refrigerated samples
of set 4.

As a result of this preservative study, the procedure
of adding 1 ml of formalin to each 60-ml sample was
adopted. '

PRECISION OF THE PROCEDURE

Precision was determined by replicate analyses of
seven different sets of samples of ethylene dissolved in
water. The bottles were filled from a well-mixed reser-
voir by submerging and allowing the water to flow
slowly into the bottles. The type water used is noted in
column three of table 3. The river water was obtained
from the East Pearl River, Miss. Results are presented
in table 3.

The coefficient of variation ranges from 1.3 to 6.9
and averages 4.0 percent for the seven sets. These
values are indicative of the overall error involved in
filling the bottles, injecting the sample into the strip-
ping chamber, stripping the hydrocarbon gases from
the sample, integrating the peaks of the output signal,
and variations within the instrumental system.
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TABLE 3.—Precision of the analytical procedure

Coeﬂiclent
Sample Number of Type of

set samples water variation

' (percent)
1 3 Distilled - —.-__ 31
2 e 3 SO [ YU 6.8
8 o~ 3 O 1.3
4 - 4 TAP commmemmeeee 6.9
s S 10 River ... 2.9
[ . 10 O 4:0
b e 10 PR U Y S, 3.3

MODIFICATION OF THE PROCEDURE

Modifications were made to the procedure and the
apparatus shown in figure 1 to reduce the time required
for sample analysis. These modifications consist of re-
placing the six-port valve with an eight-port valve and
replacing the mechanical ball and dlSk integrator with
a digital integrator. The eight-port valve allows the
use of two cold traps so that a second sample can be
stripped while the first sample elutes through the gas
chromatograph. This increases the number of samples
that can be analyzed in 1 day by about 40 percent.

The digital integrator is more precise than the me-
chanical ball and disk integrator and requires no op-
erator attendance during analysis. In addition, a sam-
ple peak that exceeds the recorder scale is still ac-
curately integrated. This is especmlly important for
field samples where the concentration is unknown, and
only one analysis can be made per sample bottle.

Table 4 shows the results of replicate analyses made
on 17 samples with the modified procedure. The sam-
ples were siphoned from a well-mixed reservoir con-
taining ethylene and propane in distilled water. Com-
parison of the results for the two traps shows that
there is no significant difference between the two sets
of data at the 95 percent confidence level. Combining
the two sets of data gives an overall coefficient of varia-
tion of 1.8 percent for ethylene and 20 percent for
propane.

CONCLUSIONS

A gas chromatograph with a flame ionization de-
tector, in conjunction with a stripping chamber-cold
trap arrangement, was used to measure microgram-per-
litre quantities of low molecular weight hydrocarbon
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TaBLE 4.—Evaluation of the two-trap modification
- [Concentrations are in micrograms per litre]
Trap A Trap B
Ethylene Propane Ethylene ' Propane

8.49 9.05 8.51 9.26
8.49 8.96 8.18 9.08
843 8.90 8.66 9.26
8.44 9.14 8.87 9.12
8.48 9.22 8.37 8.94
8.41 8.69 8.41 8.94
8.34 8.71 8.82 9.31
8.58 9.00 .
8.37 8.88
841 9.03

gases in aqueous solution. The coefficient of variation
averaged 4.0 percent for replicate analyms of seven sets
of sqmples containing concentrations of ethylene in
the microgram-per- htre range. Modifications to the
system des10'ned to reduce the time required for sample
analysis gave a coefficient of variation of 1.8 percent
for éthylene and 2.0 percent for propane for one set of
samples.

A glass bottle with a ground-glass stopper was used
as a sample container. Samples can be stored for at
least 6 days with no measurable loss of the hydrocarbon
gases due to the sample container. Samples containing
1 ml of formalin and leaf litter showed no measurable
loss of dissolved ethylene and propane within experi-
mental error over a 7-day period, whereas control sam-
ples showed losses
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