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DIATOMEAS DE AGUA DULCE

J. Platt Bradbury

United States Geological Survey,
Denver, Colorado 80225

INTRODUCCION

Aparentemente durante el Oligoceno las diatomeas invaden los
habitats dulceacuicolas en escala masiva, Aungue hay algunas en
el Eoceno, no es comin encontrarlas en rocas continentales tempfa—
nas de éste periodo.

No cbstante, gque las especies de diatomeas tienen uha gran pro-
liferacidn en agua dulce y afin en habitats terrestres, es poco co-
nocida su evolucidn post-eocénica, lo cual trae como consecuencia
que en la actualidad no sea posible subdividir las rocis continen-
tales del Terciario con base a las diatomeas fdsiles,

Esto seri posible en un futuro, si se hace un esfuerzo de cono-
cer su ecologia y sistemftica, y si la coleccidn de diatomeas en ro-
cas del Terciario son descritas con propiedad y bien documentadas.

La bioestratigrafia de las diatomeas de agua dulce puede pro-
veer una valiosa informacién para aclarar los medios ambientes de
depbsito del Terciario en el NW de América y ademas dar un impor-
tante conocimiento de la evolucidn y significado ecoldgico de estos

organismos,

La palececologia o mas especificamente, la paleolimnologia (es-—

tudio de sistemas lacustres antiguos) puede ser un importante as-

pecto de la historia geolégica del Terciario y Cuaternario; el es-
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tudio de las diatomeas ha provisto informacidn detallada acerca

de los niveles de agua antiguos, salinidad y contenido de nutrien-

tes de sistemas lacustres pasados, Esta informacidn paleolimnold- i
gica puede ser relacionada con el estudio de climas del pasado,
tectonismo o actividad bioldgica en ecosistemas terrestres, La
aplicacién de esta informacidn paleoecoldgica, indirectamente ayu-|

da a la blisqueda de recursos minerales, esto es siempre una nece-

sidad para estudios puraménte bicestratigraficos, pues la ecologia
juega un papel muy importante en la distribucidn espazial y tem-
poral de los organismos.

La paleocecologia también juega un papel critico en estudios
modernos ambientales gue pretenden determinar el impacto de la ci-
vilizacidn tecnoldgica sobre el ambiente. Esto se esti convirtien—:
do en una creciente e importante preocupacidn de las industrias de
explotacidn minera,

El impacto ambiental que producen estudios de un ecosistema
acuitico en un periodo de dos o tres afios alin esta lejos de con-
vencer a muchas personas de gue la verdadera linea de base ha si-
do establecida., Desafortunadamente tales trabajos superficiales
causan retraso o cancelacién de otras exploraciones y proyectos va-

liosos,

Gran cantidad de registros ecoldgicos %stén disponibles en
los sedimentos de lagos existentes. E1l contenido de diatomeas y
polen en esos sedimentos pueden ser analizados para elaborar un
registro ambiental basico local que refleje tendencias y tasas de

cambilo,

i
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BIOLOGIA, MORFOLOGIA Y TAXONOMIA DE BACILLARIOPHYCEAE

4.

La. siguiente seccidn es traducida de Ruth Pat;ick,1959, Capi-

tulo 7, Bacillariophyceae,p.p.-171-189 in Fresh-water. Biology (2a

ed) editada por Edmondson W.T., John Wiley & Sons, Inc, 1248 pp.

Bacillariophyceae o aiatomeas, son algas unicelulares, usual-
mente microscdpicas, que se caracterizan por tener una pared celu-
lar de silice., Esta pared consiste. de dos valvas, que son superfi-
cies mas o menos planas unidas por una banda o cinturdn. El gro-
sor de 'esta pared celular puede variar grandemente; desde muy del-
gado en ciertas especies tipicas del plancton a bastante gruesas
en ciertas especies benténicas del artico y zonas templadas. La
clasificacidon esti basada en la ornamentacién que presentan en la
pared de silice,

En algunos casos las caracteristicas empleadas en taxonomia
pueden ser vistas en preparaciones frescas con objetivos secos
(sin aceite) pero la identificacidn critica, usualmente implica que
se lave el material y sea observado con un objetivo de aceite d€
inmersidn. El lavado se lleva a cabo hirviendo el material con aci-
do nitrico o sulffirico el cual se afiade un agente oxidante (dicro-
mato de potasio), se lava varias veces con agua destilada y para
separar las fristulas de la muestra, se deja reposar &sta v poste-
riormente se decanta. Una pequefia cantidad es entonces transferida
a un vidrio de reloj para secarla y posteriormente montarla en un
medio altamente refractivo tal como el Hyrax o euparol,.

Los diatomeas pueden vivir solas o formando colonias o fila-




mentos. Todas secretan una sustancia mucilaginosa’que cubre casi

toda la pared de silice; la cantidad y distribucidn de ésta varia
grandemente, por ejemplo, gracias a &sta sustancia las c&lulas se
pueden adherir unas ccn otras formando colonias o filamentos y en
otras especies va a permitir gque se adhieran a un cierto sustrato.

Cada diatomea contiene un nicleo, La divisidn celular vegeta-

- ~
tiva es acompafiada de mitosis y el nlGcleo reproductivo es formado
por me;i.osis° Los cromosomas son facilmente definibles, pero debi-
do a su gran nimero son algunas ve;es dificiles de contar,

Los cloroplastos pueden ser pocos o numerosocos, y variar gran-
demente en tamafio y forma. Los pigmentos que han sido identifica-
dos son: clorofila alfa y ¢; B vy E carotenos, fucoxantinas,
neufucoxantinas A y B; diatoxantinas y diadinoxantinas. La abundan-
cia de los carotenocides es la que da ese color café oro a las dia-

E 3

tomeas,

Los productos almacenados son generalmente grasas y aceites muy

»

difere?tes a los de las algas, las cuales almacenan varios tipos
de carbohidratos,

La reproduccidn es comunmente vegetativa, La formacidn de au-
Xosporas parece indicar en muchos casos un tipo de reproduccidn
sexual, esta ha sido reconocida en muchos géneros (Patrick, 1954).
La ocurrencia de la reproduccidn sexual comparada con la divisidn

-

celular vegetativa ordinaria resulta relativamente rara.

DISTRIBUCION

Las diatomeas estan ampliamente distribuidas en aguas dulces v

L
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marinas, tambi&n son encontradas en fangos hiimedos y sobre plantas
hiimedas tales como Sphangnum (Patrick, 1948), Aunque hay muchas es-
pecies tolerantes a variaciones en las ccndiciones ambientales, mu-
chas son bastante especificas-en sus requerimentos. Por ejemplo,
ciertas especies pueden résistir una. concentracidn definida de sus-
tancias disueltas tales como los cloruros.

La abundancia relativa de las especies de diatomeas ha sido muy

Gtil pafa indicar el tipo de agua en la cual habitan. Los ecdlogos
las han usado para indicar el grado ée contaminacidn de un cuerpo
de agua y otras variaciones en las condiciones ecolbgicas; los pa-
leontéloqos pueden averiguar por nficleos sedimentarios si un lago
profuﬁdo O un estanque somero existid en tiempos pasados, su tem-
peratura y las caracteristicas quimicas del agua., En determinadas
condiciones ambientales pueden hacerse una estimacidn mas confia-
ble si se emplea un patrdn de especie en lugar de tomar solo en
cuenta las especies indicadoras.

Es mucho mas dificil establecer de una forma precisa a los gé-
neros gque a las especies; y solo pocas generalizaciones pueden ha-
cerse acerca de un tipo de ambiente ecoldgico en el cual algunos

géneros tienen un mejor desarrollo, Frecuentemente muchas especies

del géneroc Eunotia y Frustulia son encontrados en aguas con un con-

tenido bajo en calcio y magnesio y con un pH por abajo del 7; sin
embargo, ciertas especies de estos géneros prefieren un rango de
PH de 5 a 6,

Otros géneros contienen especies las cuales parecen evitar




aguas Acidas y con bajas concentraciones de calcio y magnesio.

Esta son: Mastogloia, Diploneis, Amphipleura, Cyrosigna, Denticu-

la, Ephitemia y Rhopalodia, Otros géneros tales como Cylondrothe-

ca y muchas especies de Nitzschia parecen preferir aguas con un
contenido idnico bastanteaéito, esas aguas pueden ser duras como
las del Oeste de la parte central de Estados Unidos o bien pue-
den ser mas o menos salobres, '

La temperatura es otro factor ambiental que parece efectuar
la distribucidn de las. diatomeas., Ciertos géneros tales como Tetra-

cyclus y Amphicampa son usualmente encontrados en regiones montafio-

sas frias. Frecuentemente los géneros Diatoma y Ceratoneis son en-

contrados en regiones templadas frias y en regiones templadas meri-
dionales, Las especies de tales géneros tienen su maximo desarrollo
en invierno y al principio de la primavera, o al final del otofio si

la temperatura del agua es cilida durante los meses de verano,

CLASTFICACION

El sistema generalmente aceptado de clasificacién de diatome-
as, es aquel publicado por Schiitt en 1896; el dividid a las diato-
meas en dos grupos principales, los cuales Hustedt (1930) los re-

fiere como Ventrales y Pennales. Recientemente Hendey (1937) pro-

o b
oy

pone un.ssistema de clasificacidn el cual parece mucho méas ldgico
y natural. Como se verd abajo, la clasificacibén reconoce un or-
den y varios subordenes de igual posicidn. Estudios posteriores

indican que estos subordenes pueden ser elevados a nivel de Orden.

|
|
f

E

?

B

W



Clasificacidén seglin Handey (1937) con algunas modificaciones y

adiciones,

Divisidn Chrysophyta
Clase Bacillariophyceae
Orden Bacillariales

Suborden Discineae

Familia Cascinodiscaceae

Subfamilia Melosiroideae

Género Melosira

Subfamilia Cascinodiscoideae

Género Coscinodiscus, Cyclotella, Stephanodiscus

Suborden Biddulphineae
Familia Biddulphiaceae
Subfamilia Biddulphioideae
Género Biddulphia
Subfamilia Terpsinioideae
Género Terpsinoe, Hydrocera
Familia Chaetoceraceae
Subfamilia Chaetoceroideae
Género Chaetoceros

Suborden Saloniineae
Familia Rhizosolenioideae
Género Rhizosolenia, Attheya

Suborden Araphidineae

Familia Fragilariaceae

Subfamilia Tabellarioideae

Género Tetracyclus, Tabellaria

Subfamilia Meridionoideae

Género Meridion, Diatoma

Subfamilia Fragillarioideae

Género Asterionella, Ceratoneis, Centronella, Fragila-
ria, Opephora, Synedra, Amphicampa

Suborden Raphidioidineae

Familia Eunotiaceae

Subfamilia Peronioidae

Género Peronia =

Subfamilia Eunotioideae Mabants Castic Mo

Género Eunotia, Actinella GEOLOGIA

Suborden Monoraphidineae

Familia Achnanthaceae

Subfamilia Cocconeioideae

Género Cocconeis

Subfamilia Achnanthes, Rhoicosphenia, Eucocconeis

Suborden Biraphidineae




I.2,

1.
1.1

Iii.
Im1. 1

IV,
Iv.1

IV.2

V.
Vl 1.

VI.
VI.1

Familia Naviculaceae
Subfamilia Naviculoideae

Gériero Amphipleura, Anomoeneis, Brebissonia, Caloneis.

Diatomella, Diploneis, Frustulia, Gyrosigma,
astogloia, Navicula, Neidium, Pinnularia,
Stauroneis

Subfamilia Amphiproroideae

Género Amphiprora

Familia Gomphonemaceae

Subfamilia Gomphonemoideae

* Género Gomphoénema, Gomphoneis

Familia Cymbellaceae

Subfarnilia Cymbelloideae

Género Cymbella, Amphora

Familia Epithemiaceae

Subfamilia Epithemiocideae

Género Epithemia, Denticula

Subfamilia Rhopalodiocideae

Género Rhopalodia

Familia Nitzschiaceae

Subfamilia Nitzschioideae

Género Nitzschia, Cylindrotheca, Bacillaria, Hantzschia
Familia Surirellaceae

Subfamilia Surirelloideae

Género Surirella, Cymatopleura, Campylodiscus

A
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PALEOLIMNOLOGY OF LLAKE TEXCOCO, MEXICO.
EVIDENCE FROM DIATOMS!

John P. Bradbury

Limnological Research Center, University of Minnesota, Minncapolis 55453

ABSTRACT

A 48-m core from the lacsutrine sediments beneath Mexico City was analyzed to
establish a stratigraphic sequence of diatom assemblages for use in interpreting the climatic
and limnologic history of ancient Lake Texcoco.

Diatoms were found in nearly every 20-cm sample interval, and several major zones
were eslablished.  Plankionie and benthonic—epiphytic assemblages altemate throughout
the care, both of fresh- and brackish-water types. The allernations refloct the fact that
the coring site is marginal to the main basin of the lake, and limnologic conditions chunge
as water levels rise and fall.

A freshwater planktonic assemblage dominated by Stephanodiscus nizgarae in deeper
parts of the core indicates that a large, coal, and possibly deep Inke esisted about 100,000
. years ago, either because of pluvial or because of tectonic factors. This is replaced (depth
35 to 30 m) by a freshwater benthonic—cpiphytic assemblage characterized by Denticula
elepans and other marsh diatoms, The marshes were probably maintained by springs from
the shore when the lake was reduced {o saline pools in the center of the basin.

As water levels rose again {core depths 30 to 5 m), brackish water flooded the marshes,
and Drackish benthonic diatoms {such as Anomoconeis cosiata, Campylodiscus clypeus,
and Nitzschia frustulum) replaced the eatlier floras. These were periodically replaced
by brackish plenktenic diatoms (as Cyclotells siriata and Cyclotella quillensis) when the
lake was deeper, but the sarlier freshwater planklonic flora never recurred. The same
brackish planktonic and benthonic diatoms that prevailed for several tens of thousands of
years are found today confined to the brackish pools of Lake Texcoco that are remnants
of the former larger lake. The long intenal of fluctuating brackish floras probably repre-
sents ‘Wisconsin time,

The last 10,000 years of the lake’s history is marked by a return of the marsh flora,
suggesting a climate drier than that of Wisconsiri time. A marked climatic change, how-
ever, is not necessary to explain this last change in the diatom fJora, and it scems Likely
that the pluvial climate inferred for the southwestern United States had less effect at the

latitude of Mexico City (19° 30°) than farther north.

INTRODUCTION

This paleclimnologic study of Lake Tex-
coco, Mexico, began in 1968 when I was
a postdoctoral fellow at Yale University
under the advisement of E. S. Deevey and
G. E. Hutchinson. It was partly supported
by a grant from the American Philosoph-
ical Society. The project was continued at
the Limnological Research Center of the
University of Minnesota where 1 was a
National Scicnce Foundation postdoctoral
fellow under H. E, Wright. The cunthusi-
asm and support of these individuals have
greatly facilitated this work. In addition,
I wish to acknowledge the kind help of
P. B. Sears, of L. 7 cvaert, who provided

! Contribution 92, Limnological Rescarch Cen-
ter, University of Minnesota.

LIMNOLOGY AND OCEANOGRAPHY
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material for study, and of Prof. ]J. L.
Lorenzo and his colleagues at the Instituto
Nacional de Antropologia e Historia in
Mexico City, who have, shared with me
many of their insights about the envi-
ronmental history of the Basin of Mexico.

GEOLOGIC SETTING

The general sequence of events that led
to the formation of the Basin of Mexico
has been traced (Mooser et al. 1936;
Mooser 1963). The basin began as a gra-
ben in the Tertiary trans-Mexico volcanic
belt, bounded on the cast and west by two
fault zones and their associated volcanoes,
Sierra de Las Cruces and the Sierra Ne-
vada, the latter containing the famous
volcances Popocatepet]l and Iztaccihuatl.
The faults and volcanoes have been active

MARCH 1971, V. 16(2)




PALFOLIMNOLOGY OF LAKE TEXCOCO 151

throughout the Tertiary, progressively cov-
ering the Cretaccous basement;  particu-
larly massive estrusions of acidic lava and
probable sinking of the graben floor oc-
curred in the Miocene and Pliocene, de-
fining a valley whose integrated river
system drained to the south (Figucroa et
al. 1968). The northern limits of the val-
ley are defined by lower mountains pro-
duced by faulting and voleanism in the
region of Pachuca. The valley was closed
in the late Pliocene when basaltic voleanic
activity from centers located in the south-
emn part of the basin (the massive Chichi-
nautzin lavas and Sicrra Ajusco) dammed
the valley. The basin thus formed was
rapidly sedimented with clastic and pyro-
clastic material to a thickness of 500 m
(Figucroa et al. 1968), and the regional
drainage converged to the lowest part.
where a lake has persisted until modem
times,

LIMNOLOGIC SETTING

Today the Basin of Mexico is a plain
{ clevation about 2,236 m) surrcunded on
the east, south. and west by high moun-
tains (3,000-6,000 m). It was a closed
hydrographic system before being artifi-
cially drained in 1900, and precipitation in
the mountzins and runoff from summer
rains drained into a chain of lakes that
nearly traversed it {from north to south
(Fig. 1). After the rainy scason (May-
October) the Iakes were frequently joined
into a single sheet of water (clevation 2.242
m), which during the dry winter months
was separated into a number of subbasins,
some artificially contained by dikes, The
principal ones and their clevation rclative
to Lake Texcoco listed from north to south
are [elevations from Zeevaert (1952) and
Bonaparte et al. (ca. 1900)]:

Zumpango 46 m;
Naltocan +3 m;
San Cristobal +3 m;
Texcoco 0 m;
Mexico +0.85 m;
Xochimilea +35 m
Chalco 435 m.

Lake Texcoco is the Jowest in the series
and the most saline, hoth because of
evaporation and heeanse thermal springs
flow into it {Mooser 1963). The Mexico
subbasin, artificially contained by Aztee
dikes to the west of Lake Texcoco, was
maintained by freshwater from  Chaleo,
Nochimileo, and numerous springs {rom
Chapultepee, southwest of Mexico City.
It drained into Lake Texcoco during times
of water surplus through an organized
syslem of camals and gates. In similar
fashion Lake Chaleo was scparated from
Lake Nochimilco. Because of the abun-
dance of freshwater in the southern part
of the basin, Chaleco, Xochimileo, and
Mexico were extensively used for chi-
nampe. farming ( Deevey 1957).

The draining of the Basin of Mexico
and the growth of Mexico City have cre-
ated some cngineering problems.  The
carly dikes, especially that of Netzahua-
coyotl (ca. 1450 A.D.), were built to pre-
vent scasonal floods of saline water from
entering the highly productive chinampa
farms southwest of the capital. Flooding
continued in colonial times, and the need
for cffective sewage disposal for the city
that was rapidly growing onte the plain
of Lake Texcoco demanded that the lakes
be systematically drained. The first cf-
forts began in the 17th century, and the
work was finally completed in 1945 with
the Tequisquiac tunnel, which has re-
duced the surface area of Lake Texcoco
to a rainy-scason area of only 200 km?
( Mooser 1963).

As the drainage of the lakes was of-
fected, and more and more water was
pumped from aquifers of sands and silts
beneath the lake plain, Mexico City began
to sink into the highly bentonitic clays
that underlie it. This problem is especially
serions where heavy buildings are con-
structed in the metropolitan arcas. Dr. L.
Zeevaert has for many years conducted
studies of the mechanical nature of the
lake sediments of the basin, principally
beneath Mexico Gity, to seek competent
strata for the placement of foundation
pilings. e has taken numcrous cores of

-v..,.__g{‘L
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Fic. 1  Index map showing lakes in the Basin of Mexico. Adapted in part fram J. L. Lorenzo

{in Mooser et al. 1956).

the sediments with a stmple Shelby tube
sampler that is forced into the lake sedi-
ments by a mechanized coring rig. In
resistant material a jar hammer is used.
Cores about 10-cm diam and 2 m long
are taken in this fashion and their sedi-
mentology, mechanical properties, and wa-

ter content are studied. Through this work
Zeevaert (1952, 1933) has compiled a de-
tailed stratigraphy of the Basin of Mexico
to depths of about 70 m. He has been
most interested and cooperative with re-
speet to ancillary scientific studies on his
cores and has provided both Sears” and
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Clisby (1933) and me (Bradbury 1970D)
with saunples.

LACUSTRINE STRATIGRAPHY

The Pleistocene stratigraphy in the Ba-
sin of Mexico was first studied in detail
by Brvan (1948). He worked with the
exposures of soils, tuffs, and alluvium on
the margins of the basin and divided them
into units of the following names, charac-
ters, and ages:

Noche Buena—soils and alluvium, with
pottery shards; Pre-Classie, Classie, and
Past-Classic.

Toltolzingo—dark brown soils, alluvium,
somie colian material,

Barrilaco—caliche-pedocal;  Altithernal
4.300-7.500 B.P.

Becerra—alluvinm-pedalfer, Elephas,
Equus, Bison ctc; Cochrane-Mankato.

Morales—caliche-pedocal; Wisconsin in-
Lerstadial.

Tacubaya-—yellow-brown  alluvium-pe-
dalfer; Tazewell-Cany.

Tarango—acidic volcanic tuff, water-de-
posited; Plio ‘Pleistocene?

Bryan (1948) assumed that these for-
mations or their cquivalents exist in the
lacustrine deposits in the center of the
basin, and Zeevaert (19532, 1953) corre-
Inted Bryan's strata with the alternating
lavers of lacustrine clays, silts, and sands
underneath Mexico City. Lithology is used
as the basis for correlation of the coarser
units, whereas lake clays are thought to
be contemporancous with soil formation
and reduced alluviation. Deposits high in
caleinm carbonate are considered equiva-
lents of the caliches on the basin margins.

Foreman (1955) more carcfully analyzed
the sediments beneath Mexico City, and,
although he did not use the formational
names of Brvan and Zeevaert, he showed
their correlation to his findings. His stra-
tigraphy is generalized into seven zones,
but despite the complete lithologic de-
scription, they do not have diagnostic
characteristics.  This seems to be a result
of high variability of the sediments and
the predominance of ash and weathered
ash in them,

OF LAKL TEXCOCO 153

Brvan's names applicd to the stratigra-
phy beneath Mesico City are useful in
speaking about the scction.  Considering
the effeets of erosion and the occurrence
of hiatuses in the marginal alluviom and
soils, as compared to the more complete
depositional record in the central part of
this closed basin, temporal equivalents can
only be sporadie. In addition, correlations
hased on concepts such as pedalfers =
clays, pedocals = caliches (which in sev-
eral - cases are high concentrations  of
ostracod carapaces) seem to be simplistic
representations of complicated and distine-
tive environments. Mooser et al. (1936)
pointed out that it is still adventurous to
identify the upper limit of the Tarango
formation heneath Mexico City. For now,
despite the usefulness of Bryan's forma-
tions, the lacustrine deposits of the Basin
of Mexico should be characterized in their
own right and not equated with the mar-
ainal deposits.

FOSSIL STUDIES

Major advances in characterizing these
deposits have come from fossil studies,
and foremost of these is the pollen-strati-
graphic work of Scars (1952) and Secars
and Clisby (1955). Thuse were preceded
by an exploratory study by Deevey (1944).

Scars and Clisby studied two of Zee-
vaert's cores to depths of more than 70 m.
They attempted paleoclimatic interpreta-
tion, but satisfactory pollen zonation is not
possible becanse the percentage freguen-
cies of the major taxa are qguite variable
throughout the core. In addition, pollen
in the coarser sediments is scarce and
poorly preserved. Pollen abundance cor-
relates with clay zones and is used in
environmental reconstruetion, Maxima in
the amount of ozk, fir, and alder pollen
as opposed to pine pollen are considered
to represent warm-moist periods.

Foreman (1955) noted the presence of
ostracods, sponge spicules, and diatoms:
he divides the Iatter into clongate and
circular groups but does not use any of
these fossils for stratigraphic zonation.
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Fic. 2, Alonzo de Santz Cruz map showing the Basin of Mexico in 1550 A.D. (from Linne 1948).
Upper panel—general map of the Basin of Mexico, Lower panel—enlarged central section of the map
showing probable location of core P 366-2 near upper hunter in canoe.
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¥ic. 3. Corelation of core P 366-2 with the
siratigraphie  divisions of Zeevaert (1952) and
TForeman {1955). Difference in depths results
from the marginal position of P 366-2 relative to
their sections.

Farlier studics of diatoms from the Pleis-
tocene sediments of Lake Texcoco include
the taxonomic work of Ehrenberg (1569)
and Lovano (1917); P. Conger used dia-
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toms of the Becerra formation to interpret
the environment of deposition of human
and mammoth remains in the study of
Tepexpan Man by de Terra et al. (1949).

DIATONM STUDIES

The present work represents the first
atlempt to produce a diatom stratigraphy
in the Basin of Mexico. The coring site
was at the intersection “of Pasco de la
Reforma and Calle Tlavre, about 4 km S
70° W from the center of Mexico City
(the Zocalo) and about 2 km N 60° E
of Chapultepee 11ill (Fig. 1). The core
(P 366-2), taken by Zeevaert in May 1967
in comnection with the construction of a
Targe hotel at this site. was similar to those
studicd by Foreman and Scars and Clisby
in 1955 and to the many described by
Zeeovaert (1952, 1933), It was initially 50
m long, but after Zeevaert's mechanical
analysis of some sections only the upper
35 m were well represented, although
there were a few samples from 44 to 46
m available for study.

The coring site is shown in Fig. 2, a
reproduction of the 1530 Alonzo de Santa
Cruz map of the Basin of Mexico (from
Linne 1948). The spot cannot be precisely
indicated. but it is probably very ncar the
canocist shown hunting water birds with
a ~spear at the top (west) of the map.
Chapultepee Hill is behind and to the left
of the hunter.

The Alonzo de Santa Cruz map shows
the lacustrine environment of the Basin of
Mexico before any attempts were made
to drain the lakes and therefore represents
a more or less normal state of affairs, al-
though the activities of man (dikes. canals,
hunting, fishing, and so forth) had clearly
modified the environment. What is im-
portant here is to notice the abundance
of aquatic vegetation, the apparent shal-
lowness of the lakes. the placement of
Netzahuacoyvotls dike separating Lake
\Mexico from saline Lake Texcoco to the
east, and the presence of springs or other
sources of water at Chapultepec Hill.

The coring site is clearly marginal rela-
tive to the main basin of Lake Texcoco,

[N
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and Zeevaert's work shows that the forma-
tions beneath Mexico City dip basinward
and so are found at greater depths to the
northeast. The amount of dip is about 2
m/km.

SEDIMENTOLOGY AND CONMELATION

The strata found in the P 366-2 core can
be correlated with those of Zeevaert and
Foreman only by lithology, because the
depths are not cquivalent. The variability
of lithology makes this difficult, but the
sedimentologic  descriptions and  analyses
of ‘Zeevaert (unpublished but on file) in-
dicate that the upper units of his “Ta-
rango” formation are rcpresented, as is the
“Tacubaya” formation. These scdiments
are difficult to subdivide, and the likeli-
hood of lateral variation toward the ba-
sin margin further complicates corrclation.
Nonctheless, they can be differentiated
from the overlying “Becerra,” “Barrilaco,”
and “Toltolzingo” formations. The prob-
able correlation is shown in Fig. 3, but I
must stress that I do not feel these names
are justly applied to the deposits beneath
Mexico City.

A dctailed sedimentologic study has not
been made of core P 366-2. The sediments
are generally similar to those of the cores
carcfully deseribed by Foreman (1955),
being predominantly fine sands, silts,
weathered ash and some clay, and occa-
sional unwcathered ash. They are dia-
grammatically characterized in Fig. 4 and
compared with Zeevaert's (unpublished)
water-content analyses. Fossils are abun-
dant; siliccous phytoliths, sponge spicules,
and diatoms are common, as are calcarcous
ostracod carapaces. Snails are less com-
mon but found in certain zones, especially
the coarser ones. Pollen is generally abun-
dant in the finer sediments, particularly
the clays and weathered ash, and occasion-
ally sceds and fish bones are found. The
locations of high concentrations of ostracod
carapaces and of fish fossils are indicated
in Fig. 4. The fish have been identified
by R. R. Miller and C. Barbour. In some
zones the sediments are penetrated by root

JOHN P. BRADBURY

holes, suggesting cmergent vegetation in
a shallow lake.

Diatom Ecology

Diatoms were examined at 20-cm inter-
vals where possible throughout the core.
There were 400 diatoms distributed in 12
to 60 taxa counted from each sample; 204
taxa were identified and their frequency
of occurrence calculated. Of those, 88 had
abundancies of at least 2%, and their fre-
quencies are plotted in Fig. 4. The species
that had similar depth distributions were
arranged in assemblage groups to facilitate
discussion of the limnological variation
against time; these groups are identified
ccologically at the top of the figure. Each
species plotted is numbcered consecutively
to help the reader locate its frequency sil-
houette when it is mientioned in the text.
An alphabetical listing of all species found
is given in Table 1, with information about
their ccology and modemn distribution.

Ideally, fossil diatoms that have similar
frequency distributions with depth consti-
tute fossil assemblages that reflect past
ccological associations. In practice the ef-
fects of reworking and transportation of
diatom frustules can obscure the internal
ccological coherence of fossil associations,
especially in shallow lakes, and it is not
always possible to interpret successfully
every clement in a fossil assemblage. On
the whole, however, the species of the
diatom assemblage groups do reflect uni-
form ccology, within the rather broad lim-
its of diatom autecology. Some latitude in
ccological uniformity results from the jux-
taposition of similar but not identical dis-
tributions (in the interests of saving space).

Groups I-VT are dominantly freshwater
diatoms, the vast majority being benthonic
species preferring somewhat alkaline wa-
ter and tolerant of small amounts of salt.
Group I has two species, Nitzschia trybli-
onella (1) and N. hungarica (3). that
Cholnoky (196S) refers to as brackish-
water species, but TTustedt (1930) records

Fic. 4.
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Taver 1. List of diatoms found in the Beforma-Hacre (P 366-2) core

Achnauthes exigue Gran,

A, havekiung Cram,

A, hunparica (CGrun.) Grun,
A, laneeolata {Breb,) Grun,
A. marginatula Grun.

A, minutissima Kutz,

Amphiprore alate Kutz.

Amphora acufiuseula Kutz,

A. roffeciformis seling (W, Sm.) A. CL
A. macilenia Greg.

A. oralis Kutz.

A, ovaliy pediculus Kutz,

A. tencte RKatz,

Anemaconeis contate (Kutz.) Hust,
A. sphaerophora (Ehr,) itz
A. sphaerophara sculpta Q. Mull,

Caloneis bacillum (Grun,) CL

C. lewisii infleta (Schultze) Patr.

C. limosa {Kutz.} Patr.

C. oregonica (Ehr) Patr.

C. pennugna (], W, Bail) CL

C. ventricosa subundulata {Grun.) Patr.

Campmylodiscus clypens Ehr,
C. nuoricus Elr,

Chactorerus Ehr,

Cocconciy - diminuta Pant.
C. placentula Ehr, .

C. thuwmensis A, Mayer

Cyclotella comensis Grun,

C. kutzinpiong Thwaites

C. mencphiniana lactissima (v, Goor) Iust.
C. yuillensis Bailey

C. sirigta (Kutz.) Grun.

Cyclotella sp, of. C. stylorum Brightwell

Cymatopleura solea {Breh,) Wm. Sm.

Cymbella cistula (1emp.) Grun,

. cistuly maeculmta (Kutz.) v. Heorck
. helvetica Kutz,

. wmexicana (Ehr.) CL

. pusilla Grun.

. rutineri Hust,

. triengulatum (Ehr.) CL

. turgida (Greg.) Cl

. venlricosa Kutz,

oonnaoaan

Denticula elepgans Katz,

- I':(‘;]n];il al t];.‘lr.;‘l:';l:;\?ﬁ --_(—):t;‘n-r_lzl-c_(;;;;\'!;};nt
5 pH 1C 1 2 3 4 5 &
F 8 0.
F 7275 O |
|
o B . !
B 8-
I*-B 82 X X
F 5.0-8.2
"B  &.0-8.5 X X X X
B -10 Nil.‘co:‘. w X
IF-B 8.5 X
X X
F 8 X
I-B A
B-M A X
B 8.6-8.7
B-M A X
F 8
F B+ X X
F 8
F 8
"B 5 .
B =T
B-M 69-56 58 X X X
F A
F G-9 0.
B A x bod
B -8
F 8
F 8 X

* Heologival characteristios provided for the species plotted in Fig 4. S = salinity and F == Ireshwater, B = brack-
ish water, M = marine water., pH = recorded pH and A = alkaline water, a = acidic, IC = indicator eharacievistics
and 88 = stable salinity, Ae = acrophil, W = wann water, E = eutrophic, het == heterotroph, O = aligotrophic. This
infurmation is largely from Cholnoky (1968), Patrick and Reimer (1966), Hustedt (1930}, and Bright (in prep.).

+1 = Tescoco (10,000); 2 = Tlaseala {(3,500); 3 = Chaleo (2.140); 4 = Thxcala {1,130); 53 = Xochimileo
(G90); 6 = Zumpango (200)., Numbers in parentheses represent condudivity in gmho/cem.
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Fapre 1, Comlinued

Eeological eharneieristion®
5 pH I1C 1 2 3 4 5 &8

Ovourrence in Mezicot

Diatoma heimale (Roth) Helh,

Diplencis clliptica (Kutz.) Cl.
D. oblongella (Naeg. ex Kutz.) Ross
D. parma Cl

D, pseudovalls Hust,

D, puells (Schum.) CL

D. smithii {Breb, ex Wm,. §m.) Cl,

Epithemia hynedmanni Wm, Sm,
E. intermedia Fricke

E. sorex Kutz,

E, turgida (Ehr.) Kulz,

E, z¢bra (Ehr.) Kutz.

Eunotia curvata (Kutz.) Lugerest,
. diodon Ehr.

. flexuvsa Breb, exr Kutz,

. glacialis Meist,

. incisa W, Sm. ex Greg.

. taior (Whn, Sm.} Rabh.

. pectinalis (0. F, Mull) Rabh.
serra digdacma (Ehr,} Paty.

Mt

ragilaria brevistriuta (Grun.)

. capuching Desm,

. comstruens venter (Ehr,} Grun.
leptostauron dubia (Grun.) Hust.
. pinnata Ehr,

. vaucheriae (Kulz,) Pelers

"B 8+

;

T
P
>
lla
o oo
(4, 8-
X
XX

F 7578 O X X
77-78 O, X
F 7677 O X X

Frustulia rhomboides amphipleuroides (Grun.) Cl.

Gomphonema accuminatum coronata {Ehr.)

Wm. Sm.

. anpustatum (Kutz.) Ruabh,
dubraciscense Pant.

gractle Ehr.

lanceolatum insipnis (Greg.} CL
longiceps subclucata Grun,

. parculum Kutz,

. sphacrophorum Ehr,

. tergestinum (Grun.) Fricke

. ventricosum Greg.

ﬂa

=1 -1

T
: !
[N |

e B ey B
o =1
X
XX

-1
1
[ie]

X
Q: Inck % X X

Gyrosigma obtusatum (Sulliv. & Wormley) Boyer

G. spenceri (Quek.) Griff. & Henfr.
Hantzschia ampliioxys (Ehr.} Grun.
Mastogloia smithii lacustris Grun.
Melosira granulate (Elr.) Ralfs,
M. italica (Ehr.} Kutz.

M. varians Ag. .

Navicula accomoda Hust,

N. acceptata Hust,

N. agrestis Hust.

N. anglica subsalsa (Grun.) CL
N, capitata hungarica {Grun.} Ross

F-B 7.8-80 Ae %

oo
-3
o]
&
12
=
t
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Tamna: 1.

N. curi Ehr.

N. eincta (Fhr.) Ralfs

N, circundexta Meist, ex st

N. cocconeiformis Greg, ex Grev,

N. conserdanea Tust,

N. cryptocephala RKutz, F
N. cuspidate (Kulz,) Kutz F-B
N. cuspidata ainbipua (Ehr.) CL

N. cuspidata heriboudi Pergallo -1
N. exizna Greg. ex Crun. o
N. festiva Krasske

N. fragilarivides Krasske F
N. gracilvides A, Mayer

N, pgregaria Dogk,

N. grimmei Krasske

N. holophile (Grun,) CL B
N. huefleri Grun,

N. huefleni leptocephala {Breb, ox Grun,) Patr,

N. lnevissiing Kutz,

N. fagertheimi CL ¥
N. lanceolata (Ap.) Kutz
N. minima Grun, I

N. minuscula Grun.

N. muralis Grun,

N. oblimga Kutz. F-B
XN, peregring (Ehr.) Kutz

N. protracta Grun.

N. psendoveatiformis Tust,

N. pupula rectangularis (Greg.) Gron, F
N, pypmaca RKutz, B
N. radiosa Kutz.

N, rhynchocephala Kutz, F

N. thynchocephala germainii {(Wallaee) Patr,

N. salingrum Grun.,

N. semen Ehr. emend, Donk.

N. seminuloides 1Tust,

N. subhamulata Grun.

N. submuralis Hust,

N. texana Patrn F
N. tripunctata (O. F, Mulll) Bonv F-B

Neidinm affine (Ehr.) Plitz.
N, irildis (Ehe.} Cl F

Nitzsehia ecute Hantz

N, amphibia Grun. F
. amphibioides Tust,

. angustata (Wm. Sm.) Grun.

. vapitellata Hust,

. clausii Hantz,

. ronumunis Rabh. g
v. confints Hust,

N. denticula Grun. F
N. wissipata (Kutz.) Grun.

N. epithemioides Grun., B
N. filiformis (\Wm. Sm.) THust,

N. fouticola Grun.

N, frustulum Kutz, B

v

Continned

Feolorieal charactesistios

o

~1
[
|
-1
[=2]
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Ocourmence in Mexicot

1CC 1 2 3 4 5 6
* X X
X
X X
* X
Q. lack
>
x X
5 -0
x
0. luck > ® X
N: !K‘t X
O:Taick X X X X X X
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TanLe 1.

Continued

-~

Ecolugical characterislics®

Oveorrence in Mexicot

5

pH IC 1 2 3 4 5 8

N. ganderscheimiensis Krasske
N, gracilis Iantz,

N. hawtzschiuna Rabh.

N. hungarica Crun,

N. kutzingiana Hilse

N. linegris Wm. Sm.
nilerocephala Grun,

obtusa Wm. 5m.

palea (Kutz,) Wm. Sm.
palea tenuirgstrls Grun,
paleacea Grun,

tzvchia sp. alf. N, punctata {Wm. Sm.) Gnrun,
stagnorum Rabh,

subtilis Kutz,

. tarda Hust.

. tryblionella 1Tantz,

. tryblivnella cictoriue Grun.
vitrca Norman

vicar Wm. Sm.

=

ZZRZRRER

z2Z=

innnlaria acresphaeria Wm. Sm.

. appendiculata (Ag.) CL

bogotensis (Grun.) CL

. borcalis Ehr,

. braunii (Grun,) CL

. braunii amphlicephala (A. Mayer) Hust.
diverpentissima (Grun.) Cl

. globiceps Greg.

. maior (Kutz.) Rabh,

. microstauron (Ehr,) CL

MmNy

Pleurosipma delicatulum W, Sm.

Rhoicosphenia curcata (Kutz,) Grun,

Rhopalodia gibba (Ehr.) O. Mull,
R. gibberula marporitifera Rabh.
R. gibberula protracta Grun,

Secoliopleura peisonis Grun.

Stauroncis acute Wm. Sm.

. unceps Ehr.

. kricperi Patr.

. luppronica A. CL

. Iegleri Hust.

. phocnicentron {Nitz.) Ehr.
. smithii Grun.

ntntnnnn

Stephanodiscus niegarae Ehr.

Surirella engustata Kulz.

. otalis Breb.

. ovata pinngta Wm. Sm.
. peisonis Pant.

. strictula Turpin

tenera Greg,

ynedra acus Kutz,

rumpens familiaris (Kutz.} Hust.
rumpens scotica Grun.

. socia Wallace

. ulna {Nitz.) Ehr.

MwnnM M,

*-B
F
F

F
F
F

F
F-B

"B

F
F
B

B
B-M

-8 O:Inck X
7.5-7.8

7.8
8.3-83 Nj het

89 O lack X % X %X %

6.8
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both as not uncommon in  freshwater
Group 11 does not appear ecologically dis-
tinct from group 1. Gronp I consists of
three species of Fragilaria that inhabit
shallow standing water with pIl slightly
wunder 8. Group IV together with group
1] form the dominants in several zones of
the core. Group IV contains all freshwa-
ter benthonie species, Coceoneis placentula
{21) bLeing an cpiphyte; these species fre-
quently inhabit marshes with water of pll
§ or higher. Gronp V is a large group
composed of minor elements of the fresh-
water benthonie flora; generally their pIl
requirements are alkaline. Group VI, al-
though it has a distinctive distribution in
the core, is also composed of alkaline
freshwater benthonic species. This group,
eharacterized by Ampliora ovalis (56), may
be somewhat less tolerant of salinity varia-
tions (ITutchinson et al. 1936).

Group VII contains benthonice and plank-
tonic species of anomalous ccology; for
example, Anomoconeis sphacrophora (60),
Mclosira italica (61), and Nitzschia com-
munis (63) are all freshwater species, while
Stauroneis legleri (62) and Nitzschia epi-
themivides (64) are brackish-water specices.
This may result from reworking and the
introduction of dead frustules from other
habitats, or possibly some of the species
have a wider ccologic amplitude than pre-
viously suspected.

Group VI is composed largely of ben-
thonic brackish-water species. The pres-
ence of Amphlora coffaciformis salina (68),
Naricula halophila {(65), and Cymbella
pusilla (68) surgest very saline conditions
(TTastedt 1930).

Group IX is composed of a single spe-
cies, Nitzschia frustulum (70); it is a
brackish-water species  (Cholnoky  1968).
but it is found in a wide range of environ-
ments and appears to be tolerant of flue-
tuating conditions. Some of its variability
may Dbe the result of misidentification or
confusion with similar species, but reli-
able systematists have reported it in fresh-
water environments {e.g., Patrick et al
1967).

Group X contains brackish benthonie di-

atoms, two of which, Anomoeconcis costata
(72) and Swurirella peisonis (74}, live in
water with high concentrations of sodium
carbonate (Cholnoky 1968).

Group NI is composed of brackish-water
planktonic diatoms that do not tolerate
variations in salinity. It is dominated by
Cyclotella striata (79) and Chaetoceras sp.
(77) although locally Cyclotella quillensis
(80) and Cyclotella sp. f. C. stylorum
(81) arc important. Most authors recog-
nize the close relationship between C. sty-
Torum, G. quillensis, and C. striata {Boyer
1927; Iustedt 1962) and their distribution
throughout the core snggests that they are
variations of the same thing, possibly cco-
types. The same possibly holds true for
Cyclotella meneghiniana  lacvissima  (78)
(TTustedt 1962).

Group XII containg alkaline freshwater
diatoms, the most abundant being Melo-
sire granulata (83), a planktonic form.
The rest are cither epiphytic or benthie
species.

A Dbrief survey of the dintoms in modemn
Tacustrine environments in the Basin of
Mexico and nearby arcas was made to
serve as an ccological framework for in-
terpreting the diatoms in the core. Sam-
ples were collected from the lakes and
ponds ideutified in Table 1. About 50% of
the common species from the core were
also common elements of these aguatic en-
vironments. Of the species in the freshwa-
ter environments {Tlaxcala 1.130. Chalco.
Nochimileco, and Zumpangoe) 82% helonged
to the freshwater groups I-VII from the
core, and 47 of the species in Lake Tex-
coco and the saline Tlaxeala pond were
found in the bLrackish-water groups VIII-
XI. This was a small sample. and little
definitive ceologic  information can be
cained fronr it. but it indicates that a
substuntial fraction of the common diatom
flora of ancient Lake Texcoco can be
found today in the Basin of Mexico, and
that the paleoccologist need not seck
vastly different environments from  those
existing today to explain many of the flo-
ristic changes in the Pleistocene sediments
of the Dbasin.
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Tane 2. The zones delincated in the core and their dominant digtoms (see also Fig. 4)

Zime and
depth Diatoms . Group Ecology
1. DENTICULA ELEGANS (22) v Epiphytic and benthonic diatoms charucteristic
2-3 m QCdecomels placentula {(21) v of freshwater of high pH; most tolerate low
Nitzachia amphible (23) v salinity.
Rhopalodia gibberula margaritifera (24) v
Naticula eryntocephala (20) v
Fragilaria brevisttriale (19) ut -
Amphora vencia (8) 1
Amphore oralls (58) Vi
2. FRAGILARIA BREVISTRIATA (19) 11 Fragilaria spp. are commanly found In shallow
3-4 m  Fragilaria conttruens vomter {17) 1 standing water and are tolerant of a wide
Anomoconrls cottata (72) X range of salinity; the rewmnining species are
Campylodiscus clypeus (73) X found fn lLirackish-waler benthonie and plank-
Surirella peisunis (74) L tosie eavironments,
Nitzsehia frustulum {70) .
Ancmoconeds sphacraphora (80) VIl
, Chactoceras sp, (77 X1
3. NITZSCHIA FRUSTULUM (70) X All forms are characleristic of Hrackish water;
4-11 m Campmylodiscus clypeus (73) X C. strinta und Chartoceras sp. ore planktomie,
Anomoconels costata {(72) X the wthers henthonle.
) Rhopalodia gibberula protracta (71) X *
Nauieula hnlophl‘l‘? (6 ) VIII
Chactocerar sp. (77 X1
Cuclotella striata (79) X1
4. CYCLOTELLA STRIATA (78) Xt Flura similar to the preceding zone, but §t shows
11~14 m Chactoccrar sp. (77) X1 & dominance of planktonic species C, atriata
Nitzschia frustulum (70) I1X and Chactoceras sp.
Nitzschis conmmunis (83) V1
Anomoroneis costata (72) X
Campylodiscus clypeus (73) X
Rhopalodia githerula protracta (71) X
5. AMPHORA OVALIS (58) vi Flora is similar to the last twe zones, bt pres-
14-18 m Epithcmig zchra (59) Y1 ence of A, ovalis, F. construcns venter, and
Fragilaria construene venter (17) bisd E. =rbra sugpests freslier water than the pre-
Nitzschia frustulum (70) IX veding floras.
Campylodiscus clypcus (73) X
Anomoconcis costata (72) X
Rhopelodia gibherula protracta (71) X
Surirclla poisonis (74) X
Cocconcis diminuta (75) X
Chactoceras sp. (77) XI
Cyclotella striata (T79) XI
;3 CYCLOTELLA STRIATA (79) X1 Dominanee of brackish planktonie (C. strinla
16-19 m Chartoceras sp. (77} Xl and Chaetocerar sp.),, the remeinder being
Anomopepneir coslata {(T2) X lirackish benthanie,
Campylodiseus clypeus (73) X
Nitzschia frustulum (70) X1
Naviculz halophile {65) VIl
7. NAVICULA HALOPHILA (85) Vil Brackish-benthonie distoms dimninate,
19-20 m Cyclotella striata (79) Xl
' Nitzechia frustulum (70) X
8, CYCLOTELLA QUILLENSIS (B0D) X1 Brackish planktonie dontinate; presence of F,
80-23 m Cyclotella strista {79) X1 concfrueny venter suggesls presence of freshe
Cyclotella sp. of. C. stylorum (81) X1 - water nearhy.
Anomoeoncis codtata {(72) X
Coceomeis diminuta (75) X
Fragilaria conttruens venter {(17) m
a9, FRAGILARIA BREVISTRIATA (19) 111 Muny diatoms from the freshwater croups plus
23— Fragilaria construens venter (17) I the Fragilaria spp. indicate  shallow, fresh,
25,10 m  Frapilaria pinnata (18) 111 wlkaline water,
Rhopalodia gibba (15) 11
Nitzschia amphibia (23) EAY
Cocconcis placentula (21) 1w
Cycelotclia striata (79) XI
10. NAVICULA HALOPHILA (G5) VIIE Bruckish-benthonic dintoms dominate,
25.10- Kitzschia frustulum (70) 1X
27T m Anomoconcis costata {72) X
Cyclotefla striata {79) XI
Cyclotclla mencghiniana laevissima (78) XI
Chaetoceras sp. (77) XI
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Tame 2. Continued

Yove mnd o T
A:i':pth Dintoms Group Evilogy
11. CYCLOTELLA SP. CF. €, STYLORUM I4)) X1 Cyelotella dominates, and the remaining flora 1:x
a7— Campglodiseus clypeus (73) X from Drickish<benthonic habitats; possibly this
a7 75 m  Anomoeoncis costata (72) X yzoue is 8 subsone of the follawing une.

Bhopalodia gibberula protracta (71} X
14, CAMPYLODISCUS CLYPEUS (73) X Rrackish-henthonie dintoms dominate. .
Rirdrd; S Ancmocencis costala (T2) X
ay 50 m Rhoalodia gibberula proteactg {(71) X

Cocconels diminuta (75) X v

Surirella poisenis (74) X

Cymbhclla mexicana (78) X

Cyclptella strinta (79} b3S
13. DENTICULA ELEGANS (22) v Freshwater, alkaline benthonic and epiphiytic di-
ay50— | Corconeis placentula (21) n atora; many other spp. from sroups 1=V,
a3.50 m  Rhopalwtic pibboerale merguritifers (24) v .

Nitzvechia amphilia {23) v

Nucictda cryptocephala (20) n

Nitzsehida frustulum (70) X
14, MELOSIRA GRANULATA (K1) XI1 Plgnktonic and shallow, freshwater dintoins from
33.50- Cyrloiella sp. (8Bl) XI nlkaline, warm, eatrophic Inkes.
s m Fragilaria bn-rl.\‘(riu!a' (19) I
15. STEPHANODISCUS NTAGARAE GCool plinktonic freshwater diatom, characteristic
a5 m—7? of decp, north-tempernte lakes:

[This zone hns been determined from the core Bellas Artes 80, which was ariginally studied by Sears and
Clisby (1955) and Furemnn (1955), Only scatlered samples of this core exist, and the extent of this

zone is upknown.]

44-46 m DENTICULA ELEGANS (232)
Cocemwis placentula (21)
Nitsschia amphibia (23)
R. pitherula muargaritifera (24)
Huntzschia omphiorys (25)
Rhopaliia giliba (15)

Iv Freshwater, alkaline henthonie dintoms; . am-
nw phiorys v an acrophilic species.

v

v
v
II

{ The limits of this zone are not fixed because it is separated from the nther zones by several meters ol sedi-
ments that may contain’ more than une dintom assemblage. For this reason it is not nnmbered.)

In addition to the zones listed above, a diatom sssemblage was noted in a sample from ~70 m in the Bellas Artes
80 core. s vguivalent probably exists hencath the depth reached by P 366-2, This wone, like the ane at 35 m, is

dominated by Stephanodiscus niagarac.

Diatom Zonation

Distirictive assemblages of diatoms were
nsed to delincate 15 zones in the core
(Table 2). They have been numbered in
Fig. 4 and labeled with the name of the
diatom considered most characleristic of
each zone.

A discussion of the palealinmology of
Take Texcoco must be preceded by a con-
sideration of the mechanics of lacustrine
change in this shallow lagke and how the
marginal diatom floras are affected. As
those of many lakes in semiarid regions
with periodic rainfall, its level and salinity
fluctuate widely from season to scason,
sometimes in response to single storms.
In 1629 the waters of Lake Texcoco rose
8 m and submerged a town for 5 consecu-

tive years (Bonaparte et al, ca. 1900).
Such floods impose markedly differing
habitats to which the algae rapidly adjust.
During periods of meager rainfall the
lukes cvaporate and the water level re-
treats from the shore to leave mudflats
and saline pools. In the center of the basin
a shallow galine lake can remain.

This simplified picture of lake-level fluc-
tuation is complicated by the fact that the
area around Lake Texcoco, especially in
the area of the coring wite and to the
southwest, has long been known for the
abundance of peremnnial freshwater seeps
and springs, whose water supported the
prosperous chinampa agriculture in this
part of the basin (Coe 1964). Thus,
during the low-water stages it appears that
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the marginal, marshy, freshwater environ-
ments supported by the springs extended
Lasinward and were repeatedly invaded
by transitory floods of saline water from
the central basin of Lake Texcoco. Re-
duced spring flow, to be expected during
long dry periods, can add another variable
to this picture. -

The validity of this scheme is supported
by historic documentation of floods that
plagued the marginal marshland chinampa
agriculture of the area. For example, the
King of Texcoco, Netzahuacoyotl, built a
dike in 1430 to prevent the saline waters
of the main hasin from entering the west-
ern subbasin of the lake (Fig, 1).

The diatoms from the Pleistocene sedi-
ments of Lake Texeoco belong to four

.broad ccological groups: brackish ben-

thonic, brackish planktonic, freshwater
benthonie-cpiphytic, and freshwater plank-
tonie. These groups and the lacusirine
cenvironments  that produced them are
shown in Fig. 5, arranged in an idealized
climatic sequence.  Actually, the changes
Letween freshwater marsh, shallow saline
water, and deep saline water can oceur
rapidly and can be reversed. The fresh-
water planktonic diatoms represent more
stable lacuostrine environments.,

Paledlimnology

The carliest recorded dintom assemblage
comes from a depth of about 70 m in the
Bellas Artes 80 core studied by Foreman
(1955) and Scars and Clisby (1953). It
is not shown in Fig. 4. It is dominated
Ly Stephanodiscus niagarae, a freshwater-
planktonic diatom, indicating that a large,
possibly deep, cool lake existed at that
time. The salinity of the lake was Jow and
constant, and the lake probably had an
outlet. More than 20 m of sediment may
separate this zone from the next known
assemblage; it is not known what limno-
logic conditions they represent.

The lowest diatom assemblage from core
P 366-2 (4445 m. Fig. 4) is unnumbered
because it is separated from the overlying
sediments by 9 m. It consists of marsh
diatoms, principally  Denticula  clegans

springs  core climate

Fie. 5. Schematic representation of the four
distinet laenstrine environments of Lake Texcoco
sugpested by dimtom analysis of core P 366-2.
At the highest levels {hottom sketeh), when the
Inke may have overflowed, freshwater-planktonic
{fw-p) dintoms occnrred, Decrease in the walter
Tevel and increased salinities produces brackish-
plnktonie diatoms (br-p}. As water levels con-
tinue o drop brackish-Leothonie dintoms {(br-b)
flourish in shullow, saline water. During the low-
est luke levels, spring-fed freshwater marshes ea-
tend basinward from the margins of the Iake.
Associated with the marshes are freshwater-ben-
thonic (fw-b) distoms, and Drackish-henthonic
forms are present in the ramnant saline poaols in
the center of the hasin, These asseanblages can
Le temtatively related to a climatic chanee from
moist to dryv,

(22), and indicates that at that time the
lake was very shallow. Tt is not known
whether the disappearance of the earlier
large cool lake conditions resnlted from
drainage or from desiceation.

This marshy environment ultimately was
followed by a return of the large lake, as
shown by zone 15 which is dominated by
S. niugarae, bhut these conditions were
short-lived and it evolved into a shallower.,
more cutrophic and possibly warmer lake
characterized by a M. granulata (83) nas-
semblage (zone 14). Zone 13 shows an-
other return of marsh diatoms dominated
by D. elegans (22). Probably this time
the lake level fell by desiceation, and only
saline brines and salt flats oceurred in the
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central portions of the basin, where the
minimum lake levels have been recorded
in modern times (Fig. 1). This is sug-
gested by the succeeding zones (12 to 3)
which have predominantly brackish-water
diatoms.

With the return of moister climate the
lake began to fill, and floods of saline
water extended toward- the margins of the
lake basin. Variable water depths are
suggested by the alternation of brackish-
benthonic and brackish-planktonic assem-
blages (zones 12, 11, and 10), followed
in zone 9 by a slight incrcase in Fragilaria
spp. (group III) and other diatoms in
groups 1I, IV, and V, which indicate a
bricf *period of shallower but fresher wa-
ter. The brackish lake continued to domi-
nate, however. Zones 8, 6, and 4 reflect
decper brackish water supporting brack-
ish-planktonic diatoms as C. quillensis (80)

and C. striata (79), and zones 7, 5, and &

reflect shallower water with brackish-ben-
thonic diatoms,

The artificial zone boundaries (zones
11 to 3) obscure the complex variations
the lake underwent during the long period
represented. A somewhat hetter idea can
be gained by following the fluctuations of
the frequency curves of the diatoms in
groups VIII-XI. Both the bLrackish-plank-
tonic diatoms of group XI and the very
saline-benthonic diatoms of group VIII in-
ercase rapidly to high levels and then fall
suddenly. Group IX, containing only the
diatom N. frustulum (70), is important
throughout this interval, but even with its
wide tolerance its abundance is highly
variable. The same is true to a lesser
extent for those forms of group X.

A note of caution may be introduced
here regarding the frequency distribution
of Cyclatella sp. of. C. stylorum (81). Its
highly erratic distribution at depths of
23 and 27 m may be the result of rework-
ing from lacustrine deposits left by the
shrinking lake after zone 14. Here it is
associated with M. granulata (83), and
the same association can be found in a
fossil diatomite surrounding the shores of
Lake Amatitlan in Guatemala. These as-

sociations, incidentally, suggest that the
Cyclotella sp. in question is not ceologi-
cally related to C. stylorum, a marine spe-
vies (JTustedt 1962), even though they
are similar morphologically, but shares the

" alkaline, warm, cutrophic habitat of plank-

tonic M. granulata. Its anomalous associ-
ations with group X diatoms at 27 m and
with C. striata (79) at 23 m, plus the fact
that at these levels it is mostly in a broken
condition, support the conclusion that its
appearance results from reworking, The
question cannot be settled, however, wmtil
adequate taxonomic work is done with
this species. This problem does not sig-
nificantly alter the palcolimnologic history
presented in the preceding paragraph.

Above zone 3, the sequence indicates
that lake levels fell, and freshwater marsh
conditions again extended basinward. In
zone 2 the Fragiluria spp. (17, 18, 19) in-
dicate shallow standing water of slightly
alkaline pH. In zone 1, the occurrence
of D. clegans (22) with Hantzschia amphi-
oxys (25), an acrophilic diatom, suggests
that the water level may have been even
shallower. -

In general, the coarser-textured parts of
the core, as indicated by low values in
Zeevaert's water-content curves (Fig. 4),
contain diatom floras that belong cither to
the freshwater benthonice groups I-VIT or
to the very saline benthonic group VIIL
while the finer sediments correlate in most
instances with planktonic diatoms {group
XI and XII) or with brackish-benthonie
diatoms of groups IX and X. Coarser sedi-
ments would be expected in either shal-
low-water environment, whether fresh or
saline, while a ddéeper lake would favor
the accumulation of fine seditnent. The
coarser sediments also frequently have
root holes, which, however, are not con-
fined to these materials. There is a lim-
jited negative correspondence between the
number of species found in cach sample”
(Fig. 4) and Zeevaert's water-content
curve.

These observations, although not all
quantified, offer additional paleolinno-
logic information. The freshwater marshes
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can be expected to contain more habitats
and hence more species, and the presence
of root holes helps to substantiate their
existence. Coarser sediment would tend
to accumulate in these marshes if they
drained slowly basinward.

Correlations

Until additional cores are studied, the
question of intrabasin correlation of the
diatom zones cannot be definitively an-
swered, Zeevaerts {1952, 1953) work
shows good correlation of his sedimento-
logic zones from core to core, and I suspect
that the diatom stratigraphy presented
will hold undemeath all of Mexico City.
Probably toward the center of the basin,
where limnologic conditions were fre-
quently very saline, the freshwater marsh
zones will not be present. The Stephano-
discus zone (about 35+ m)} has been
found more than 23 km to the northeast
in wells of the saline evaporaton plant,
Sosa Texcoco, and there is some evidence
that the brackish-planktonie diatom zones
have similar distributions. The diatoms
found associated with the skeletal remains
of Tepexpan Man (P. Conger in de Terra
et al. 1949) might fit in any number of
zones beneath zone 2, and a longer pro-
file is required on the northeast side of
the basin before corrclations can be made.
Zones 1 and 2 do seem to have local extent
around Mexico City and have tumed up
in excavations for the new subway there.

To the southeast and into the basins of
Xochimileo and Chalco, zones 1 and 2 may
be expected to increase in thickness, since
these chinampa areas are supplied by an
abundance of freshwater springs. A diat-
omite containing a dominance of Fragi-
laria spp. occurs at a depth of 1.75 m at
Culhuacan in the Xochimileo basin (a
sample studied from Sears” 1952 study}),
and at Tlapacoya (Fig. 1) the same spe-
cies and D. elegans are found in sediments
that date from 24,000 vears B.P. (Brad-
bury 1970a). Fragilaria and Denticula

altemate throughout the upper 6 m of the
Tlapacoya sections, but below this, in sedi-
ments dated at 24,000 to 35,000 years B.P,
(Mooser 1967), diatoms of group X are
common: Campylodiscus clypeus, A. cos-
tata, and N. frustulum (Bradbury 1970a).
The radiocarbon dates on core P 368-2
(Fig. 4) place the boundary between
zones 2 and 3 at a considerably later date
than this (assuming that the change found
at Tlapacoya is the same kind of tran-
sition}, so we are faced here with the
likelihood that some of these zones have
a considerable time transgression. This is
what might be expccted in Lake Chalco,
which is not only separate from and higher
than Lake Texcoco but also has an ample
supply of freshwater.

Another possibility cxists that the gla-
cial substages that White (1962) estab-
lished for the voleano Iztaccihuatl may be
embraced by the ages of core P 366-2.
It is conccivable that the last three plank-
tonic diatom zones (zones 8, 6, and 4)
relate to glacial advances on the sides of
this volcano, but these zones do not reflect
particularly dramatic climatic changes be-
cause they all consist of brackish-plank-
tonic diatoms. On the other hand, marked
changes in precipitation and temperature
may not be needed to extend the glaciers
now existing on Popocatepet] and Tztacci-
huatl to lower clevations {White 1954).
Probably the stratigraphy of Lake Chalco
is more sensitive to the glacial fluctuations
on these peaks, and correlation must wait
until they are studied in greater detail.
The age of the planktonic peaks in core
P 366-2 is 30,000 years or more according
to the radiocarbon dates, and thercfore
they appear rather carly for White's
(1962) tentative corrclations of his gla-
cial' advances with the Rocky Mountain
sequence.

Diatom, pollen, and chemical studies by
Hutchinson et al. (1938} on cores from
Lake Patzcuaro in Michoacan show a
marked dry period beginning at depths
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anround 6 m, and it is reasonable that this
dry period should be correlated with the
falling lake levels in the Basin of Mexico
indicated by zones 1 and 2. The Patzeuaro
malerial was not dated, and it was only
tentatively correlated with Sears” (1952)
archacologic sequences, which implics that
the dry' peried was much later (say about
2,300 years B.P.) than the transition in
Lake Texcovo {about 6,000-10,000 years
B.P.). Further studies in both lakes are
needed  for conclusions about regional
correlation.

Of ali possibilitics for corrclation, Scars
and Clisby’s (1955) pollen studies in simi-
Iir cores from the scdiments of Lake
Texcoco should prove the most rewarding.
Unfortunately, obvious correlations for
most stratigraphic levels have not bLeen
found, although onc would expect that the
pollén types labeled as moisture indicators
(Alnus, Quercus, and Abies) would corre-
spond to peaks in planktonic diatoms. All
that can be said for the time being is that
both paramcters are highly variable and
that until pollen and diatoms are studied
from the same core the matter will remain
unsolved. All in all, the pollen from these
sediments shows a somewhat monotonous
stratigraphic distribution when it is plot-
ted as pereentages of total pollen rather
than relative proportions of arboreal pollen
alone (Fig. 6). On this basis, the most
evident break in Scars and Clisby’s (1955)
counts js found in the upper 6 m, where
Gramineae, Amaranthaceae, Compositae,
and Zea become very abundant as opposed
to arboreal pollen. This corresponds rather
well' to the boundary between zones 3
and 2. suggesting a lowering of lake lev-
els. This change in the pollen stratigraphy
scems clearly to be the handiwork of agri-
cultural man in the Basin of Mexico
(Clisby and Sears 1935).

Most of Sears’ (1952) pollen work in

archaeologic horizons of the basin involves

sediments younger than those of core P
366-2, but some of his deeper profiles {Chi-
mathuacan and Chapingo) may cover the
same time as the upper levels of this core.
His dry phase, zone D, may correspond

to some part of diatom zones 2 or 1 of
this study. Sears’ zone C, representing a
wet interval presumably corresponding to
the Zacatenco high beach Jevel (2,242 m)
of 3,500 years ago, is too, young to be
covered within the time span of core P
366-2. At any rate, it appears that the
clevation of this coring sitc was some-
what higher thun the 2,242-m level, so the
marshes that existed there at that time
may not have been flooded then,

Limmologic changes that appear in the
Basin of Mexico sinee about 6,000 years
B.P., particularly in marginal arcas of the
basin, are not necessarily solely the result
of natural climatic or hydrologic changes,
because from this time on agricultural man
played an increasingly important role in
the area. Tt is not too presumptive to
speculate that early agriculturalists took
advantage of the favorable conditions on
the spring-fed shores of Lake Texcoco and
possibly initiated primitive systems for
farming those marshes that provided land
dry cnough for planting and water shallow
cnough for growth. An attractive model
for such a system is the ridged fields
{Parsons and Denevan 1967) that pre-
Columbian agriculturalists used in many
parts of Mexico and Central and South
America. These consist of mounds or
ridges of carth built above the shallow-
water levels of flooded, low ground. The
ridges provide rich, acrated soil next to
abundant water that offers excellent con-
ditions for farming and at the same time
provides a certain amount of protein in
the form of fish, turtles, water-fowl, and
so forth. The construction of a ridged
field requires nothing more complicated
than a digging stick to heap the marsh
sediments above water level, but even a
primitive system of ridges and canals and
possibly dikes would vastly alter a natural
limnologic environment.

The diatom evidence from Lake Tex-
coco cannot prove these speculations inde-
pendently, The abundance of Zee pollen
at cquivalent levels in Sears and Clisby's
(1955) cores is supporting evidence, and
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the likelihood that the remarkable chi-
nampa agricultural system evolved from
the similar hut more primitive ridged field
system scems logical.  Archacological evi-
dence to test these ideas might be obtained
near Mexico City or in the remaining chi-
nampa arcas to the southwest. Possibly
some of it is covered by the Becent ba-
salt flows from Xitle and other voleanie
centers.

Although the diatoms from core P 366-
2 may be only suggestive with respect to
the questions of carly man and agriculture
in the Basin of Mexico, they offer imuch
more positive information on carlier geo-
logic questions. Mooser et al. (1956)
discussed the difficulties in assigning max-
imum ages to the lake deposits and to the
formation of the basin, although these
features arve generally considered to be
Plio-Pleistoccne.  This problem rests on
the identification of the Tarango formation
beneath Mexico City. Where the Tarango
formation is developed on the margins of
the basin it predates the basaltic eruptions
that are thonght to have blocked the
south-draining valley to form the Basin of
Mexico. Previous voleanic rocks were
nonbasaltic. Thus the Tarango formation
should be an alluvial deposit free of ba-
saltic componcents. The presence of deep
strata within this formation containing
abundant remains of S. niagdrae, a fresh-
water-planktonic diatom characteristic of
large, cool temperate lakes in North Amer-
ica, clearly suggests that these deposits
are not entirely alluvial. Alse, Foreman
(1953) found basalt fragments at similar
depths in the same formation.

Fish fossils (Fig. 4) from corc P 366-2
have been identified by R. R. Miller and
C. D. Barbour (personal communication)
as Chirostoma humboldtianum, belonging
chiefly to the Lerma druinage basin. The
present fish fauna of the Basin of Mexico
is entirely of Lerma affinitics (Arellano
1953; Meek 1904). The carliest fish fossil
from the core occurs at a depth of 35 m;
it indicates that at least since perhaps
100,000 years B.P. the Basin of Mexico
sometimes contained a large lake, which

evidently drained northward to the Lerma
system,

The plankionic diatoms and fish fossils
from these deep levels support the conten-
tion of Mooser ot al. (1956) that the for-
mation currently  identified as Tarango
beneath Mexice City (Zeevaert 1952, 1953)
is not the smne thing as Bryan's (1948)
Tarango formation on the margins of the
basin, This change considerably lessens
the inferred age of these sediments as
Pliocene (Zeevactt 1953), but it appears
that they represent more time than the
Wisconsin alone (Scars and Clisby 1955).

Perhaps the most important conclusion
that can be drawn from the diatomn stratig-
raphy of these deposits is that climatic
changes known 1o have occurred in more
northerly atitudes do not scem to have
been reflected in this region of Mexico.
Admittedly, Inkes are sometimes not such
sensitive climatic indicators as we might
wish, but the remarkable persistence of
many diatom species throughout this long
time and their eommon distribution in the
basin today clearly suggest that truly plu-
vial climates did not reach this area. If
anything, the relatively small frequencies
of planktonic diatoms in the upper part
of the core suggest that the lake was shal-
Iow and that the climate was therefore
ard during the late Pleistocene. This is
in agreement with the implications from
the late Pleistocene—carly post-Pleistocene
vertebrate faunas of the Tchuacan Valley
200 km cast-southcast of Lake Texcoco.
Today the Tehuacan Valley has a het,
semitropical  thom-serub  forest and a
small-mammal fauna characterized by the
cotlon rat (Sigmodon) and the kangaroo
rat (Dipodomys). The fauna of the late
Pleistocene and carly  post-Pleistocene in

this arca lacks these animals entirely but,

has high percentages of small mammals
that characterize the arid and scasonally
cooler interior plains of northem Mexico,
If this kind of cnvironment prevailed in
the Tchuacan Valley area (Flannery 1967),
it scems reasonable to suppose that the
nearby Basin of Mexico was also drier at
that time than it is today.
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PALEOECOLOGY OF THE UPPER MIOCENE HUALAPAI
LIMESTONE MEMBER OF THE MUDDY CREEK
FORMATION, NORTHWESTERN_ARIZONA

J. PLATT BRADBURY'

and WILL N. BLAIR®

ABSTRACT

Diatoms and ostracedes‘in the Upper Miocene Hualapai Limestone Member of the Muddy
Creek Formation indicate that this deposit. often regarded as a fresh-water limestone, formed in
a brackish-water environment. The fossils. particularly the distoms. have marine affinities and
suggest that the saline nature of the Hualapaj basin may have resulted from marine influence.
Similar associations of diatoms and. ostracodes are well known in modern estuaries or brackish-
water lagoons. It is hypothesized that the Gulf of California may have extended northward (o the
Lake Mead areu in late Miocene time 1o provide 4 marine coastal environment for the deposition of
the Hualapai Limestone Member. and for the massive salt deposits in the Muddy Creek, Formation.

INTRODUCTION

The presence of well-preserved diatoms and ostra-
codes in the Hualapai Limestone Member of the Muddy
£reek Formation near Lake Mead. northwestern Arizona

%,;j}"'lg 1). provides information about the origin of this
deposit that relates to the late Tertiary tectonic history
aof the Basin and Range province. The purpose of this
paper is to review the ecology of the modern counterparts
of the fossils in the Hualapai Member and to tentatively
raonstruct the depositional environment of this unit.

The Hualapai Limestone Member of the Muddy Creek
Formation was deposited about 8 m.y. (million years) ago
in & topographic depression at the base of the Grand
Wash Cliffs south of Lake Mead, Arizona (Blair, 1978). The
dominant lithology is fine-grained, white-to-buff-colored
limestone that locally contains thin beds and concretions
of opaline chert. Siltstones, claystones, -and mudstones;
sometimes gypsiferous, are found in the lower part of the
member, and they presumably grade into the dominantly
clastic sedimentary rocks of the‘lower part of the Muddy
Creek Formation. The Hualapai‘is generally unfossilifer-
ous, although locally limestone molds of ostracddes are
common, and well-preserved ostracodes occur in the gysi-
ferous siltsones and claystones near the base of the mem-
ber, Diatoms are also found in the basal gypsiferous rocks,
and in addition they occur on and within the nodules of
opaline silica (Blair, 1978).

Both the diatoms and ostracodes appear to be widely
distributed in the Huala.pal Limestone Member, The sam-
plc locality (Fig. 1) is where the best preserved specimens
in the area are found. A systematic search of this unit
would probably reveal other-localities where paleoecolagic
studies could be made.

The mode of diatom preservation is interesting. The
best preserved diatom frustules are found within powdery
'ULS. Geological Survey. Denver. Colorado
U5, Geological Survey, Menlo Park, California
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Figure 1.—Index map showing the Lake Mead area, oulcrops
of the Hualapal Limesione Member of the Muddy Creek
Formatlon (patterned), and the sample slle Modlfied from
Blalr (1978).

siliceous coatings on the surface of the opaline nodules.
Within the outer part of the nodules, the diatoms are
loosely cemented by reprecipitated silica, yet on freshly
broken, weathered, or HF-etched surfaces, many species
are well enough preserved that they cag still-be identified.
Towards the ‘center of the opaline nodules the diatoms
appear only as ghosts completély engulfed by and filled
with silica. No.diatoms appear in the center of the nodules;
apparently they have been comp]elely dissolved and repre-
cipitated to produce cristobalite and chert,
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DEPOSITIONAL ENVIRONMENT OF THE
HUALAPAI LIMESTONE MEMBER

The diatoms and ostracodes in the Hualapai Lime-
stone Member augment the paleoenvironmental interpre-
tation of this deposit as deduced from sedimentological.
mineralogical. and geological studies of the limestone uand
its associated opaline cherts (Blair. 1978, and Blair and
others. 1979). The eeological interpretation based on the
diatoms can be equated direetly with that of modern occur-
rences of these algae because the forms in the Hualapai are
morphologically very close or identical to modern species.

Fherefore. although they are of late Miocene age. it is.

probable that the diatoms lived in environments very simi-
lar to the modern habitats where they are presently found.
Not only are the diatoms essentially. modern in appear-
ance. but also the fossil diatom assemblage suggests a bio-
logical association that commonly oceurs today in coastal
environments. This correspondence of species and associa-
tions strengthens the paleoecological interpretation from
fossils. Even though the ostracode species are extinel. they
also provide important paleoecological information be-
cause they belong 10 a modern genus with well-known
ecological requirements.

OSTRACODE STUDIES

Two species o ostracodes ocer in the Hualapai Lime-
stone Member: Cyprideis lockeiri (Stephenson. 1935), and
Crprideis stephensoni Sandberg. 1964 (R. M. Forester, oral
communication. 1979). C. lockerti and C. stephensoni occur
together in Miocene brackish water deposits of Louisiana
(Sandberg. 1964a).

Modern members of the genus Ciprideis have their
major development in low-salinity (brackish=3 - 30%n
total dissolved solids) marginal marine water bodies. and
as a group they are tolerant of a wide range of salinities
(Sandberg and Plusquellec. 1974). It is therefore reason-
able to suspect that this was also true of the Cyprideis
species from the Hualapai Member. In addition. these
ostracodes occur in tremendous numbers locally in the
limestone, suggesting that rapidly varving environment
parameters. such as salinity, had excluded less tolerant
ostracode species of true fresh-water or normal marine
habitats. In modern brackish-water environments it is not
uncommon to find one or another Cyprideis species as
being overwhelmingly dominant in the ostracode commu-
nity (Sandberg and Plusquellec. 1974). Although the genus
Cyprideis can dominate in inland brackish-water environ-
ments, the absence of typical inland saline water ostra-
codes such as Limnocythere spp. lends some support to a
marginal marine (lagoon or estuary) environment.

The work of Vesper (1975) on the relationship of cara-
pace modes and salinity for the species Cyprideis torosa

(lones. 1850) indicates that the more highly noded forms
are found in less saline water (below 10%4). whereas the
smooth-shelled forms characterize more saline water.
Noded individuals of the Cyprideis species of the Huala-
pai Limestone Member are very rare, and if this ecopheno-
typic characteristic applies to other species of the genus
including extinet ones as Sandberg (1964b) suggests. it
would indicate that the salinity of the water in which the
Hualapai Limestone was deposited seldom dropped below
I5%u and probably seldom exceeded 25%..

DIATOM STUDIES

In the simplest ecological classification of diatoms
based on salinity. three habitats are recognized (marine.
brackish. und fresh water) that reflect the optimal salinity
for a diatom’s growth. The system has been extended into
hypersaline waters and variously subdivided (Kolbe, 1932,
Hustedt. 1953). Regardless of the number of divisions of
the salinity spectrum, this classification is somewhat rigid.
for it does not take into account the salinity tolerance of
diatom species. Simonsen (1962) introduced the concept
of salinity tolerance to account for the distribution and
association of diatoms with regard to salinity, and it has
been modified and expanded by Ehrlich (1975). According
to this classification there are species with limited tolerance
to salinity variation (stenohaline) and species which toler-
ate large fluctuations in salinity (eurvhaline). The brackish
water habitat is almost entirely populated with euryhaline
diatoms: those that grow well over a wide range of salinity.
It is interesting to note. nevertheless. that there are two
groups of eurvhaline diatoms. Those that have their opti-
mal growth in marine water (salinity 35%0) but which
easily tolerate both higher and lower salinity, and those
that live predominantly in fresh water (salinity below 5%u)
but which readily adapt to higher salinities. Thus a
brackish-water habitat can be populated either by euryha-
line fresh-water diatoms, or by euryhaline marine diatoms.
In general. brackish-water environments near the coast
have proportionally greater numbers of marine euryhaline
diatoms. whereas saline lakes, ponds. and springs far inland
contain largely fresh-water euryhaline species. Presumably,
this reflects the difficulty of transporting marine euryhaline
diatoms far inland. although chemical differences between
diluted seawater and inland salt lakes may also be impor-
tant in controlling the distribution of these two groups.

The diatom flora of the Hualapai Limestone Member
(Fig. 2-8) contains a larger representation of both marine
and continental euryhaline species. The euryhaline marine
species of the genus Melosira (Melosira moniliformis and
Melosira nummuloides) dominate the flora, but locally
curyhaline continental species, such as Navicula halophila,
Amphora coffaeiformis, and Entomoneis paludosa are very

Figure 2.—Scanning electron photomicrographs of diatoms from the Hualapai Limestone Member of the Muddy Creek Formation.
1, massive development of Melosira nummuloides (Dillw.) Ag.; 2-5 and 7, Melosira nummuloides; 6 and 8, Melosira dubia
Ktz.?; 8, an enlargement of 6; 10, an enlargement of 8. Scales in micrometers.
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Figure 3.—1, Two cells of Melosira nummuloides, showing attachment area; 2, interior view of Melosira moniliformis (Mull.)
Ag.?; 3, 7, and 9, internal cast of Melosira moniliformis; 4, 5, and 6, reprecipitated silica (Lepispheres) progressively filling the
interior of Melosira cells; 8, internal cast of Melosira juergensi Ag. Scales in micrometers.
-
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Figure 4,—1-5, internal surface of Coscinodiscus sp. or Actinocycius sp. Nole the presence of [ablate processes in 1, 2, 8,
and 5,. apparently filled or mantled with reprecipitaled sllica. Scales In mlcrometers.
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Figure 6.—1-5, Navicula halophila (Grun.) CL; 8, B, and 9, Fragilaria brevisiriata Grun.; 7, Fragliaria conslruens v. venter (Ehr.)

Grun. Scales in micrometers.

common. The euryhaline marine species of Melosira, in-
cluding the less abundant species, Melosira juergensi and
Melosira dubia are most cammonly found today in coastal
marine environments, typically estuaries or brackish coast-
al lagoons, where they live attached to submerged or
emergent aquatic’ plants or to rock surfaces near shore
(Cholnoky, 1968; Round. 1971). The same ecology and
habitat apply to the other curyhaline marine species,
such as Amphora arcus v. sulcata and Amphora hyalina

(Cholnoky. 1961: Grilfen. 1966: and Hustedt, 1935). The
contineéntal eurvhaline species live in similar benthonic
habitats {Cholnoky. 1968).

The only diatoms associated with the opaline cherts
in the Hualapai Limestone Member characteristic of fresh-
water environments are Fragiluria construens v. veiter, and
Fragilaria brevistriare, Both these species tolerate some
fluctuations in alkalinity and salinuy..and are commonly
found in slightly saline environments. For example. they

Figure 5.—1 #nd 2, Nltzschia? sp.; 3, Anomosonels costata (Kiz.) Hust,; 4, Denticula sp,; 5 and B, Cymbella pusllfa Grun.; 7 and 8,

Enloménsis-palisdosa. (W..Sm.) Relm, Scales In micrometers.
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Figure 8.—Common dlatoms associated with the opaline cherts of the Hualapal Limestone Member of the Muddy Creek For-
mation, Eury M = euryhaline of marine affinities, Eury C = euryhaline of continental (inland)taffinitles, Sten M = stenchaline
marine, or generally restricted o marine environments, FW Alk = ifresh water alkaliphllic. The numbers in parentheses
after the figure numbers indicate the photographs that. lllustrate the species mentioned.

SPECIES ECOLOGY HABITAT ABUNDANCE FIGURE
Actigocxclus 8p: or Marine planktonic? Rare 4 (1-5)
Coscinadiscus sp. genera
Amphora arcus v. sulcata (A.5.) Cl. Eury M Benthonic rare 7 (4 & 5)
Amphora coffaeiformis (Ag.) Ktz. Eury C benthonie abundant 7(1,2,3, & 11)
Amphora hyalina Ktz, Eury M benthonic common 7 (5-8).
Amphora proteus Greg. Eury M benthonic rare 7 (1,9 & 10)
Anomoeonels costata (Ktz.) Hust, Eury C benthonic rare 5 (3)

Cymbella pusilla Grun. Eury C epiphytic rare 5 (5 & 6)
Entomoneis paludosa (W. Sm.) Reim. Eury C benthonic common 5(7 & 8)
Fargilaria brevistriata Grunm. FW Alk benthonic common 6 (6,8, & 9)
Fragilaria construens v.

venter (Ehr.) Grun. FW Alk benthonic rare 6 ()
Melosira dubia Ktz. Sten M littoral rare 2 (6 & 8)
Melosira: juergensi Ag. Eury M epiphytic rare 3 (8)
Melosira moniliformis (Mull.) Ag. Eury M epiphytic - abundant 3 (2,3,7 &'9)
Melosira nummuleoides (Dillw.) Ag. Eury M epiphytice abundant 2 (1-5 & 7); 3 (1)
Navicula halophila (Grurd.) Cl. Eury C benthbnic common 6 (1-5)

grow abundantly in the littoral zone of Lake Valencia,
Venezuela (salinity 1.3%¢). Nevertheless, they are not true
brackish water species (Lowe, 1974),

The presence of these diatoms associating with enry-
huline species in the Hualapai Limestone Member indicates
that cither fresh-water conditions prevailed intermittently
during its deposition, or that these species were transported
to the Hualapui basin from surrounding fresh-water habi-
tats such as streams or ponds within the drainage area
of the basin. Such transportation is not uncommon in
modern estuarine or lagoonal environments.

Despite the preponderance of marine euryhaline dia<

toms in the Hualapai and the fact that they are most
commonly found in coastal brackish-water environments,
some of thest species have been recorded from inland
saline environments, For example. Melosira nummuloides
was found in large concentrations in 4 saline environment
near Durrenberg. northérn Germany approximately 186
mi (300 km) south of the Baltic coast (Hustedt, 1925).
It is commonly accepted that such occurrences are accom-
plished by birds: that transport diatoms in mud on their

feet. Extensive inland distribution of marine eurvhaline
diatoms by this method would appear feasible .in moist
climates over flat. poorly-drained land were desiceation
of bird-carried sediment with living diatoms would be
reduced during flight and on stopovers, and the transported
diatoms could be maintained alive over long distances.
The humid lowlands of northern Germany appear tw he
an appropriate region for effective distribution of coustal
diatoms by this method. Whether or not this speculation
is relevant to the origin of the murine eurvhaline diatoms
in the Hualapai Limestone Member cannot be answered
until it is veritied by additipnal biogeographic und eco-
logical studies of modern curvhaline marine diatoms. and
until more is known about the paleotopography and paleo-

climate of western Arizona during late Miovene time. At

first glance, however, geological evidence for extensive
Cenozoic tectonism and volcanism (Eberly and Stanles.
1978). and paleobotanical evidence for aridity (Axelrod,
1937) suggest that during the late Mivvene this aren was
not at all similar to the Tow lands of northern Germans,
The problem of distribution of eury haline marine diatoms

Figure 7.—1, Amphora coffaeiformis (Ag.) Kiz. (note partlal view of Amphora proteus Greg. to the lower right); 2 and 3, Amphora
coflaeiformis (note frustule of Fragilaria brevistriata to the upper left In 2); 4, Amphora arcus v. sulcala (A.S.) Cl.; 5-8, Amphora
hyalina Kiz, (note enlarged view of Amphora arcus v. sulcala to upper right of 5); 9 and 10, Amphora proteus {both photo-
graphs show the ventral portion of the frustule and the girdie area; 10 in an Internal view); 11, Amphora coffasiformis

Scales in micrometers.
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Flgure 9.—Index map showing the northern [imit of the Bouse
Formation (in outcrop) and the location of the Hualapal
Limestone Member of the Muddy Creek Formation. Modified
from Blair (1978).

to inland saline environments is clearly facilitated by a
close proximity of the sea, and it seems logical that nearby
codstal environments are even more necessary in rugged,
arid landscapes,

STRATIGRAPHIC EVIDENCE

Lithostratigraphic evidence us well as paleoecology of
the Hualapai Limestone Member also supgests marine
influence during the deposition of the Muddy Creek For-
mation. Massive halite deposits in the Muddy Creek
Formation are reported in the subsurfuce of the Hualapai
Valley (Peirce, 1972). the Detrital Valley {Longwell, 1963).
and north of Lake Mead in the Virgin Valley (Mannion.
1963). The authors who have described these deposits
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