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ABSTRACT

Phylogenetie¢ charts currently published showing the evolution
of North American Nguldae indicate that species of the subgenus
Pliohippus (Astrohippus) of the Hemphillian stage are in the line
of ancestry of modern horses. Different opinions exist as to the
ultimate fate of the typical subgenus, and as to the origin of 014
World zebras.

A ssudy;of fosail horses from the Yepomera fauna of wesbern
Chihuahua, Mexico, demonstrates the y&aaen&e of four species.
Three of these are degoribed, and twe are regarded as new to
science, namely, Plichippus (Astrohippus) stockii n. sp. and

Pliohippus (Plichippus) mexicanus, n. #p. It is concluded from a

comparison of the horses and of associated slements inm the fauns
with those found in related assemblages, that the Yepomera fauna
iz of late occurrence in the Hemphillian stage (middle Pliocene)
of NHorth America. The faunas from the Hemphill horizon of Texas,
from the Alachua~Bone Valley beds of Florida, and from the Mt,.
Fden beds of California are believed to be older.

The two new species throw light on the phylogenetic relation-
ships of the genus Pliohippus sl, The subgemus P. (Astrohippus)
is removed from direct ancestry to Blancan and later horses, and
P. (B.) mexicanmus n. #p. is proposed as the most likely known
ancestor of living horses, including the zebra. These new inter-
pretations as t¢ the phylogeny of the later Hguidae are presented

in & new chari.
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1
INTRODUCTION

Although the phylogeny of the horse has béesme a common texte
book example demonstrating the evelution of & group of animsls in
geological time, differences of opinion contimme to exist as to
the many details involved in this development. OCurrently one of
the most salient points of disagreement concerns the correct iden-
tity of the Pliocene ancestors of certain living horses.

Two vieﬁs may be mentiened ase to the line of descent of Eguus,
namely, 1) that the modern genus descended from Hipparion, and 2)
that it arose from species within the genmus Plichippus. The opinien
that Hipparion was ancestral to ggggg is held by so few modern
workers, and is so untenable (see, for example, Stirton, 19423
Simpson, 1944, p. 103) that it will not receive further considera~
tion here.

It has long been recognized by most paleontologists in North
Mmerica, where the historic record of the Egquidas is ﬁost complete,
that RBecent horses gan be traced back to species of the Pliocene
genus Pliohippus. At present there seems to be general sgreement
that the modern Hguus is descended from a particular subgenus of
Pliohippus, namely,P. (Astrohippus) Stirton, There is, however,
difference of opinion as to the ultimate fate of the typlcal sube
genus, and as to the systematic position of the Horth American
horses of the Blancan stage.

The geologic position of the Blancan stage still remains a
matter for debate, MeGrew (1944), Evans and Meade (1945), Meade

(1945) and others considering it as properly belonging to the
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Pleistocene, while the traditional view is that it represents

the upper Pliocene. A proposal was made (Blias et. =2l, 1945) to
hold in abeyance all definite age assignments of faunas coming
from this portion of the later Cenozoic of the Great Plains. The
present study does not concern itself specifically with this pro-
blem, which was the subject of a recent symposium (Colbert, 1948).
The reported action taken during the meetings of the International
Geological Conzress in london in 1948 may result in a general
recognition of the Blancan as a Pleistocene stage. However, the
name a8 here employed conforms to the usage of the term in the
Wood report (Wood, et. al, 1941), as does also the use of the
Hemphillian stage.

The Blancan faunas of North America contain two genera of hargas;
One of these is Nennippus, a small, three~toed hipparion, with which
obviously we are not concerned in the present discussion. The other
is closely related to the living members of the Equidas, and includes

species that were at times included in the genus Zguus, Protohippus,

or Pliohippus, and for which the genus Plesippus was erected by
Matthew (1924). Plesippus was considered o include forms intermediate
in structural characters between Pliohippus and Zquus. Stirton (1936)
rejected the gemus and referred the included species to Equus, con-
sidering them as primitive members of the modern genus. McGrew (1944)
gongluded that the large Blancan horses of North Amerlce were pro-
perly to be referred to Hippotigris, the name for the living sebra,
which group McGrew regards as possessing full generic rank.

Thether the Blancan stage is assigned to the Pliocene erg?lais—
tocene, it has become incrsasingly apparwnb that a faunal diéﬁbntinui%y

existes between the Hemphillian and Blancen fsunsl stages, greatef‘than
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that which prevails between the Qlarendonisn and the Hemphillian

{(Matthew and Siirton, 19303 Wilson, 1237a; Schultz, 1937;

HebGrew, 1944, 29485 end others). A comparison of the fosail verte-
brate assenblages of the Texms Panhandle demonsirates the presence
in the Hemphill beds of four genera and subgenera of horges, while
the younger Blanco deposits contain only two. The Blancan horss of
imediate concern to the present discussion is Plesippus. Because
of the time gap bstween the Hemphill and Blancsn stages, 1t has not
heretofore been possible to identify with certainty the Hemphillian
anopstors of Plesippuss True, there 1s general agresment that the
genus Plichippus contains these ancestors, but their exsect position
within the genus is currently a subjset of eontroversy.

Many workers have aceepied Stirton's subgenus Astrobippus as ine
oluding the probable ancestors of Bquus (Stirton, 1940, 1942; Camp
and Smith, 1942; McGrew, 1944). McGrew believes that Astrohippus
gave rise to Eguus, not in North America, but in the Cld World after
s nigration from Horth Ameriecs. If this view be accepted, the New
World Blancen faunas contain no members of the genus Equue ss., but
only zebrss, which ave placed in s #&p&rats genus by some workers,
or included in a subgenus of Xquus by others. CThe subgenus
?liahiggus B2y according to McGrew, was ancestrsl %o these New
World zebras, a# well as %o those of the Q14 World, but not to the
cabslline horses that appear in Villafranchian and later faunes
of the Old World, and Pleistocene faunss of the New World.

Stirton's published view i that species of the subgenus
Astrohippus were ancestral to Hpuus, a2t least in partp that the
Blancan horses of the New World are to be inéludad in the genus

Zquus, which also inoludes all living horses, asses, and zebrae;
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and that the subgenus Pliohipp us 8s. gave rise to the South American
Hippidion. Stirton (1940) concedes the possibility that some species
of Hguug may be descended from such forms as Pliohippus (P.)

coalingensisg, & vew which might be considered as tantamount to ene

larging the subgenus Astrohippus, as Stirton has, indeed, suggested
(Stirton, 1940; Stirton and Goeris, 1943).

‘In brief, then, the problems ars these. Do the zebras, include
ing Plesippug, and the caballime {frue) horses belong to separate
phylogenstic lines whose trends can be traced back Into the Hemphillian
or earlior stages? Or is Plesippus merely a primitive member of the
genug ;ﬁggg% 5.5'.. which has persisted as the modern zebra, bul gave
rise %o the caballines in post-Hemphillian time? Further, assuming
the correciness of the latter view, one may ask did Plesippus descend

from forms closely rvelated to Astrohippus ansae, or from species cur-

rently referable to Plichippus s.8.7

The final snswer %o these questions 18, in pard, dependent upon
the discovery of faunas intermediate in age between those of the
Hemphillian and of the Blancan stages in North America. Stirton (1947)
suggests that traces of Taunas of transitional type do occur in the
Texa# Panpandle, and Schultz and Stout {(1948) report the presence of
& fossil horse that may help to £111 this gep in the re@érd. |

The objent of the present paper is to make a comprehensive sure
vay of three of the known fossil horses Inclufed in the Tepomera
fauna of western Chilushua, Mexico. Two of these are specles new to
soience and appear to be mors advenced than any other fossil horses
known from the Hemphilllan stage. One of these, because of its near
approach to Plesippus, in certain characters, 1s of particular signi-
ficance since it promoies a better understanding of the phylogeny

of later Tertiary and Quaternsry Equidae,
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TIPOUERA FAUNA®

Collecting parties from the California Instltute of Technology,
Divielon of the Geological Sciences; have recovered veriebrate fossils
from later Tertiary strata exposed in the wslley of the Rio Papagochie
in western Chilmahus, Mexice. A general zccount of the history,
faunal assemblage, and nature of the ssocurrence has been given by
Stock (1948z). Several mammals and a bird new to sclence have been
desceribed fram'the deposits (Wilson, 1937bi Drescher, 19391 Purleng,
1241; Miller, 1944; Stock, 1948b). The prosent study was vndertaken
te elucldate particularly the fossil herses in the assemblags, because
these manmale comprise by far the largest aumber of individuals found.
Hereover, the horses are the most accurete indicatore of the age
relationships of the fossil fauns, and &n themselves yield valuable
information as %o the phylogenstic trends among the later Tertiary
Eguidas,

Sinoe the present study is primarily psleontologie, only a brief
acoount is given of the geologlcal features of the reglon whenoe the
fauna has come, baged on the authorts field work in the reglon during
the summer of 1946, A fuller statement of the geolegy is being pro~

pered by ILloyd C. Pray,

Ceology

The valley in which the Yepomera fauna is found lies at an
elevation of between 6000 snd 7000 feet in western Chihushua, at
the castern edge of the Slerrs Madre Cceldental, but west of the

% Proviously oslied the Fincon Fauna by authorsa
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gontinental divide. The region is about a hundred miles west of

Chihuahue City, and approximately 200 miles south of Columbus,

New Mexico. The valley is sbout 60 miles long, and trends roughly
northwesterly., The villags of Yepomera 12 nesr the north end, vhere
the Rio Papagochic leaves the valley to cut through the Sierrya Madre
Oscidental on its way to the Qulf of Californla. Wear the south end
of the vallsy are the towns of Guerrere and ¥ilaca. In sedimentsry
strata exposed near the labter communlty, and designsated in the field
the Miniaca beds, a mammalizn fauna has been colleated vhich obvicusly
represents & latsr faunal staze la the ?iiae@mz tham that of the
Tepomera fauns.

The Yevomera asssmblage has besn collected at a sumbar of
localities exteniing northward from nesr the village of Mstachis
(fig, 1) to mear the littls settlement of Rincon de La Concha, ab
the extreme northern end of the valley, approximately 20 miles north
of Matachic. With a few possible exceptions to be noted labery the
fossil localitles 211 azppear to yield essentially the same; or egqui~
valent faunas. Most of the more prolific localities ceceour in the
vielnity of Yepomers end Rineon, end materisls from the guarries that
have been opened at these sites furnish the basis of most of the
observations in the present etudy.

The rolationshln of the beds in the viginity of Hincon to those
yvielding the geolugleally younger Minazca fauna are not known. In each
area the strats appear to be flatwlying. Bamaing of Plelstocene maﬁw

mals heve been found in gravels overlyiag the Terdiary bedes at both

_ ends of the walley.

As intimated proviously, the geologivsl relations of the strata

in the vieinity of Yepomera were investigated during the field season
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of 1947 by Lloyd 0, Pray, and will be reported by him. Previous
observations made by the suthor in the region ave in accord with
the more detalled worlk done by Mr. Pray {oral communication).

The fosailifercous sirsia consist of interbedded ssnds, silts,
clays, and limestone, Volcasic ash is present in many horizons.
lave flows appesr o interiinger with the sediments around the edgee
of the basin. The dominsnt soloy of the exposed fossilifercus beds
is white or lighﬁ gray, but green and red layers vocur.

The fosslls appear to be mostly in tuffacecus and ealcareons
clays and sands, most of whichk are nob well indurated. The bones
oceur in pogkets and lenses, bdroken and intermingled. Some of the
material agpéays wateyr worn, bubt most broken bone fragments have
sharp edges, guggaaﬁing that 1ittle transportation took place after
the brecking, Teeth and 1limb bones of horses form the bulk of the
collections, Material from some logallitiss is wellespreserved by
siligification, tut bone from other localities 48 ohalky, snd tends
to crumble and break. Galeite and guartz erystsls are found filling
the marvow cavities of many of the 1limb bones.

The natura of the fossil ocourvences and ithe general festures
of the sediments svggest daeposibion along the fiood piains of streams
and in ephemeral lskes, in o flat~floored intermoniaine basin. Pray
statds that he found no evidense of fauliing sround the edges of the
northern part of the welley. A&lthough the elevation of the ares is
relatively grest, the gensral relief is not. An impression remains
that the &ppearance of the valley today does nol differ greatly from
thet vhich it had at the time the fossilebearing beds were being

depostited. I+ 1s belisved, howsver, that the regien stood at a much



)
lowsr elevation in mid-Pliccene time, and through~flowing drsinsge

probably 444 not existe

Some light d¢ thrown or the probabls history of the arvea by a
study made by King (1929), lurgely in the veglon to the wesb. Yepow
mera lies ab the esstemn wargin of the nlatesu gdotion of the Slsrrs
Madre Oceldental., Test of thie, trending northesouth, is the Larranca
portion of the Bisrras; where westerly flowing dreinage has isclsed
deep gorges. King (1939, p. 1699) statas, 98srly Tertiary wolcanic
rocks sproad oud over the whole surface of the Slerya Madre Opeidental,
In the »nlatean sestion of this province,; the underlylng Mesozolc rocks
are probably greatly deformed,...sve  The laber, or post-voleoanic
deformations strongly exnressed %o ths wosd, have, howevey, scarcely
affacted this region. Over wide aress the volganie rocks are flaid
or gently tilted.,.... After 1ts Fformatlon the surfaoce wost have besu
raleed thouvsands of feet by epelirogenic rather than by orogenic movew
ments, 48 an aancisni erosion sur’ace developsd o maturity sxtends
over its surfece and 18 now daeply dissseted By the present gycle of
erosion.”

in the vielnity of Yepomera, srosiocn surdfaces cul on Guaternsyy
gravels now stand one to two hundred feet above the present level of
the river. Although not enough evideance is zvallabls at present to
reconstruct the history of the drainages 1t appsars not improbabls
that tke present drainage pattern is of relatively late crlgin., The
besin now occupied by the Rio Papagochice may have been closed, and
filled %0 a greater depth with sediments before it was sdded to the
FapagochiceRic de Haros~Rio Yaqul drainage system, The pattsrn of
drainage in the valley as a whole, as shown on recent U. 8. Arny Aly
Forece charts compilsd from asvial photogrephs suggests thal fthe re-
Zion wey have drsined toward fhe south end of the valley &n an
sarlier time, with, or, mors probably, without sn oublsts

A3 an example of the litholegy of one of the fosell localities,

the following seeciion is given from a small pit excavated inm 1946

at C. I, T. Locality 286, near the village of Tepomera. Limestono
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beds occur in the irmediate vicinity, both above and below the

horizon of the pit.
13" Topsoil, brown to black, grading into

2'  light brown, sandy silt, with caliche. Sanc/gms.na fine,
sub-prounded. Grades into

1t1%  very soft, light brown silty sandstone, with very fine
angular to sub-rounded grains of quartz, some of which
are red, pink, or brown, and poorly to moderately well
sorted. No large fragments or coarse sand,

8t Streamer of calecaresous clay, persistent for 15 or 20
feet around plt, but grading laterally and vertically.
Contalns small calcareous concretions,

46% Light brown t¢ brownish gray silty sandstone, soft in
general, but with hard lenses. Contains 2 %o 6 inch
lenses of more silty material, caliche nodules, and
calcareons patches. BSand is very fine-grained quarts
gsand, poorly to moderately wellesorted, with agbout
20 per cemt clay.

In the pit deseribed, the lower four and one half feet of silty
gand yielded most of the fossils, although a few occurred at highey
levels. The lithology graded laterally and vertically. The fossils
were found in small pockets, with most of the bones broken. A horse
linb bone might be found pressed tightly against the jJaw of a camel,
The accumulation appears to be typical of an ocourrence along a flood
plein or margin of a playa.

Field work done by Pray (oral communication) has deémonstrated
that the strata at locality 286 are a hundred feet or more higher in
the section than those of localities 276 and 275, from which the bulk
of the material in the presemt study came. ‘The lower beds contain
greenish clays and silts, less sand, and few or no limestone horizons.
Localities in the vicinity of the Rincon are stratigraphically higher
than locality 286, contain few limestone beds, and consist mostly of

white and light gray silts.



Paunal Iist and Correlation

wilson (1937b) and Stock (1948a) have stated that the Yepomers
fauns shows closest affilistions to the Hemphill fauna from the
Texas Panhandle, This is doubtless true, but the study of the fossil
horses has also revealed relationships to Pliocene faunas known from
the Atlantic coast and Pacific coast provinces. A detailed faunal
study of the Mexican material would be necessary to completely
evaluate these relationships, This has not been attempted, but
sufficient information is avallable to give a partial faunal list
for comparison with the three faunal assemblages believed to be most
pertinant to the present problem.

Table 1 gives the list of Yepomera forms as they are now known,
and comparisons with the Hemphill, Alachna»Béne Valley, and Mt. Eden
faunas, JIdentification of the Yepomera fauna is based in part on
published statements and on identifications made by Dr. Stock and by
the author. Comparison with forms in related faunas has been faci-
litated by descriptions placed on record by Frick (1921), Stirton (1937),
Simpson (1930), and others.

It will be seen from Table 1 that the Yepomera assemblage shares
several genera and some species or closely related species with the
Hemphill faung. Additional work on the Mexican collection will pro-
bably add to the list. No attempt is made here to describe the
material other than the horses, but a statement concerning some of
the forms identified in the Mexican fauna may help to better explain

the relationships.
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PABLE 1

COMPARISON OF PLIOCENE VERTEBRATEL FAURAS

YEPOMERA HEMPHILL  ALACHUA» MT, HDEN
BOWE VALIEY
CARNIVORA
Agrigtherivm ef .gchu%é_gg‘i W R -
Taxides mexicans o
Macha+vodus gatacopis »
Yelpes 7 ) 5 "

Ostecborus 7 ep. »
Metellarus 7 8p.

Ganid (coyote?)

LAGAMORPEA
Hotolagus velox

PROBOSCIDIA
of Stegomastodon

PERISSODACTYLA

Pliohipous (A.) stockii n. sp. *

Pliohippus (P.) mexicanus fe &pe e
Nanniopue of minor =

Neohipparion of phosphorum *»

Ehinoverctid S

ARTIODACTYLA .

Hexabelomeryx fricki i 4

Prosthennops w ® »
l‘éag_a‘éxigg‘ us ? . . *2

*Represented by same genus

*BReprasented by same or closely related species
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Agriotherium is regarded as a guide fossil of the Hemphillian

stage in the North American Pliocene. The type locality of A,
Schueideri is the Bone Valley formation of Florida. 4. gregorii
from the Mt. Hden horizon of California is a closely rolated speecies.
Ao schneiderd is found in the Hemphill fauna. Thus, all four faunas
being compared are charscterized hy the presence of the same or of
similar species of this large bear.

Of additional carnivores, only two require any spesial comment.
Drescher (1939) described remains of a new species of badger (Taxidea
mgxiaagg) from the Yepomera Pliocene,; and compared some of the teeth
of this form with material from Optima, Oklshome and from the Hemphill
horizon of Texas. He concluded from the comparigons that the resembw
lances were very close. The Optims fauna, which 18 now guité well
known, i® apparently nearly identical with that from the Texas Pane
handle Middle Plicocene.

Osteoborus is reported somewhat doubtfully from the Yepomers
fauna. Oareful search of the entire collection for material which
might be reférre& Yo this genus resulted in the ldentification of
two upper and one lower carnassial teeth, possibly asscecisted. In
this individual P4 has a parastyle, and closely resembles the egquis

valent tooth of a referred spesimen of QOsteovorus cynmoides from the

Coffee Ranch gquarry, Texas, excepi for its smaller size and velatively
smaller transverse diameter of crown. The same relaticuships hold
for the lower carnassials. A few addifional teeth frem cther
localities may represent Qstesoborus, but no further upper sectorial
teeth have been founde

Amorg articdactyls in the Yepomera fauna, & psccary and several
types of canéls are ncet well snough known $o be of much value at

present in establishing correlations, &4 large camel referred
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tentatively to Megatylopus, and $woy or possibly three smaller
species are present. Of much greater interest is the presence in
the Mexican fauna of a curious antelope with six horns, Hexabelomeryx
Furlong.s Shortly after this animal in the Yepomera fauna had heen
deserided by E. L. Purlong (1941), T. E. white (1941) placed on
regord a six-horned antiloocaprid from the Bone Valley beds of Flerida,
under the neme of Hexameryx. It is of considerable interest to note
that these genera are quite similar, probably identical, and that six~
horned antilocaprids have not been reported from any other Tertiaxy
localities known to the author,

The horses, which are the particular objest of the present study,
show interesting relationships among the four faunas. !I'ha detalils
will be made clear in later sections of the prasent veport. It may
be stated that the horses suggeset that the Yepomers is the most ade
vanged of the four assemblages, and no other mammals in any of the

| faunas contradict this, except that the Qstecborus? from Yepomers
might be considered more primitive than the Hemphill speciss. Dr.
Stock, who has investigated Nechipparion from Mexico, states (oral
commnication) that the spenies vepresented at the Chihushna locali-
ties is advanced over the Hemphill species. Pliohiprus (4strohippus)
gtockii, n. sp. is decidedly precocious and more sdvanced than P.{A.)
ansae from the Texas Panhandle, which 1% resembles more closely than

it does any other known species. P. (Plichippus) mexicamus, n, sp.

resembles more closely P. gsborni of the Mt. Fden horizon, Czlifornia,
than it does P. interpolatus from the Hemphill, It 1s considerably
more sivaneed than the species from Texas, and is regarded as slightly
more so than the California horse.

Hannippus ¢f. mincr from Yepomera, although resembling N. lentl-

cularis from the Hemphill, %s a decidedly smaller species, N. Minow
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from Florida is known from very scanty material, but the small hipparion
from Mexico is definitely to be compared with the Florida species,
Nething can as yot be szid s to the sge relations between the Mexico
and Florida sites based upon the Nannippus material, except that the
prosence of this horse at the former logcality further emphasizes the
broader relationships of the two faunal provinces, and is in line with
the evidenee previously indicated.

The presence of Agriotherium, rhinoceros, the advanced nature
of several additional species, as well as absense of known Blancan
genars, place the Yepomeya fauna as a gorrelative of North American
vemmelian assemblages now assigned te the Hemphillian stage (Wood,
1941), The advonced characteristies displayed by some of the horses
suggest that the Mexican fauns is possibly one of the lstest mown
mamnalian stages within thé Hemphillian.

in terms of the geologic position of the successive veritebrate
faunsl stezges of the Tertiary time scale, the Hewphillian ig considered
to represent the Middle Pliocene by conventional standards (Vood, 1941),
There isy however, a growlng tendency in Horth Amerigs to consider
the Blancan faunsg as representing Pleistocene time, Zeports not yet
published indicate that action taken hy delegates to the 1948 Inter-
nablonal Geologlcal Congress in London will doubtless result in a
reference of Blancan sssemblages to the Pleistocens. Be this as it
mey, 1% can etill be safely stated thais the Tepomera fauna belongs

to the Hemphlllian stage of the North American Pliocane,
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DESCRIPTION OF MATERIAL

Piichippus (sstrebippus) stockii n. sp.

Tynee= C.I.Te Hoo 3576, palste with right FP2-4Z and anterior

pary of M3, and left PI-MZ,

Zeferred Motorial.~ Bumerous skull and jaw fragments, isolated
teeth, linb and foob material.

Iype Igeality.e O.1.%. loce 276, Referred material from same
locality and others ot aspprozimately same shyatigraphic level. Valley
of the Rle Pepagechic, westsrn Chihushue, Mexlos.

Famg.« Topomera.

Dizenosis.~ Size smaller than Astrohippus ansue, cheek teeth
higher orowned., Upper chesk teeth with crowns slightly ocurved o
stralzht. Protegone relatively lavge, elongste, with wellsdeveloped
anterior projestion snd ususlly pronounged lingual groove, reniform
in some specimens, Protogone approaches shepe seen in some species of
Bguus, Posterior end of prototons tends to be dirvested toward lingual
gside of tooth, ZLower chesk teeth with metzconid and metastylid
attenmated, with parsllel borders, widely separsted %o base of crown,
with Usshaped groove. Perastylid end hypostylid en lower milk molars
present or sbsent, Protoconid and hypoconid walls flattened.

Desoription.-

Upper Cheelr Teath

The upper cheek testh resenble those of Pliohirpus (Astrchipous)

ansae in soms vespests, but the total range of characters indicates
a form much more advenced then the species from the Pahhandle of Texas.
The variability complex in hypsodont horse testh caused by individual

variation, tooth position, and stage of wear has been remarked upon
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by many workerss. These variztiong make difficult a comparison of
isolated teeth of different species as to size =nd pattern, However,
an examinablon of a large series of teoth in 21l stages of wear makes
it poseible %o prosent the characterisilies which make the new specles
digblinctive.

The upper cheek teeth of P. siockii are small, the smallest

being only slightly lavger than séme teeth of Cellippus resulus,

and the largesi overlapping the slze range of Pv (A.) ansas teevh.
The astual éiw range ils exsggerated by factors related to tooth
position and stoge of wear, lany of the testh are greaily expanded
in an anteroe-postericr direction in the upper fow millimetors,
tapering more uniformly towsrd the base below this expansion. Scme
specinens taper sharply towerd the base throughout the length of the
crown, resembling in this feature testh of Plichippns leardi Drescher,

In general the teeth of P. stoclkdi have smaller ccelusal surfaces

than ¢orvesponding teeth in P, ansae; a few ave asbsolutely longer-
crowned than those of gnsae exomined, and all are relatively morve
hypsodont. A vestigial Pl is present or é,héen%.

The enawel pattern is simple. 4 elight complication inm the
ensmel of the fosseite berders dissppears within a fevw millimeters
of the top of the tocth. The presence of a pli cebsllin fold is
variable; where present it is usually lost by the %ime the tooth is
about one~half worn. Kl seems least pronme to have or to relaln this
folde The hypovonszl groove is not open after twoeithirds of the Sooth
is worn, and is zbsent In some elightly worn teeth. Some third molars
show an isolation of the tip of the hypoeonal groove in the form of a
small lake,

A% an example of the Anfluence of stage of wear on certain
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deballs of tooth patitern, the results of g study of 34 exsmples
of molar 3 from leocality 276 are glven. Of the thirty~four teeth,
five are more than one~balf worn, and the remainder less than haliw
worn, The five mest-worn Yeeth show neither 2 hypoconsl lake nor &
pli czballin. The twentyp-uine rvemaining teeth were &iviﬁﬁ& into twg
groupss those with s elightly complex enamel peitern of the fovsetie
borders, which mezng that they are less than approximstely ons-fourth
worn, and those with o simple patisrn, indiceting & stege of wear
estinated to be between one-fourth snd cneehalf,

Consddering all the ieeth, the pli ceballin was present in
soventeen and shsent in seventesn, while the hyposonal lzke val sbe
sent in twenty-four and present in ten. Of the twenly-nine teath less
than one~half worn, eleven have a complex pabbern, 21l eleven heve
the pli ecaballisy and nine have no hyposonal lakes, OF the sighteen
teeth with simple pattorns, six display pli esbsllin folds, while
twelve laosked them, The hypoconal lake is present in sight and abe
gont in ten of the eightesn,

The ebove Tigures suggest that in the partisular tooth undey
exanination, the pll seballim is likely to be pressnt in most insbances
in early stages of wear, but is lost by the time the tooth is shout
one-hslf worn. The hypowonzl lske is not likely to be present éﬁ
all, and when 1% doer appeary 1t begomes spparent st sboul the time
the pli saballin ie disappearing, and the lake itself disappesrs affter
the tooth is more than onewhalf worn. M3 wes used heczuse 1% is so
reafily snd positively identified, Other teeth In the series do net
show & hypoconal lake, but mamy show & pli ceballis, which appears $o
follow about the seme pattern as seen in the third molave The eZe-
ample 1llusbrates the dangﬁ?f@f using & character such ag a pli

caballin for diagnostie purposes withont gareful consideration of
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atage of wear of teeth.

Agaln considering the uppey cheek teath a8 a group, the poets
wrotosonal valley is deep; in gome teeth 4% Is a ravrow inlet with
parsllel sides, and in others evpending sharply ab the closed end,
#ith or without a »li osballine The ;s;wpmmﬁ%«ma& groove 1s wellw
developed and is Ffarther fron the lingual bordsr of the toobh. It
iz diveoted move in a pesierior divestion than in 4. angse, Tven
in extremely woyn tseth of A. ghoelli (fig 2,4)s the groove is
gt31l persi @ant enough 9 outline a disgbined heel on the profosone,
It is never veduced %o the simple lingual noteh seen in A ansss
and in most other specles of Pliohlp Ue

The foscetie borders are simple ezcept in wvery sarly stages of
wear, when they begome #lizhtly vomplicated. The fossebies in genewal
ave very similar o those seen in S anseo,

The profocons prasenta the most striking characberistic of
the new spegies, being guite Fouuselike in many specimens. The
shape of the probocone varles from oval or elongate oval to kidney-
shaped, or from o shape somevhad like that ssen in A. gnzes to one
like thet chavacteristic of some species of Piesippes and Zguus.

The majordty of teeth huve the more advanced fomm of protocons.
The protocons in teeth of L. stogki) is relatively longouy then in
A+ gnsee, and has s decidedly greater entorior projection. Uhis
projestion combines with the pre-protogonsl groove o produce &
distinet Pheelf. A soncection of the provocone to the hyposelene
has not been seen even in extremely worn tesfh,

The lingual side of the protoeene in most specimens ie sithey
flattened or grooved, a character which 18 usvally pesrsistent to the
base of the tooth, In early steges of wear the proiocone may have

sharply-pointed anterior and posterior ends, which disappear ak



Upper cheek+tooth

Pliokipous (Astrobipous) stockii, n. sp.
gerict. 2. No. 5075, right gide of type, C.1.7. loc. 2764
¥o. 3573, C.1.T. loc. 2764

bo ﬁOc 3617, G‘o Io ?o Iloeo 28&% ﬁo.
de No. 3618, C.I.T. Iwo. 2893 e, No. 3621, O.I.T. Loc. 2763

f. ¥o. 3618, C.I.%. Loc. 27Bs No. 3618 extremely worn., 411
others moderately worn. All figures natural size. Calif, Iast,
Tech. ¥ert. Paleont. Ooll., Yspomera Pliocene, Chibuabus, Mexico.
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about the same time as the crenulations of the fossetie borders.
Figures 2z to 2Ff illusirate the differences in enamel patiern caused
by individual variation, tooth position, and stage of wear, Besides
the extremely precocious charscteristies shown by some features, the
teoth ave also nsiahla for thelr general simplicity of sppearance.
This simplicity, and $he postero=lingusl trend of the protocone in
sone hesthy ars reminiscent of teeth refsrred to the genus calima__uﬁ.

“he stylas of the upper cheek teeth are not particulaerly dige
tinctive. They tend to be pinched, and Tlattened externaily. In
gond ewall testh the styles are rather delicate, somevhat as in
Galipous,bub de not differ appreciably from those of 4. ansae
in most speeinmens. The usual difference in character of siyles on
premolar and molar feeth ie seen,

As has been noted, the teeth sre guite hypsodont. Slightly
worn testh atbaln & height of crown of 55 millimeters, measured
along the protocone, The curvature of the entire crown is not great,
but in some specimens approaches that seen in A. ansae. Host testh
are less curved than this, however, and some are quite stralght
(Plate f)e This sdvauced chavecter, combined with the precocious
enawel potierny makes many individual teeth closely resemble smsll

Bouus bew thia

Deciduous Upper Ohoeek Teeth

Upper milk chesk teeth have & simple onamel vabbern, with feow
plications of the fossebie borders, and & 911 cohallin that is
variable in oceurvence, (he protosons is more primitive than in
the permanent teethy the proeproieconsl groove is silualied mors
lingually, and the lingual wall of the prologons is moye prone %o

be rounded, although 1% Is flattened or greoved in some speciunens.
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Figures 3g bo 3k and 6% illustrate some of the featurss of the upper
milk molars.

ik teeth awe generally thouzht of a3 tending to diwnlay ata=
vietic sharacters rominiscseat of thosas found in the dentition of
ancestral $ypes, and indesd, in some ¢as2s ¢an be shown to do thise,
They srs eerioinly more primitive in most charicters than the psre
manent cheek testh, both melars and premolars, which i strangs in
view of the pessibility tret they may belong it the szme series ag
the trus molé}vs. Hovevery the variability complew in milk teeth,
particularly in the case of the uppers, seong to e so much graatey
than that displaysd in the pamé&eut teeth that one wonld hesltate
to go very far in atlempiting to Yrace any phylogenies through them,

neverthelogs, 4%t would bé well to point out two charzoters which
soem to Alstivguish upper mille toeth of A. sbockil from fhose of 4.
ansap. Those relate to the protocone in stockdi and awe (1) the
tendengy of this ousp to project farther lingually beoyond the line of
the protoconule, and (2) the tendoney of the long axia of the proe
tecone vi:a project inward as well as backwerd. In these reonasts
wllk teeth of A shockil womevhat resemble both milk and pevmanent

teeth of Qalippus resulus.

lower Cheelt Teeth

The lower cheel teeth of A, mbookil, liks the wppers, are in
general smaller than those in A. ansas, bul sonevhat redsmble them
in pattern, fThe metaconid and metastylid of A« gtockii ave narrow
and elongatedy widely separated; the separstion sxtending to the |
base of the tooth., In most teeth the metacenid in sontrast to the

metestylid tonds t¢ be nmors elongsie and to have parallel sides. The
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Fige 3+ FPlichippus (Astrohippus) stoekii, n. sp. Pormsnent and
deciduous cheek teeth. a, Hoe 3532, deciduocus lower molarsy
ColeTy Looe. 88%; b, No, 3684, deciducus lower molars; CeluTs
Ioc, 2893 o, No. 38283, deciduous lower molays with first molaw,
Cal Ty Tbe, 8393 4. No, 35880, lower cheek tooth seriesy Cal.T»
Loos B76; e« Nos 3579, lower cheek tooth sexies, C.I.Ts Loc.
2893 f£. Ng. 3650, lower cheek tooth serles, 0.1.T. Looe 275§
g+ Noa 5696, upper deciducus third and Pourth molera, C.I,T.
Log, 2893 hs No, 3620, upper deeiduous third end fourth molars,
first molar, C.1.Ts Loc. 2765 4., No, 3731, upper decidupus third
or fourth molar, C.I.T. Lbe, 2883 Js» No. 3600, upper deciduocus
molarsy C.X.Te Loos 8705 ke Nos 3580, upper deciducus molars,
CelsTe loey 2814 ALl figuves naturel size. Cslif. Inst. Tech.
Vort, Poleonts Colle; Yepomera Plioccens, Chihuahue, Mexicos
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reverse; however, is sometimes true.

The groove or gutter between the metaconid and metastylid is
a broad, open U, with the sides usually concave internally, and
rarely with a Veshaped notehs This feature is generally considered
te be characteristic of Hquus, and is one of the characters con-
sidered valid by McOrew (1944, p. 61) in sevarabing the zebras and
the caballines, Because A. ansae displays this cheracter somewhat,
a8 does A, stockii, MeGrow goncurred with Stirton (1940) in placing
A. ansse near the lins of ancestry of the caballine horses.

Much as the metaconid-metastylid gutter of A, stockii resembles
that seen in advanced speeies of Bouus, the two cusps themselves do
not closely resemble those seen in either the primitive or advanced
species of that genus, nor those of typical Pliohippus. In 4. stockii
the metaconid and metastylid are abttenuated, diverging from the point
of juncture of the two cusps with nearly parallel walls; except in
slightly worn teeth., In the other forms that are being compared, the
cusps ave constricted near the point of Juncture of the two ocusps,
swelling out into rounded, or in some pases angular shapes. In &
atockii, the pattern of the two cusps as a whole is reniform, while
in Bguus 8.l.and Plichippus s.8., the patiern is somewhat like a
dumbbell, with the pross bar bent.

There are exc{:ﬂptima to the above statements; but the differences
sre fairly consistent in all the specimens and figures of the forms
that have been discumseds Figures 34 to 3f, and 9 show the range of
characters displayed in the metaconid and metastylid of A. m.
These may be compared with illustrations of the lower teeth of Equus |
from Rancho la Brea (Merriam, 1913, figs. 5, 6, 10, 1l1), Plesippus,
varicus svecles {(Schultz, 1938, fig. 2¢ Plate 1), and variocus addi-

tional species and genera {McOGrew, 1944, fig. 2l). It may be noted
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that the hipparions tend also to show the rounded character of
metaconid and metastylid, even in the case of Neohipparion, in
which form the two cusps are widely divergent, even more so than
toukdt,

The lingual wall of a lower tooth of A. stockii shows three

iaﬂ ‘éw

prominent ridges (Pl. II, fig.2). The anterior one is the mebaconid,
and is broadly rounded. It is separated from the narvower, more
sharply rounded metastylid edlwnn by a brozdly open vélle;r. The
netastylid is separated by a fairly sharp groove frem the column
formed by the entoconid and hypoconulid, This posterior eolumn
tends to be flattened, is intemediate in width between the meta-
stylid and metaconid, and sometimes shows a faint groove indicating
the notch between the entoconid and hypoconulid.

The external walls of the protoconid and hypoconid are
flattened in A, stockii, even more so than in sowe specimens re-
ferved to Plesippus. A4 pli cabellinid is slightly dewveloped in a
few teeth in early stages of wear. The seme feature has been ob-
served in teeth of the Rancho La Brea Zguus. In A. stockii there
arve occasionally a few extra folds on the internsl wells of the
protoconid and hypoconid. Stirton (1941, p.444) states that these
are of rare voecurrence in Pliohippus and Bquus, and common in the
hipparions. A. stockii also shows a faintly developed parastylid

=

in permanent teeth in a very few specinmens.

Deciduons Lowsr Cheek Teeth

The lower dsciduous molars of A. sbockii differ in a few des
taile from the permenent teeth. The metaconid and metastylid ave
in general more attenuated, and more divergent than in the psrmanent

teeth, wifh consegquently a more brosdly open gubber betwesn., The
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labial walls of protoconid and hypoconid tend to be straight.

A parastylid is present oa DF3 and DFZ in all specimens
examined. Move varisble is the development of a hypostylide 4
weak hypostylid is present usually on DF3, This sbructure is
strongly éaval&ys& on DF3 ip some specimens, and weak to absent on
others (figs. 3a to 3¢). The degree of development of the hypostylid
appears to be subjeect to individual variation, and not so much to
stage of wear of tooth orown. This is demonstrated by its variable
presence or absence in teeth of various ages. A ma&arately wOPn
DF3 with no hypostylid was sectioned about halfwway down the erown.
At this level s moderately strong hypostylid oceurs, but it is by

no means so welle-developed as in some slightly worn testh,

Faclal Fossae

Some workers huve considered the pre-orbital fossae of foseil
horses to be of disgnostie value, Stirton (1942, p.638) howsver,
has polnbted out that 1f the differences in faclal fossae be used as
critéria of generie rank, it would be possible to ersct five or
more genera from known species of Plichippus. Portions of the face
are preserved in several specimens referred to A. gtockii, but no
very clear stabtements can be made as to the exact nature of the
fossae because most of the material is crushed or incomplete. The
impression remains that the fadlal fossae exhibit quite a range of chare
acters due to sexual or individual variation, or both.

Specimen 3620 resembles in extent that portion of the face seen

in the type of Astrohippus ansae, but in 3620 the antericr opening of

the infres-orbital canal can alse be seen. The type of 4. gnsap shows
a widéd, deep malar fossa, with the sygomatic ridge reduced to a thin
orest. In 3620 the malar fossa is like a very shallow thumb print in
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front of the orbit, on the malar boney above the posterior end of the
first molar. The zygomatic ridge is sharp, but nob thin, as in 4
ansae, In fact, the malar ridge in 3620 does not differ appreciably
from that in seversl skulls of wrecent horses and zebras with which

it has been compered. In several additional skull fragments a
gimilay malar fossa and zyecomatic vridge can be seen, Specimen 3708,
which is & crushed ekull with the anterior and posterior ends gone,
but complete acress the postorior end of the nasals, shows a slightly
deeper malar fosss. In front of this, above Mly is & deeper fossa,
corresponding approximately to the anterior malar fossa in a skull

of P. fossulatus illustrated by Stirton and Chamberlaln (1938).
Except for depth, the fossae that can be seen in spegimen 3708 gore
respond well with those in the skull of the P. fossulatus, There is
a moderately deep lachrymal fossa, bub not pocketed as in the Claren-
don skull, and with a smaller elongaded depression below the posterior
end and postero~lorsal to the anterior malar fossa, which itgelf lies
along the malay-maxillary suture., In front of the infraorbital
foramen is a swall mazillary fossa.

Portions of skulls available from the Mexican localities demon=-
strate the presenge of the fossae seen in 3708, On the other hand,
some skulls show elearly that these fossae ave not found in all individuals,
and that where present, thelr development is quite variable. Also dee
nonstrably wariable are two deep depressions with sharp ridge between,
situated immediately above P2 snd Eg. mhege might correéspond %o the
go=called subenasal branch of the lachrymsl and the posterior part of
a huecinatar fgssae. They do not appear 10 correspond exactly %o
anything $llustrated by Gregory (1920).

Another fea;,tum gseen in some of the skull fragments Mulé. ba

mentioned, This is the V-shaped anterior extension of the fyontal bones
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along the median line of the skull at thelr junction with the nasals,
The projection as seen in the fossil speecimens is much like that in
slmlls of gebras and eaballine hovses, whereas in the modern ass the

V«sghaped projection is lacking,

Iimb Dones

Since the Yepenmera fauna conbalns four species of horses, and
sinege prastically no materisl has been found iv asssoplabiony 1 is
diffievlt or lupossible to identify certsin skeletal elements as
nelonging definitely #mf a partionlsy species. Howsvery the mobas
podisls can be z‘eéﬁﬁ.w gegregated, Hebepodiasls of the large
Bliohipous and of Heohipparion are similar in size, tub can be dise

tinguished on the basis of morphologieal features. Thoss of Astro-
bippus stockii arve similar to the metapodials of the larger Pliﬁm u8y
but fall into a distinetly smaller sige range, while ap&ﬁimgéé of the
diminubive Nannippus ave recognizable by thelr wery small size, slender
proportions, and morphologleal similarities to those of ﬁg@Wm&

ii are quite similay in appesrance

The metagarpals of A. stos
to those of A. ansse, oxcepd thad they are in gener:zl smellery and
relatively more slender, The ssme yelationships hold for the nmetabare
sals. Metapodials of the two spesies overlap in size range. Ho gonws
sistent differences other than size appear %o distinguish the metas
podials of 4. stockil from the larger Flichippus in the Yepomers feuns.

In segregating the metapsdicle of the Yepomers horses, .w£~m
an atbenph to evaluate the degres of monodactylismm of the two specles

of Plichippus, detailed measurement® and comparisons weré made, Some

of these will be presented in a labter section on size and proportions
of the several horse spegies of the faund,
Ohservetions made on medspodials of all the horges from the fauna

heve resulted in some interesting discoverien. The metapodials of
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Agtrohipous, although morphologivally similar to those of the typleal
Pliohippugy ars relatively much more slender. Those of f. stockil
are ralatively mors slender than those of A ansse, suggesting that
a progressive feabure iu the astrohippine line was the increasing
slenderness in the lower liube.

1% is well known that feet of the hipparion=like horses differ
from those of their contemporaries sssignsble to the genus Plichippus
in the retention of side boss., This tridactylism ig digpiayed by metas

podials of Heohipparion and Nannipous in two obvious ways. One is the

continuation of the rupose surface for srbticulation of mebspodials
I and IV down the sides of mebtapodicl IIY to the distal end. fThe
other is the forward digplscement of the lateral proceeses asbove the
trochles of metapodial I1I. 7The processes are situated anteriorly,
in front of & fossa which reprozenis the most distal portion of atiache
ment of the lateral metepodiala,

Another distingtive fesbure peointed out by Matthew and Stirten
{1930) is the grezter sharpnsss of the distal keel in the metapedials

of Neohipparion end Nanninpus as comparsd with Plichiprus. These

suthors alse noted the greater relative slendsrness of the metspodials
in the hipparion=like horses.

Stﬁdy of the limb material from Yepomers 1undiceates diszgnostic
features at the proximal ends of the metacarpals, a&-’izen the metacarpal

\

of Plichippus or Astrohippus is vieved normal to the proximel articulsting

surface, the volar edge of the focet Ffor the megnum is seen to be tere
minated in 2 move or less stralght line, which is approximately parallel
$6 the transverss zxis of the bone and te the dorsal margin, The
situation is much as it is found i:n the modern horse. Only mfely will
& projection of any sort be seen on the velar surface of the bone,

below the proximal facet.
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in Neohipparion and in Nannippus, the posterior venival margin

of the proximel surface trvends emternslly and postericrly, maling
the lateral side of the facet for the ma»,gzrum heve & gresber anterow
posterioyr length then the medial side, 7This is quite pronocunced in
some instances. Just below the proximsl surface, on the volar side
of the metapodisl, is the reglon for attachment of the suspensory

ligements Neohipnarion and Rannipous show a decided hoss-like

protuberance in this area. Thig protubavsnce i eonirally located

wlth reference to the tronsverss dismeter, end is readily visible

when the bone 1s viewed normal to the preximal supface (Pl. IV).
Another feabtuye which assists in dietinguishing the proximel

ends of the median metscarpsls of Nechinvarion end Nemnipous iz the

shape and charsoter of the unciform faocet, In both subgeners of

Plichippus (Pliokivous s.s. and Astrohipous), available materisl shows

that the facet slopes outward and downward et an angle spproximating
48°% It is narvower at the baclk, snd the layger front porbion is
usually separated from the smeller aves in the back by = dlastinet
notch. This noteh corresvonds to a space formed by groovss in ihe
magoum and unclforms Sisson (1927, v.223) saysy "Two inderosseous
ligaments pass downward from the intevosseous ligoments of the distal
rew (of carpal elements) %o end in depressions of the opposed surfaces
of the proximal ends of the metacarpal bones." This apparently desge

oribes the function of the notches observed,

In Neohipparion and Nanniopus, the facet for the unciform is

not msualiy so wide transversely as in Astrohippus end Pliohippus S.8es

it does not slope down ot such s sharp angle; and frequently does not
have a2 noteh at ally or at most only a very slight ones In & large
number of metacarpals examined, reprosenting meterial referred teo
various species of Pleistocene and Recent Equus, the notch in the

unciform facet was found %o be voduced in many cases wmuch as in
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Nechipparion. The facet for the unciform takes up a greater pore

tion of the proximal surface of the bone in Zquus, howevers

Examination of metacarpals of Neohipparion _I{.ﬁgtf;ég from the

Thousand Creek, and of Nannippus from the Mifiace fauna of Chilmahua
indicates that the two features of wvolar protuberance below the pro-
zimal end and reduction in size or lack of the notch in the faced
for the unciform are probably persistent in the later Tertiary threecw
toed horses, at least.

An attempt was made to find diagnostic values in the angle at
which the uneiform facet slopes outward and dovmward. It was thought
that the degree of the angle might be of help in separating metacarpal

elements, and may prove to be different in the two species of Pliochi

in the fauna. Ixamination of a large number of bones from several
species indicates that the angle is of limited use in generic identi-

fication. It can be stated, for instance, that in Plichippu

and in gstmhigmg Stockll, the unciform facet is likely to be inclined

to the horizontal at an anglé of approximately 45°, and that in those
threemtoed horses that have been studied, as well as in XZquus, the
angle is usually not so great. However, specimensg were found in bhe
last two groups with rather sharply inclined facets for the unoiform.
No consi stean-\t differences were chgerved in the nature of these facets
between P, mexicafifif and A. stockii.

Furthermore; it should be mentioned that in the course of the
detalled examinations; the author was Impressed with some of the -
individusl variations found in shepe and nature of facets of carpal
and tarsal elements and metapodials, When those characters that
appeared to be significant were found, they were checked against a
large sories of material belonging to Pleistocene Eguus and availe
able from San Josecibo cave, Mexico, all of which almost certainly
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represents a single species. A single example of these variations

will be giwven.

A study of a large sevies of specimens representing the magnum
in the Yepomers collection diselosed & striking variation in the
distal facet articulating with the trapezoid. A double facet, in
place of a single articunlating surface, exists in some specimens,
one of whish is diregted upward and inward and artieulates with the
trapezoid, while a second lower faced, separated by a sharp corner
from the first, is dirséted imarﬁ- and slightly downward, to arti-
eulate with a corresponding facet on metacarpal II. In other cages
the distal facet for the itrapezoid is parallel teo the proximal
articulation, and is almost vertical in position, with no facet for
the splint, ° In the latter specimen the facet for the trapezcid meeds
the distal surface of the magnum at almost 80°,

Examination of Resént horse material, and of the fossil series
from San Joseclio cave series Indicates that the favebs described
are variable, and that both types of facet development oceur in
Zguus. However, that of the first type described in the fossil
material from Yepomera is more common in Hguug. Judging from the
disgram presented by Matthew {1926, p. 144, fig. 4), the second type
of articulation would seem {0 be the move advanced.

Two nearly complete hmmeri, = femuy, several radii, and tibiae,
a8 well as broken portions of all these bones appear o represent 4.
stockii in the collections, The femur, and more particularly the
humeri, are quite short in comparigson to the ratios of similar ele=
ments to metapodials found in most pliohlppine horses. The possibility
that the humeri might belong to Nannippus has been consldered, buib
is believed to be uniikely, iIn view of the sparse representation of

other Nannippus material in the collections. Rurthermore, many
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incomplete fragments in the collections show that a mumber of
individual spescimens of this element are of approximately the same
sige rangg,
The proximal 1imb elements, and the tibia show no noteworthy
feabures, other than sige. It is different ln the case of the radius,
Radil in the gollentions fall into three defimiie size groups, rew

presenting 4. stockil, P. mexicanus, and Neohipparion, the elements

of the last Weing intermediste in size between the other two. The
radii of the two species of Pliohippus are quite similar, except in
sizes; and show a fusion of the ulna much as in modern horses. The
shaft of the ulna is reducsd to & thin slivewy, and in most instanees
torminates abruptly about half way down the shaft of the vadius,

In the radii rveferred to Nechippariom, the shaft of the ulna
is reduced and fused, but can be traced as a distinet crest on the
postero=external portion of the radius all the way to the distal end.
A comparison of the bone with radii of Neohipparion lepiode from
Thousend Creek shows that the reduection and fusion is more complete
in speecimens from Mexico than in the Thousand Creek form. A greater
dovelopment of the ridges on the front of the distal portien of the

radiug appears to be another way in which Heohipparion differs from

the other two forms.
Measuprements and proportions of A. stogkil are presented in a

later ssotion.

Comparisons and Affinities
B. (A.) stockii resembles P, (A.) snsag from the Hemphill beds
of Texas in several ways. Some of the features in which these twe
forms differ bave been mentioned, bub will be re-emphasized here.
Upper cheek teeth of A. gtockii differ from those of the Texas horse
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in being slightly smaller and more slander, straizhter-crowned, and
in posseseing 2 much more advanced profocone with anterior projection
and lingual groove. Lower teeth of A. stogkli differ from those of
A« 2nsas in having more flattened sxternal walls on protoconid and
hypoconid, more divergent and attemusted metaconid and mebastylid,
and desper and more broadly roundsd gubtter heiween metaconid and
metasbylid,

A 3tookii also has swaller and mowe slender metapodials than
A. angas. In all features considered %o be progvessive in equid
evolution, A. stogkii is move advanced than A, angas. Size is fhe
only sxception. Beceuse of this, and 1ikewige Dosause of the rew
lationshing of the associated horses In the assonblage, the Tepomera
fauma f.8 thought %o represent a later zone in the Hemphillian stage
than the $ype Homphill of Temas., Hewerthelees, it does not appsar
probehle that A. stockdi is diresfly deseended from 4. angae.
Judging from the degree of gimilarity between the Hemphill snd Mexiw
can favnas 1#1@' diffioult to postulate the necessary smount of time
‘aml evolution mgﬁim& to explain the digsimilarities between the
two horaes ia question.

B, A, Stirton (oral communication) called the anthor's attention
o a féassi?t species of hovse fyom the Christlan Rench fauna of Texas
that is likewise olearly advanced beyond 4. ansas, and is apparenily
from deposites younger then %he Hemphill formation. This Astrohinpua

from the Christlen Ranch 1s much neever 4. ansse than it 1s to 4,
stockil, being not nearly se precoclous as the latter. A. stockil
wonld thus appeap,from these gonaiderations, to be an offchoot st an
early stegs from the lins leading from A, martini through 4. snsse
t¢ the Christlan Ranch form,

One sther small horse of the Centyal American Pliscene ghould be
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compared with A, stockli. This is the species, Pliohipous hone
durensis Olson and MeGrew (1941), from the Ranchs Lobo locality
in the Gracias formation of Honduras. The Gracias conteins a fauna
considered to be sprroximately suuivalent te the Clarendonian faunas
of Worth Amsrica.

Bxamination of the fossil material from Henduras shows thet A.

stockii differs notleesbly from P, hondurensis. Measuremsnbs indicate

that the Gentral Hmeriean form &s distinetly emeller them A. sbockii,
in faet, 1% 1o the smallest known horse aselgned to the genus

Fliohippnge P. honduronsis further differs from 4. siockl

possessing upper teeth with greater longitudinal cureaturs of orowns
and more primitive, rounded protocomes. The lower teeth have roundsd
metaconids end metashylids, suggesting a groatoy recemblance o teeth

of ¥, of. miner of the Yepomera beds tham to 4. shogkii.

From the foregoing it would avpesr thab A. stogkil le definifely
a disbinetive aspecies., The chayecters in both upper and lower denti-
tion are the moet 2dvenced of auny seen in pre-Bloncen hovseg ﬁté:aépﬁm
iugg the hipparions, The horse is gmaller then any deseribsd Hemphillian
species, sgain afvepting those of the hipparion groups Its probaebls
vosition dn the wopermost part of the Hemphillian stage and its pre=
coclons characterictine wonld geem to remove it from the line of

anoeatyy of any known later Houidas., The psasons for this gontention

- 1.)  The dleparity in elze hetween A,

gtogkis and knowm speples
of Plesippus is too great to zllow the forner to be considersd ancestral
to the latter, partienlarly sinsge one specislization of A ghoglkdd

saems to be a deersase in size, Hven A, ansse. a lavger form, was
thovght by Stirton {1940) to be the possible ancestor of such small,

gevloginally later horses &s Bguus tem. Evidence sgeinst the lntter
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view i3 the legk of Intermediabe Blancan forms; with poesible exw

ceptlon of Plesippus cunminsii, The latter species, howsver, may be

a small variant of P. simpiicidens {Meade, 1948).

2.) In additien, featurcs seen in the denbltion of A, stockil,
as for sxzmple, shape of protogens, flattening of protoconid and
hypoconid walls, metaconidemetasiylid zroove, and the ghape of the ine
dividual cusps of metaconid and metsstylid are $oo highly speciziized
to support the view thet A ghockil is cncestysl to dmown species of
Plesipoug. The latter are genorally wore primitive themselves in the
charaobers mentioned. MoGrew's (1944) wiew that & snsse night be
ancestral to Pleistocens end Zecent Douvs, throush ualknewn Aslatie
Torms, would not seem o e probable in the czse of L. stogkil
becanse of festures pointsd out in the lover cheek teeth, These ine
clude the shppe of metoconid snd mebaetylid, =znd the pevsistent devele
epment, of parestylids and hypostylids on decidueus lower cheek testh,

Be) It is signifieant thad = type of horgs ssaociated with Ao

gtogkil in the Yepemere famnas, namely, PliShinpus {Plishivous) mexicanus,

Ne 8p. postenses cheracteristics in which it mors nearly approaches

the ancestor of the plesippine horses, and of most modern forms as well.
I% thus appeare probebly that A. gtoskil is nod near the dirced

line of ancestry of any lader hovses. The question of its antessdants

is less clear. The sssignment to the subgenus Astrohippus is based

on seriain worphological mimilaritles to . sneas, This would suggest

that the species bas branched from the phylogenetic aten advoccaled

by Stirton (1940) which ineludes Mey (Erotohivpus) perditus,

oug (Astrohippus) mavtini, and P, (4.) snsss. This is nob,

however, the only loglead possidilisy.
the straightness of crown in upper bteeth, genersl simplicity
of enamel patiern, small size and liaguelly directed profosone in

Two ‘
some specimens suggested early in the present study thet %o similar
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gpecies might be rap-resen@e;d by the maberial, namely, one here
roferred ©0 4. gtockil and definitely related to A. ansag, and
the other, an advanced spesies of the genus fallppus, now known by
two speaies from the Clarendonian,
& brief summzry of what is kuown aboui the genus Caliprms will
help to explain the possible relationships. Matthew and Stirton {1930)

proposed the nume as a subgenus of Protohipnus, designating Proto-

hippus plagidus as the subgemotype. Stirton (1935, 1936) raised
Gaiippus ta-gene,—'riﬁ. ranky and refeéreé. to it cerbalin species formerly
ussignsd io lﬁratghing_.uﬁ,_ then belisved to be in the direct line of
ancestyy of Hguug. Projohippug was éesignated a subgenus of Herg~

chippus. Protehinpus ansse thus became falippus ansze. Hesse (1936)

Gesorived falippus martinil from the Lavern zome of the Ogallals,

considering it to be intermedicte in structural features between

Moryenipous (Prokohlprus) perditus end Cslippus ansas. Johmston

(1937) described Galippus regulus from the Clarcnfon beds of Texuse

In the light of the usw forme, Stirton {1940) removed onsag
the genus Callppus, leaving two speéles, nanely, 0. plogidus and S

regalug in the genus, He erected the subgesus Pliohipous (Asiro-

hippus) and referrved to it various spacies with advanced charscteristdcs.
The two species of Qalippus sre horses with hypsodont check-teeth
of small size. The teeth ave stralght-crowned,

This brief summary cmphasizes the similerity that esxists betweon
certain of the horses now referved to Astvohippug and those refained
under the genus falippus, A similerity of Calippus to certalin
nannippine forms from the Clarendoniesn has been noted by Stirten (oral
commmication), and is ab present the basis of a study being confucted
b% the University of Quliformias

The only kuown Tertiary horses thzt mey be regerded as descendw
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ants of deseribed Calippus speecies, other than those formerly re-

ferred to the genus, are Pliochippus hondurensis and P. (A.) stockit,
Olson and MeGrew (1941) suggest that the extreme curvature reported
in the upper teeth of P, hondurensis seem t0 remove it from relation-
ship to the Calippus group.

Considering the time relationships involved, a speecies of
Calippus could well be in the line of ancestry of A. stockil, since
no species are known through the the Hemphillian stage. Comparisons
of A. gteckii with teeth of C. regulus Jolmston show several simiw
larities, in spite of the obvious differences in size and in genersl
stage of evolution of the two forms.

The most outstanding similarity ie in the straightness of crown
in the upper teeth of both species. Teeth of A. stockii are somewhat
straighter, but those of 0. regu lus are straighter than in most species
of Plichippus. A second point of similarity is seen in the simplieity
of the enamel pattern. Although the protocone in C. regulus is primi-
tive in some regspests, it is quite elongate, relatively, &nd in some
teeth forma a buttress projeating inward beyond the hypocone, The
separation of the posterior tip of the protocone from the hypocons
gives rise to the inward slant of the protocone that has been used %o
charscterize the gan11§ (Stirton, 1940). This feature is seen in many
teeth of A, stockii, particularly in the smaller, well~worn teeth.

Although the teeth of Calippus in general have been described as
having delicate styles (Stirton, 1940, p. 188), Johnston (1937) des-
cribes them as "well developed®, The styles are more commonly delicate
than not, but some teeth from the Clarendon beds of Donlyy County,
Texas, show styles that are relatively as heavy as those in some

species of Pliohippus, The styles are usually pointed externally,
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but are slightly flattened in teeth with heavier styles.

One important difference between A, stockii and C. regulus is
the frequency with which the protocone in teeth of the latter become
connected with the hyposelene in later stsges of wear. This connestion
has not been observed in several hundred teeth of A. stockii that
wore examined, Absence of this posterior r:onnect.ién of the protgaone
is listed by Stirton(1940) as chavacteristic of the subgenus Astro-
hippus. It occurs in many teeth of Pliohippus s.s.

In the lower teeth of . resul ug, the metaconid and metastylid
are generally rounded, but in some Gases are mﬁmmﬁ. and diverge
in a manner somewhat like that seen in A. stockii, and %o a lesser
extent in A. ansae. The groove betwsen tiae two cusps varies in shape
from a rather sharp V to am open Us In segeral specimens of 0. regulus
from West Texas the metaconid and metastylid are rather widely separated
to the base of the tooth.

The upper teeth of A. stockii may be derived from those of C
regulus with the following changes: 1) increase in size; 2) slight
increase in relative size of protocone with development of “heel" and
grooving of lingual border; 3) development of slight complication of
anamel pattemn near crown of tooth: 4) slight velative strengthening
of styles; and 5) complete loss of connection between protocone and
hyposelene. Morphological changes in the lower teeth wonld include
lose of parastylid on permanent teeth, further attenuation of metaconid
and metasylid, and broadening and deepening of the groove hstween,

Derivation of A. stockli directly from A« ansae would require
the following change s in upper cheek teeth of the latber speciest
1) deorease in size, with increase in relative hypsodontyy 23) aslight

straightening of crown; 3) modification of protocons hy styengthening
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of ineipient "heel" and lingual groove, and lengthening of cusp.
The major changea in the lower dentition would consist of: 1) fare
ther attenustion and divergence of metaconid and metastylid; 2)
grester separation of meteconid and metastylid; and 3) flattening
of protoconid and hypoconid.

Derivation of 4. stockil from an ancestral form somewhers inter-
mediate beétween A pmartind of the Clarendonian stage and A. ansae

would perhaps be simpler. A. martini is slightly larger than A. ansae,
and nearer in general size to A. stockil than 1s 0. regulus. It is
more primitive in hypscdonty and curvabure of ecrowm of upper teeth
than Q. regulus. The lower teeth figured by Hesse (1936, fig.2)
show some development of the abtenuation of metaconid and metastylid.
However, Stirton (1940, p. 190) states that the teeth referred to
Ao mertini may velong to Hannipus gratus.

The above discussion appears to iﬁdimﬁa that the problem of the
ancestry, and thus generic assigmment of A. stockli, is open to doubt.
As the total range of variation in teeth of the small advanced form
from Yepomera begame spparent, it was realized that only one species
is pres’ém, and that 11 shows greatest morphological affinities %o
A. ansae, although differing from it in many characters. I% is
probable that the similarity of smaller teeth from the Mexican cole
leetion to Celippus is more or less fortuitous. A certain degree
of regemblance in some characters among all of the forms mentioned
zbove might be expected, in view of certain basic similerities, as
indicated by the rather pomplex history of the nomenclature applied
to certain speeies, some having been assigned at various times to
both greups considered a8 containing possible ancestors of A. stockid,

The new species is thus assigned to the subgenus Pliochippus
(Astrohippus) on the basis of what is considered good evidense, but
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with the realization that such ssgigament is possibly open to
debate. The shape of the metaconid and of the metasiylid in lower
¢heek teeth 1s considersd one of the strongest blte of evidence. It

should be mentioned here that the new specles assigned to Astrohippus

reaquires cordain modifications in the definition of that subgenus.
This will be discussed later, following description of another new

specdes that throws some light on the subfeneric groups within the

genus Plichippus,
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Plichippus (Pliohippus) mexicanus n. %p.

Topoe= Col.Ts No. 3687, a portion of a left maxillary, with
Pg~i3, and anterlor portion of zygomatic ridge.

Beferred Material.- swera& skull and jew fragments, isolated

teethy and limb and foot material.
Type Locality.- GC.I.T. Ioc. 286, Referred material from same
locality and others at approximately same stratigrephic level.
Fauna.- Yepomera, wesbern Chihuahua, Mexice.
Diagnosis.- Bize approximately same as P. ogborni and P, inter-

polatus. Upper cheek teeth with crowns slightly to moderately curved.

Curvature less than in P, intemola.tus, about as in P. gsborni. Proe

togone usually large and elongated, with welledeveloped anterior proe
Jedtion, usually with faint to proncunced linguval groove., Protocons
much ag in species of Plesippus, BStyles of moderate to heavy develope
ment, Fossettes more cresceamtic than in P. osbormi, with moderate
degree of erenulation of fossette borders in upper half of crown, PILi
protoloph, pli protoconule, pli hypostyle usually present. Poste
protoconal valley deep, with or without pll ecaballin. Ilower cheek
teeth with rounded metzconid, round to angular metastylid. Metaconide
metastylid widely separated to base of crown, with V-shaped gmmove.
Protoconid and hypogonid with flattened walls, Pli caballinid somew
times present in early stages of wear. Parastylid and metaspylid
present or absent on lower milk molars.

Description.-

Upper Chesk Teeth:

The upper cheek teeth of Plichippns mexicanus n. sp. are
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| of particular interest beeause of the near approach of some speci-
mens to teeth referred to species of Plesippus from the Blancan stage.
In straightness of ecrown, form of protocone, and general enamel pattern,
some teeth from the Yepomers fauna approximate closely teeth of &
plesippine horse from the Miflaca fauna. In thelr smaller size, degres
of curvature of some specimens, and more primitive sppearance of pro-

togone in some individuals, teeth of P. mexicenus show clearly their

plichippine affinities. Nevertheless, P. mexicanus appears to be more
closely related to the Blancan Plesipous than any other known specles
of horse from the North American Hemphillian stege.

In size, teeth of P. mexicanus ave about like those of P. inter-
29 fi_aﬁus and P. gsborni. The last named spegies from the Eden Plicceme
o;f‘ Oaiifemia is not well Imown, but available material suggests that
P. osborni differs appreclably in size from the two compared with 1%,
Small teeth of P. mexicanus, usually welleworn molavs, approsch in
occlusal dimensions the larger, unworn teeth of P. (A.) stockii, n. sp.
At the etzheé extreme, teeth are found that are almost as large in ovoss.
section, but not in height of crown, as teeth of the Mifaca Plesippus,
and that are fully as large as, or larger than, teeth of Iguus from
the San Ja;egs.te scave Pleistoecene of Mexico.

In relstive hypsedonty, or i&%_s‘ght of crown relative to cross
sectional dimensions, teeth of P. mexicanus slightly exceed those of
g interpolatus,and are zbout equal to those of P. gsborni, as well
as can be judged from maberial exemined. They ave greatly ssceefed
in this charactée by teeth of P, {Astrohippus) stogkii. The teeth

of the latter horse are fully as high orowned as are those of the
lavger horse from the same fauna, but they are mugg more slendar.

The sxaggerated degree of tapsr in antero-posterior length
relative to height of tooth crown, as observed in Astrohippus shockid
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and Pliohippus leardi is not observed im P, mexicanus. The testh

do taper somewhat, bui only slightly. A vestigial first premolar
is ‘present or zbsent.

In enamel pattern of occlusal surface, upper cheek teeth of P.
mexicanus display the most Equus-like characters sees in pre-Blancan

horses, with the exception of Astrohippus stegkii. The protocone

shows considerable variation in Shepe, but charscteristically has s
well developed anterior projeetion and lingusl groove. Some individual
teeth, and a few associated toothe-series show protocones of a small
and primitive shape, and some protocones with an anterior prejection
are not lingually grooved. By far the greastest number of testh in

the collegtion, however, have protocones that apvrroximate the shape

| sean in species referred to P;esiggug, or in modern species of Eguus.
In some steges of wears the pattern on the occlusal surface is

practically identicel with that seen in Astrohippus stockii, The

teeth are separable from those of the latter on the basis of size
and relative hypsodonty, however. It may be remarked that 4% has
besn found sasier to segregate teeth of the two plichippine forms
from the Yepomera fauna than to distinguish between some indlviduals

of Astrohippus ansase and P. interpolatus in the Hemphill c6llections.

The protocone in the Mexlcan species ranges in shape from round
to elongate-oval, being in some cases reniform, becouse of the anterior
projestion and the lingual groove {(fig. 4). J. R. Schultz (1936, fig.l,
and Plate 2, fig, 8), illustrsies upper cheek tooth-series from

saveral speeies of Ples

pus. In some of those illusteated the pro-
tocone shows characters less advanced than in many teeth of the
Mexican Pliobippus.

4 pli caeballin 1s present or absent. The posteprotoconal valley

tende to be wide, and to extend far inbte the tooth. In some Beeth
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¥ig. 4. Pliohippus (Plichippus) mexicanus,/Permanent sad deciduous
cheek teeth, a. No. 3697, type, upper chesk tooth seriesy
C.I.7, loec. 2863 . Wo. 3701, upper cheek tootk sexiew, 0.1.7,
Loc. 276; ¢. No. 3703, upper chesk tooth séries; CGol.T. loc.
2013 d. Wo. 3705, uppsr chesk tooth eeried, C.I.T. loc., 275;
8. No. 3728, uvpper third premolar, C.I.T. Ioc. 2753 f. No.3727,
upper fourth premolar, €.1.%. Ioc. 27683 g Ho. 3734, upper
third premolar, C.I.T. Loc. 289; h. Wo. 3726, upper third pre-
molar, C.1.T. loc. 289; 1. No. 3736, upper third premolay,
C.I.T. Loe. 27635 j. No. 3739, wpper fourth premslar, C.I.T.
Loo, 2878; k. No. 3724, upper deciduous second molar; C.I.T.
Loec. 2763 1. Neo. 3730, upper deciduous third melawr, C.I.T.
Loo. 2895 m. No. 3725, upper declduous feourth melar, C.I.T.
Loc. 289 n. No. 3733, lower deciduous third §?) molar, C.I.T.
Ive. 278. All figurves two-thirds natural siza, Calif. Inst.
Tech, Paleont., Coll., Yepomera Pliocene, Chihuahuns, Mexico.
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where this valley is very deep, the pli caballin is developed %o
a marked degree, and may even be bifurcate. A deepening of the
post-protoconal valley is mentioned by Stirton as a progressive
feature found in Equus and some other horses, particularly in some
teeth of P. interpolatus (Stirton, 1941, p. 438).

The pre-protoconal groove is much as in Astrohippus stockii,
and is one factor in bringing about the similarity of shape of proto-
cone in some teebh of both speciss., As in the smaller form, this
groove is placed farther from the lingual border of the tooth than
in most species of Pliochinpus, is deeper, and is directea moye
posteriorly than externally, even in some well-womrn teeth, A simi-
lar feature is seen in the few known teeth referable to P. osborni,
but not in the teeth from the Mt. Eden locality referred to P.

edensis. In P. 1ntqrpeiatua. the groove is more likely to be a

notch, nearer the lingual border of the tooth, and pointing in

the direction of the mesostyle. Some teeth of P. interpolatus, ave,

however, moderately sdvanced in this, as in other features. The
depth of the pre-pretecenal groove in P. mexicanus coniridbutes to
the characteristic narrowness of the isthmus between the proiccene
and protoselene, a festure which is persistent to some degree even
in later stages of wear.

In adﬁitian te a scmevhat more advanced type of prolocones upper
cheek teeth of P. mexicomus exhibit ancther detall in the enawel pai-
tern that seems to mark thom ase being more progressive than those of
P. osborni, This feature is the moderately-developed complexity of
the fossette borders, & feature that is developed to a high degree in
Hipparion and in some species of Eguus. This cremulation of the

fossette borders varies with stage of wear, position in the tooth
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geries, and from individual to individual., Howefer, with very few
exceptions, teeth of the Mexican horse exhibit a certain degree of
thls complexity in teeth that are lessz than one-half worn, and in
some teeth that show greater wear.

The opposed borders of the fosseties are moderately plicated
in most spooimens that are less than one~half wora, and oven welle
worn teeth usually exhibit a pli-protoconule and a plication at the
antero~internal corner of the post-fossette., Most teeth also exhidit
a pli=hypostyle and a pli protoloph, which may disappear befors the
pli pretoconule doss. The slight complexity in the enamel pattern

of teeth belonging to Astrohivpus stockii disappears after the crown

has been worn a few millimeters in depth.

In teoth of P. osborni and P, edensis from M$. Eden, the pli
protoconule ig the only fold in the fosselte bVorders that appeais to
cecur with any degres of regularity, and it disappsars at an early
stage of wear (Frick, 1921, figs. 103a-103f),

A slight fold at the anteroeinternal gorner of the postefossebte
ig present in a fevw of the Mt, Rlen teeth, and one speglmen, UMYP
Fo. 24039 (9rick, 1921, figs. 11%a-1192), a slighily worn premalar

reforred to P. adensis, subfora A, Pliohlnpug spechans-like, has
Lol ol ORI o "

erenulations in the fossette borders semeshat as ia some tosth of

P. mexicanus. No. 24032 is a lorge, siraight-crewned Ysoih, with

a primitive nrotozone., It reepressnits & second prewolar, and 18 pro-
bably refersble to the sume gpecles as the type of P. gsborni.

Styles on upper cheok teeth of P, mexicanus ave moderately to
heavily developed. They overlap in this chsrscter the range of
variation seen in P. osborni, but many teeth of the Mexican horse
show styles much stronger than any seen in teeth from Mt. Dden.

There is, of course, no large series of P, stcrnif;V&ilabia on
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which bagis one might demonstrate to whet extent these characters
equal those seen in P, mexigsrus, The hesvier styles on teeth of
E. mexicanug are flait&na& sxternally, and some ére grooved, Theage
are progressive festures,
Although some teeph of P, mexicanve are rather strongly ocurved,
thé nejority of them ave only slightly curved, no more se than wany

teoth assigned Yo species of Plesippus. The degree of curvature

is slightly grester than that seen in Astrohlopus shockil, less than

that in most teeth of P. iunberpeistus, and sbout aqual %o that in

P. gsborsi. Plate II illusbrates the remge of curvaturve.

Deoiducus Upper Cheek Teeth

The upper milk teeth of P. maxicanué are relatively more primi-
tive than thése ef A. stockii. Ahlingual groove 1# not present in
most nilk molgrs of the former species, although some ieeth; always
deciduous molars three and four, show & prongunced anterior projection
on the protocons., In this respect they are @unh more advanced than

wille molars of P. interpolatus, The ensmel patters shows more come

plication than iz the rermenent cheek teeth, The protocens progrosses
in length of teoth arown towerd the posdtericr end of the row. Uppery
milk m%l&r@véf B osborni seen to display move lingusl grosving of
the probocons then Ig seen in the Mexlcan spedies, ut this may be
due to st&gé of %@ar of speoimens eXxsmined, zince the featuye gppears
to be ai 1te maximum developwent in intormedizte etages of weay., The
complivation of enemel iz mach less in the MHbt., Bden speciesn,
Meurss 4% to 4m, Do end Bbh 1llustrate the characters displayed
by milk molars of the new species from Mexico. These testh may be
compared with corresponding parts of the dentition of Plesippus

francescana, identified in the Coso fauna of Californla (Schults,



1936, plate 2, figs. 3 and 4), and of Pliohippus interpolatus

in the Hemphill fauna of Texas (Matthew and Stirton, 1930, plate 48,
fig. 2, and plate 49, fig. 2) to show the advanced evolutionary stage

represented by the Mexlcan material.

Lower Cheek Teeth

The lower cheek tooth-series of P. mexiaanus displays advanced
characteristics that are in keeping with those of the upper teeth,.
The meteconid and metastylid ara'widaly separated to the bass of the
crown by & groove which is generally V-shaped, btut which opens out
slightly in extreme stages of weayr. The metaconid is usually 1arger
than the metastylid, a feature noted in most species of Pliohippus,
Plesippus, and Zquus available for comparison, but which is in con-
trasé to the situation observed in 4. stockii, in which the cusps
tend to be sub-equal in size,

The metaconid is round t0 oval in shape, and the metastylid is
round or oval to angular. The groove separating the columns is readily
discernible on the lingual side of the tooth, extending to the base
(Pl. II). Three prominent columns are visible in this view of the
tooth, all broadly rounded or flattened, with sharp ridges at the
anterior and posterior edges, the last two representing respectively
the ﬁaralaphi& and hypoconulid, The subeequal columns represent the
metaconid, metastylid, and entoconid. In A. stockil, the metastylid
is seen as a sharper and narrower column than the other two, and the
anterior and posterior ridges are only faintly seen, if at all. The
diffevence in the two species is not related to relative sizes of
metaconid and metastylid, but to the shape and degree of lingual

divergence of these gusps.
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In occlusal view the metaconid-metastylid column looks some-
what like a figure eight, with the two portions of unequal develop=
ment, but more or less in line with the longitudinal axis of the
tooth, while in A. stockii, as noted under the deseription of that
form, the two cusps diverge medially from their point of Jjuncture.

The entoilexid is more developed than in A. stockii, and has an
expansion at the anterior end, which accounts to a great extent for
the differences observed in the shape of the metastylids in the two
forms,. Th&.éama relationships hold for the posterior end of the
metaflexid and metaconid. Actessory folds appear on the internal
wells of the mebtaconid and hypoconid.

A pli ceballinid is developed in the earliest stages of wear in
sone teeth, A parastylid is also cccasionally observed, usually in
the lower portion of the crown, although it may be present throughout
most of the length of the crown.

The external walls of the protoconid and hypoconid ayre flattened,
the teeth being quite Eguus-like in this character. Figures 5g te Bi
illusivate the characteristics displayed by the lower cheek teeth of
the pew spegies. It may be observed that there ie a considerable
rangs of variation in some characters which have been considered
occasionally as of diasgnostic value in desecribing isolated specimens,
This is particularly evident in the charascter of transverse thickness
of the ¢rown. A tiny first premolar is seen in one mandible con-
taining deciducus teeth. Gazin reports this tooth as usually occurring

in young individuals of Plesippus from Hagormen (Gazin, 1936, p.302).

Deciduous Lower Cheek Teeth
Lower milk molars of P, mexieanus are shorter crowned and narrower

than the permanent %eeth, as is to be expected. They also differ in
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several gtructural features. External walls of protoconid and hypo-
gonid zre more rounded than in the permanent teeth, but mey be moderately
flattened. A smell parastylid is present on all teeth examined.
This structure becomes strongly developed in some instances, usually
toward the base of the crown., Some teeth in early stages of wear do
not shew the purastylid on the seclusal surface, but it is to be
seen on the sides of such aéeth (Pigs. B¢ to BF, 6a).

A bypostylid is present in most teeth examined; buk doss nod
appear to be sirongly developed. It is best seen on Dﬁg, and in some
instances the external tip is isolated. Iike the parastylid, the
hypostylid frequently is noet apparent until later stages of wear, A
faintly developed pli caballinld is seen in some teeth in early stages
of wesar.

The metaconid, which s larger than the mebastylid, tends to be
slongate, with parallel sides, somewhat as in the teeth of A. stockii,
although 1t ig more rounded in some individuals. The metasiylid is
oval., The two cusps diverge from their point of juncture in sarly
stages of waar, but ars usually sligned nearly parvallel to the long
axia of the tooth in later sisges. Both cusps, even the attenuated
exsmples of the metaconid, are consiricted near the point of Junchbure.
The metsconid-motastylid varies with weay from sn open V to a very
shallow U shape. In some well-worn teeth, the noteh is little move
than a smail, rounded inflection.

The lower milk teeth of Plishippus from the Mt. Zden beds and
illustrated by Frick (1921, figs. 187a~157¢) compare rather closely
with slightly worn teeth of the deciduous series in P. mexicanus.

U.C. Nos. 23510 and 23286 are deseribed as wepresenting P4 to M3 and
F3, F3, and M1 respectively (Frick, 1921, figs. 131 and 130). 23510

is a mandibular fragment with apparently deciducus third and fourth
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Figs B« Pliochippus {(Piiohippus) m%nmams, . ops , Permanent end

deciduous cheek teeth. as No. 3721, upper @scidunous melars,
slightly worn, C.I.Ts Loc. 878 » Moa 3720, upper deciduous
molers, slightly worn, C.I.T. “o¢. 876; e¢. No. 3708, lower
deciduous molers, moderately worn, C.I.7. Loe, B75; d. MNo. 371§,
lower deciduous molars, slighily worn; C.I.T., Loc. 28765 e, No.
8710, lower declduous molars, first and second molars, C.I.T.

Ioe. 8765 £+ No. 3719, lower deciduous molers, first end second
molers, C.I.,Ts Ioe« 8783 go Nos 3698; lower eheek tooth series,
noderately worn, C.I.T. loc, 275; h. No. 3699, lower cheek tooth
series, noderebely worne C.I.T. Locs 8763 4. No. 3700, lower
chesk tooth series, moderately worn, C.I.T, Leoc. 276. 411 figures
twowthirds natural size. Calif, Inst. Tech. Vert: Paleonts

Colle, Yepomers Pliocens, Chihualma, Mexicoe
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molars, and an associated deciduons molar two. No. 23286 displays

the three lower milk molars, with the first true molar slightly worn.
The proncunced development of parastylids and hypostylids, as well

as the straightening of the internal walle of the metaconid-metastylid
glve support to this identification based on an exemination of the
original material. _Theée teeth were tentatively referrved by Frick

to P. osborni, subform A.

A comparison of lower milk molars of P. mexicanus with the Mt.
Eden specimens jJust mentioned shows that no appmcia.bla difference
is to be found between the two groups of teeth. This emphasizes
the close relationship existing between the Mexlican and Californian
species, and also confirms Frick's tentative reference of the Mt.
Eden material to the same species as the type of P. osborni. ILower

milk molars of P. interpolatus that have been examined, seem not

to differ in any meterial way from those of P. mexicanus and P.
oshorni. Parastylids and hypostylids are present in the teeth from

the Texas Panhandle,

Facial Fossae

A distorted anterior portion of the skull pf P. meXicanus is
represented by C.I.%. No. 3723, This specimen shows a zygomatio
ridge that appears to be not unlike that seen in A. stockil and more
recent equine skulls, Above the szygomatic ridge is a shallow,
elongate melar fossa. The skull is distorted on both sides in this
region, but the fossa sppears to extend from jast in front of the
orbit to a point above the posterior margin of the first melar.
4 moderately deep lachrymal fossa is present. This appears to be
slightly shallower than that seen in P. interpolatus (Matthew and
Stirton, 1930, plate 46). It is slightly deeper, particularly at
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the posterior end, than the corresponding fossa in a skull of

Plesippus francescans, C.l.T. No. 2020, from the Cogo Mountain

deposits, California of Blancan age.

A shallow groove on the side of the faee leads down from the
anterior end of the lachrymal fossa to a point above the roots of
the first premolar. The skull is broken in front of the groove, and
the nature of the buccinator fossa, if present, is not known. The
frontal bones project forward in a V between the nasals along the
mid-line of the top of the skull, as noted in A. stockii,

Limb Benes

The metspedials of P. mexicanus do not differ in any discernible
way from those of A. stockil except in size. The characters by which
the metapodials of the plichippine horses in the collection may be
distingulished from those of the hipparion types have been described
sbove. Seversl radii ave referred to P. mexicanus with some certainty
because of sige and the nature of the reduction of the ulna, as ex-
plained under the description of A. stockii.

A nearly complete femur, and several feagments probably re-
present P. mexicanus. The femur, although slender, is less so than

that of Neohipparion 1epto¢e from the Thousand Creek, which form is

a little largen but slightly more primitive than the Mexican Neg-
hipparion. 4 caleculation of the ratio between metatarsals and the
femur referred to P. mexicanus approgimates closely similar ratios
calculated from measurements given of materlal referred to Plesippus

shoshsggnsi; from Hagerman, data on a skeleton of Equus prezwalskii

in the Moscow museum, and from a composite skeleton of Equus from
San Joseclito Cave, Mexico.

No complete humeri were found. Measurements on available
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material, and caloulations of proportions of P. mexicanus will be
given in later sections.

Three metapodials from locality 285 present an interesting pro-
blem. A metatarsal 310 mm. long, and two metacarpals, one 257 and one
271 mm. in length fall complotely outside the range observed in the
rest of the colleetion. Additional metapodial material from this
loeality falls into the size range observed in material from all the
localities. Y% may be observed that when these giant bones are exe
e¢luded, the metapodials from all localities approximate normal dige
tributions, with a coefflclent of variation of 3.1 for the rsta~
carpals and of 2.8 for the metstarsals.

These aberrant bones are shown in Plate ¥, with more typieal
metapodials from lLoe. 295 for comparison. That more than one individual
is rvepresented is apparent from the dissimilar proportions of the two
metacarpals, and from the fact that both belong to the left side.
Nothing in the remsinder of the material from Loc. 288 throws any
light on the relationships of the glant metapodials. They haﬁa been
excluded from the statistical calculations, and are aénéidéﬁéd as
abnormal examples. The bones show more resemblance to corresponding
elements of P. mexicanus than they do to the three-toed horses. The
spongy nature of the distal ond of the shaft of the metatarsal suggesis

that this element did not belong 3o & fully adult individual,

Jomparisons and Affinities
The only known species of Pliohippus that resemble 3o any extent

P. mexicenus n. sp. arve P. osborni and P interpolatus. 0f these, the

Mexican specles more closely approaches in its characters those seen
in P, gsborni. It is separated from the latter by the moderate com-

plication of enamel in upper chaek teeth, larger and more advanced
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protocone, shaps of fossettes, and development of heavier and flate
tened styles. P. mexicanus is readily distinguished from P. inter-
polatus by the straightness of crown and advanced protocone in upper
choek teeth and by flattening of proteconid and hypoconid in the
lowers.

An examination of original material from the Mi. Hden Flicosne
suggests that most, if not all of the fossil horse testh ocourring at
that locality might be asalgned to a single speclies. Oertain teeth
referved by Frisk {1921) to various subforms of E. gdensis are primi-
‘tive in their development of prodocone, as weil as in some additional
féa%,urea. Although the material is fragmentary, these teeth all ap-
péar to be rather straight-crowned, insoefar as the upper dentition is
concerned. Teeth veferred to P. mexicanus from Yepomera appear io
demonstrate 2 renge of individual varistion as large as that seen in
the total collegtion from Mt. Eden., A similar gange of variation is
seen in the collection of upper molars of P. gmem clatus from Hemphill,
in which most of the teeth show protocenes of primitive shape, but
sope have an incipient anterior projection,

Because of the scanty material from Mt. Bden, and the lack of
specimens showing all stages of intergradation from primitive to
advanced features, 28 are avallable from Yepomeray, no attempt is made
to propose synonymy for the Mi. Hden specles. However, it ls suggested
that certain teeth referred to P. edensis, as for example U.C. Nos.
24039, 23207, and 23234 (Frick, 1921, fig. 1l1l9a~119¢, fig. 117, and
fig. 122b), emong others might well belong to the same species as
the type of g. agborni.

Regardless of the status of P. edensis, the new species of
Flichippus from Mexice appears to represent a form more advanced than

P. osborni, as described originally. P. gsborni shows characters
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which indicate that 1t is wvery likely nesr the line of descent lead-
ing to the Blancan hovses of Horth ﬁméria&. This was recognized by
Frick (1921) and later by Stirton {1940) when he assigned it te¢ the
subgenus Astrohippus. The discovery of P. mexiganus provides an inter-
nediate form, nearer the plesippine group.

Thue, P. mexicamus is seen to be closely related o a fossil
horse thut was ¢onsidersd by Stirton in 1940 to represent a typieal
member of the subgenus Astrohippus. On the other hand, P. mexicamus

shows certain similarities %o B. interpolatus, which Stirtor (1940)

rogognized as an advanced species of the subgenus Pﬁiahigguﬁ BeBes
probably in the line leading %o the South American hovses. The degree
of vesemblonce is not gread, bubd P. mexicanus is clossr to P. intere
polatus than it is $> P. (A.) anese or P. (A.) stockil, This question
will be discussed later.

Mentlon should be made of ¢erialn peoularities in the enanel pat-
tern of upper cheek téeth of P. mexicamus, A fourth prenclar, in an
sarly stage of wear, displays an isolabed protocons in one specimen
(Me. 44). It is evident from the remaining testh in the skull that
the protocone begomes connected with protoselene as a result of a
slight amount of additionsal wear. The specimen well illustirates the
advanced naturs of the protocone in the new form, Including the nar-
rowness of the istlmus connscting the protocone to the protoselens.

P. supremus and Bguus fraternus arve reported as displaying an iso-

lation of this cusp in carly stages of wear {Stirton, 1941). A tooth

of the latter horse from Florida became the type of Hipparion princeps

(Leidy) because of this feature (Osboran, 1918; Simpson, 1930).
HNe particular significance is attached to the feature mentioned
above, nor 40 another ancmaly which suszesis an atavistic tendency.

0. I.7. No. 3703, ropresenting complete right and left upper cheek
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tooth-series referred %o P. mexicanus, shows thrse teeth, in early
stages of wear, with open post-~fossettes. The hypostyles of pight
P4 and left P3 and P4 have not joined the metalophs %o close the
fossettes, although M3 on each side has heen worn %o a falrly flat
oceclusal ﬁurfhaéiﬁig. 42)e

These itwo varizbions are mentionsd here to illustrate the di-
tremes in chareciers that may be expected when s large series of
teeth of any specles is examined. In any population, esrtain ine
dividusls mey show & reversion to more primitive charevters, vhile
other individusls mey foreshafow fome charscter which might be of

selective value, or linked 30 a chaveacter of selective value, in

the evolution of the rece. Isclation of protocene may be considered

& progressive feature not attaived by Bouus, bub one in which the hip-

parion grewp was more sdvenced than the modern horses.
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Nannippus ef. minor(Sellards)

Teeth and limb elements in the Yepomera colleetion represent a
species of Nannlppus smaller than N. lenticularis from the Hemphill
beds of Texas. A comparison with figures of specimens reproduced
in Osborn's iconographic type revision of the Zquidae {Osborn, H. F.,
Mem. Amer. Mus. Nat. Hist., n.s. vol. 2, p. 193, fig. 158, 1918), and
in the original description (Sellarde, 1916) indicates that the
Mexican material cannot be distinguished at present from N. minor
fellards from the Bone Valley and Alachus of Florida. N. minor is
known from a single tooth from the Bone Valley formation and from
two referved teeth and referred limb elements from the Alachus.

Description of Material
ﬁpyer theek Teéth

In bis deseription of the type tooth of N. minor, Sellards (1918,
pp. 96=-97, pl. 11, fig. 10, pl. 13, figs. 7 and 8) characterized the
species as being of miniature size, with much complicated cement lake
borders, and with an ellipsoldal protocone. Simpson (1930, p. 188)
states that the complication of enamel pattern and shape of protocone
are well within the range of variation observed in teeth of N¥. ingenuus

end Hipparion plicatile found in the same formations, but that the size

appears to be distinctive.

The range of variation observed in Nannippus teeth from Mexico
includes all the characters attributed to the species from Florida.
4 great deal of the wariation seen in proportions and in enamel pate
tern of the occlusal surface can be shown to be related to stage of
wealrs

Teeth of N. cf. minor are high crowned, with small cross sectional
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areas. The teeth taper from top of crown to the base so rapidly
that the antero~posterior diameter near the base is little more
than two-thirds that at the top of little-worn teeth. There is a
less abrupt flaring out in this dimension near the cccluszl sur-

face than is sometimes seen in Astrohippus stockii. The taper in

the Nennippus teeth is much more uniform as a rule, although the
antero-posterior diameter of tooth crown diminishes more rapidly to
a point about one~fourth of the way down the erown (Pl, I). Teeth
less than approximately one~half worn are elongated, while those in
a greater stage of wear are almost square in cross-section. There
seems to be no great difference between molars and premolars in the
degree to which this is true,

Iittle worm teeth are moderately curved, while those worn down
below the middle polnt are slightly curved to straight. The curvature
is thus in that portion of the tooth that also displays the greatest
degree of change in length of occlusal surface.

The styles are thin and delicate; frequently pinched internally,
expanding externally, and sometimes recurved toward the back of the
tooth., The styles gometimes thicken slightly near the roots. Styles
in premolars are only slightly hesvier than those of the molars, and
the greater relative degree of development of the parastyle usually
seen in hypsodont horse teeth in the premolar portion of the dentition
is not pronounced. This makes it necessary to rely largely on the
factor of angle of oecclusal surface in assigning isclated teeth to
their position in the cheek tooth series,

The shape of the protocone varies within wide limits (Pigs.
6c to 6f). Not enough information is available from the material
in the collection to demonstrate definitely how much of this is due
to position in the cheek tooth series, but apparently the protocone

tends to lengthen slightly toward the back of the row. Most of the



Fig. 6. Cheek teeth of Yepomera Pliocene Horses.

Pliohippus (Pliochippus)mexicanug. a. No. 3732, lower declduous
‘hhiz‘d ? m ar@ﬁ-f. ® mao 5550

Plichipous (Astrohippus) stosckii. b. Ne. 3694, upper deci-
dnous molars, 7 o T P

Honnippus of. minor. ¢. No. 3768, upper first molar, slightly
WOYRy UsleTe LOGe 2753 de NOe 3760, wvpper first molar, moderately
worn, C.I.T. Loc. 2753 e. No. 3922, upper second (1) molar,
moderately worn, C.I.T, Los. 2753 f. No. 3923, upper third pré--
molar, well worn, C.I.T. Ime. 2753 g Ho. 3752, dower premolars,
first and second molars, moderately worn, C.I1.T. Ioeo. 2753
b, Ho. 3751, lower cheek tooth series, slightly worn, C.I.T. Iloc.
276, All specimens natural size, Oalif, Inst. Tech, Vert. Paleort.
Coll,, Yepomera Pliogcene, Chihuahua, Mexieo.
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variation in size and shapes however, is directly dependent upon
atage of wear. In little worn testh the protocone is greatly
alongated, almost spindle shaped, with pointed endss The anterior
end is bent outward toward the protoselene. With incrsasing weay
the protocons begomes an oval and loses the points at the ends and
the angular inflection seen at the center of the external side in
earlier stages, In developing into an oval, some protocones are
almost diamond-shaped at one siage.

During the latter half of wear of the ¢rowny the protocone changes
from an elongate oval to one less elongats, ﬁecoming almosi airaula$
in some teeth. The protocone becomes connected to the protoselene
afteyr approrimately three-fourths of the crown is worn awsy in some
teoth.

The fossette borders are moderately complex; tending to become
more simple with ineressing wear. 4 loop at the internal posterior
corner of the pre-fossette ig frequently isolated as z small lake
in some stages of wear., The increasing simplicity of enamel pattern
with wear, and the connection of ithe protocone with the protoselene
causes some Bpecimens in labte stages of wear to resemble welleworn
teeth of A. stockii, except for sigze.

A pli cshallin is present or absent. The hypoconal lake, so
frequenily cbserved in members of the Y. gratum group, has not been
obgerved in the teeth from Mexico.

Most of the sistements made econcerning the characters ssen in
upper cheek teeth of N. cf. minor from Yepomera appear o apply in

s qualitiative way to testh of N§. lenticularis from the Texas Pan-

handle, Comparisons of the Mexican material with a series of teeth

of H. 1»exxtiwlarisu£mm Uele Lot. 20, Texas, and with casts of the

type teeth indicate that upper molars of N. cf, minor have quite
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similar proportions in all stages of wear, but are smaller; and
taper more rapidly toward the base. Certain teeth of the two species
sre found to have simost identicsl scelussl lengths, hut in suoh
cases the comparison is made between little worn teeth of the Mexiecan
horse and halfeworn teeth of N. lenticuiaris.
Lower Cheek Teoth

Lower cheek teeth of N. of. miner are characteriszed by their small
size, woll rounded metaconid and metastylid, and rounded external
protoconid and hypoconid walls. Metaconild end metastylid are sube
aqual to egual in size, the anterier cusp hﬁm@ slightly larger in
some iInstances, The two cusps are widely separvated to the base of
the arown by & broadly openy Usshaped gubtier. The lingual side of
the tooth showe two prominent, wellevounded columns separsted by
s wide, rounded valley (Pl. II). Just in front of the column rew
presenting the metaconid is a narrow groove, disappesring immediately
above the base of the crown. In front of the groove, foming the
antero~internsl corner of the tooth is a thin ridge representing the
parslophid, Posterlor to the metastylid column is = broad, flat
valley, sloping up %o the ridges formed by the hypoconulid. This
ridge is hesvier than the one at the anterior corner. The entoconid
does not show a8 & ridge or column on the lingual side of the tooth
ag iz the gase In the two horses described previcusly. This remlté
from the faet thet the hypoconulid eRtends fapther lingeally than
the entoconid.

The sxternal walls of protoconid and hypooonid ave wellerounded.
In most delails of enamel pattern of occlusal surface, teeth of N. ef.

ninor resemble closely those of speeimens referved to Y. lenticularis

{rigs. 6g, Bh). Both forms show a fairly constant development of a
gmall vosteriorly-directed fold at the anterior end of the metaflexid.
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L emall Told frequently secen opposite the entrance te the entoflexid
in teeth of M. lenticularis has not been observed in those of H. ef.
minor. A meore important detail in which lower teeth of the two species
¢iffer is the presence of a parastylid in most teeth of N, lenticularis,
and its shsonce 1o most teeth of the Mexiean form. The style is best
geen in isclated teeth as 2 small ridge. It usually extends from
within 10 millimeters of the bottom of the tooth to & poinl somewhere
in the upper half, sometimes almost to the top of the crown, The vidge
is somstimes persistent Lo the base of the crown, but ususlly merges
with the @namel wall of the protosenid s short distence above the base.
This etyle is developed on only a very few teeth of the Hexican species,

and then omly very faintly.

Linb Bones

The morphology of the metapodials of Nannippus cf. minor has
been considered under the deseription of 4. stockil. Only two com-
plete metatarsals and one metacarpal are available for study, but
geveral broken proximal and distal ends suggest that the complets
bones are typical in their proportions. This is also suggested by
carpal and tarsal eslements and phalanges, raferre# to the species
on the basis of size, and sgreeing in proportions with the referred
netapodialse,

The metapodials of ¥. eof. minor are distinctive for theiy extrome

slenderness. A comparison with limb bones referved to Y. lenticularig

emphasizes the smaller size,; snd probably more slender proportions

of the Mexican horse. Unfortunately no upper limb elements that could
be referred with any degree of ceriainty to N. of, minor were found
in the collection. The phalanges that were referred to this species

are separated on the basis of sigze. A tiny ungual phalanx of a side
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toe agrees in general shape and in proportiens 3o comParable slsments

referred to Nechipparion cf, phosphorium. Flate III shows the

character of the move diamtal portions of the limbs,

Comparisons

As previocusly poinéidwt, the type and referred specimens of
H.of, minor Sellards appear to show characters that fall within the
range of variation observed in Nannippus material in the Mexican col-
lections. Ho comparison on the basis of lower chesk teeth i3 possible,
Sellards (1@1&, ps 97) desoribes a metacarpal which li:a belisves might
be referable to either H, ingenuus ov N. minor. Thie element is stated
to have the following dimensions: length, 185 mm., widih of proximal
articular face, 22 mm., width distal articular face, 24 mm. The single
gomplete metacarpsl in the Mexican collegiion is enly 154 mm. in lengbh,
and mich more slemder, The Florlda speeimen exceeds in length the
two metatarsals referred to H. of. minoy in the Yepomers assemblage.
The bone from Florida is probably referable to H. ingenuug. 4 second
metagarpal from Florida is described merely as being smaller than
the first, with a proximal transverse width of 21 mm. This olement
is apparently smaller than the Mexican metscarpal.

~ Relationships of H. of. minor %o M. lenticularis have already

been discussed. The two Tormsg are probably closely related, the size
and degree of development of perastylid being the only significant
differsnces observed in the teeth. Metapodiale of the Mexiocan horse
are much smaller and velatively mere slender, In view of the probable
time relationships betwesn the deposits in which the two species
occur, it is thought unlikely that M. lenticularis is diredtly ances-
tral to H. of. minox,

Comparisons with casts of types of additional species of Nannippus



66
revesl that the small size of N. of. minor is distinctive. N. gratum
is larger in ceclusal dimensions in %esth of corrvesponding height,
end is i1tself distinctive along with Be retrususs 1n the frequent
development of = hypoeonal lake, X¥. ingemus teeth resemdle those
éf B, of. mingr in most charagters, but appsyr to Ye of aignificantly
larger size.

The only other species at 211 similar to N. of. minor arve W,

nontesumae and 33, ] ézz;inml wtug from Mexico, and M. vemustus from
South Carolins. These three forms are all known from very little
material. The snocies, N. miney from Fleridey, N. of. minor from
Yopomers, and emell teeth from the Toper Snake Creek (Matihew, 1924)
way represent ths same specles or, more probably, a closely related

grous of spsoies,

A oast of the type of montezumee shows that thig form zoproashes

¥. lenticulsris more closely in dimensions than it does X, of. minor.

The protocons of the Lacusltipan tooth is more elongate; as in the

nechipparions. X. ggninsulatus iz from 2 locality not widely separated
gsographically from the type logality of N. montezumas, and was conw
sidersd ¢o be synonymons with it by Gidley (1907)., Illustrations of

the type tooth of the Telmichils fowm {Osborn, 1918, fig. 163) shows
cortein similaritiss to C.I.7. Ms. 3758, in height of crown, dimensions
of ceclussl surfoce, and genersz) enamsel pattern., No. 3788 s straighter«
erommed, slightly smaller in zres of ccclusal surface, and has s shorter
end moye lentienlar protocone. The figured tooth appears to be almost
i&émiaal in height with Ne. 3758, The former gives practically no
suggestion of a tspering in lenglitudinal diameter, 80 aspparent in all
little worn teeth of . of. minor.

Figurves of teeth of H., wyemustus {Osbeen, 1918, fig. 165) suggest
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that this little-known form is lapger than N. of. minor and has
teeth of slightly different proportions.

4 single tooth from the Upper Sneke Creek, Nebraska, and in the
paleontologieal colleotions of the Webb School, Claremont, Galifarniam
corregponds to the desoription by Matthew (1924) of small teeth from
thig fauna. It aleérly falls within the range of variation cbserved
in the Mexican teeth, This might not be true if a less woyn specimen
were available. However, on ﬁhe basis of present evidence, it is not
possible to determine any specific differences when the Snake Creek
tooth, N. minor of Florida, and teeth in the Yepomera collection mre

compared.
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HEASUREMENTS

Measurements of teeth in the present study follow the methods
outlined by Merriam (1913), unless otherwise specified. Caleulations
of various statistical data follow procedures explained in Simpson
and Roe (1940), and by Simpson (1941).

Stage of wear of teeth causes a considerable variation in
measurements in occlusal dimensiona. This is particularly true of
teeth which change rapidly in antero-posterior lenzth with wear, as

is the case with 4. stockii and Nannippus of. minor. In these species,

megsurements on teeth about one~half worn seem most satisfactory.
Publication of the raw measurement data for each individual in such
cases would facllitate comparisons, but is impractical. For this
reason, measursments of soms individuals are given in the present
paper, and some data are grouped and treated statistically. Measure
ments of lower jaw material of A. stockii and P. mexicanus are conw
sidered together.and treated statistically., Slightly worn and
extremely worn specimens are exeluded, but the relatively high cow-
efficlients of variation seen in some of these data reflect variations
due %o sex, stage of wear, and possibly other factors, as well as
individual variation.

Iengths glven for matapodials are greatest over-all lengths.
For all other limb bones, the length given is taken between arti-
culating facets along the lateral side of the bone.

One feature of considerable interest results from a study of
the measurement data. This is the difference in sige displayed by
individuals of Astrobippue stockii from different field localities.

The differences way be seen readlly by examining the measurements,
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length of metapodials and length of lower molay geries, of individuals
from localities 275 and 276 (Tables 3, 5, 6).

These comparisons were made after preliminary examination of the
fossil material suggested that the astrohippine teeth from locslity
275 were in general larger than those from logality 276. Measurements
of several variants indicated that the difference in size is such as
to be statistieslly significant, This means that the odds are pro-
hibitive that the two samples being compared came from the same popu-
lation. Material from locality 289 is intermediate in size,

A careful inspection of the testh of Astrohippus from the two
localities shows no difference by which the two groups can be dise
tinguished, other than by size. Fleld evidence available (L.C.Pray,
oral communication) indicates that the two localities are within
50 feet of each other stratigraphically. They are separated geographe
ieally by approximately two miles. No evidence of channeling in the
deposits was observed by the author or by Mr. Pray.

The difference in size may be related in large measure 10 a
physical and biotic envirorment, one group having lived under more
favorable conditions than the other. The geographic proximity of the
localities 4is such as to obviate the possibility of different geow
graphical races living at approximately the same time. The time
separation is not believed %o be great in view of the small strati-
grephic interval between the horizons represented by the localities,
and in view of the general unity of the founas from all of the fossil
gsltes.

Possibly the interval represents a long enocugh span of time
which when combined with a difference in climate and topograephy permitted
optimum eonditions of food supply at locality 275 while the deposits

were accumulating at this site, It is perhaps significant that the
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smaller horses cogur in the younger bhéds, at loeality 276. It may be
recalled thet 4. stockii in generzl is smaller than A. ansae, which
in turn 1s smaller than A. martini,
if the measurements of one of the variant of 4. gnsse ave cow-

pared with those of the groups from the two Mexiecap logslities, 1%
may be possible to postolate the direebion of s chronocline, varying
in time, somevhat a8 geographiesl subspecles vary in space (Simpson,
1944). ‘'the Yepomers horses, however, are Hoo closely similar in their
morphological charscteristics to permit the recognition of several
subspecies and elsarly represent & group specificelly distinet from
A« pusae. Perhaps it is possible takiaﬁsrgret this information as an
indication of a rather rapid rate of svolution, with decresse in aiaé
preceeding exbinetion. Geographic isclation for the entire &epamera
fauna may also be postulated, but the character of the mammels sssge
ciated with the horses does not support this views

The present evidence 1s not interpreted as indicsting move than
slightly varying clinstic conditions or similar influsness between
the time of deposition of the two fossil ocourrences. Thess factors
apparently acted selectively in the dirsction of reduction of size in
this particular group of animals., The difference in size is nod

regerded as of sufficient wvalue to warreant any jaxonomic distinctions.
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PABIE 1
MEASURFPMENTS OF UPPER TEETH OF ASTRORIPFUS STOCKII
1 2 3 4 B & 7 8

P‘?’:’ﬁ 210 1 220 6 21.5 20.5 31. 4 25. 2 . -
?’Z 3::". 3 i?ﬁg 18. ‘4: 3.’?1 6 21. g 30. g v el

% 180 7 3-81 3 190 0 20.2 380 4 21- 3 atad 180 8

P4l 18,0 18,3 18,3 17%.9 18.9 20.3 17.7 14.9
W 18.0 17.3 19,8 18.6 21.9 2l.4 20.56 18.4

M3 362 18.8 161 167 16.6 17.6 15.3 12.3

w 16,2 1E.B8* 18.2 18.2 19.9 J.Q.'? 18.6 18.9

¥ i - - 15»3 l?q 6 Shom lﬁu 3 131 7

M&"‘g‘ﬁ - "o b 50( 9 53' 2 okl 43. 8 Lt
PR3 1100  we  we 108,2 112 we -

1. No, 3876, sboul one«fourth worn, right side,
2. Some a3 1, left sidae.
3« Bo. 3574, about one-half worn, right side.
4, Same se 3, lefi side.
. HNo. 3578, about three-~fourths worn, left side.
6. No, 3619, about one-half worn, left side,
Ye No. 3577y shbout thrse-fourths worn, right side.
B, Mo, 3818, extremely worn, most of fossettes gone, :mfﬁ sida,
Ty ‘{.@n&,‘eﬁ
‘i?, Width <.
Y asﬁima*aeﬁ
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TABLE 2
MEASUREMTINTS OF UPFER DECIDUCUS TEETH OF ASTROHIPPUS
STOCKIL
3 2 3 4 B
APZeL B8O e - 27,0 237
¥ 1604! Nyt b 160;«% l&cg

dP3~L 22,7 20,2 20,7  20.5  19.3
¥ 18,2 18,2 177 16,8  15.3

ard-1, 23,2 21.8 21.8  22.0 20,9

i. Yo, 3580; practically mnwern.
2e Noo. 3696, slightly worn.

3¢ Ho. 38620, slightly worn.

Be Ho, 4634, moderately worn.
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TABLE 3

STATISTICAL DATA ON LOWER TEETH OF ASTROHIPPUS STOCKII

N 0. Re SeRe Mean

: . 37 18 29 57,1t .7
2. 40 16 27 BB.9% .7
3o 29 25 47 114,5%1.4
4, 21 7 13 59.0F .4
Be 11 9 18 B8l.7¢ .8
1. length P2-P4, all localities grouped.
2. lLength MI-M3, all localities grouped.
3. ILength P2-M3, all localities grouped.,
4' L@ngﬁh ME‘ME’ IQQQ. 2750

He Loe, 276,

Length MI-M3,

BeDe

4.5
4.1
7.3
1.9
Re8

7.9
763
6.3
3e3
B.4
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TABLE 4

MEASUREMENTS OF LENGTHS OF LOWER DECIDUOUS TERTH
OF ASTRORIPPUS STOCKII

1 2 3 4 5
Dp2 20,4 20,9 20.9 20.0 21.8
Dp3 19,1  19.5 20.6 19.6 21,0
Dp4 20,9  22.8 23,4 20,8  22.9

DpB~Dpd 61,7 64.1 65.1 61,8 65.9

1. THo. 3623, moderately womn.
2. No. 3624, moderately worn.
3. No. 3622, modeyately worn.
4, Ho. 3905; moderately worn.
Be No. 3906; moderately worn,
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TABLE B
STATISTICAL DATA ON MAXIMUM LENGTH OF METACARPAL III OF ASTROHIPPUS
STOCKII ¥ROM VARIOUS LOCALITIES

N 0. Re S.R. Mean SeDe Ve
i. 131 37 57 l69.4 ¢+ .8 B.8 6.2
2. 36 19 31 179.4 & .8 4.8 2.7
3. 31 23 3B 162.2 £ 1.0 Bed 3.3

4., 31 20 31 166.5 &+ .9 4.7 2.8

1. Data from 2ll localities, including that of 2, 3, and 4.
2. Data Trom leﬁality No. 275.
4, Data from locality Ne. 289,
TABLE 6
STATISTICAL DATA ON MAXIMUM IENGTH OF METATARSAL III OF ASTROHIPPUS

STOCKII FROM VARIOUS LOCALITIES

N  0.R.  S.R. Mean S.De. Ve
1. 90 33 45 196.4 £ 7 6.9 35
2, 14 16 33 208.1 $1.3 5.0 2.5
3. 17 25 45 192.9 #1.6 6.5 3.4
4, 43 %1 41 194.9 1.0 6.4 3.3

l. Data from all localities, including that of 2, 3, and 4,
2. Data from loeallty No. 275.
3, Data from locality Ho. 276.
4, Data from locality No, 289,
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TABLE 7

ARTICULAR LENGTHS OF LONG LIMB BONES
OF ASTROHIPFUS STOCKII

1 Qe R, 5o Be Mean 5D
1, 2 1 181.5
2e 25 24 38 211.8 + 1.2 5.9
3a 1 229
o 5 23 59 243,8 £ 4,1 9,18
1. Mean of two humeri, both from Ioe. 289
2¢ Badii from several localities.
39 Femuy fram L@f}n 2890
4, Tibize, all from Luc. 288,

2.8

3.8
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TABLE 8

MEASUREMENTS OF UPPER TEETH OF PLICHIPPUS MEXICANUS

P2-L
b}
Prot.

Pg~L

w
Prot.

P4-L
¥
Prot,
Hl=L
w
Prote

ﬁ&r&
-
Prot.

g§?5

W
Prote
Réﬁaé

M1-M3
L o

PR-M3  147.2

1 2
3l.8 3B.5
33.9 2B.7

7.1 6.9
26.1 27.4
26.6 26.9

7.9 7.8
24.1 26.0
26.3% 26.3
- B.8 8.3
21.8  24.6
24.4 2B.0

8.8 9.9
W.2 24,3

hand 25.9

8,8 8.3
22.2 23.7

oo ] 19.3

9.0 D.3
82,0 9l.8
66.2 73,9

164:4

3
35,1
7.1
28.5
26.5
9.0
28.4
8,8
4.7
24.8
10.4

24.7

28.6

8.6
24.1
19.8

9.3
92.5
T4e 2

166.3

4

33.5
23.8
7.0

/27.4
26.2
9.8

28,7
24.8
10.3

24e 4
25,1
8,4

23.6
23.3
10.0
23.8
17.6

9.9
87.8

713

B

33.7
24,0
7.1

26.6
26.0
2.1

26.1
24.4
g‘g

24.4
26,3
8.4

23.6
234
10.0
23.2
i8.%

g.8
86.9

1.6

&

33.9
25.8
7.8

28.0
27.7
9.9

26,0
274
10.6

23.4
268.8
‘-8

263
1.8
23.3
20.9
10,9
87.8

723

7

33,9
26.3
.8

27.3
28,8
9.4

26.1
27,5
10.2

23.2
267
2.4

23.3
26,3
115
24de 4
2l.5
11.0
87.9

72.3

158.1 188.4 160.0 158.1

l. No. 3697, type, moderately worn, left side.

2s Noe. 3703y moderately worn, right side.
3, BSame ap 2.left side.

4, Ho. 3717, slightly worn, right side,.

« Beonme s 4, left side.
6, No. 3746, moderately worn, right side,
7. Seme as 6, left side,
8., No. 3747, moderately worn, right side.
9. Bame ap 8, left side.

L, length
Wy Width
Prot.s Protocons length
#, estimated

8

32.7
24,1
8.9

24,1
28.1
7.8

23.3
26.7
7.4

g&qg
2B.4
7.4

22.2
253

8.6
21.6
2l.2

8.7
80.5

65,7

9

32.6
24.6
6.6

24.5
27.8
8.0

23,3
2643
7.6

20.8
25.8
74

22.1
25.2

8.9
21,3
21,0

9.1
8l.2

6546

145.9 1486.8
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TABLE @
MEASURRMENTS OF UPPER DEQIDUOUS TEETH OF PLIOHIPPUS
MEXICANUS
1 2 3 4 B 6

W 21.& 31‘0 19.8 e 21-3 ’ QERQ

DyZ-L 28,4  28.8 24,4 23,3 27.6  27.9
W 20,5 20.3 22,2 21.9 20,8 20,9

Dpéel  26.9 26,8 26,2 25,3 28.0  28.4

ﬁp&*l}p& 95,2  We 83,8 me 94,00 94,0

1, Ne. 3’?’&,’3, aligbts.y worn; right side.

2. Bume s 1, left side.

- 3¢ HNo. /23, moderately wora, M2 in ceclusion,; right side.
4, Saw as 3, laft side. -

B. No. 23721, slightly worn, left side.

6. Ho. 3720, slightly worn, right side.

TABLE 10
STAPISTICAL DATA OF LOWER TEETH OF PLIOHIPPUS MEXICANUS
FROM VARIOUS LOCALITIZS

¥ 0. Re 8. R. Hoan $.0. ¥
FE-P4 18 13 22 78,28 .8 %34 4.3
W43 14 8 18 72,6t .6 2,38 3.1

FE-iE 15 16 28 150.5-1. 2 4.28 2.8
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TABIE 11

MZASUREMENTS OF LENGTHS OF LOVWER DECIDUOUS IEETH OF

PLIOBIPFUS MEXICANUS

2 3
30.0 27.9
27.0 27.4
30.7 27.6
88.2 89.1

Ne. 3?03,
No. 3907,
Ho. 3716 ¥
Ko. 3’?06;
No. 3719 ¥

moderately worn.
moderately worn,
slightly worn.
well worne

well worn.

27.6
24.8
26.5
78.2

TABLE 12

24.5

25.9

STATISTICAL DATA ON LIMB BONES OF PLIOHRIPPUS MEXICANUS

Mean S.Ds v
313
240,9%1.1 6.9 2.8
296
291
216. 251.1 6.7 3.1

.4 O« Ra 8.1,
;o 1
Ze 37 22 45
3e 3
4. 3
B. 40 30 44
1. Fo. 3828, femur, loo. 28%.
2. Metatarsal III, several lucalities.
4, Rafii, Locs. 276, 286, 297.
3. Tiblae, loec. 276.
B. Metataparpal 1II, several localities,
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TABLE 18
MEASUREMENTS OF ILLUSTRATED UPPER THITH OF HANNIFPUS

CF MIROR
1 2 B 4
Length 1846 184 1B9  15.8
width 147 14,8 18,7 1444
Prots length 6ol 843 48 GeR
Hhbight srown . 48 25 w o #

ls Hos %’?5&3@
2y Ho. 3760, %’i‘
3¢ Nos 3922y ¥
4y o« 393&‘3

TABLE 14
T DATA ON UPPER TERTH OF NANNIPPUR

STATISVICAL ARD MBAL
OF MINOR ACCOEDING TO TW0 WEAR ST40RS

N OuBa BaBe Haagn Baba k'3
1s 18 BB 6.5 18,85 5 1,00 G4l
Ba ps BaB B} 18,96 8 =30 Gu8

1s Ocolusel lensth, isolated nomwterminel uppen m&hg less than
threawtourths worn, heights of crown BE~47 o inclunsive.

£+« Opelusal lepgth, lsclated non~torninel upper teeth, three-fourths
worn %o well=worn, heifhts of crown 13-31 rm. irelusive
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TABLE 15

MEASURUMENT OF ILLUSTRATED LOWER TEETH OF NANNIPPUS CF

MINOR
1 2
Pi-1 14,0
w 9.8 9,9
¥i-L 13.2 13,3
W 7.8 8.7
Po-Pd 42,7 41,5
ME-M% 45604
Po-M3 89
1. Wo. 3751
2. No. 3752
PABLE 16

MEASUREMENTS OF METAPODIALS OF NANNIFPUS CF MINOR

1 2 3
Max. length 154 181 174
Prox, width 22,7 24,3 22.3
Min,width 3.2 14,2 13,9

Dist. width 19.53 19.4 19,5

1, No. 3778, metacarpal IIl,
2. No. 3772, metatarsal III,
3o No. 3768, metatarsal 111,
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STATURE AND PROPORTIONHS OF FOSSIL HORSES FROM YEPOMERA

In his studies of living and fossil horses, David P. Willoughby,
Scientific Illustrator of the Division of the Geological Sciences,
California Institute of Technology, has fompiled data which serve
in estimating the stature and proportions of horses from limb-bone
measurements. Certain assumptions are necessary in some ocases, most
of these being based on the probable analogous proportions of simi-
lar types of horses, living under similar environmental conditions.
The results of the application of these methods to the fossil species
of horses from Yepomera are seen in figure 7, presenting the relative
stature of the horses, as computed by Willoughby.

The hypothetical restorations of Seehiggarion and Eanniggus

are based on the assumption that they are comparable in proportions

to Neohipparlon leptode from the Thousand Creek Pliocens of Nevaday

a complete mounted skeleton of which is available (Stock, 1945). .
Of Nannippus,only two metatarsals and one metacarpal are availlable.

The stature of Nechipparion ef. phogsphorum is based on measurements

of 21 metacarpals, 16 metatarsals, and 3 radii. The ratio of average
length of metscarpal III to average length of radius of the Mexican
nechipparion is .85, while the corresponding ratio for the Thousand
Creck specigia is .86, a degree of correspondence suggesting that the
assumption ﬁf generally similar proportions for these two forms is
valid,

The relative stature of Plichippus mexicanug as shown is based

on measurements of metapodials, radii, and a fermur, as given in
Table 12, The assumption is made that the proportions are similar

to those of Plesippus and the living zebras. This 1s regarded as



Neohipparion

Nannippus
cf ph Sphorum o

cf mirior

Astrohippus stockii

Pliohippus
mexicanus

Pigs 7+ Hypotheticel restorations of fossil horses from Yepomore,

showing relative sizes,
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likely in view of the close similarity between P. mexicanus and
Fleaippus in several important structural respedéts. The comparisen
of ratios of the Mexican material avallable with that of the zebra
gskeleton on which the sketch in figure 7 is based indicates that the
assumption 1s valid.

An attempt to compare the proportions of Astrohippus stockii

with those ef any of the living groups of horses bresks down. T
eliminate the problem arising from the known size &1ncrepanaiéa
between members of the species from the different localities, mat-
erial was used from only one locality, namely, loc. 289, Only one
femur is available, but additional fragments indicate that the
specimen is of approximately the same size as that indicated by
several partially preserved femora. Sufficient material of the
humerus is available to demonsirate that the two complete specimens
measured are typlcal. Measurements of 6 tibiae, 13 radii, 31 mete~-
carpals, and 43 metatarsals are available from lLoc. 288,

Thege measurements show that 4. stockii is a horse of slender
proportions, and that the distal portions of the limbs are greatly
elongated. A. stockii must have been a fleet, almost gazelle-like
animal, and in this respect offers further evidence that it is not
directly related to living Equidae. It may be noted that the humerus
is extremely short relative to the most distal elements of the fore
limk. In general proportions of limb elements, A. stockii shows
more similarity tc the three-toed horses than to P. mexicanus.

Figure 8 illustrates the proportions of the Yepomera horses
as compared with other forms, and indicates the known degree of
validity of the method used in making the reconstructions shown
in,?tgure 7. Pigure 8 1s a ratioc dlagram of the type devised by
Simpson (1941). The variatée plotted are the differences between
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the logarithms of abgzolute measurements of a given element and the
logarithm of the vorresponding measurement on one form taken as a
standard of reference, in this case, a skeleton of the living zebra,
E. grewyl.

The variates for the standard of reference are placed in a
vertical line, and thus, the proportions of the fossil horses can
be compared directly with those of the zebra by inspection. The
closer the limb proportiocns of one of the fossil horses approsch
those of the example used for reference, the more neafly will the
plotted variates approach vertical sligmment. The ratios between
the various horses for any given limb elemsnt can be measured by
means of the ratio scale at the bottom of the figure. This does
not, however, apply to ratios between linmb elements of a given horse.
For example, the radius of A. stockil is absolutely longer then
metacarpal I1Ii what is shown i3 the ratio of scach of these bones
to the corresponding elements of B. grevyl, and to those of other

forms as well.

The points plotted for the Mexican horses are based on the
measurements previcusly mentioned, some of these representing
means, and otherssingle observations. Data for 4. stockii are all
from Loe, 289, The figures for E. grevyl have besn furnished by
Willoughby, and reg#esent measurements of American Museum speclimen,
No. 8203%. ﬁillauéhby has also furnished the measursmenis of E.

przewalskil, from a specimen in Moscow, and of Heohipparion lsptode,

from an articulated skeleton in the eollections of the Galifurnia
Institute of Techmnology.
It may be recognized from the figure that the proportions of

P. mexicanus more nearly approach those of the $wo specimens of
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living horses than do those of A. stockii. The latter shows more
similarity to the pwoportions of Neohipparion. In the relative
reduction of the length of the humerus, A. stogkil is unique among
the forms comparsd.

The general validity of the restoration of Neohipparion ef.
phosphorum in its simuarity to H. leptode is strongly suggested .
by the arrangement of the three points plotted for available 1imb
elements, which arrangement is quite like the position of corres-

ponding points for N. leptode.
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STATUS OF PLESIPPUS

Some of the problems involved in determining the systematic
status of Plesippus of the North ‘merican Blancan deposits have
been mentioned in the introductory section of this report. The
present investigation has not included the examination of s suffi-
ciently large enough collection of horse material from Blancan,
Pleistocene, and Recent horizons to add much infommation to a die-
cussion which is partly, at least, taxonomic. However, an opinisen,
based on cﬁservations and study of the literature may be expressed.

It eceems reasonably certain that Schultz (1936), MeGrew (1944),

and others are correct in recognizing relationships among the ple-

sippine horses of the North American Blancan, Eguus steponis of
Europe, and the modern zebra. It is questionable, however, that this
group collectively is worthy of full generic rank, In the present
paper the name Plesippus is employed primarily as a matter of con-
venisnce, but with the underdtanding that it should be definitely
regarded as & subgenus of Equus.

The central problem is one of determining the phylogenetic re-
lationships of living hérses. A demonstration of presence of two
lines of equine evolution in the Hemphillian, one clearly leading
to the caballines, and the other to the gzebrines, would justify
the elevation of the latter group to generic rank, Such a situation
was thought to be indicated by McGrew (1944), when he concurred with
Stirton {(1940) in recognizing the subgenus Aétrohiggus as & probable
ancestor of Iquus, HeGrew considering it to be ancestral to Equus 8080,
while Stirton regarded 1% as ancestral to all the living horses.
MoGrew considered the typical subgenus of Pliohippus in line of des-

cent of the zebras, while Stirton looked upon this group as one
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related to the South American horses.

A study of the fossil material from Yepomera throws some light
on the subject, at least indirectly, for, as will be discussed more
fully later, Astrchippue as originally defined can no longer be con=
sldered an ancestor of EFguus in any sense. A specles here referred
to Pliobippus 8.8., namely, P. mexicanus, is shown to be the most
likely ancestor of Plesippus, and, in the absence of evidence %o the
contrary, of Iquus s.l. as well,

It shovld be gstrongly emphasized that the apparent elimination
of the subgemus Astrohippus as an ancestor of Egquus by no means in-
validates McGrew'e arpument. It merely takes away one of the strong
supporting points. The theory that fiquus 8.8. arose in the 0ld World
and migrated to Horth Ameriea in Pleistocene time to replace the ple-
sippine group already existing here is based on the reported presence
of both caballine and zebrine horses in Villafranchlan deposits of
the 0ld Yorld, and the absence of caballine types in Blancan deposits
of the New World.

Taig 1s an interesting question, 2nd it mey well be that the
horses cocurring in North American Pleistocene deposits are, indeed,
nigrants from the 0ld World. Further evidence is needed on that point.
Howsver, the author belleves that the new species described from

Mexico, namely, Plichippus mexicamus, occupies a position ancestral

to Zquue s.l. At any rate, it is elear that P. mexicanus is the
wost clopely related known ancestor of Plesigguﬁ. which remark may

or may not mean the same thing.

SUBGENYRA OF PLIOHIPPUSB

R, A. Stirton (1940) based the subgenus Pliohippus {Astrchipous)

on Protohippus ansae Mathhew and Stirton (1936) from the Hemphill beds
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of Texas. A mumber of subgeneric characters were listed, among
which the most important were those that appeared to bs Equus-like,
as for example the stﬁaigh%ness of orown and advanced protocone in
the upper teeth and wilde separation of metaconld and metastylid in
the lowers. To thig subgenus Stirton referred those species that
appeared to show a pre~Eguus type of dentition.

Because of its small size, A. ansae was coneldered by Stirton
to be a possible ancestor of B. tau and similar small forms, while

Pliahigpuq @ahorni was referred to the new subgenus (Astrchiggus)

as the ancestor of the larger species of the North American Blancan
and Pleistocene. Certain sven legs~imown species, were retained
only tentatively in the typical subgenus,

Characters found in the dentition of the two hew horses des-
eribed in the present paper display evidence that requirss a re~
consideration of the subgeneric assiznment of gpecies to Pliohippus.
The new information also appesars to throw light on the phylogeny of
later Tertiary Eauidae, within the limits defined in the preceeding
section. It may be noted that an Iindependent study of either of
these two new horses canla lead t¢ approximately the same conclusions.

The two new Yepomera spegles have the most Zquus-like characters
in the upper dentition yet found in horses from the Hemphlllian stage.
A ecomparison of figures 2 snd 4 will smphasize cerSain similarities.
However, differences in the character of the lower teeth suggest
that the two speciss are not so closely velated as might at first
appear.

Even before thege charscters in the lower teeth were fully
evaluated, a comparison of the Mexican material with A, ansee, P.

interpolatus, and P. ogborni led to the conclusion that the advaneed
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form from the Mt. BEden Pliccene was more properly to be referved o
Pliohippus B.8., rather then to the subgenus Astrobipous, where it
had been placed by Stirton (1940). This followed largely from the
fact that P. mexicanus, undoubtedly related to P. osborni, seeued
te be o more fitting ancestor to Eguus then A. ansae, and yet showed
certain affinities to species of Pliohippus s.s.

Removing P. osborni from the subgenus Astrohippus, however, pre-
sented further problems. It meant, for example, the inclusion of
horses with Hguus-like characters in both subgeneras of Pliohippus,
with 1it6le but size vemsining in distinguishing advanced speciesg’
of the two zroups.

An anelysis of characters seen in the lowsr teeth of the speocies
involved led to the discovery of a feature which is here consldered as
disgnostic in defining the subgenera of Pliohippus, and which seems
to have phylogenstic value as well, This character relates to the
shape of the metaconid and metastylid.

To the subgeneric characters for Astrohippus listed by Stirton
(1940) mey now he added the feature of attenuated rather than rounded
mebanonid and metastylid. This character must be used with due cog-
nizance of the stage of wear of the tooth considered. For example,
the specimen illustrated by Stirton (1940, fig. 48) iz a slightly
worn lower tooth of A. ansae. The seme shape of metaconid and meta-
stylid is seen in slightly worn teeth of A. stockii (fig. ¢). ¥or
nore typieal illustrations of worn ﬁeath'af.é.‘ggggﬁa see figure 9
in this paper, in Matbthew and Stirton (1938, pl. 54, fig. 1), and in
MeGrew (1944, fig. 21).

& single tooth may not always be sufficient to demonsirate this
character, but a few moderately worn lower teoth should serve te

separate advenced species of the two subgemera of Plishippus.
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Figure 9 Illustrates shape of metaconid and metastylid in various
species, Milk teeth in species of Pliohippus 8.8. sometimes show
metaconid and matastylid attenmusted, and only slightly constricted

at the point of juncture. Calippus seems to forashaﬂm;%f&strahiggus
type of metaconid and metastylid. As stated, the lower teeth af'g.
mertini are not certainly known. However, the lower teeth illustrated
by Hesse {1936. fig, 2) seem to display the character in question.

Pliohippus gcoalingensis was only tentaiively referred to the

typical subgenus in 1940 (Stirton, 1940), and later was suggested
as possibly belonging in the Astrohippus group {(Stirton and Goeriz,
1942). Because of its apparent relationship to P. osborni, this
horse is probably better considered a member of the typical subgenus.

As re-defined in the present study, the subgenus Pliohippus s.s.
asppears to include species in the line of ancestry of the modern
horse. The characters found in the most advanced species extend
considerably the range of features usually considered as diagiestic
of the group. In some characters, P. mexicanus closely approximates
Plesippus. Bode (1934) and other workers have rvecognized that the
intergradation of species and genera is inevitable with more complete
representations of the fossil record.

The parastylid on lower milk teeth of P. mexicenus and the
hypostylid on some milk teeth, patently DF3, are not so strongly

developed as in specimens of Plesippus shoshononsis and P. franciscana

examined, but sppear to be trending toward the plesippine typs. The
character appears sufficiently variable to indicate a form inter-
mediate between the zebras and ¢aballines in this respect.

The assignment of the larger of the new speciss from Mexico to

the genus Plighippus removes some of the distinctions between advanced
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members of Pliohippus and primitive members of Flesippus. The latter
group pay still be recognized on the basis of greater size and lesser
degree of curvature in the u@per‘teatﬁ.

The subgenus Astrohippus, as defined in ﬁha pregent study, includes
horses with ramarkablylggggg—like gharacters in the upper dentition of
advanced speciss, but with ceritain unigue features in the lowe? teeth,
Small size also appears te be of some value as 2 diasgnostic charscter.
It seems probable thal &stwehiﬁﬁns 414 not zive rise to any known
forms later than %he‘ﬁﬁmphiilian in Horth America.

the foregoing consideralions imglg # considevable degree of
parallelism in the devélopment of certain pﬁy&egénatia linas? That
inereasing hypsodonly was a progressive feature in several later
Tertiary groups of animaiﬁ.ia well known {see Stirton, 1948). In the
case of the horss, inovesce ia helght of ﬁrnwn of ébaak teath is
displayed in the hipparion group as well as in forms neavsr the line
of descent of modern horses. o

Inoreasing hypsodonty in horse teeth requires certain structural
modifications for increased strength. Increase in complication of
the triturating surface is also a development leading to a more ef-
ficient masticatory apparatus suitable for the conditions under which
fmodern horses live. It Je¢ not remarkable that different phyla of
hoyses should show parallelism in developing characters to meet these
similay requirements. |

For example, in the instance of strengthening a high-growned
tooth, 1t seems likely that the strong curvature seen in earlier
species of Pliohippus became one solution in acquiring the desired
rosult. Further increase in height of crown imposed the necessity

of modifications in the structure of the skull, and required a
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straightening of the teeth. The acquisition of a stralght crown
required in turn changes, €s for example, increase in heaviness of
styles on the outside walls of the upper teeth and greater development
of metaconid and metastylid in the lower teeth.

Elongation of metaconid-metastylid column, elongation of the
protocone, deepening of the poste-protocconal valley, and development
of crenulations on fosgette borders are all factors inersasing the
efficiency of the triturating surfaces of the teeth. Flattening and
grooving of the styles of the upper teeth, and development of a lingual
groove in the protocone are factors which lend strength. The same is
true of styles on the external sides of lower teeth, but th&ée have
been largely eliminated in living forms. The crescentic shape seen
in some of the hipparions with elongate protocones is doubtless a
similar strengthening feature. |

The point is then that progressive species in different groups
are likely to show similar structural modifications, particularly if
the basic pattern of tooth construction is similar. This is believed
to account for the great similarity observed in upper teeth of ad-

vanced species of both subgenera of Plichippus.
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PHYLOGERY OF LATER TERTIARY EQUIDAE

Evidence presented in preceeding nages seems to indicate that
ecertaln changes can be proposed to the current concept of phylogenetic
lines of later Terbtiary Hquidae in North America. The basic phylo-
genetic scheme is that =dvoeated by R, A, Stirton (1840), with such
changes as the present information sesms 4o warrant.

Stirton (oral communication) concurs in the proposed removal of
2. ggborni from the subgenus Aatrohipous, and the removal of Astro-
hippus from the direct line lsading to Jquue, having arrived at
these conclusions by other lines of reasoning. The views of the
present author and those of Stirton do not asgree, howsver, on the
generic assignment of Astrohirpus stockii. Only those trends in
evolution &hat arve of immediszte congern to the present study ave

shown (fig. 10).
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EXPLANATION OF PLATHS

Plate I
Hannipous ofe minops Fige 1, Nos 5758, upper fipst molar, lingual view,
slichtly worn, Cel«Ts Loos 275, Tigs 2, Nos 3760, upper first or sseond

molayr, lingual view, one-half worn, C«I:Ts Locs 275

Pliohippus (Astrohippus) stockii« Upper molevs end premolars, showlng
curvatures Fige 3, Nos S707, P&, CulaTe locs 275, Figs 4, No, 3740, F3, |
CulsTy Loce B764 Flgs By Woe I748, ML, Col.Te Loc. 889, Figs 6, I%? 3738,
ML, CuIyTs Loc, 2784 Fige 7, Ho, 3789, MZ, C.I.Ts Loc, 275, Fig, 8,

oy 3’?%, Pﬁ, OulaTe Loos BP0
ALl Pigures naburel side,

Plate I

Fliohippue (Pliehippus) mexicanus, TFige 1, Noe 3744, 1I?, C.I.%e Loc, 275,

Fige 4, Nos 3784, B3, CsI.Ty Locs 2894 Figs 5, Nos 5726, B, Cul.Ts Locs 289,
Tigs 6, Hos S727, P4, CslTs Loce 2764

Pliohipous {Astrobippus) shockii. Pige 2, No. 3748, FI?, 0,1.7. Locs 275,
Nannipous efs pinor. Fige By Nos 3745, B, C.I.Ts Locs 275,

ALl fipures nabural size,



105
Plate III

Pliohivpus (Pilohippus) memicanus, TFigs 1, left composite btarsus and

mabatersal IIT, Ho, 5806; pbalsnges Nes, 3807, 8808, 3810, all from CalsTs
Loce 275, Fige 24 loft composite carpus and metaearpal III, No. 3301
phalanges Hose 5808, 50908, 2805, all from C.l.Ts Locs BV3,

5 (Astrohipons) stockils Figs 3, left composite tarsus and metew

tareal III, No. 37983 phalenges Hos, 3797, D798, 3800, all from Gel.Ts Ioos
2754 Fizs &y right composibe carpus and metacarypal ITI, Wos 3791; phalavges
Hosy 3792, 3798, 3795, all from G.1.Ty Locs 8754

Hennippns efs pinore ¥Figs 8, left ectocunsiform, ravicular, metatarsal III,

Kos 3766% phalenges Noss 3768, 769, 9770, 3771, all from C.I.T. Loc. 275,
Pigs 6, loft mebacarpal III, Wo, 37783 phelanx Hoe 3779, both from CuleTe

Loce 2073 ungual phalanx Noy 3780, CelsTs Locs B7G.
ALl figures approximately one~Tourth natural sige.

Plate IV
Taird left mebacarpals, prozimal end latdrel viewss

Pliohippus (Plichippus) mexicanuss Figs 1, Ho. 3811, C.14T. Loc, 293

Feohipparien of s phosphorums Pigs B3, Nos 3914, C.I.T. Loce 276,

Prichipous {Asbrobippus) sbockils ¥ige 3, Wos 3812, C.I.Ts Loc. 288,

ﬁaﬂﬁiﬁﬁﬁ ;?:%t ‘miﬁ@lf.’# Pige 4y Wo, 5798, Culele Lo, 287,

iabteral views threowsoventh patural plos. Proglnal views elevén -

sizteonths natural 2izc.



104
Maohte ¥

Pliohiprus (Pliohipens) mexipannss Abpormsl and normel spesimens of mebae

tarpal 11T and motacarpal ITI from O«3sTs Joos 208 Tigs 1, mebalaresl
ITI, Nos 3010, Fige 2, loft metmeavpal III, Fos 5908, TFige 3, left
netacarpal IIX, No, 5§é§a Figs 4y righd notatarsal ITX, Hos 3918, 7Plgs 5,
left netacarpal ITY, Hos 3015,

A11 figures spproginetely ons«fpurth natural sizes
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 Pyrophyllite, a hydrous aluminun silicate with properties
and uses similar to thoseof tale, is abwndant at the Pioneer
deposit near Escondido, San Diegs County, Californis. The minersl
oceurs in lenticular bodies in the Santisgo Fesk volcenies of
approximate Jursssic age. The deposit 18 approximately on s
Tertiary( ?)‘ ervsion surface that has probably been exhumed.

A study of field, petrographic, and chemical dabs indicates
that the m—mi:xbmm was develeped by replacement of volcanis
flows and brecelas of original andesitic and latitic composition.
These voleanie recks had been previcusly felded and sheaved, and
subjected to mild reglonal metamorphism and accompanying prepyli-
tic alteration. Silicification in park preceded the formation of
pyrophyllite. Development of pyrophyllite is knomn to be complete
or nesrly so in only ong bedy, which is being guarried at the
present time. |

The solubiong ferming the depesit appear to have followed
shear zones, and lithoelogic control evidently was not imporiant
in lecalizing the mineralization. The solubiens were of hydrothermal
origin, and possibly were associated with the emplacement of the
Peninsular batholith of scuthern California. They were of inbter-
mediate temperature and acid in sadure. Silica and possibly elumina

were added to the rocks by these solutions, and other elements were

removed. Yoderabte stresses produced a schistosity in the pyrophyllite,
probably during mineralization.
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INTRODUCTION

The pregsent study was undertaken in an atbempt to deter-
mine the conditions governing the formabion of a pyrophyllite
depogit in San Diego County, California. This deposit is near
the San Dieguitc river, about 8 miles southwest of Escondido
(Fig. 1)» Because of a name used by a company formed to exploit
the cceurrences it is known as the Pioneer pyrophyllite deposit.

About 15 days was spent in the field at various times
during 1947 and 1948, A plane table map, on a scale of 20 feet
to the inch was made of the pyrophyllite quarry and vieinity by
R, H. Jahns and the author (Fl. 1), and a less detailed map was
mé.c%a by Jahns on an areal photograph covering the general vicinity
of the deposit (Pl« 2).» The author mapped a small area of good
exposure on a scale of L feet to the inch to show some detailed
relationships between the pyrophyllitized rocks and those of the
surrounding region (Pl. 3). Petrogrephic studies of approximately
30 thin sections of rocks in the vicinity of the quarry were made
by the author.

The only known published discussion of the pyrophyllite
deposit considered in this report is a short note on the properties
of the material from the standpoint of its possible utilization in
the ceramics industry (Richard, 1935). Most of the available

information on the geology of the region is of a very general nature.
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The deposit is exposed on and slightly above one of the
river terraces slong the San Dlegulto river at an altitude of
approximately 200 feet above ses level. It lies below the
general level of the dissected marine terraces of the San Diege
county coastal belt. The western margin of the Peninsular Ranges
lies within a mile of the deposit on the east« These mountains,
of rugged topography, range from about 500 feet to 1500 feet above
sea level in the western part of San Diego county. Farther north
and east, individusl pesks are approximately 6000 feeb high, and
at the northeastern edge of the Peninsular Ranges, San Jacinte
Peak has an elevation of 10,805 feet above sea level. The deposit
is readily available by passable roads.

Quarrying at the deposit has been accomplished with a small
bulldozer and power shovel, When the mapping was first started
a cubt had been made at the esast end of a zone of high-grade
pyrophyllite. Later a new quarry was started at the west end of
the zone, on the other side of a small hill, but in direct line
with the old cut (Fige. 2). The new cubt was developed to points
about 15 feet below the level of the old quarry when the deposit
was last mapped in the spring of 1948,
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FYROPHYLLITE

General propertics

Although it is not of great commercilal importance at
present,; pyrophyllite is of considerable interest becaunse of
its general relationships to tale, the micas, and the clay
mwineralss In discussion of industrial minerals, pyrephyllite
ordinarilly is considered with taley because of similar proper-
tles and uses of these commodities.. In theoretical discussions
of origin and crystel structure of clgy minersls, pyrophylliite
is usually mentioned because it is closely related to montmorill~
onite. The chemical formula given in old text-books for mont~
morillonite is identicel with the pyrophyllite formula, and the
two minerals now are generally considered to have a similar
erystal structure (Grim, 19423 Hauser, 19413 Ross and Hendricks,
1945). Pauling (1930) had earlier recognized the structural
similarity of pyrophyllite and tale.

In a clageificabion of silicates acear&ing to the {ramework
of silicon and oxygen atoms, pyrophyliite, tale, the micas, the
¢lay minerals, and the brittle micas are all in the same group
(Bragg, 1937). As no X-~ray work was done in the present study,
the discussion of erystal structure will be limited to the features
of interest in explaining some of the properties and relationships
af pyrophyllite.



Pyrophyllite is found in several colors, but white, brown
and green are most common. It is softy with a hardness of between
1 and 3. In general physical properties it closely resembles tale,
and in optical properties it resembles both tale and serdecite.
There azre two general types of occurrence. Foliated pyrophyllite
is often radiated, and regembles tale in feely luster and ghrusture.
The compacty; magsive variely resembles steatite. The name agalma-
tolite has been used in part for the massive variety, particularly
in China, bubt agalmatolite also includes in part pinite and stea~
tite.

Pyrophyllite yields water at high temperatures. Stuckey (1525)
stated that in a dehydration best, pyrophyllite still held about 1¥

of water at 750°C. Nutting (1943) showed that the thermal dehydra-
tion curve for pyrophyllite is similar %o that for montmorillonite

in the shoulder and tece. This indicates the similar manner in which
the two minerals lose waler adserbed between lattice planes, and,
at higher temperatures, from the crystal lattice.

Physical properties of interest te the ceramies industries
have been given for the Pioneer pyrophyllite by Richard (1935).

These are listed below.

Mechandcal anslysis Congiste of fibrous pyrophyllite
and a white colloid substance.

Working properties At LO-mosh, fair; at 80-mesh, good.

Water of plasticity (%) 13

Dry shrinkage (%) B2

Slaking Does not slake down in waber



Odor Argillaceous

Hgrdness 1-2

Drying properties Driss fast; no warping
Specific gravity 249

Tensile strength 143-160 1b.

Sample bars fired at four different temperstures gave the
following resulbs:
Shrinkage Absorption

Cone Color (%) (%) Ps C. E.
3 White Osl 18.5 29«33

9 White 0.2 17.6
12 V¥hite to cream 3 8 16,7



Crystal structure

Many of the physical properties and the mineral relatiomships
of pyrophyllite are readily understandable in the light of its
crystal strueture. The crystal lattice of pyrophylliite was first
explained by Pauling (1930), and subsequent studies have confirmed
his debermination.

Pyrophyllite and mmted minerals are made up of layers. In
pyrophyllite, a gibbsﬁ.ﬁe layer ls sbacked between two layers of
linked silicon~oxygen tetrahedra. These linked tetrahedra share
oxygen atoms, so that in the unit cell each gheet has the composi-
tion 81205, and the two sheebs are represented by 5i}010. The
apices of the tetrahedr, of each sheet point toward the other
sheeb, with the gibbsite layer between. The spacing of ions in
the sheets is such that two-thirds of the hydroxyl ions on each
gide of the gibbsite sheet are replaced by oxygen from the silica
sheets. This gives a composition of Alp(84),010)(0H)2 or A1203.),8402.H20
for pyrophyllite.

Consideration of this crystal structure discloses several
interesting features. The triple-layered sheet is eslectrically
neutral, so that adjacent sheets are held together only by stray
electrical forces. This accounts for the extreme softness and easy
eleavability of pyrophyllite, and also of tale, which is similar
except that the central layer is brucite, rather than gibbsite.



Slight deviations of analyses from the theoretical chemical
formula of pyrophyllite can be caused by wmixed layers of similar
minerals, introducing small amounts of Fe, Mg, and Nag, and by
slight substitution of Al"" for Si” in the tetrahedral layers
(Ross and Hendricks, 19L5).

A number of workers have advanced ideas on the crystal
structure of montmorilleonite, but all seem to agree that the
gtructure is essentially similar to that of pyrcphyllite. Rosgs
and Hendricks (1945, ps Ll) sbate, "In general the micacsous
minerals differ from---[pyrophyllite and taleg] =--in that minerals
of the montmorillonite group contain an additional group of ions,
the exchangeable bases, Ca, Na, etc.; the micas contain K, which
is not exchangesble; and the brittle micas contain Ca, which alse
is non-exchangeable.”

It is not necessary to here treat more fully the various
possible formulas and structures proposed for montmorillenite and
related minerals., It is generally agreed that in montmorillonite
Mg and/or Fe is substituted for part of the Al ions in the gibbsite
layer, and that possibly Al is substituted for part of the 810} in
the silicon~oxygen tetrshedra. Exchangeable cations msy be present
between the silicate layers, and water also appears between the
layers.

The position of the exchangeable ions has been debabed, bub
the details are not pertinent to the present discussion. The ex-

changeable ions account for the marked difference in base exchange

properties between pyrophyllite and montmorillonite, pyrophyliite
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having no exchangeable bases. The inter-layer waber in the monte-
morillonite may be increased greatly, accounting for the character-
istbic swelling of bentonite when wet.

In some minerals of the general Lype under discussion; such
as the micas, the individual sheels are not electrically neubral,
as they are in pyrophyllite, and cations such as k' or Na' or Ca™’
are present between the sheets. These bond the gheets together,
causing such minerzls to be less cleavable, and harder than
pyrophyliite or tale. A mineral with Ca™’ between the layers is
less easily cleaved than one with & meonovalent base, becauge the
double bond is stronger.

These sslient features serve to explain some of the similarities
and alse some of the differences between pyrophyllite and related
minerals in such properties as hardness, thermal characteristics,
cleavage, and base exchange. Although Hauser (19L1) spesks of
"the clay mineral, pyrophyllite", it seems best st present to con-
sider it as not belonging to any one group, but as related to the

claye, micas, brittle micas, and talc.

Uses
411 pyrophyllite mined in Califernia during 1946 was used as
a carrier for the active agent in insecticides, and some pyrophyllite
from the Plomeer deposit was used experimentally for ceramics and
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cosmetics in 1948. If a larger cemmercial supply could be developed,
pyrophyllite could be used in many industries. Stuckey (1925) offered
the following list of uses of the mineral from the North Caroling de-
posites: roefing paper manufacture; cotton cordage; btextlle manufacture;
paper industry; rubber manufacture; soap manufacture; pipe covering
compounds; potbery and porcelain; asbestos industry; paint menufacture;
toilet preparations; bleaching industries; crayons and pencilsy and
sheet asphalt.

The Re T Vanderbilt company of New York, which processes much
of the Horth Carolins pyrophyllites, gave the fellowing list of in-
dustries using the mineral (Anom., 1943): wall and floor tile, electri-
cal porcelain, table ware, cooking ware, sanltary ware, vitreous china,
art ware; glasse, enamel, cement, refractories, backwalls and radiants,
heater plates, battery boxes, roofing, palnt, rubber, insecticides,

cosmeticsy and welding rod coatings.

Experimental formation
The conditions under which pyrophyllite may form have been in-

vestigated by numercus workers. Only the most important of these
investigations, with general conclusions, need be mentioned here.

For the most part, the information on pyrophyllite has been ascquired
incidentally teo studies concerning weathering and alteration of feld-
spars and other minerals., A number of earlier investigations, reported
in foreign journals not available to the writer, have been summarized
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by Morey and Ingerson (1937). A more recent summary of condi-
tions of alteration and alteration products of feldspars has been
given by Folk (19L7).

Horey and Ingerson {1937) listed the meximm and minimm
temperatures under which variocus minerals have been reported as
forming under experimental conditions. For pyrophyllite they
reparteci' a range of formation from 250° C to 540° C. The minimm
temperature is based on work by Norton (1937) and will be discussed
in more detail farther on. The maximum temperature ab which pyro-
phyllite has been formed in the laboratory was reported by Schwarz
and Tregeser {roferences 1Ll and 145 in Morey and Ingsrson, 1937),
and Woll {ref. Ly 142, 155, in Morey and Ingerson, 1937) was
quoted as having listed pyrophyllite as forming in the temperature
range HOOC-500° §. Horey and Ingerson Llisted 7 papers in waleh
the artificlal formablon of pryophyllite was reported and L more
in vhich it was doubbfully reporded.

Schwerz and Trageser treated orthoclase or, albernately,
anorthite, in pressure bowbs with 4 N HCL at temperatures above
LoO° C. They found that the feldspars broke up into colloidal
aluming and sillca and that these recombined to form the hydrous
aluminum silicates, the ones formed being determined by pressure,
temperature, =nd pH of sclubtions. In experiments performed on
feldspars, and alse on kaolin, these workers found thet the amount

of pyrephyllite formed increased up to a temperature of uro® o,
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and thence decreasedy perhaps due to the volatility of silica,
allowing an excess of Alp03 to hydrate to boshmite. Kaolinite

was formed from 200° to 400® C.y pyrophyllite and boehmite from
L00° to 550°, and corundum shove 600° C. The kaolinite-pyrophyllite
point at L00° C was suggested as 3 point in geologic thermometry.

‘l‘hi_s LOO® point is also suggested as being diagnostic in the
work of Noll (summarized by Morey and Ingerson). Noll used vary-
ing proporiions of Alp03 and 5102y in the forms of alumina and
gilica gels in water, in a series of experiments at temperatures
ranging from 250° to 500° C and at pressures from 225 o 540 atmos-
pheres. In the experiments thal preduced pyrophyllite, the A1p0s3-
8102 ratio seemed critical. In experiments at LOO® G and 235-300
atmospheres of pressure, pyrophyllite, ksolinite; and possibly
boehmite formed with alumina-silica ratios of 1 to 2, pyrophyllite
formed at a 1 to L ratio, and at 1 to 6 and 1 to 10, pyrophyllite and
amorphous silica formed.

At 500° C and pressures up to 5L0 atmospheres, with an alumina-
silica ratio of 1 to 2, pyrophyllite and & unknown crystalline
phase were formed. At 1 to L ratios, pyrophyllite was formed, and
pyrophyllite and amorphous silica was formed at 1 to 6 ratios.
Kaolinite was formed in lower temperatures, ranging between 250°
and 300° C, with alumina~silica ratios of 1 to 2.

After a number of these experiments, WNoll reached the follow-
ing conclusions: 1) kaolinite forme by the reaction of alumina and
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gilica in neutral, alkali-free sclutions, or in acidic alkali-
containing solutions, below LOO® C; 2) pyrophyllite forms frem
gimilar sclutions and mixtures, bubt above Lioo® C; 3) in nature,
kaolinite forms from alkali feldspars when much of the alkali is
carried away, or when the active solutions are acidic; L) pyro-
phyllite forms under similar conditions, but at high temperstures,
which accords with its known natural oecurrences; some of which
are pegmatitic.

Hore recent experiments by American workers do not change
these genersl conclusions. Before detailing these experiments,

a further reference should be made to the minimum temperaturs
reported by Morey and Ingersomn, which was based on work done by
Norton (1937). Subsequent reports by Nortom (1939, 19L1) suggest
that this formation of pyrophyllite is in doubt.

The experiments performed by Norton invelved percolating water
and COz at moderately high temperatures through ground feldspar.
Later expariﬁents included the use of pressures up to 500 psi.

The method used provided for a constant supply of fresh carbonic

acid and a removal of products of alteration. These factors were

invoked as posgsible reasons for the ccourrence of pyrophyllite ab

temperatures below those normelly found by experimentabion. The

work reported in 1937 and 1939 indicated that pyrophyllite had

formed from anorthite at temperatures of 250° to 350° C and pressures

from 250 to 500 psi. The formula for the transformation was given ass
Ca0.41203.23102+H20 + CO2+* (OH)241(8120)5+CaC03
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It mipght be mentioned that the formula given is not that commonly
accepted for pyrophyllite.

In a later report, Norton (19L1) stated that a re-svaluation
of X-ray data upon which mineral determinations had been made shows
that the product reported as pyrophyllite formed from anorthite is
really either montmorilloenite or beidellite. This leaves Norton
with no pyrophyllite to report from his experiments. However,
Gruner (19LL) studied the X-rsy date of Norton's 1939 report on
the alteration of albite to beidellite at temperatures of 275%-300°
C and decided that the shterstion product was not beidellste, bub
was possibly pyrophyllite, if it eould be identified at d4.1.

For the present, then, the minimum temperature at which
pyrophyllite is known to form under laboratory conditions can be
taken as approximately 300° C, or possibly slightly less. Gruner
(1939, 194k), on the basis of experiments involving the alteration
of feldspars in HC1 solutions, reached the general conclusion thst
in feldspar alteration, kgolinite, pyrophyllite, sericite, :nd
boehmite are formed in acid solutions, and that the concentration
of K ions and the Al-Si ien ratio determines which mineral will form
at a given temperature. Oruner (19Lh;) stated that he had previously
agreed with Noll thet pyrophyllite could nobt form at temperabures
mach below 40O C, but his experiments showed that it forms at 300° C
if the concentration of Al lons is low. He found that pyrophyllite

formed as an alteration product of mierocline over the temperature
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range 300°% 5259, although he felt that it might be only meta-
stable below 350°C. Experiments showed that if the concentration
of Al ions was high, kaolinite and boshmite formed ab 300°C.

At 1,00P, Grumer found thst pyrophyllite would form from
micerocline unless the concentration of K ions was too high, in
which case no alteration took place. The general conclusions
pertinent to the present discussion reached by Gruner have been
given in the preceeding paragraph. He also stated that pyrophyllite
is pessibly rare as an alterabion preduct of feldspar in nature
because there is usually much slumina availsble, and that the
seeming rarity mgy in part be due to the frequent mistaking of
pyrophyllite for sericite.

Folk (1947) summasrized most of the above~mentioned experiments.
More recent work by O'Neill (1948), slong the lines of the work done
by Gruner, produced pyropbyllite as an alteration product of gibite
and labradorite, under conditions not at variance with those pre-
viously reported. This work serves to emphasize the importance of
pH value and X ion concentration in determining whether pyrophyllite
or seme obher product will form in the adteration of varieus feldspars.

To recapitulate, experiments show that pyrophyllite has been
produced under laboratory conditions at temperatures ranging from
about 300° to 5LO° C, from silica and slumina gel without added
acid, and from kasolinite snd various feldspars in acid sclution.
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The important factors seem to be: 1) Al~Si ratio, 2) K ion cone
centrations 3) pH value of solutions, and L) temperature of
solutions. If the work of Neoll is accepted as correct, it is
obvious thet factors 1 and L may operate independently of 2 and
3 under certain conditions. However, taking all evidence inko
consideration, the following conditions favor the formation of
pyrophyllite from feldspars: 1) low K and Al ion concentrations,
2) acid solutions, 3) temperatures in execess of 300%, preferably
400° C, but less than 600° C.

TEE PIONEER PYROPHYLLITE DEPOSIT

Geologic setting

The Penminsular Banges of Southern California and Baja Cali-
fornia constitute an interesting geologic province sbout which
there is relatively little detailed information. The dominant
geologic feature is a great batholith, extending from near River-
gide, Californis, southward inte Bajs California. This batholith
averages aboub 70 miles in width, and can be traced continuously
for a distance of about 350 miles, with a probable total length of
approximately 1000 miles (Larsen, 1948, ps 13h), although only
isoleted portions oubterop in the southern half ¢f Baja California.

West of the greal batholith, mebavelcanie rocks form an
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outerop belt, interrupted in & few places by intrusive bodles,

or by overlying sediments, about 80 miles long and 10 miles wide.
This belt trends approximatoly WNW-SSE. The distance to which it
may extend north and south under younger rocks is not knowm. These
metavoleanic rocks have been called the Santiago Peak velcanics

by Larsen (19h8, p. 23).

In the Sanba Ana mountains, the Sanbiago Pegk volcanics une
conformably overlie the Bedford Canyon formation, which consists
mostly of slates, argillites, and quartzites, and in which Triassic
fossils have been found (Larsen; 19L8, ps 18). The volcanic rocks
are overlapped by Upper Cretaceous and younger sediments along most
of their western margin. In some areas the underlying mebamorphic
rocks or younger intrusive rocks form the western border,

The volcanic rocks are intruded in places by rocks of the
batholith, to which Larsen assigne a lower Cretaceous age (Larsen,
1948, pe 136). The batholith has been tentatively considered by
some earlier workers as Jurassic in age (Miller, 1945; Dudley,
1936), ‘but some evidence for an early Upper Cretaceous age is
found in Baja California (Woodford and Harriss, 1938). The Santiago
Peak volcanies are thus known to overlieTriassic rocks unconformably,
and to be intruded by rocks of probable Cretaceous age. On the basis
of this information, Larsen (1948, p. 2L) believed the voleanic

rocks to be of Jurassic age.
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The Santiago Pesk volcanics have been studied in detail at

only & few places. Hama (1926) called these rocks the Black
Y¥ountain volcanics in his work on the La Jolla quadrangle. Be.
B. Noore in an unpublished menuscript (Moore, 1930),; assigned
formational names to several extrusive and intrusive divisions
of the series, and gave petrographic reports on several of the
rock types in the Santa Ana mountains.

Lersen (1948, pe 2h) stated that the Santiage Pesk volcanics
are chiefly sndesites and quartz latites, with some rhyélites
and probably basalts. They consist of alternating flows, tuffs,
and brecelas, with a few interbedded clastic rocks. The volecanic
rocks mgy have been thousands of feet thick. Bedies of fine-grained
intrusive rocks, including granodiorites and related reck types are
considered to be associated with the volecanic rocks.

The wvolcanie rocks are mildly metamorphosed, presumably
during close folding, and before the batholithic intrugion. They
are recryshballized in places by contaect metamorphism.

Larsen (1948, p. 26) described a common type of andesite as
being seriate porphyritic, with calele plagicclase the dominant
phenoeryst, snd moderate amou-4s of pyriboles. In the process
of metemorphlsm, the plagioclase has been albitized, and the origi-
nal dark minerals have been replaced by chlorite and epidote.

Caleite and serpentine are alse fairly abundant as metamorphic
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minerasls. In the more highly metamorphosed rocks, the ground-
mass has been recrystallized to a fine-grained sggregate of soda
plagioclase, orthoclase, quartz, chleorite, and epidote.

The best information on the sequence of geologiec evenis in
the region under congideration in this report is that given by
Hanna (1326) for the La Jolla quadrangle, which is two miles south
of the pyrophyllite deposit. This is repeated in brief as follows:
After the eruption of several thousand feet of volcanic material
and concomitant sedimentation, intense folding occurred. Following
this the peninsular batholith was intruded, intensively metamorph-
osing some of the volcaniec rocks in the La Jolla quadrangle.
Erosion then removed at least several thousands of feet of rocks,
ultimately producing a mature surface. Sediments of Upper Cretaceocus
age then were laid down over parts of the area. Uplift and addi-
tional erosion preceeded the deposition of Eocene beds. Further
erosion apparently folleowed the Eocene sedimentation, until the San
Diego beds of Pliocene age were laid down near the present shore line.

The record since Pliccene time seems to be one of differential
movement of fault blocks in the mountains to the east, with develop-
ment of several surfaces of subaerlisl and marine planation in the
whole region. Few of these are of very broad extent, but existing
information suggests that some of the major surfaces might be
correlated from one block to another (Larsen, 1948, p. 1h).
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The pyrophyllite deposit is in what Ellis and Lee {(1919)
term the San Diego Coastal belt. This is a narrow strip flanked
by mountainous highlands on the east and by the sea on the west.
Harine terraces have been developed at several altitudes along
this strip, bubt are most extensive in the vertical range of 300
to 500 feet above sea level., These terraces have been dissected
by streams. Ome of these, the San Dieguito River, has cut below
the level of the lowest marine terrace in the vicinity of the
Pioneer deposit. Successive uplii‘bs in late Quaternary time hawe
resulted in the development of at least three river terraces along
the lower reaches of the San Dieguito River.

An irregular surface of considerable relief was cub into
the Santiago Pesk volcanics in the viecinity of the pyrophyllite
deposit prior to depesition of Tertiary(?) clays and gravels.

The sediments have nearly horizontal bedding, and overlie the
erosion surface in patches, suggesting local deposition. Quater-
nary terrace gravels and alluvium overlie the clder rocks. The
present surface of the volcaniec rocks is in part an exhumed one,
and the rocks show the results of deep weathering. They are
gtained with iron oxldes slong fractures to depths of at least

30 feet below the surface.
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Rock Types
The rocks in the immediste vicinity of the Pioneer
quarry were divided into the units shown in plate 1 on the
basgis of degree of melwliitization as determined in the
fieid. In order of decreasing pyrépbyllite content, as based
on megascopic examination, and later confirmed by microscope
work, the units aret
Pyrophyllite schist
Pyrophyllite-quarts schist

Chiefly of original
andesitic to latitic

Volcanic flow and pyroclastic rocks,
moderately pyrophyllitized

Voleanic flew and pyroclastic rocks,
slightly pyrophyllitized

Volcanic breccia, slightly
pyrephyllitized

Quartz and chalcedonic silica

compesiticn.

Andesite

A little andesibe appears in masses oo small to be mapped
within these pyrophylliitized rocks, even on the large f{ield scale
used. Much andesite, however, cccurs just cutside the mine gres
proper.

The units intergrade, and distinctions as made in the field
were necessarily somewpat arbitrary. Bodies of pyrophyllitigzed
flow and pyroclastic rocks contain masses of sltered rocks that
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were originally breccias, but the unit mapped as pyrophyllitized
breccia ig, in generaly characterized by a nodular appearance,
and contains less pyrophyllite than the other two altered vel-
canie units.

Andesite

The andesite in the viecinily of the quarry is purple to
dark gray or green. One small area of rhyolite tuff was mapped
(PL.2), and some of the more severely altersd rocks adjacent to
the quarry appear t¢ have once been agglomerates or tuffs, bub
no good evidence has been found to show that the bulk of the
pyrophyllite was derived from anything but andesite flow rocks
and breccias.

The andesite varies in texture from aphanitic to porphyritic
aphanitic. Flow banding is quite proncunced locally, and several
areas are underlain chiefly by flow breceis. Because of the few
outerops, extensive shearing, and deep weathering, it has nol been
feasible to separate different facies of the original andesite in
the present mapping. The porphyritic rock conbains white feldspar
phencorysts set in an extremely fine~grained groundmass. The flow
breccias weabher to a nodular surface, which in some places makes
them resemble a pebble conglomerste. On fresher surfaces, the
anguler volcanic fragments are clearly scattered through the rest

of the rock, and in some places they constitute the bulk of the rock.
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The zreen andesite seems to be an altered facles of the
purple andesite, snd conbaing move chlorite. The dlberation is
of a propylitic type, as pyrite, celelte, chlorite, and epidote
all cccur as alteration products.

The sndesite crops out in areas surrownding the pyrophyllite
depesit, snd appears to completely enclose its Both the purple
and green types of andesite are tough on falrly fresh surfaces,
and ring when sbruck with a hammer. Parallel, closely spaced
Jjoints give some outorops a sheebed appearance. Two exposures
of the green andesite are within a few feet of the edges of the
arca shown in plate 1, and in each place the rock is so fresh
looking that it was at first thought that the mdesite was unre~
lated to the pyrophyllibe body.

in addition to the andegite showm on plate 2, small residual
patehes occcur in the pyrophyllitlzed area. One boulder, about
four feel in dismeter, of severely sliered, dark green materdid.,
with 2 clayey sppearance; was uncoversd on the sasht wall of the
lower quarry just after completion of the mep (Fige 3)+ This
appears t¢ be aliered,; but not highly pyrophyllitized andesite.
Aecording to the quarry aperator,; several such boulders were

encountered in the messes of higher grade pyrophyllite.
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Regidual boulder of altered andesite in east
face of new quarry.
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In thin section mest of the andesite is porphyritic.
Sample M~S is a breccla, with very fine-grained quartz and
possibly feldspar between the angular fragments (Fig. ).
Mogt of the fragmenbts are porphyritic, but a few consist wholly
of microerystalline or cryptocrystalline groundmass. The texture
is pilotaxitic in some places, with tiny laths showing a flow
structure around the phenoorysts. The phenocryste are andesine,
although the cenbers of some of the goned crystals may contain
labraderite. There is ne trace of phenoorysts of pyroxene or
apphibole, but chlorite is plentiful throughevt the glide. The
fragments are g1l mobtled thoroughly with tiny grains of opaque
minerals, which appesr to be magnebite, ilmenite, and hematite.
The feldspar is aliered to chlorite, pyrophylilte, zeolites, a
1ittle calelte, and in shreds and patches to 3 low index feldspar,
either albite or oligoclase. Quarts appears as wicrogramular aggre-
gates in the grouwnd nass, in veinlets cubting aeross the breccia
Iragments, and in g few relatively large grains. Many of the large
graing appear fresh,

Some of these quartz grains are probably primary. One attains
& diampeter of .5 mm. and encloses two apatite needles. The inter~
ference figure shows a slight blaxial tendensy, but this is doubt-
less due to strain. Some of the feldspar grains are shatbered.

Host sections of andeslbe exawined show ne primary guarts grains,
and it is knom that most of the larger quartz grains in rocks from

the vieinity of the quarry are porphyreblastic.
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Fig. L. Peldepar phenoeryst alterinz to quartz and chlorite.
Andegite breccia, sample ¥5. Crossed Nicels. x120
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Fig. 5.

Feldspar partly replaced by quartz and pyrophyllite.
Green andesite, sample El. Crossed Nicols. x120.



Fig. 6. Granular quartz lens in andesite residual.
Sample Plli~-B. Plane light. x120.
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Fig. 7. Same view as fig. 6. Crossed Nicels. x120.



Fig. 8. Calcite replacing pyroxene in andesite residual.
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The pyrophyllite in sample M5 is replacing feldspar and
chlorite, IL the slide were examined with no knowledge of sy
proximity to the pyrophyllite deposil, this mineral would pro-
bably be called sericite, and there is no evidence in the present
ingtance that it is not.

¥ost of the vther andesite thin sections are similar to the
one deseribed, except that most are nermal, unbrecciated flow
rocks. Most of the andesite is porphyritic. The phencerysts
are altered, consisting largely of f{ine-grained aggregates of
quartz and pyrophyllite in samples from the vicinity of the quarry
(Figs 5)» Relict phencerysts of mm aphibols or pessibly a& pyro-
xene are present. Orthoclase appears as tiny grains in the ground-
mass in some places, and serpentine is possibly one of the 4l ter-
ation products in some. Fresh grains of quartz in some sections
appear tc be prophyroblasts rather than phenocrysts. Some are
rather obviously the result of growth from a fine-grained mosaic
of secondary quartz. Many of these larger grains are corroded
by pyrophyllite, and are embayed smd loeslly cub through.

One of the most interegting thin sections of andesite is
from a body mapped as slightly pyrophyllitised volcanic rocke
This has been designated as sample Fll~B, as sample Fll is of the
less altered rock. The mass of andesite was too small & body to
map, and was practically all taken in the sample. The sample
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clearly shows its relationships to the andesite, even though
it is altered. Most of the feldspar has been replaced by guarta,
pyrophyllite, and calcite. Twinning striae are still recognizable
in the quartz and pyrophyllite pseudomorphs. The groundmass
appears to consist of fine-grained quartsz, oligoclase of an in-
dex of refraction just sbove balsam, and calelte, with numerous
opaque grains of ilmenite, magnetite(?), leucoxene, and some
pyrite. Veins of an iron oxide that might be called limonite cut
across all other minerals in the slide.

4 peculiar feature of part of the quarts is its occurrence
in eigar-shaped lenses consisting of mosales of tiny grains
(Figss 6, 7)+» Some of these are connected to veinlets of quarts,
and some are nok., Although the relationships cannot be shown in
this slide, 1t is believed that the lenses of quartz do not repre-
sent the seme generation as that which is replacing the feldspars.
However, there is not likely to be any great time difference
between the two generations, as pyrophyllite is replacing both.
Calcite also replaces the guartsz.

Caleite ig prominent in the slide, snd in one grain appears
4o be pseudemorphous after a basal pyroxene section (Fig. 8). The
relict pyroxene shows more enhedralism then sny grains seen in
any of the less altered andesite. In &1l the slides the ilmenite

shows alteration 4o leucoxene.
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Volcanic breccia, slightly pyrophyllitized
The slightly pyrophyllitized volcanic breccia contains

less pyrophyllite than obher rocks in the vicinity of the quarry,
exeepbing the silica bodies. Field work shows that it corresponds
in part to the rock mapped as white andegite on the aerial photoe-
graph (Pl, 2). The rock is usually white, gray, or tam, but is
greenish in places and locally stained red or black aleng fractures.

Most of this reock is hard, and much ef it appears to be
gilicified. It contains between 10 and 20 percent of pyrophyllite.
On weathered outerops it has g nedular appearance, as if containing
many pebbles. Apparently most of it is derived from the andesite
flow breccias, although dextures shown in thin section do not
prove this. Thin sections do show that the mmount of pyrophyllite
is less than in the other two types of pyrophyllitized volcanic
rocksy so the valldity of the rock as a map unit seems verified.
Seme highly silicified but little pyrophyllitized masses of normal
flow rock alse have been mapped with this unit.

As shown on the map (Pl. 1)s the areas of outerep of the
altered volcanic breceis are not extensive. It occurs mostly in
lenticular bodies that follow the genersl trends of the shearing.
Both the noduler appearance and the relative lack of pyrophylliti-
zation suggest that the flow breeciss were dltered less readily to
pyrophyllite than were the normal flows. Normal volcanic flows that
have been highly silicified also appear to have been less readily
altered to pyrophyllite.
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In thin section, the rock unit under discussion contains
usually more than 50 percent of quartz. The texture is difficult to
decipher because of the silicification and other gltergbtion that
has occurred. One sanple shows no evidence of original perphyritic
texture, but the other samples can be seen to have been at one
time porphyritic.

One semple, P21, (Fig. 9) shows clearly that silicification
has taken place, The phenocrysts and part of the groundmass have
been extensively replaced by quartz. The groundmass is mostly a
semi~opaque mass of what appears to be fine-grained pyrephyllite
and opague dust, in part hematite. Veinlets of quardz in small
sutured grains sppear in the groundmass, and lecally irpegular
aveas of guarts graing attaln a digmeter of 1 mm. The probable
quartz-pyrophyllite time relations are noteworthy in snother thin
sectiom, P2, where the grounmdmess, congisting of 2 fine mosale of
quartz grains, is in part replaced by stringers of the hematite-
stained pyrophyllite (Pig. 10)s These stringers are suggestive
of serpentiniszation textures in the dlteration of olivine. Thus,
the quartz veinlete in P21 are probahly residual veins. The
groundmass attaine a slight schistosity where there is much pyro-
phyllite.

Quartz replaces most of the feldspar phencerysts in slide
P2l, and in these reliet phenoerysts the graing are larger than
in the groundmass, although the mosaic texbture is still deminant.



Fig. 9. Thin secticn of slightly pyrophyllitized breccia,
showing fine-grained quartz, relict feldspar zoning,
and colloform silica. Sample P2l. Crossed Nicols.
x120,
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Figs 10, Pyrophyllitized volcanic breccia showing
pyrophyllite veinlets cutting quartz mosaic.
Sample P2. Crossed Nicols. x120.
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The quarts in both phenceryst pseudeomerphs and groundmass
is in pert clear, and some tends toward a2 suhedral form, Some
of the clearer porbions are rimmed with inclusions that apparently
are in part expelled by the growing prophyroblasts.

Clear pyrophyllite flakes replace some of the clear gquarts
grains. This is in addition to the seum-like pyrophyllite and
hemaﬁi‘eé in veinlets replacing quartz of both porphyroblasks and
groundmasse Probably the original ferromagnesian content of the
groundmass has not been entirely removed, and is machanically
mixed with the pyrophyllite, whereas there is no such contamination
in the clearer quartz areas.

Another feature of the silica is its cccurrence in clgar-shaped
magsses of grains. These lenses are similar to those deseribed on
a precesding page. Slide P21 exhibits a colloform texbure of some
of the quarbz veinlebs (Fig. 9). This suggests an open-space
f£illing. Rogers (1928, fig. 3) shows a photomicrograph of opal
and chalcedony with texture that locks very much like that seen in
P2l Although the texture is seen in obher slides; no good evidence
was found as bo its origin. Quite possibly the voleanic rocks were
sheared before gilicification, and some openw~space filling took
place along fractures. Also, relations in other slides suggest a
possible replacement of amygdules or f£filling of cavibies in places,
but the original andesite seems to be free from veslcles and amyg-
dules. Cavities could have been formed by leasching of cerualn
minerals, however.
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In sddition to quarts, sawple P21 contains pyrephyllite,
feldspar; end small amounts of leucoxene. Some ilmenite, show-
ing typical skeletal crystals is present, but most has been
altered to leucoxene. Clear flakes of pyrophyllite are found
adjacent to ilmenite and leusoxene grains in the cornsrs of the
"gyes! formed where the schisbosity of groundmass flskes bends
arcound the opague graing. This is & texbure commonly developed
where porphyroblasts grow in a schistose rock. It may a2lso form
where schistosity is developed in a rock with phenocrysts that
resist crushing and resrysballization under forces that develop
gschistosity in other minerals of the rock. Ividence in other
sections suggests that in some places, particularly nexbt o
magnebite grains, chloritoid may have antedated the pyrophyllite
in tals particular texture, bub the origin of the texburs would
have been much the same.

Spmple ML is from the area mapped in great detail to show
the relationships between the white andesite and the purple
andesite (Pl. 3). i is & sample of the white altered rock, and
represents what is considered to be the first stage in the alter-
ation to phrophyllite. Megascoploally this rock is gray, with &
greenish casty and with a few light purple stesaks, The weabhered
surface looks as if it contained waber-worn pebbles, but fresh
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surfages, asnd the thin section show a porphyritic andesite
texbure. The thin section dees net indicate that the rock is
a breccia, bub the hand specimen suggesbts that it is by the
menner in which the fragments weather.

Under ths microscope, ML consists chiefly of an aggregste
pf guartz and feldspar greins of falrly even size. The grains
averaging sbout 08 mm. in dismeter, although some greing ave up
%o +2 mm. aoross. High power magnification shows that a pert of
this aggregsbe ls composed of biny grains of pyrophyllite replac-
ing quartz and feldspar, and not showing the flaky habii charaster~
istic of larger grains., This granular aggregation of pyrophyllite
is pregent even in the highly myreophyllitisged rocks on beveled
edges of thin sections, and suggests that the flaky hsbib of the
mineral has developed from this more finely-grained habil.

Tiny flakes of pyrophyllite slso scour in a network of iron
exide-sbained veinlets in the growdmass, in flsky agoregates
replacing quartz grains, snd in patehes which can be seen 1o be
pesudomorphous sfter feldspar phenccrysts. The palimpesest por-
phyritic texture is only falnb, and ig best cbserved under low
magnification. Both quartz and pyrophyllite have repsced the
feldspar pvhencerysts, and wherever the time relationships of these
twn minerals can be determined, the quards is emrlier. Some of the
quartz is clear, and several places in the groundmsss show & de-
velopuent of tiny euhedra.
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Pyrite is present, and one euhedral grain is altered
peripherally to hemsbite, which in turn is altered on the grain
boundaries to what appesr to be little bundles of chloritoid
fibres. Pyrophyllite replaces the chloritoid. Pyrophyllite also
appears in places 1o be pseudomorphous after chlorite, although
no chlorite is present. Ilmenite partly allered to leucoxene is

present. Hemabtite in weinlets ocubts the ground mass in places.

Quartz and chalcedonic silica

Silica appears in lenticular to highly irregular bodies in
the more thoroughly pyrophyllitized rocks. One large, irregular
bodyy with a maximmm exposed dimension of 110 feet, forms the

hill seuthwest of the quarry, and another mass, at least 70 feet
longs forms a hill east of the quarry., MNost of the lenses of
gilica in the vicinity of the mine are elongated in the direction
of the most pronounced shearing, with aversge maximum dimension
of about 10 fest, and minimum dimension of three or four feet,
(PL. 1)

The silica weathers to blocky boulders and small, angular
ITvagments. , On fregh surfaces it is bluish gray to light brown,
or 1maally“greenish. In a few places it 1s stained red and black,
particularly along fractures and joints. Locally it is porous,
apparently because of leaching of unsilicified material during
weathering.

Under the mieroscope the texture is similar to that of some
of the groundmass of the alight?y pyrophyllitized voleanic breceia,
consisting mostly of a fine-grained mosaie of quarkz. There is
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no trace of g palimpsest porphyritic texture. OSome larger quarts
graing have grown abt the expense of the rest of the groundmgss.
Pyrophyllite is absent from the thin sectlon examined.

The mineralogy is simple, the rock consisbing of quartz, a
1ittle feldspar, small Subhedral to evhedral grains of epidote,

a few irregular grains of leucoxene, and anhedral to subhedral
grains and azgregates of hemabite and limonite, appearing aleng
fractures.

The origin of the larger masses of silica is not known, They
might represent silicified portiecns of the andesitic and latitie
volcanie recks. There is also the possibility that they ars de-
vitrified rhyolites. Silica masses in andesitic rocks near Lake
Hodges; east of the quarry, show field relations similar to those
asaociéted with the pyrophyllitized rocks. The silics from near
Lake Hodges appears to represent devitrified rhyolites, and in-
clusions of these silicecus rocks appear as lenses in the adjacent
andesite flow brecciass. However, it is evident that at leagst some
of the silica has been introduced st aboubt the time of the pyro-
phyllitization.

Voleanic flow and pyreclastic rocks, siightly pyrophyllitized

Most of the material mapped as slightly pyrophyllitized vol~

canic flow and pyroclastic rock is white to tan on fresh surfaces,
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but weathers to purples brown, red, or black. It is hard, and
although most of this maberdal contains pyrophyllite, it cannot
be seratehed with the fingernail. This rock contains less silica
than the altered breccias, and, unlike the latter does not have a
gritty feel under the fingernail. Some samples show palimpsest
porphyritic texture ia hand specimen.

Ouberops include areas of massive rock weathering to rounded
blocks, as well ag areas where close jointing gives a sheeted
effect, The weathered surface is typically rough. There is a
slight development of a pebbly surface, bubt this is not so pro-
nounced nor so common as in outerops of the rocks that were ori-
ginally breccias.

Host of the rock has g finely gramular appearance, with
1ittle schistosity evident in hand specimen. Some exposures have
been leached t¢ form a moderabely porous rock. Silica bodies
ooeur within the unit as mapped; but they are not as numerocus as
they are in soeme of the mere highly pyrophyllitiszed rock types.
One sample, taken from an area mapped as slightly pyrophyllitized
volcanie rock, was found te include an irregular mass of greenish
andeside, altered and partly pyrophyllitiszed.

In thin section the slightly pyrophyliitized voleanic rock
has several textural variabions that apparvently are reflectiocns
of the original reck types. Both perphyritic and non-perphyritic
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voleanic rocks are invelved. In most slides the porphyritic
texture is only faintly visible, and is shomn chiefly by diff-
ering orientations of pyrophyllite flskes and by differing tex-
tures of the quartz. Palimpsest zoning and twinning of original
feldspars is evident, although no feldspar is present im the
slides examined (Fig. 11).

Quartz and pyrephyllite are present in mpproximately equal
amounts in most of the slides examined, slthough any very accurate
deternination 1ls difficuld because of the fine grain size and an
iron-gxide staining thabt obscures debails. Quartz ccours ss a
vory fine-grained mogaic and in graing of larger growth. The
goprser grains arve clear and fresh, and seem o have been formed
by growth from the groundmsss mosaic. Pyrophyllite replaces
quartz bobh in the smaller and larger grains (Fig. 12). HMost
phenveryst phantoms have been altered mostly to pyrophyllite.

The pyrophyllite occcurs ag tiny flakes in most of the
sample, although lecally, particulerly where 1t replaces the
fresher«looking quartsz, flakes and shreds large encugh to show
full hirefringmce are developed. Remnants of the veln network
along which pyrophyllite formed can still be seen by the difference
in size between the flakes of the veinlets and these of the ground-
MASS +

Leucoxene and hematite are the only opaque minerals observed,



Figs. 11. Slightly pyrophyllitized velcaniec rock, showing
relict zomed plagioclase phenocryst. Sample P18,
Crossed Nicels. x50.



Plg. 12, Slightly pyrophyllitised volcanic rock, showing
embayed quartz grain. Sample F16. Crossed Nicols.
x200.
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The leucoxene is in more irregular grains than it is in the less
tered recks. Two generations of hematite are apparent. One

is represented Ly tiny, pinkish opaque grains and dusty particles

scatbered through the groundmass, and apparently was formed by

alteration from ferromagnesian minerals of the origingl voleanie

rock, and perhaps in part from ilmenite. The second generation

is in blood-red pranslucent to opaque veins along fractures cutting

the groundmass. This generation is of supergene origin, and is

seen in most slides of the entire suite, even in what appear to

be relatively fresh samples.

The discussion just given concerns typical slightly pyrophy-
1litized volcanic flow rock. Two somewhat different rock types
also were grouped with this unit in the field. OCne of these,
represented by semple P20, is a tuffacecus—-appearing tan-cclored
rock with a chalky appearance. The other type looks either like
a reddish-brown sandstone with a few larger, well-rounded sand
grains, or like a much weathered sandy tuff with a few spherulites.
Yegascopically this reddish-brown reck dees not appear to contain
much pyrophyllite, but its fisld occurrence shows a close relation-
ship to the surrounding rock. It is represented by sample P23.

The thin section of sample P2C is so covered with cpague dust
and tiny grains, some white in reflected light, that it is diffi-
cult to tell much about the rock. No porphyritic texture is evident.
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The rock is extremely fine-grained except for a few rounded
quartz grains as much as O,1 mm. in dismeter. Most of these
appear to be fresh. The groundmass not obscured by the opaque
meterisl is a fine-grained apgregate of pyrophyllite and quarta.

Thin veinletes cut through the groundmass of sample P20.

Most of these are composed of tiny gquartz grains, but some pyro-
phyllite appears in the veinlets, possibly replacing the quarte.

A consideration of the megascopic and microscopic character-
istics and the chemical analyeis of sample P20 suggests that it
is derived from a slightly more fine-grained, in part glassy,
facies of the original volcanic rocks than the more typical rocks
in the mapping unit, and that more silicificstion and less pyro-
phyllitization has taken place.

Sample P23 is seen in thin section to differ far more from
typical rocks of the unit than P20 does. It concists mostly of
a reddish-brown translucent to opaque mineral in colloidal aggre-
gates and locally in sphericel grains with a faintly discernable
radiating structure in some places. Some of these spherulitic
grains have a core of quartz snd pyrophyllite aggregates with the
red minersl forming the rim, Cuartz and pyrophyllite also appear in
grenular aggregates through the groundmass., One grain of what is
apparently microcline was seen,

Little laths of either quartz or feldspar are oriented at
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random through the slide. Possibly the rock was originally a
latite or quartz-latite, with a fine-grained or glassy groundmass
containing tiny feldspar laths. These laths may still be feldspar,
or mgy have been replaced by quartz. No good indication of their
present index of refraction was obtained.

The spherical grains and the colloldal appearamce of the red
material suggests the presence of iron and aluminum hydroxide gels
of the type formed in lateritic weathering. Gibbsite or other
"bauxite" minerals msy be present. Only a small amount of the
rock represented by sample P23 is present in the area mapped.

Volcanie flow and pyroclastic rocks, moderately pyrophyllitized
Most of the rock mapped as mdérately pyrophyllitized volecanic

rock is chalky white, light gray, or tan on fresh surfaces, weather-
ing to bromn or red outcrops, amd much stained to red or black aloeng
fractures. In hand specimen it plainly contains much pyrophyllite,
but it is scratched with the fingernail only with difficulty, and
in many places not at all.

A residual porphyritic texture is evident on fresh surfaces
of most specimens, although there is not much color contrast be-
tween the phantom phenocrysts and the groundmass. The rock contains
little grains of silica, but these are neither as mumerous nor as
evident as in the slightly pyrophyllitized volcanic rocks. MNost
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fresh samples of this rock do not show any schistosity, although
a few specimens show a rudely-defined alignment of grains, and
weathered outcrops tend to have a platy to schistose appearance.

The rock occurs in general in the areas surrounding the
pyrophyllite and pyrophyllite~quartz schists, interfingering with
these and with slightly pyrophyllitized rocks awsy from the depeosit.
Lenticular bodies of this rock are found in adjacent rock types,
and it contains lenses of them. In practically all places the
lenses are aligned with long directions parallel to the most common
ghearing direction.,

In outerop, this rock unit is distinguished from lower grades
by its lower silica content, higher pyrophyllite content, relative
softness, and tendency toward schistesity in weathered outcrops.
The outerops are not so bold as those of the slightly pyrophylli-
tiged rock. From more highly pyrophyllitized types, this rock is
distinguished by greater silica content, greater hardness, and
poorer schistosity. It also tends to weather to rougher surfaces
than the higher grade rocks,

In thin section, the rock is seen to contain more pyrophyllite
than it does quartz. The thin sections examined all show the
palimpsest texture of a porphyry. The groundmass is a fine-grained

aggregate of fresh-appearing pyrophyllite flakes and quartsz grains.
Most of the feldspar relicts are altered to fine-grained pyro-
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phyllite aggregates, slthough some consist of quartz partly re-
placed by pyrophyllite. Some sections contain as much as 30 percent
of feldspar; which gppears in the fine-~grained groundmass rabther
than in the phenceryst generation. This feldspar is probably mostly
wdwinned oligoclase, with a 1little orthoclase. Most of the slides
examined conbain less than 10 pereent of feldspar.

There is a pronounced tendency for the pyrophyllite to form
tiny rosebles;, both In the groundmass and on the phenceryst phanboms,
A schistosity is well displayed by the aliguwent of pyrophyllite
flzkes. Some feldspar relicts are observable only with rotation of
the stage under crossed Nieols. The alignment of pyrophyllite
flakes then delineates the outline of the replaced feldspar.

Some sections are cub by veins of hematite. Leucoxens is
scattered through the slides, in aphedrsl to subhedral grains, some
of which show some ilmenibe. A comparison with other slides suggests
that some llmenibe graing grew during the pyrophyllitization, as
there seem to be fewer bub larger graing in the higher-grade rocks.

Pyrophyllite~guartz schist

In appearance moest of the pyrophylliite-quartz schisgh differs
little from the high grade pyrophyllite schist. The higher silics
content can be seen in the slightly more granular look. The pyro-
phyllite-quartz schist is white, greenish gray, or piok, bub is
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stained red and black along fractures, as are all the other
rock types. It is scratched by the fingernaill in most places,
but with some difficulty. Although it is schistose, the schist-
gaity is not so regular nor so pronounced as in the pyrophyllite
schist. Chally white phenoeryst phantoms can be seen in some
specimens.

On weathering, this rock breaks down inte little wedges
and plates as & result of the schistosity and shearing. Some
aress of it contain more silica than obhers, and it contains
nany lenses of silica ranging from microscople dimensions te 10
feet in length »

}Mmt of the pyrophyllite-guarts schist ls asseociated with
the high grade rock near the quarry, and it interfingers with,
and containg lenges of the less-pyrophyllitized rock types. Test
pits and bulldomer cubs ab several places in the vicinity of the
quarry expese this rock. It is not known to occur in large bodles,
however.

In thin section, the rock is a fine-grained aggregate of
pyrophyllite flakes with a little cryptocrystalline quartz and a
few larger, fresh-looking grains of clear quartz (Fig. 13). These
grains are embayed and cubt by pyrophyllite streamers. Some of these
clear qguartz grains give good interference figures, some of which
appear faintly bilaxial.
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Fig. 13+ Fyrophyllite-quarts schist, showing quarts grain
cut by fine-grained pyrophyllite. Sample P7.
Crossed Nicols. x200.
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A well defined schistosity has been developed in the pyro-
phyllite, and the original porphyribic texture was not discer~
nable in any of the thin sections examined (Fig. 1L). 4n
island-and=sea texture of some of the quarts graing indicates
the replacement of these grains by pyrophyllite, as sepsrate
islands of quartz show simulianeous extinetion under ercssed
Nicols in many places. The quarts is replaced both centrifugelly
and centripitally by pyrophyliite. This has been observed also
in other rock types.

Some pyrophyllite flakes in the pyrophyllite~quartz schist
are large enough to show cleavage, but ne interference figures
could be cbbained. These larger grains do not show good extinetion,
but have the "eurly maple® texture of micas at the darkest pesitions.
The largest quartz grains seen, which are larger than the pyrophyl-
lite flakes, are aboubt .1 mm. across. MNost of the quartz present
is in tiny grains scabiered through the smsller pyrophyllite
flakes, Mozt of these smaller quartz grains are less than .03
mne in diameber,

The network of replacing pyrophyllite veinlets can gtill
be seen in the thin section of sample F12 by the orientation and
thickness of the flakes in the veinlebs,



Fig. 1. Pyrophyllite-quartz schist, showing schistosity
of pyrophyllite. Crossed Nicols. x120
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Pyrophyllite schist

The pyrophyllite schist appears in one elongated body in
waich the two gquarries have been developed. The rock is white
or very light gray when fresh, bub is stained by iron oxides
along fractures. A few dark spots are scatbered throughout.
Schistosity is well developed, and the material breaks into
long splinters, slabs, and roughly rhombohedral blocks. It
breaks to falrly smooth suwrfaces in the direction of schistosity,
and with a hackly surface at right angles to it.

The pyrophylliite is fibrous to massive, but chiefly fibrous.
Ko rosettes were noted in the field. Tt has a faintly soapy feel,
and most of it is readily scratched with the fingermail, In
general appearance it resembles tale in most respechs.

The pyrophyllite schist grades into the pyrophyllite-quarts
schigt in the directlon normal te the most pronounced shearing,
and apparently interfingers with it in the direction of this
shearing, which is also the direction of schistosity. One lens
of silica was mapped within the high grade body, and the quarry
operators report that others are encountered from time to time.

The aperators also report that they oceasionally find boulders
of a greenish, clayey-looking rock entirely surrounded by pyre-
phyllite, and bodies of rock that would epparently correspond to
the less pyrophyllitized rocks of the field designation.
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Under the microscope the phyrophyllite schist is similar
to the pyrophyllite-~guartz rock except that it contains mors
pyrophyllite and less quartz. Sample P10 tsken near the edge
of the body shows more fine-grained quartz in the groundmass
than sample P11, which was taken from the center of the body.

The phenecryst palimpsests can still be detected in the
thin sections examined, all of them replaced by pyrophyllite.

A few coarser aggregates of quartz are present, some grains
attaining a size of .08 mm. This quartz is of a fresh, clear
appearance, and appears to be altering to pyropbyllite. The
pyrophyllite appears in litile shreds aﬁd flakes with g definite
preferred orientation. No flakes large encugh to determine amy
optical properties are present, although there is » terdency
toward a developmeht of aggregates of larger flakes than those
seen in any of the other rock types.
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Larsen {1948) points out that the strucktural trends in
the region of the Peninsular Ranges of Soubhern California are
dominantly northwest-scubheast. In the vieinity of the Pioneer
pyrophyllite deposit the rocks are shearved along zones that are
verbical or dip steeply, and the dominanttrend of the shear zones
is sbout W5%W. Loeally this trend swings awsy from the prevail-
ing direchtion, as near the east end of the guarry, where the
structursl trend is sboub eassb-wesht, and noar the southern end
of the area shown on rplate 1; where the trend ls SW-NE.

Strongly developed shear sones also cecur at right angles
to the major direction, and in some places the rocks sre broken
up by fractures that trend in all diresticns. Ho evidence is
available as te displacerent of any of these shear zones. 4
suggestion of folding is seen in the manner in vhich linear ele-
ments swing around what are apparently the axes of folds in the
netavoleanic recks. In the eastern part of the area shown in
plate 1 such a linear element, perhaps original bedding in the
volcanics, swings partly around the axls of a west plunging syncline
and passes under the terrace cover to the north.

As no gtrabigraphic sequence has been worked out in the origi-
nal volcanic rocks, end as it probably would be impossible to follow
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such a sequence, if available, through the metamorphic changes
that have occurred, it is not possible to give any details on
exact struebural relationships in the vicinity of the quarry.

The intense shearing that passes through and near the
pyrophyllite body is not observable in the surrounding ares.

The regional structure trends in general NW-SE, although in

the area shovm in figure 1 the a&réngest direction of shearing
is slightly east of north, with a secondary shearing trend in &
northwest~southeast direction. '

The various grades of pyrophyllitized rocks cccur in
elongated bodles with macimum dimensions paralleling the sheare
ing zones passing through the vicinity of the deposit, and these
bedies interfinger with each other in this direstion. The beodies
of gilica shown in plate 1 illustrate this feature in a striking
manner. The relatlonship of the pyrophyllite occurrence to the
structure of the area is clearly indicsted.
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Mineralogy

The general feabures of the mineralogy have been
mentioned in the discussion of rock units mapped. It might be
well, however, to present in more deball some features of the
minerals associated with the deposib.

Feldspar

The feldspar of the original metavolcgnic rooks is wostly
andesine, so far as can be determined from the thin sectlions
examined., Cores of some zoned crystals mgy be lsbraderite.
The feldspar of the groundmsss is albite or oligoclase, untwinned,
with some orthoclase. The phenccrysts are subhedral to suhedral,
and many show pronounced zoning. The groundmass feldspsr is
largely anhedral except in some cases where subhedral laths are
found, oriented in flow lines in places.

Quartz is present in most of the slides. In the andesite
it oceurs in a few grains that might have been phenceryshs, but
wost of the larger, fresher quarbtz grains are secondary. The
quarts occurs in several forms. In the large masses of silics,
the quartz is a fine-grained mosaic of snhedral to subhedral grains
with some grains showing definite crystal boundaries, although most
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of the boundarics are subured. One Feature common to most of
thege granular masses is the tendency toward a lentioular shape.

Within the finer-grained masses, larger graing have grown
in places, and thes& tend to be elear of inclusions. In rocks
other than the bedies of sillecs, quartz zppears in fine-grained
aggregates in the groundmass and in fine to coarse~grained aggre~
gabes replacing feldsparphencerysts. The tendency for z few
graing o be enlarged and clesr of inclusions is indicated also
in these rocks, &l though most of the larger grains are embgyed
ty gyrophyllite in the rocks of higher grade. -

In some of the fine-grained gggregates, the quartz is crypto-
exystalline, inbimately associsted with other minersls, which in-
clude, in various glidesm, orthoclase, pyrophyllite, oligoclase,
iron oxides, titenium minersls, chlorite, and serpentine. All of
these are not necesserily present in any one slide. In many
places the aggregation of minerals sppears to represent a devitri-
fication of a glassy groundmass at least to some extent.

The quartz mosales zre cub by quartz veins in places. Allo-
gether then, there are st least three generstions of quarts, one
in the original andesite, one replacing feldspars in groundmass
and phenocrysts of the voleanie rocke, in some instances in replace-
ment veins, and a third generation of vein quarts that cuts the
gecond generations Bémﬁme of the relstionship of the pyrophyllite
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to these two generstions of introduced quartz, it is believed
that the presence of two generations of hydreothermal quartsz is
more apparent than real, and that silicification tock place in
twe or more waves; not separated by much time, and not ‘everywhere

apparent.

Pyrophyllite
In hand specimen, the pyrophyllite is uniform in color,

being white or creamy white; with local stains and specks of opaque
minerals and guarts. The latier give an oversll gray appearance to
some specimens.

In thin seetion the pyrophyllibe occurs in tiny anhedral grains
and enbedrsl to subhedrsl shreds end flakes. In the least pyro-
phyllitized recks the flakes are so mnall tk_ia'b they show low bire-
fringence, and the birefringence increases with the pyrophyllitization
as a result of the increase in size and concentration of the flakes.
In the case of the smaller flakes and grains, there is a greater ten-
deney toward an admixiure of fine opaque @ain&, giw:i.ng a cloudy
look in plane light, In even the most highly pyrophyllitized rocks
the individuzl flekes are not large enough to give interference
figures, The preferred orientation of these flakes gives a mass
birefringence effect, however, with definite positions of maximum
and minimum illumination over relatively large areas.
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The pyrephyllite replaces feldspar, quartz, chloribte, and
groundmass minerals of the andesite, and presumsbly replaces all
other minerals as they are sbsent from the high grade rocks. In
some slides the pyrophyllite avpears principally in a network of
interlocking velnlete of flakes with low birefringence and admixed
opacus dust. The size incresse of the flakes and the coalescence
of these veinlets can be followed through several slides as the
tobal ‘mzmt of pyrophyllite increases. From information availsble,
there seems o be practically ne pyrophyllite occurring with the
bulk of the guartz end chaleedonic siliea.

Iron and Titanium Oxides

Hemabibe oppears in two generations. It is definitely a

late, possibly the labest, mineral in many places, where it occurs
in frectures cubting all other minerals present. Hematite is alse
intimately assoclated with pyrophyllite, magnetite, and ilmenite as
a product derived from slieration of the original ferromagnesian
winerals of the voleanic rocks, and also possibly from pyrite and
{lmenite. Normally hematite, and the yellowlsh associated material
which may be called limonite, would not be expected to form under
the conditiong that have altered the voleanic rocks and produced the
pyrophyllite, so the more finely divided hemabile not asscoiated

with fractures is pessibly alse a late product of weathering. The
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enly difference between the two types of occurrence would be then
that one has been introduced and the other derived from the ori-
ginal constituents of the rock.,

Ilmenite is believed to be present in greater abundance than
magnetite in most of the rocks. Chemical anslyseg indicate that
more,(o%%?i?premrxt than iron oxide in rocks that have been
analyzed. The alteration product lencoxene is the most prominent
opaque mineral in the higher grade rocks, except for hematite in
a few places. The bulk of the hematite does not appear in chemical
analyses becsuse of the rejection of mest stained areas in the
sampling. The ilmenite appears in sphedral to subhedral graing and
sometimes shows the skeleton crystals typical of this mineral. It
iz extensively altered to the white, opague product leucoxene in
all slides. The leucoxzene is stained with iron oxides in many places.

Magnetite occurs in the andesites and less pyrophyllitized
rocks as an alteration product of the original ferromagnesian
minerals, and possibly as a primary mineral with the ilmenite.

It is in fine-grained anhedra and dusty particles, and some of it
has been altered to hematite.

Pyrite

Pyrite occurs in a few szlides and hand specimens. Some cubes
of hematite or limonite in the more pyrophyllitized rocks may be
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pseudomorphs after pyrite. The exact time relations of the pyrite
are not known, except that in one or two places it has altered
peripherally to iron oxides. Pyrite oeccurs in the less altered
andesite and associazbed with the silica masses. It is possibly

a product of a pre-pyrophyllite propylitization of the sndesite,
or has been inmtroduced with the guarts,; or both. It has nobt been

ohserved in any of the higher-grade rocks.

Leucoxene

Irregular to subhedral white opague grains associated with
the ilmenite are congidered 4o be the mineral leucoxene, which is
titenite in part. Nost of the ilmenite has altered to this product.

Mosgb of it is white, but some is stained red by iron oxides.

Epidote

Epidote is present in a few slides as tiny anhedral to euhedral
grains and sggregates. Its cccurrence only in the less altered
andesite and in the quardz and chalcedonic silica suggests that it
ie an alterablon product of the andesite, and that 1t has albered to
pyrophyllite in the other rocks.

Chlorite
4 mineral not seen in any of the higher-grade rocks, bubk present
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feldspar phenocryshe and in some places constitubes a large part

of the andesite groundmass. It ccours in shreds and patches and

in some large fan~shaped graing with sweeping extincti%m, It
appears to be one of the carliest minerals to alier to pyrophyilite,
and some of the lower grade rocks that conbain no chleride have
pyropkyllite thab appears to be pseudomorphous after ik.

Serpentine

Serpentine, one of the metamorphic miherals of the andesits,
alters early to pyrophyllite. It occurs as tiny veinlebts and
aggregabes in the andesite groundmess, generally with fibres trans-
verse to the veins. There is very 1little of the mineral in the
andesite, and it is completely lacking in the pyrephyllitized meks*

Caleite is not common, and its origin is uncertain. In one
slide, sample PiL~B, 1t occurs with pyrite, as poikilitic porphyro-
blasts enclosing leucexene and pyrophyllite. It also appears to be
peeudomorphous after a pyroxene. In ancbher thin section of andesite
the caleite replaces feldspar and is replaced by pyrophyllite, to all
appearances. Caleite could be formed as & result of propylitie

alteration of the andesite, or from circuleting ground water as a
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very labe mineral. The evidence for its origin is nobt conclusive,

although at least some of it sppears to be earlier than the pyro-
ﬁwﬁi’ce.-

Zeolite
&n glterabion preduct that is prebobly one of the zeolites
ocours in very tiny graing on the feldspar in one of the thin

gections of andesite.

Apatite

Lpatite, in biny, euhedral grains, is an accessory in some
of the andesite. A trace of Pp0y is reported in the chemicsl
analysis of even the High Grade pyrophyllite.

Chloritoid

4 mineral assoclated with pyrite and magnetite and hematite
in some thin sections of andesite is probebly chloritoid. It
appesars in little bundles of fibres next to the opague minerals,
and is replaced by pyrophyllite.

"Bauxite!
Alumimm hydroxides of uncertain ngture and erigin are believed

to oceur in a few places. The red colloidal substance in sanple P23
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mgy be ia part alumlnum hydroxide of the type te which the name
cliachites among others; has been applied, and the spheres with
faint rediolitie bexture may represent gibbaite. Foehmite may
be present in slight amount in scme of the more highly pyrophylli-

fiued rockss
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Paracenesin

It is evident from microscopic study that two processes
have operated on the voleanic rocks of the region. One has been
& regional metmmorphism of relabively low degres, probably gecom-
panied by an alteration of a propylitie type. The chloerite, ser~
pentine, epidote, albite, and vessihly calecite, pyrite, and some
quartz were formed as a result of the first metamorphism.

The second progess produced the pyrophyllite deposit, and
its resulbts were superimposed upon those of the first. The first
change in this second process was a silicificaticn. The silics
possibly was introduced from the seme sources as the solubions
that brought in the pyrophyilite. This is suggested by the general
concurrence of the boundaries of siliecified and pyrophyllitized
rock.

The evidence suggesbs that the pyrophyllitization immediatdly
followed the silicification, and that the processes wers essenbially
simultaneous in places. This is shom by the presence of both silica
and pyrophyllite replacing feldspar in the same slide. The silicifi-
cation wag not complete in all places, and the unsilicified rocks were
more readily replaced by pyrophyllite. The units mapped as siliea
may or may not have been silicified ak ths,s Lime.

The prior sccurrence of eilics in most places is seen in the
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textural relationships between the silica and pyrophyllite in
thin seetion and in the field relstionships. The ares examined
in great detail (Pl. 3) shows the alteration of purple andesite
%0 a white rock that does net differ greatly In sppesrance from
the pyrophyllitized velcanic brecels mapped near the gquarry, and
which im thin secbien is seen to be cssentislly s parily éilif:i»
fied andesite with some pyrophyllite replacing the silics.

The facts that the textural relationships of the andesite.
can be traced to the edge of the high grade body, and that the
original minerals disappesr in the direction of the guarry, show
that pyrophyllite has replaced all obher minerals of ths original
metavolcanics, both primary and secondary.

The heat and presence of aquecus solutlons albendant upon the
pyrophyllitization probably have aiﬁed sume processes of a general
mebamorphic nature. For example, the secondary growbh of some of
the quarts grains and their clearance of inclusions probably wenb
on during the formation of the pyrophyllite.

The only mineral known to be later than pyrophyllite is the
supergene hemabite, bub part of the quarts probably is also later
as ave caleite and the Ybauxite". The evidence for the sge of the
calecite has been discussed. White querts veins cut some of the
silica magses, snd may extend into some of the pyrophyllitized rocks,
but this iz not cerbain.
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Aluminum hydroxides that might be called ®bauxite' in a
broad sense could be formed in two ways. As explained mere fully
on an earlier page, an dlundmm hydroxide such as boshmite could
readily form mnder conditions similar to those that preduce the
tyrophyllite. Hinerals more comson to bauxite deposits, such as
gibbgite, are usually the result of prolonged chemleal weathering
of aluminous rocks in tropical climates. The rocks ir the vieinity
&f the Pioneer deposit probably were subjected to prolonged wesbher-
ing cometime during the Tertiary. This is 21l speculative, bub it
may be well to mention that Lindgrem (1933) cites a report of the
Burean of Soils that shows that an exaninabion of several thousand
soils from 21l parts of the United States revealed the presence of
aluminum hydroxides in bubt one sample, and that one was from

southern Califeornia,
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Alblite —i
Chiorite ——!

Berpentine —

Epidote ———7 s

Isucozene ——! et S
Jaledbe T————! —r — 7
Pyrite f—1 el —I

Hemebite — _—
Quarts > T 8 -
Pyrophyllite

"Beauxite®?

Pigs 15+ Pavagenasis dlegrem showing some inferred timew-relationw
ships of minerals in the pyrophyllibiged magm The earls
ieat group of minerals shown represent, ot least in part,
the vrovylitization of the andesites., The %ime intervel,
if any, hetween this procsss and the pﬁ,rx’esz;hyl}.i‘him’aiém is

not knovnae
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Chemical analyses

Feur chemical analyses of rocks in the vicinity of the

pyrophyllite deposit are shown in the following table:
Analyses of rocks from Piloneer pyrophyllite deposit

#20 #6 ne m
810p 80,13 65.58 77,16 66.7h
A1504 11,79 21,07 18.29 26.68
Fep03 .28 .38 16 AR
FeO ned. n.d. nede n.d.
MgO 06 45 +05 <06
Cal «7h .30 10 «05
Nas0 nede n.d, n.ds nads
Ks0 Hede neds nwde nade
Hp0 3.10 3.43 3.13 L.65
H0 - 1.00 16 .21 .16
T40, 185 .88 .65 .70
POy o2k .07 .05 <02

Total 99,19 95.42 99.80 99.50

Eilun H. Kane--analyst
Sample nos 20 is a rock mapped as slightly pyrophyliitized vol-
canic {low and pyroclastic rocks, and resembles an altered tuff in
the field. Sample no. & is from near the south side of the quarry,
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and in hand specimen shows chalky-looking phenten phenosrysts.
Nes 12 is pyrophrilite-guarts schist frem the north wall of the
pit, 2nd no. 11 is pyrophyllibe schist from the fleor ¢f the quariy.

An ghbtempb has been made to calowlate normative minerals for
these rocks, uvelng certain assumptions based for the wost part on
known modal minrals. Unforbtunabtely, because of small graln size
and extensive iren oxlde shaining in some of the thin sectlons i
has nobt been possible t@ make a micrometric sbudy of the one rock
that is not readily celoulable inte a pmorme This is sample no. &,
which 1s discussed in more debail later on.

The snalyses were not complete, in thsb neither the alkelies
nor the ferrcus iren was determined. Inspection shows thet Fe and
K are consploucusly sbsent except in sample ne. 6. In the normative
ecalculabions for samples 20, 12, and 1l,; the c¢aleium was used as
a basis for caleulating bitanite (to account for leucoxene), the
excess Ti0p was caleulated as rutile, although it is sctually present
as ilmenibe. The Feg03 was assigned to hematibe. So 1little Fply
is present that it is reported as & trace of apabilbe, withoul assign-
ing any caledms o ib. I caloulated, the apatite would smownt to
a few tenths of 1 percent af wosh.

For remsining minerals, all AlpO3 was assigned %o pyrephyllite.
and excess silics celculoted as guartz. The ¥gl waes disregarded.

Ress and Pendricks (19L0) have shewm that Yo may proxy for AL in the
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space lattice of pyrophyllite. Except in the case of sample
20, the Hp0 determined agreed ¢losely with the amount required
for pyrophyllite, and was not very far off in 20. The caleulated
minerals agree quite closely with petrographic and field data.
The normative mineral percenbtages, by weight, for the three rocks

under discussion are given below.

#e0 #1z2 #11

Pyrophyllite 1176 6hebily 932
Quarts 51.48 34,08 3.78
Rutile .88 56 Bl
Titanite 2458 39 «20
Hemabite 32 16 +1s8

Apatite . , £ tr.
Tokal 97.33 9997 9942

These rocks show a progressive decrease in free silics and
inerease in pyrophyllite in the direction of bthe High Grade
pyrophyllite mass. There is also a general decreage in the
titeniom oxide. The verigbility of the hematite iz explained by
the excessive irem oxide gbaining along fractures in all parts of
the areas Pebregraphic sbudy shows that the appareut sequence
 rovealed hy thepe analyses is nob to be accepbed gt face walue
in all respectn. The inerease in pyrophyllite shown is valid
snough, but the silica relationship is not. Saple no. I is
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& silicified rock, as showm by chemical and microscopic evi-
dence, Sample 12y and probably sample 11, have not been derdved
from rotks so sbrongly silicifisd. That is the resson sample
no. 6 appears at first to present an anomaly. With respeet to
pyrophyllite there is a regular sequence from sample 20 through
6 and 12 to 11. Sample 6 has the lowest silica content of the
four rocks analyzed, and in free quarts content stands somevhere
between samples 11 and 12. It hes mot been so thoroughly silici-
fied as samples 20 and 12, and possibly nobt s6 much a5 1l.

The status of sample & lg explained by the following facts:
1) silicifiecation preceeded pyrophyllitization in some, bub not
all placesy 2) pyrophyllite replaced silica in some, but net all
places, 3) pyrophyllitization of feldspar was an early event in
most placess bub seme feldspar, as in sample 6, escaped beth
silicification and pyrephyilitization, even in otherwise highly
pyrophyllitized zones. Thus, in some respects, sample 6 is more
closely relabed to the eriglnal andesite than any of the other
three rocks analyzed,

Because of the fine-grained and opague nature of much of
sample &, only an epproximate debermination can be made of its
constituent minerals in thin secbions It contains some quarbz,
pyrophyllite, and feldspar, and m opaque to translucent material
that is white in reflected light, with a more pearly luster than
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the flaky pyrophyllite shows. Thers are three possibillities
available for the caleulation of Alp03in excess of that required
for known modal minerals: o assign the alumina to sericite,
kaolinite, or to an dlumimmn hydroxide such as boehmite. Bince
there is no evidence of the presence of gsericite, and no way of
estimating how much alkall to assign to it, no sericite is cal~
eulated, although its presence is a disbinct possibility. 4
caleulabion of any reascnsble amount of kaollnite does not leave
enough silica to form the guartg that is clearly present in thin
section.

The norm for sample 6 has been calculated by taking 10 percent
of the alumina left over from the feldspars and caleulating it as
boehmite. To simplify things further, all TiOp has been caleulated
as rutile and all Fep03 as hematite, and the small amount of Cal
has been assigned to anorthite. DBoehmite may or msgy not be present,
but some type of aluwinum hydroxide possibvly is, whether of low or
high temperature origin. Boehmite could be of elther type of origin.

The norm for sample 6 is given below.

Pyrophyllite She0
Quartz 648
Albite 2h.6
Anorthite L.k

Orthoclase 10.0
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Boehmite 2.0
Hematite b
Butile o7
Apatite .

Totsl #6 99.9

Thig caleulation glves an approximabe check with the estimated
mode, which is sbout 50% pyrophyllite, 20% quartz, and 30¢ feldspar.
The alkalies have been considered to make up the difference between
the analyses total and 100%; and have been apportioned between
potash and seda in the proportions found in typical andesites. The
amount of alkall teken 1s probsbly too high, ag obher undetermined
elements probably constitute some fraction of 1€ in the total, A
slight decreage in normative feldspars would give an increase in
quarts sufficient to bring the norm more closely im line with the
estimated mode.
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Comparison with obther depogits

Three comercially important pyrophyllite deposits of Nerth
America have been described. These are thoge in North Carolins,
(Stuckey, 1925), in Newfoundland, (Buddingbon, 19163 Vhay, 1937),
and on Vancowver Island (Clapp, 191h). Pyrophyllite has been re-
ported i’é@in many obher localities in wvarious parts of the worldd,
but they have neot been so thoreughly described sg the depsaits
mentioned. The maln features of these will be cutlined and some

comparisons made with the Pioneer depesib.

North Caroline deposiis

The best Enown and economically most importent deposit of
pyrophyllite in the United States iz in the Desp River reglon of
Horth Carclinag. The followlng account of the geology of the
oceurrense is sbstracted frem the report of Stuckey (1925). A
group of pyrophyllite bodies occurs in a series of Algonkisn vol-
canie and sedimentary rocks that have been dightly folded. Numerous
shegr zenes ocour along the gides of the folds. Pyrophyllite of
hypothermael origin occurs in these shear zones as elongated lenses,
and is confined to these zones. The folded rocks include slates,
seld tuffe and breccias, rhyolites, andesites, and disbases, but
the pyrophyllite cecurs only in the acid tuffs snd brecciag. The
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pyrephyllite lenses conform o the strike and dip of the enclos-
ing rocks.

Stuckey has showm that the pyrophyllite was formed by meba-
gomatic replacement of the acid voleanics by hobt sclubions inbroe
duced zleng the shear zones. He implies (1925, p. L4i8) that the
sﬁam:' zones along which the alteration took place were formed prine
¢ipally in the acid volcanics because these rocks were less coumpe-
bente This would suggest that possibly lithology was more impor-
tant in locallizing the channelways for the solutions than in de-
termining any preferential replacement.

Pebrographic study of the Deep River pyrophyllite shows that
pyrophyllitization was preceeded in most places by a marked silicie
fication, with attendant decrease in feldspar content of the rocks.
Development of pyrite and chloritoid in places accompanied or
followed the silicification and preceeded the pyrophyllitization.

At other points the pyrophyllite immediately followed the silica.
The chloritoid seems to have replaced jron oxides. In every case
silicification preceeded pyrophyllitization, and the feldspars
disappeared with the advent of the gquarts. The purer pyrophyllite
bodies commonly include sericite and lenses of gquartz and partly
altered country rock.

Stuckey concluded that the Deep River deposits were similar
in type of origin to thouse of Newfoundland, and that intermedisgte
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conditions of bempersbure and pressure operated during pyrophyl-
litization.

| The generdl nature of the Pioneer deposit is similar to
that described by Stuckey, although the Califernia occurrence is
mach smaller and more localized. The Pioneer éepgsit secms to
show less lithelogic control in its development, but about the
same degree of shructural centrel. The replaced rocks of the
Pioncer depoeid were less gillicie than those in North Carolina,
and the mineralogy is somewhat simpler at the Pioneer deposit.
The development of silica before pyrophyllitization is similar
in both places, exeept that it was more extensive and more con-

sistent ln the Deep River region.

Newfoundland deposite

The Fewivundland deposits, the preoduction from which was
increased during Wordd War IT (Snelgrove and House, 1943), have
been deseribed by Buddington (1916), and Vhay (1937). The pyro-
phyllite occurs in Pre~Cambrian volcanic rocks in the vicinity
of Conception Bay.

These rocks, which Buddingten has named the Avondale vole~
canics, are a thick series of rhyolibte and basalt flows with
corresponding brecclas and tuffs and some interbedded water-worn

material. The volcanie rockes were subjected to regional alterations
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such as silicification and chloritization, which they evidence
wherever they crop out. The pyrophyllite cccurs almost exclusively
in the rhyolite flows, with some pockets in the rhyolite breceias
and conglomerstes. The pyrophyllite bodles occur as single, well-
defined veins, or as zones, consisting of a series of veins,
pockets, and lenses.

The petrogravhic snd chemical snalyses made by Buddington
bring out some interosting relationships. Some of the rocks are
in part pyrophyllitized, some pindtized, and some silicified.

The pyrophyllite is frequently found 28 an interlocking network
of filme that veneer lenses of the gueards-pyrophyliite rocks, or
replace the mabrix between cquartsose nodules, Some of the bodies
contain as much as 907 pyrophyllite, a 1little quartz and white
m’:%.ca_, and traces of other minersls. The pelrogrephy shows that
silicified rhvolite has been translormed into pyrophyllite by
decrease in guerds, feldespar sud impurities, and an increase in
pyrophyllite.

4 study of the chewlcsl and wminerslogical relationships in-
volved in this transformation leads Buddington (1916, p. 1L8) to
the concluslon that it is necessary thal mctasomatie replacement
of both the quartz and feldspars should have proceeded synchronously
and at a much faster rate with respect to the quartz than with
respest to the feldspars,™ to acoount for the intermediate rocks

of the series, This would involve the introduction of large
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ampunts of alumina, replacement of slkalies by hydroxyl, and
solubtion of silica, both that in free quartz and that in other
minerals.

0f particular interest is the suggestion, arising from the
sbove considerations, thal the silieified rhyolite that has been
pyrophyllitized was a homogeneous glass, asv the postulated
mineral changes would require that in & crystalline rock there
would have to be simultaneous replacement of feldspars by sifiica
and pyrophyllite, and of quartz by pyrophyllite. It may be mentioned
here that some of the thin sections from the Pioneer deposit suggest
that these changes have oceurredy although simddtaneity is not
demonstrable.

Pinite instead of pyrophyllite is found by Buddington to have
been developed in some rocks. He shows that a balanced equation
can be written, deriving either pinite or pyrophyllite from ortho~
c¢lase; with the release of silica and potassium silicate. 4n
equation involving serdcite and pyrophyllite iz given as:

| 2KHpA138430y5+69102+HpOS6HALS1904+K28103
If silica were present in iarga enough excess and if the effective-
ness of hydrolysis were strong, the reaction wuld favor formation
of pyrophyilite (Buddington, 1916, p. 1L8).

The conclusion was reached that the deposits were formed by
metasomatie replacements of previcusly silicified rhyolites by
thermal waters, uvnder conditions involving dynamic stress and
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moderabe pressures and temperatures. The solubtions entered
slong channels determined by fault or shear zones.

Laber work by Vhay (1943) in the same genersl ares indi-
cates nothing new as to the method of formation of the depusibs.
Vhay states that the pyrophyllite flskes have a2 random orient-
abion, and that the schistosiby of the depesits is an inherited
structure preserved by differential replacement aleng an already
osbablished planar structure.

A comparison of the Pioneer deposit with those of Newfounde
land shows some points of similarity and some of difference.
Similar structural feabures are the locallizstion of pyrophyllite
bodies aleng shear zones in both instances, and the lentiewlar
nature of the bedles. In both cases the pyrophyllite clearly has
been formed by metasomatic processes. The deseription of the net~
work of replacing pyrophyllite veins;, as seen in thin section,
matches some of the features seen in slides from the Pioneer deposit.
The introduction of some silica before pyrophyllitization is also
2 similar feature.

Some differences between the occurrences also may be men-
tioned. For ome thing, the original rocks of the California
oceurrence were less silielc. For another, the silieification in
the Pioneer deposit seems 4o be much more closely releted 4o bhe
pyrophyllitization, True, some areas of the Ploneer deposit have



85

been completely siliclfied, or nearly sos It iz not believed,
however, that the area of high grade pyrophyllite was ever com-
pletely silicified., Evidence for this view has already been
presented,

Another point of difference is the lack of any known ex-
tensive development of white mica in the Piloneer deposit.
Buddingten's conclusions as to the factors combrolling the alter-
nate formation of pyrophyllite or pizzite appear to be valid. In
the part of the Ploneer deposit thet is exposed, conditions seem
40 have favered the formation of pyrophyllite.

Vancouver Island deposits
Clapp {191hi) has described the pyrophyllite dopesits of

Kyuquot Sound, on the west side of Vammver Island, British
Columbia. 2Alunite and pyrophyllite occur in the Vencouver vole
canics of Triassic and lower Jurassic ége, These volcanic rocks
imlgcie mdlaﬁibea and daecites, with some fragmental masses. The
volcanie rocks, more particularly the fragmental ones, have been
metasomatically albered to guarte-sericite~chlorite rocksy quarbs-
sericite rocks, quartz-pyrophyllite rocks, and quartz-slunite rocks.
Pyrite, which is present in all of the rocks, appears to have been
introduced after the alunite and pyrophyllite, and perhaps during
the sericitization and silicification. The metascmabic deposits

ave clearly related to shear zones.
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Clapp (151k, p. 110) believes that the alunitization,
pyrophyllitization, and part of the silicification and sericiti-
zation were caused by hot sulphuric acid selutions of volcanie
origin, and that the changes took place during the accuwmlation
of the fragmental volcanic rocks. This conclusion is bssed upon
his convietion that alunite and pyrophyllite are probably formed
only under moderate, near-surface conditions of temperasture and
pressure. The fine-grained, opal-like character of the associated
quartz might suggest this.

Little change in tetal composition of the original volcanic
rocks is pestu}.aie&, and Clapp concludes thabt most of the new
rinerals resulted from the decompesition of the feldspars. OF
gourse local chemical changes vecurred, depending wpon the type
of alteration product. The quartz-pyrophyllite rocks show a gain
in alumine, loss in potash, and elther a loss or gain in silieca.
Except in one doubbful case, there geems to have been no replacement
of guartz by pyrophyllite. |

The rocks involved in the formsbion of the Pioneer deposit are
more like those of the Vancouver Island eccurrence than the other
two mentioned. The presence of alunite and sericite have not been
noted in the Ploneer deposit. It is not believed that the Ploneer
deposit was formed under the shallow conditions sugpgested for the
Vancouver Island occurrence. Also the California deposit shows evidence
of the introduction of silica, end possibly aluminag, vesulting in a
change in bulk composition of the rocks, at least in the rocks exposed
in the area mepped.
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Miscellaneous deposits

The most important commercisl depesits of pyrophyllite in
the world are those of North Carolina, FNewfoundland, and the
Transvaaly, South Afriea. Other locslities for pyrophyllite which

night be, or are of some commercisl importance include Californis,
British Columbisa, Chinas, Kores, Tasmania, and U. 5.8.R. (Matthews,
1942).

Pyrophyllite alse is reported from many places where its
ocourrence is of mineralegicsl interest only. A partial list
includes Australis, Bolivias, France, Nevada, Arizona, South Carolina,
and Geérgim That pyrophyllite is not really an wncomson mineral
is indicated by the following list of counties in the state of
California from which it has been reporied: Alameds, Amador, Butte,
Taperial, Inyo, Madera, Marin, Mariposa, Mono, Flumas, San Bermardino,
Ban Disgo, Ban Luis Obispe (Bakle, 1922; Pabst, 1938).

& few of these ccourrences are ¢f some inberssht, but little
information is available for most of them. In the fmllmg places,
at least, gold-guartz veins have been reported associated with
pyrophylliite schisbs; Australia, Ggergia, and Amador County, Cali-
fornis (Powers, 1893; Logan, 1935). Byrophyllite is associabed with
upper Triassic or lower Jursssic volecanic, or mebavelcanic rocks in
¥adera County, California (Erwin, 193L). It ccecurs in conmection
with dumortierite in France and in Imperisl County, California
{CGraves, 1928).



88

In Hono County, pyrophyllite is found in commercial guanti-
tien in two deposits, where it is seen bto be replacing andalusite,
smong other winerals (Eery, 1932; Peck, 192L). In San m@g&
County it is reported from pear Ssn Diege, and from near Bncinitas
(Rogars, 1912; Bakle, 1922).

Host of these ccourrences have not been described in detail,
at Jeast with reference to the origin of the pyrophyllite. Most
of the aocounts show that the pyrophyllite occcurs as a consbituent
of & schish, assoclated with vein quarkz, as an @mmtaﬁm of
radiating fibres, or as & hydrothermal replacement product of
aluminous minerals.

Pyrophyllite is probably a much commoner mineral than has
been formerly supposed. In larger bodies it may have been mig-
taken fov telc cceasionally, and as a hydrethermal glteration
product on minersls such as feldspars, it may be sometimes re-
ported as sericite or kaolinite. Knopf (392h), for instance,
states that the siteration product on a feldspar he studied in
thin section might have been sericite, or mighbt have been pyro-
phyliite. The latter possibility is very rarsly evem considered

in guch casesg.
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Origin of deposit

The pyrophyllite of the Pioneer deposit has been formed by
replacement of sheaved and slightly metamorphosed andesite and
latitic flows and breccias, which possibly have slight sdmixtures
of clastic and pyroclastic rocks. The metasomatic alteration waa
asccomplished by solutionz of hydrothermal origing which came in
along shear sones, adding silica and possibly aluming to the
rocks, and removing most other elements from the zone of greabest
mineralization.

The replacement origin of the depesit is evident from the
distribution of the rocks mapped, from the study of thin sections,
and from a sbudy of chemlesl analyses of some of the rocks. As
evidence of replacement, the following features of the deposit are
ilisted:

1) Agegregstes of pyrophyllite flakes occur as psendomorphs alfter
feldspar. ]

2) Pyrophyllite appears in network of veinlets in groundmass of
slightly altered andesite, end there is & progressive increase of
the pyrophyllite in the direction of the high grade body.

3) Replacement of quartz hy pyrophyllite is shown by embayment of
cuartz grains snd by pyrophyliite veins cutbing quartz grains
leaving iglend and sea texture with islands showing simultanecus
extinction.
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L) There is apparent replacement of chlorite, chloritoid, and
other minerals as shown by possible pseudomorphs and the dise
appearance of these minerals in the highly pyrephyllitized zone.
5) Purple and green andesite have altered to a white nodular
rock containing silica and pyrophyllite, the alteration taking
place along fractures and joints, but with irregular boundaries,
and with no nobiceable change in volume (Fl. 3). .

- 6) Ffagzaenﬁs and lenses of relatively unaltersd, or litile
altered rocks occur in unsupported bodies surrounded by more
highly mp?@‘lliﬁimd rocks.,

7) Residual texbtures, such as phenoeryst relicks and breccia
fragments appear in rocks partly albered to pyrophyllite.

8) Rocks showing different degrees of alteration have inberdigi-
tated boundaries, as mapped in the field.

9) There is a loss of some elements and addition of others as
shown by chemical analyses.

A silicification of the andesite in the vicinity of the
pyrophyllite deposit alseo can be demenstrated. MNosalcs of gquarts
grains, pseudomorphous after feldspars, a;xd veinlets of q:xarté
in the groundmass of the andesite indicate the replacement of
parts of the original rock by silica. BEvidence in thin secticn
of pyrophyllite replacing gquaris, and the presence of the silica
lenges in highly pyrophyllitised reock show that the silicifica-
tion, ab least in pard, preceeded the pyrophyllite. These two
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points,; if taken without other evidence, might suggest that
gilicification everywhere preceeded pyrophyllitization.

However, other factors suggest that pyrephyllitization
and silicification were in part synchronous, and that silici-
fication did not precede pyrophyllitization at 21l points.
Eviddnce supporting these contenbtlons includes the followings
1) Quartz and pyrophyllite appear on feldspar phenocrysts in
the same thin sections.
2) Unpyrophyllitized, but giso unsilicified, or ohly partly
silicifled, rock bodies appear within the high grade areas.
3) Unreplaced feldspar appesrs in recks on the margin of the
quarsy.
i) Palimpsest andesitic texbure appears in most rocks up to
the edge of the gquarry,; but is absent from the highly silicifiled
rocks. |

The last point suggests that if silicification had been
complete at ally or even at many places, the residual texture
would have been destroyed in most rocks in which it is now found.
It might be mentioned that the above factors do not prove simul-
taneity for the quartz and pyrophyllite. Incomplebe and rather
spotty silicifieation might have been accomplished before the
advent of the pyrophyllite, and it is evident that some of the
- pyrophyllite iz later then much of the guartz. It is also known
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that gome of the quartz is laber than the rest, since veinlets
of quartz cub quartz mosalcs in the growximass of the altered
andesite. FPorther, some of the large quartz bodies may i'epresent
devitrified yhyolite {lows.

Structural conbrol of the dlteration is well shown by the
distribution of rocks (Fl. 1), The lenticular nature of most
of the rock bodley connected with the deposit, and the alignment
of these lenses pamllel to the shearing trend is 2. most con-
c¢lusive. The concentration of higher-grade pyrephyllite along
sones of greabest shearing is very suggestive. The replacing
solutions obvicusly rose slong chamnelways controlled by the
shear zones. Lithological control seems to have been relatively
unimportand; as it cannot be shown that there is sy particular
difference between the replaced and unreplaced rocks in the general
vieinity of the deposit. '

The schistosity in the high~grade zone could have originated
in one of two ways; 1) by selective replacement of minerdls already
possessing a schistosity, or 2) by application of directed stresses
during or afber the formation of the pyrophyllite. Both of these
processes wmay have operated to some exbend; as there are gones
showing some schistosity in the less altersd rocks. However, the
pregence of palimpsest andesitls textures extending up to the very
walls of the high-grade depowit shows that the pre-pyrophyllite
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andesite had not been extensively sltered to a schist. It is
not likely that amdesite would develop schistosity along a
fractured zone a few feet wide and leave the texbure of the
surrounding rocks so little changed. It is more probable that
schistosity developed im the softer pyrophyllite. Im thin
sections of slightly altered rocks the pyrophyllite is the only
minersl that shows sny preferred orientation, and the more
abundant the pyrophyliite, the more proncunced 1s this type of
arien%a‘!'tim*

Hurlbut (1935), in a study of elongate inclusions in the
Bonsall tonalite; found that thess were oriented in the general
direction N65W, with a vertical dip, or locally with a slight
dip to the south. He noted that this trend corresponded closely
to the strike of folded and metamorphosed Triassic (and all pre-
batholith) rocks of southern Californis, and added, "It may well
be that the northeast-southwest pressure that caused the folding
was not completely relie‘}ed al the time of inbrusione.”

As to the time of development of schistosity in the pyrophyllite,
it is suggested that it was developed at the time of replacement,
and not later. That is, the replacement took place under conditions
of mederate stress., If much shearing had followed the formation
of pympwliﬁ;e, the quartz and leusoxene grains within the schist
would have been rolled, snd possibly broken. They show no evidence
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ef cataclastic texbure at all. That the siress was not great,
however, is shown by the megascopic andesitic texbure seen in
partly altered rocks with a slight schistosity with respect
to pyrophyllibe under the microscope. The high-grade body
probably was formed in a sheared and breeccilated zone, bub it
did not inherit its pronounced schistosity from the original
rockss.

From the foregoing considerations, the following sequence
of events can be inferred for the formation of the deposits
1) extravasation of 4hs andesite and related rocks,
2) felding and mild regional metamorphism, with shear zones
developing parallel to fold axes,
3) hydrothermal alteration, consisting of silicification and
pyrophyllitization by solutions rising along the shear zones.
Silica, accompanied by some pyribe, at least slightly preceeded
the pyrophyllite,
L) probable introduction of quartz in veins, perhaps accompanied
by sulphides at some later tims,
§) evosion, possibly lateritic weathering in Tertiary times,

and introduction of iron oxides along fractures.
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Bource of solutionsg

The general nature of the deposit suggests that the solutions
gauging alteration were of hydrothermal origin. There sesm to be
two possible sources for the solubtions. The Santiago Peak vol-
canics were accompanied and immediately followed by various intru-
\aicns of granodiorite and related rockss The nearest knowmn body
of these intrusives presumably asscciated with the volecanies is
about 3 miles northeast of the Ploneer deposit and west of Battle
Mountain (Larsen, 1948), This is a mass consisting chiefly of
tonalite, according to Larsen, and immediately to the west is a
smaller badyﬂ of gabbré porphyry.

The younger intrusives, associsted with the southern California
h&tholith, also orop out near the depoait. About 2 miles to the
north is an exposure of Escondido Creek leucogranodiorite, almost
surrounded by Santiage Pesk volcanics; and 2% miles east of the de-
posit is an exposure of Woodson grencdlorite, cubting the wvelcaniocs
and the associabed intrusive rocks already mentioned.

It is not unlikely that the solutions causing the alteration
to pyrophyllite were aas&ai&teﬁ in some way with one of these two
intrusions, or with related intrusives ab depths ¥hich igneous
activity furnished the solutions is not known. If the solutions
came from the intrusives gsscclated more directly with the voleanics,
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the similarity of the Pioneer deposit to that on Vancouver Island
might be more proncunced than now appears.

The inferred acid nature of the solubtions offers ne help in
seeking thelr source. Such solutions could have been derived
from various sources, depending upon a number of .cmditianm
Larsen (1948) has pointed out the evidence for the thorough soak-
ing of the volcanic rocks while they were undergoing regional meta-
morphism. The solutione causing pyrophyllitization may or msy not
have had the same source as the aeai;ing solutions.

Other sluminous minersls are reported from various parts of
Californisy and sillimanite ig known to occur in the Julisn schist,
of Paleozoic or early Mesozole sge; in the Ramona quadrangle to the
east of the pyrophyllite deposit, Merriam (19L6) stated that the
alunmina myy oy may nod have been introduced. Pyrophyllite associated
with andalusite in Mono County (Kerry 1932) probably dee not indicate
the addition of alumina to the rocks in which it is found. S5illi-
manite and andalusite are me*hamer;ahia winersls that are commonly
found in rocks of originel high alumina composition, and de not
necessarily imply any addition of alumina.

Regardless of whether slumine was added or not, it is rather
certain that the gltering solutions contained silica, and were of a
generally acid nature. The pyrophylliite itself contains as much
silica as would be expected in the average quartz latite and more
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than in an average andesite. A1l rocks asscciated with the
deposity, except the unreplaced andesibe, conbsin more silics
than the pyrophyllite.

From the evidence clted in pregeding pages, most pyrophyllite
would appear to have been foymed at intermediate tomperatures and
pressures. Buddingten (1916) and Stuckey (1925) have concluded
that the deposlts they deseribed were i’omad wider such conditions,
and while the mineralized areas were buried under considerable
thicknesses of rock. Clapp (191h) concluded that the Vancouver
Island pyrophyllitizabion was essentiszlly a near-surface phenomenon,
ccowrring as the result of solfabsxde action during the accumulation
of the altered voleanic rocks, but such an origin would nol necess-
arily preclude the exlstence of moderately high temperatures.

The Pioneer deposit offers no divect evidence of the temperg~
tures attained during minerslization, or the depbh of burlel, and
enly indirect evidence that moderate dynamic siress operated at
this time. The deposit may well have been buried under seversl
thousand feet of volcanic rocks and sediments ab the time of forme-
tion« No strabigraphic or structural proof is availsble, but a
great deal of erosion must have taken place in the vicinity since
the formation of tha devogib. It is also likely, as shewn carlier,
that moderate regional stress was still operative at the time of
origin of the dqpasit.
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In the case of & rock sample previously deserived {Fll=B),
& place of Iittle~pyrophyllitized andesite has been found surround-
ed by more highly sinerelized rock. The quartz lenses (Figs. 6, 7)
are sligned-in the same general direction, sre shvicusly intreduced,
and sre not residusl lensesg left alter the slight pyrophyllitizetion
had taken place. Havker (1939, pp. 313-31L) describes a somewhat
similar cceurrence of quartz in a metsmorphic rock, and says of the
quartz, which has been introduceds ™instead of making veins, as it
would do at & low tempersture, it has tsken the form of parallel
alengated ovals and bonguss with blunt or rounded extremities.?
The guarbtz replacing groundmass aand feldspars in andesite at some
distance from the quarry occeurs in the form of veinlets. This would
suggest a deorease of temperature awsy from the guarry areas, which
doubﬁass ’ﬁ‘faﬁ near & chanpnel for the hok solubions, smd slso an in-
crease in temperatm‘ééx with tive, Ifrom the beginning é,f.‘ silicification
te the complete development of the pyrophyllite deposite

The same line of reasoning mey be applied to the megascopic
quarts lences mapped around the quarry. Bridence aliready presented
ghows that these bodies camnot be considered as residusl mpsses lefd
alter pyrophyllitization of a previcusly completely silicified rock
mass. They uay, however, represent regldusl rhyolitic inelusions in
andesitle flow rocks.

&s to the chemlesl mature of the replacing solutions, certain
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tentative conclusions may be drawm, on the basls of chemicsl
analyses and the experimental data cited. Silics has been sdded |
to the rocks in the vicinity of the deposit; but the relationship
of the silicifyihg to the pyrophyllitizing solutions has not been
established. The silica was certainly at least in part earlier
than the py?aphyllite‘@ The gnestion of the addition of aluming

to the rocks is also in doubb. A comparison of the percentage of
alumina in pure pyrophyllite with that in the average andesite would
suggest that some glumina has been added. The chemical analyses
show a general incregse in aluminain the directicn of the more highly
nmineralized rocks. |

At certain given places, such as in the high-grade body itself,
alumina has been added to the eriginal rocks. However, alumina
might have been rempved from at least g part of the silica bodies
near the deposib. Experimental work has shown that if the alumina
concentrabion becomes too high at any given time, boeshmite rather
than pyrophyllite may form. It is that the aluminag of the originsl
volcanie rocks of the area has been redistributed, but not supplemented
appreciably.

If the addition of alumina should be required, it seems not too
difficult to derive it from hydrothermal solutions. A suggestion has
been made of a possible addition of alumina to rocks in the Ramona
quadrangle te the east (Merriam, 19L6) by solutions possibly related
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in 8 broad way to those causing the glberation at the Pioneer
deposit. Schwarts (1933) has stated, however, that the amount
of alumina in hydrothermally altered rocks generally tends to
be unchanged,

The replacing solutions cbvicusly removed most of the
alkaliesn, in most pleces during the early stages of alteration.
The ¢arly removal of alkslies probebly was the case in most of
the pyrophyllitized zones, as experimenial data show that high
concentrations of X ions tend to suppress the formetion of pyro-
phyllite, except possibly in the presence of solutions of suffi-
cient acidity. No informabion is availsble as to the probabls
pH valuss of x*epiacmg solutions. It can only be said that the
-aenﬁi%ions outlined in the various experimenits described earlier
maet have obbained.

The equations involved in the formation of pyrophyllite frem
variouvs sources have been published in some of the papers cibed
above., These reports show that pyrophyllite has been preoduced
artificially from slbite, anorthite, microcline, labraderite,
kaolinite, znd from a proper mixbture of aluminag and silica gel in
water. The formulas for any of these reactions are simple to de-
rive, bub the chemical relationships are undoubtedly somewhat more
complex under natural condiblons, and the disposition of excess

ions becomes & problem. In the present study, no information is
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available as to what happened to the alkalies in the altered rocks.
They were carried off in solution, certainly, aleng with certain
other elements, bub their ulitimate disposition is unknow. The
general chemlosl changes involved in the formation of the pyrophyllite
deposit are relabtively simple, but not enough information is available
o work m;ri: any stoichiometric relations.
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Conclusions

Conclusions as to various festures assoclated with the
origin of the Pioneer pyrophyllite deposit have been stabted ih
preseding sections. The salient points are sumsarized below.

The deposit was formed by replacement of folded meta-
andesite flows and brecclas. Replacement was accomplished hy
hydrothermal solubions ecirculating principally along shesar zones
parallel to fold axes. These solutiong were of intermediate
temperabures, and mederate stress was operative dnr:mg the
mineralization. Silica was introduced, snd possibly alumina as
well. Alkalles and other elements, except smome traces of those
in accessory minerals, were removed from the more mineralized
rocks. Silicification preceded pyrophyllitization in places,
was probably contemporary with it in others, bubl was very slight
in parts of the deposit.

The important factors governing the formation of pyrophyllite
were temperature and composition of the replacing solutions, which
contained silicaand probably had low AL snd K ion concentrations in
most places,

Deep weathering in the vicinity of the deposib, after it was
exposged by erosions resulted in the introduction of secondary hema-
tite and limonite. Possibly lateritic weathering during Tertiary
time produced aluminum hydroxides.
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The pyrophyllite deposit should extend downward along the
shear zone to spprecisble deptha. The loweregrade zonesz of
quartz-pyrophyllite recks may become richer in terms of pyro-
phyllite at greater depthy although residusl masses of éi?.isa
and less-gltered rock should be expecteds The secondary iron
oxides should decrease with depth, so that the generd grade
of the deposit might well be improved. Other areas of partly
pyrophyllitized rock in the generel area surrounding the quarry
mey show an incresse In quality with depth 1f quarrying operabions
are gbtempted.
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