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ON THE ORIGIN OF THE AMPHIBOLITES OF THE
LAURENTIAN AREA OF CANADA®

FRANK D. ADAMS
McGill University, Montreal

In a paper which appeared in the last number of this Journal
an account was given of the development of the Grenville series in a
great tract of the Laurentian Protaxis, some 4,200 square miles in
extent, situated in the eastern part of the Province of Ontario, a
study of which has recently been completed for the Geological Survey
of Canada by Dr. A. E. Barlow and the writer.

In this tract the Grenville series is pot only of great areal extent

~ but is of enormous thickness. About one-half of this thickness con-

sists of limestone while the remainder consists of gneisses of sedi-
mentary origin (paragneiss), with c-lasional quartzites and £.cat
bodies of amphibolite. This <~Zies is invaded by enormous bathyliths
of gneissic granite and while in the southeastern portion of the
area toward the margin of the Protaxis, the sedimentary series is
comparatively free from igneous intrusions, toward the northwest
the granite in ever increasing amount arches up the sedimentary series
and wells up through it, in places disintegrating it into a breccia
composed of shreds and patches of the invaded rock scattered through
the invading granite, until eventually connected areas of the sedi-
mentary series disappear entirely and over hundreds of square miles
the granite and granite-gneiss alone are scen, holding, however, in

1 Communicated by permission of the Director of the Geological Survey of Canada.
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2 ) FRANK D. ADAMS

almost every exposure inclusions which represent the last scatt
remnants of the invaded rock.

In addition to these intrusions of Laurentian granite-gneiss, the
occur in the area, also cutting the Grenville series, great intrusions o.
gabbro and great bodies of nepheline syenite.! These massive intru-
sions of gabbro are frequently intimately associated with and partly
inclosed by bodies of amphibolite which are classed as belonging
to the Grenville series. The whole forms a very complicated and, at
the same time, a very interesting stratigraphical complex, as will be
seen by consulting the Bancroft or Haliburton geological map sheets
recently issued by the Geological Survey of Canada. The former
sheet is also to be found accompanying the paper on this region which
has recently appeared in the Quarterly Journal of the Geological
Society of London.*

The inability to determine the origin and, therefore, the signifi-
cance of the bodies of amphibolite which occur abundantly not only in
this district, but everywhere throughout the Laurentian, has always
proved to be one of the chief difficulties in the way of a correct
interpretation of the geology of this system. The same difficulty
has been met with in the case of these and allied rocks occurring
elsewhere, as, for instance, the trap granulites of the Saxon Granulit
Gebirge, or the amphibolites of the crystalline complex of certain
portions of the Alps, the origin of which remained in doubt while
the rocks with which they are associated had been definitely deter-
mined. .

1t is the purpose of the present paper to present briefly the results
of a study of the genetic relations of the a.., “#hnlites of this particular
area in the Canadian Protaxis. '

The amphibolites in the area in question present a considerable
variety in character and appearance but have as common character-
istics a dark-gray to black color and a basic composition. Hornblende
and feldspar, the latter chiefly plagioclase, are the chief constituents
of the rock. Quartz, which is one of the commonest constituents

1 See Adams and Barlow, “The Nepheline and Associated Alkali Syenites of
Eastern Ontario,” Transactions Royal Soc. Can., 1908.

2 F. D. Adams, “The Laurentian System in Eastern Canada,” Q. J. G. S., 1908,
p. 127.
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in the associated gneisses, is absent or is present only in very small
amount. Pyroxene or biotite often replaces the hornblende in part.
The amphibolites are sometimes rather coarse, but usually medium
or fine in grain, and they possess as a general rule a more or less
pronounced foliated structure. They occur, as has been mentioned,
associated, on the one hand, with the gabbro or diorite intrusions and as
inclusions abounding throughout the granite of the bathyliths, and
on the other hand they are often so intimately associated with certain
developments of limestone in the form of interbedded layers that it
has been found necessary to map the two rocks together and to desig-
nate them by a single color.

Two of the more common varieties of these amphibolites which
occur associated with the limestones were, during the course of
mapping, designated as ‘“feather amphibolite” and ‘“granular
amphibolite.” The first of these always occurs in thin bands inter-
stratified with the limestone and derives its name from the curious
feather-like development displayed by the large skeleton crystals of
hornblende or pyroxene which are developed in the plane of the
stratification of the rock and which give to the rock a striking appear-
ance when it is split in this direction. The granular amphibolite,
which also frequently occurs as heavy bands in the limestone, is
of a finely granular character, without any very distinct foliation,
and on the weathered surface presents a uniformly minutely speckled
appearance, owing to the intimate admixture of minute grains of
hornblende and feldspar.

As the result of a very careful examination, it is possible to prove
conclusively that in this area the amphibolites have originated in
three entirely different ways, the resulting rocks, although of such
diverse origin, often being practically identical in appearance and
composition. This remarkable convergence of type, whereby rocks
of widely different origin come to assume a practical identity of
character, explains the difficulty which has been experienced up to the
present time in arriving at a satisfactory conclusion concerning their
genetic relations. '

These three modes of origin are as follows:

1. By metamorphism and recrystallization of impure calcareous
sediments.
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2. By the alteration of basic dykes and similar igneous intrusions.

3. By the alteration of limestone through the action of the intruding
bathyliths of granite.

First mode of origin.—Some of these amphibolites result from the
metamorphism and recrystallization of sediments. To this class
belong the “feather amphibolites’ above referred to, which usually
occur in thin bands alternating with crystalline limestone and
evidently of like origin. They represent siliceous, argillaceous, and
dolomitic laminae in the original calcareous deposit. In many
cases the bands of crystalline limestone become thinner and less
abundant and the composite rock gradually passes over into a body
of pure “feather amphibolite.” This rock can, in certain parts of
the area, be traced into a comparatively unaltered variety, so that its
original character is definitely determinable. Whether the “granular
amphibolite,” which is also found very frequently and over wide
areas alternating with bands of limestone, is in some cases of similar
origin, it has not been possible up to the present time to determine.

Second mode of origin.—Certain granular amphibolites represent
altered igneous intrusions, for they are found in the form of dykes
cutting vertically across the stratified white crystalline limestone on
the shores of Jack’s Lake in the township of Methuen. The lime-
stones here dip at a low angle to the south and are excellently exposed
in the form of low cliffs about the side of the lake. The typical granu-
lar amphibolite can be seen rising above the surface of the water
in the form of vertical dykes, cutting directly across the stratification
of the limestone. These are one to two feet wide and can frequently
be seen on reaching a certain bedding plane to have been bent over in
the direction of the bedding which they follow, and to have becn torn
apart by movements in this plane, the limestone strata having, during
their upheaval, experienced somewhat extensive movements along their
bedding planes. The dykes, after having followed the bedding
plane for a certain distance, once more cut vertically across the latter
and so reach the surface. Such dykes when seen on limited exposure
of the bedded surface of the limestone, especially in contorted districts,
would usually present the appearance of interstratified masses of
amphibolite.

This amphibolite has the regular allotriomorphic structure of a
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completely recrystallized rock and differs from any of the normal
igneous rocks. Under the microscope it is identical with an amphib-
olite described by Teall which was developed by the alteration
of a diabase dyke where crossed by a line of shearing. In the case of
these Canadian dykes, however, the amphibolite is not confined to
that portion which has been clearly subjected to movement but
forms the whole mass of the dyke. Seeing that this typical granular
amphibolite can be proved to have originated from the alteration of a
basic igneous dyke—in all probability originally a diabase—it is very
highly probable that many other occurrences of this rock whose
origin cannot be determined from their field relations may also be
derived from the metamorphism of similar igneous intrusions.

Third mode of origin.—Amphibolites which are identical in
physical character and in composition with those of class two are also
produced by the metamorphic action exerted by the granite bathyliths
on the limestones through which they cut. This is a remarkable fact
and one which at first sight seems scarcely credible. It is, however,
a change which has undoubtedly taken place on a large scale. The
discovery that amphibolite originated in the manner just referred to
explains what was a very puzzling fact in the early stages of the field-
work in this region, namely, that while the granite bathyliths break
through the limestone in all directions, they were filled with amphib-
olite masses and not with limestone inclusions. This fact was at
first thought to be due to the granite happening to intrude portions
of the limestone bands which were impure and thus held within
themselves the material for the production of amphibolite bydiagenetic
rearrangment; but as occurrence after occurrence over the whole
vast areawas found to present the same phenomenon, it becameevident
that it was impossible to consider that the limestone strata had always
happened to be impure at the places where the granite had broken
through them, while elsewhere over great tracts the limestone contained
little or no impurity. A critical study was therefore made of certain
localities where the contact of the two rocks was well exposed and where
the effects of the intrusion could be studied over a considerable range
of country. This study showed conclusively that the limestone along
its contact with the granite became impure through the development

in it of bisilicates and plagioclase feldspar, and eventually when in - -
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actual contact with the intruding rock that the limestone was changed
into an amphibolite. ,

In addition to the amphibolites originating in the three ways above
mentioned, it is highly probable, judging from their character and
mode of occurrence, that the great amphibolite bands associated with
large gabbro and diorite masses, as for instance that running in a
northeasterly and southwesterly direction through the township of
Wollaston, and that occurring in the southeast portion of the township
of Cardiff, thence crossing Chandos into Anstruther, represent chiefly
highly altered basic. volcanic ashes and lava flows connected with
vents represented by the gabbro stocks. The latter of these amphib-
olite bands presents a great variation from place to place in the
character of the constituent rock. While in some places this amphib-
olite is well banded, elsewhere it is streaked or presents an appear-
ance strongly resembling flow structure, with lighter colored, lathlike
forms thickly scattered through it which are highly suggestive of
feldspar phenocrysts, while elsewhere again it presents an appearance
suggestive of an original amygdaloidal structure. The rock, however,
is so completely recrystallized that a microscopic examination does not
yield any conclusive evidence concerning its original character.

That amphibolites do originate in the first manner described is.
clearly seen and easily understood, and that they originate in the
second manner referred to is well known and has been described in
many localities, but that they may originate also in the third way above-
mentioned is not so generally recognized, and this mode of origin
therefore merits a further consideration.

DEVELOPMENT OF AMPHIBOLITE AS ONE OF THE CONTACT PHENOMENA
ABOUT THE BORDERS OF THE GRANITE BATHYLITHS

About the borders of the various areas of granite, contact action
is pronounced and often very striking. If the invaded rock be
amphibolite, fragments torn from it are found scattered about in the
gneiss, in the form of inclusions.

When the granite invades bodies of limestone, on the other hand,
the phenomena resulting from the intrusion are more varied. The
invading rock metamorphoses the limestone and the products of altera-
tion may be divided into three classes:
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a) The alteration of the limestone into masses of granular greenish
pyroxene rock, usually containing scapolite, or into a rock consisting of
a fine-grained aggregate of scales of a dark-brown mica.

b) Intense alteration of the limestone along the immediate contact
into a pyroxene gneiss or an amphibolite.

¢) In addition to these alteration products, in certain cases the
granite dissolves or digests the invaded rock, after having altered
it in one or other of the ways above mentioned.

The alteration products of Class @ may be considered as due to
the heated waters or vapors given off by the cooling magma, that
is to be of pneumatolitic origin, while the alteration products of
Class b result from the more immediate action of the molten magma
itself. The products of these two classes of alteration, however,
have much in common and naturally pass into one another.

The most common product of the alterations of Class a is a granular
pale-green pyroxene rock which occurs in the limestone at or near the
contact with the granite. This pyroxene rock, resulting from the
alteration of the limestone, varies considerably in texture from place
to place, but is usually medium in grain and granular in character,
the sahlite individuals of which it is composed being short and stout
with a hypidiomorphic development. Associated with the pyroxene
in this rock are black mica, hornblende, scapolite, epidote, garnet,
sphene, spinel, zircon, tourmaline, pyrrhotite, pyrite, molybdenite,
calcite, apatite, and occasionally quartz and feldspar, as accessory
constitutents. Of these minerals the mica and hornblende especially
have a tendency to occur in segregations or nests composed of very
large individuals, so large in fact that the mica has been mined in
these pyroxene rocks at several places in the area, in one case mica
crystals, having cleavage surfaces measuring two feet by two feet
and a half, having been obtained. The calcite, when present in the
rock, is usually in the form of very coarsely crystalline aggregates,
cementing the other constituents together and into which the other
minerals grow in the form of perfect crystals with excellent termina-
tions. This calcite represents portions of the original limestone
which have survived in an unaltered condition, except that they have
grown more coarsely crystalline. When the calcite is subsequently
removed in solution by percolating waters, spaces result which when
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broken into by mining are found to be lined with beautiful crystals
of pyroxene or other constituents of the rock.

The other product of pneumatolitic action belonging to this class
is a rock composed of an aggregate of small leaves of a very deep brown
or black mica, and is less common. These mica rocks almost invari-
ably contain more or less calcite disseminated through them, which
on exposure to the weather is dissolved out, the weathered surface of
the rock thus being disintegrated into a soft mass of small scales of
mica. The chemical nature of this mica has not been determined, but
it is probably a variety of lepidomelane, containing a considerable
amount of fluorine and probably some lithia such as is found in lime-
stones about granite intrusions in other parts of the world.

The alterations of Class b, whereby the limestones are converted
into amphibolite, are especially well seen about the borders of the
great Glamorgan bathylith whose eastern limit lies in the township
of Glamorgan. This bathylith here breaks through the great body
of limestone underlying the northwestern portion of the township of
Monmouth and affords a most excellent and striking example
of lit-par-lit injection. The character of this contact action can
be excellently studied at Maxwell’s Crossing, on Lot 15 of Range
VI of the township of Glamorgan. Here the limestone, toward the
granite contact, passes gradually over into amphibolite, the latter
being undoubtedly produced by the alteration of the former. The
invading granite in the form of apophyses wanders through the lime-
stone series in all directions, sometimes cutting across the bedding, but
very frequently in the form of narrow dykes forcing their way between
the beds of the invaded limestone, changing it into amphibolite and
presenting a typical instance of lit-par-lit injection. The granite,
furthermore, not only penetrates the series, but floats off masses
of the altered rock which, in the form of bands, streaks, and isolated
shreds, are seen thickly scattered through the granite in the vicinity
of the contact, and which, while less abundant, are found throughout
practically the whole extent of this bathylith as mentioned below.
The separate fragments of amphibolite where completely surrounded
by the granite, while clearly nothing more than masses of altered lime-
stone, are rather harder and more ‘‘granitized’’ in appearance than the
amphibolite which is still interstratified with the limestone, and the
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fragments sometimes have somewhat flowing outlines as if they had
been subjected to a certain amount of movement when in a softened
condition.

When examined in thin sections under the microscope the limestone
which is in the act of passing into amphibolite is seen to do so by the
development in it of certain silicates. These, when the change is
complete, are so abundant that they have entirely replaced the
calcite while in the intervening stages some of the original calcite still
remains. These silicates belong to the following species: Pyroxene,
hornblende, sphene, scapolite, plagioclase, microcline, orthoclase,
and quartz. = The relative abundance of these minerals varies in
different bands and from place to place in the rock. Their characters
are as follows.

The Pyroxene is rather deep green in color and shows an absence
of pleochroism. It is one of the chief constituents, beingin the earlier
stages of the change present in large amount. It first appears in
individuals which are rounded in shape, do not possess crystallographic
outlines or any approximation to crystalline form. In those varieties
rich in calcite, the sections of the pyroxene grains are frequently nearly
circular.

The Hornblende, which at first is much less abundant than the
pyroxene, is also green in color but it is a much deeper green than
the pyroxene. The grains are similar to those of the pyroxene in
form, but are usually less rounded. It is intimately associated with
the pyroxene, often forming adjacent grains, but there is no conclusive
evidence that one mineral is derived from the other. It is strongly
pleochroic.

The Sphene is present only in a very small amount in the form of
small rounded grains of a brown color.

Scapolite is usually present in considerable amount. It polarizes
in brilliant colors, is uniaxial and negative, and shows the other
microscopical characters of this mineral.

The Feldspars vary greatly in amount. In places they form a
considerable part of the rock, while no scapolite is present. In
other places the scapolite seems to take their place and they are
reduced to the rank of accessory constituents. All three varieties
of feldspar mentioned often occur in the same specimen, their relative
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abundance varying from slide to slide. The polysynthetically twinned
plagioclase in some cases equals the potash feldspar in amount, but
usually the potash feldspars seem to be rather more abundant.

The Quartz is found only in a few of the thin sections and is there
present only in very small amount.

When the Calcite survives, it can be seen that the original rock had
the character of a coarsely crystalline limestone or marble. Under
the action of the metamorphic processes the silicates have grown into
it in the form of rounded grains which, increasing gradually in size,
have finally left the calcite merely as a filling of the surviving inter-
stitial spaces. The grains are about the same size as those of the
other minerals. ,

An examination of thin sections of a suite of specimens of this
amphibolite from a single series of exposures in the cutting on the
line of the Irondale, Bancroft and Ottawa Railway at Maxwell’s
Crossing—some of them still containing little surviving bands of calcite
and others of the harder and more altered varieties—shows that in
the former pyroxene and scapolite accompany the hornblende and
feldspars, while as the alteration becomes more pronounced these
former minerals become less abundant and eventually disappear,
giving rise to a rock composed of hornblende and feldspar, associated
with which a little biotite is seen in some specimens, with certain
accessory minerals which are common to both rocks. Although, as
above mentioned, no actual passage of pyroxene into hornblende
could be definitely observed, the hornblende individuals often have
a minutely serrated edge where they come against the pyroxene, as
if they were gradually enlarging themselves at the expense of the
latter mineral and thus replacing it.

The amphibolite, representing the final product of the alteration,
while possessing a more or less distinct foliation, has the ‘ pflaster,”
“pavement,” or mosaic structure characteristic of rocks which have re-
sulted from recrystallization brought about by metamorphic processes.
It presents no evidence of crushing or of having been caused to move
since its recrystallization took place. This structure is quite distinct
and different from that seen in the little injected bands of granite.
In these, which are composed of quartz, microcline, orthoclase, and
plagioclase, the quartz occurs for the most part in thin leaves with
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undulatory extinction and the structure of the rock is suggestive of
the ““mortel” or granulated structure seen in the granite gneisses.

In this remarkable occurrence, therefore, the crystalline limestone
can be seen under the influence of the granite intrusion to have changed
into a typical hornblende feldspar amphibolite, having passed through
the intervening stage of a pyroxene scapolite hornblende feldspar
amphibolite (pyroxene scapolite gneiss).

Three specimens of these amphibolitic rocks from Maxwell’s
Crossing, chosen to represent three steps in the progressive change
from limestone to amphibolite, were selected for analysis. The
analyses were made by M. F. Connor, B.Sc., of the Geological Survey
of Canada. The figures given are in every case the mean of two
determinations which agree closely with one another. The results
of these analyses are as follows:

No. 1

“No. a2 No. 3

(@ ®)
SiOz......... 32.88 50.20 50.00 50.83
TiO;......... 0.49 0.75 0.82 I.I0
Al,Oy........ 9.04 13.80 18.84 18.64
ge,oo, ........ 0.77 1.18 2.57 2.84
eO.......... 3.48 5.31 5.51I 5.97
MnO.........\  ..... | ... 3 0.08 o.I0
CaO......... 30.90 17.71 10.65 7.50
MgO......... 4.18 6.38 4.63 4.90
K,0......... 0.85 1.30 1.18 1.83
Na,O........ 1.17 1.79 4.46 4.22
COzvvnnnnn 15.20 [ ..... o.10 o.1I1
Clo.......... undet. |  ..... o.10 0.03
S undet. | ..... 0.03 o.or1
H,O......... 1.08 1.66 1.00 1.40
100.04 100.08 99.97 99.48

No. 1 represents the first stage of alteration and was made from a
specimen which shows’ an alternation of narrow lighter and darker
‘colored bands. The specimen was broken across the strike of the rock
and thus included several of each of these bands, giving in this way
an approximate average of the composition of the rock as a whole.
Under the microscope the lighter colored bands are seen to consist
of calcite, pyroxene, and a little hornblende. In the darker bands
the calcite is largely replaced by the silicates, the constituent minerals
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of these bands being scapolite, pyroxene, some hornblende, some
calcite, and a little microcline. A very small amount of sphene is
also present in the rock.

The analysis as given under No. 1 @ represents the composition
of the specimen as collected; that given under No. 1 b represents the
composition of the rock as it appears when the calcite present (deter-
mined by calculation from the amount of CO, present and also by
direct experiment) is deducted and the amount of the remaining
constituents is recalculated on the basis of 100. No. 1 b therefore
represents the percentage composition of the silicated portion of the
specimen, or, to put it in another way, it represents, except in the case
of the lime, the additions made to the limestone by the granite magma
in this first stage of alteration. The specimen contains 34. 50 per cent.
of calcite, leaving 65. 50 per cent. of silicates. This silicated portion
of the rock, as will be seen by comparing analysis No. 1 b with Nos. 2
and 3, bears a general resemblance in composition to the two latter
rocks which represent the subsequent stages of alteration, the per-
centage of silica being practically identical in all cases.

No. 2 is the analysis of a typical specimen of the amphibolite which
alternates with thin bands of the limestone at Maxwell’s Crossing.
It represents a second stage in the alteration, this particular specimen
being practically free from calcite. Under the microscope it is seen
to be composed of hornblende and pyroxene, more or less completely
replacing each other in the alternate bands, together with a consider-
able amount of scapolite, plagioclase and untwinned feldspar. The
rock also contains many minute rounded grains of sphene scattered
everywhere through it, but holds no iron ore and no biotite.

No. 3 is the analysis of a harder variety, being a typical amphibolite
and representing the last stage of the change. It occurs as an inclu-
sion in the granite in the same series of exposures as that from which
the other specimens were taken. The field relations show that it
has been derived from variety No. 2 by further alteration. Although
not differing much from No. 2 in chemical composition, under the
microscope it is seen to differ considerably from it in structure, the
individuals of the several constituents showing a less marked tendency
to a rounded outline than in the case of No. 2. In mineralogical
composition also it presents certain differences, the pyroxene and
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scapolite having disappeared and a certain amount of biotite having
been developed.

. A comparison of the analyses shows that the granite at first trans-
fuses into the limestone, silica, alumina, oxides of iron and magnesia,
with some alkalis and a small amount of titanic acid. As the altera-
tion progresses, all these constituents continue to increase in amount.
But in these later stages of the alteration the alumina, oxides of iron,
and alkalis are added in relatively greater proportion than the other
constituents, while no further addition of magnesia or lime takes
place, the proportion of these constituents remaining essentially the
same, the carbonic acid escaping and carrying the rest of the lime
with it.

This means, speaking generally, that pyroxene and some scapolite
were first developed in the limestone and that later the feldspathic
constituents increased in amount, the calcite present being removed
in solution.

A calculation of the analyses shows that Nos. 1 b and 2 have the
following mineralogical composition:

No.1b No. 2

Feldspathic constituents........................ 48.57 67.35
Pyroxenic (iron magnesia) constituents........... 46.63 26.28
Ironores..........cooii it 3.2 5.27
98.40 98.90

Water.....ooiiii e 1.66 I.00
100.06 99.90

During the change of No. 1 into No. 2 and this into No. 3, the
information afforded by the analyses bears out that obtained from the
study of the thin sections, showing that there has been a very con-
siderable rearrangement among the constituents of the rock. Thus
it is seen that while the alumina and alkalis increase in No. 2 and
No. 3, there is not a corresponding increase in the total amount of
silica; the silica required to make additional feldspathic constituents
being derived from some other reactions going forward in the rock.

It seems also that after the development of a certain percentage
of silicates in the limestone, as shown in No. 1, during which process
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carbonic acid was expelled and the lime combined with it used in the
production of new minerals, no further lime was fixed. In the earlier
stages the waters given off by the granite having accomplished the
transference of material into the limestone, passed off with the replaced
CO, in solution, leaving the lime behind. In the later stages of the
alteration, however, these waters, while continuing to deposit silicates
in the limestone, made place for these latter by carrying off carbonate
of lime in solution.

As will be seen, the difference in chemical composition between
Specimen 2 and Specimen 3 is very small. The more highly altered
rock, No. 3, is rather richer in iron, magnesia, and alkalis, while it is
considerably poorer in lime and contains less chlorine. These differ-
ences are seen to represent a slight increase in the proportion of horn-
blende and orthoclase present and a decrease in the amount of plagio-
clase and scapolite in the rock.

If, for the purpose of comparing the composition of these alteration
products with that of igneous rocks, the norms are calculated, these are
found to be as follows. Since No. 3 is essentially the same as No.
2, the norm of the latter rock may be taken to represent both specimens
and with it is given the norm of the silicated portion of No. 1 (No.
1b).

No. 2 No.1bd

Orthoclase................. 7.23 7-74
Albite..................... 26.20 15.24
Anorthite.................. 27.94 25.59
Nepheline.................. 5.6 | ...
Sodalite.................... 0.42 |  .....
Diopside. .................. 19.78 34.81
* Akermanite................[  ..... 6.97
Olivine.................... 6.30 4.85
Calcite.................... o.20 | ...
Ilmenite................... I.52 I.40
Magnetite.................. 3.71 1.80
Pyrite..................... o.o4 | ...
98.90 98.40

Water..................... I.00 1.66
. 99.90 100.06

In the quantitative classification the rocks, therefore, have the
following position:
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No. 2. No. 1 b
ClassII................... Dosalane ClassTII.................. Salfemane
Orders.................. Germanare Orders..................... Gallare
Rangz...................... Andase Rangg4.................. Auvergnase
Subrang 4................... Andose Subrang 4............... Auvergnose

While, therefore, the quantitative classification is intended to
apply only to igneous rocks, this final product of the metamorphism
of the limestone when compared with igneous rocks readily takes its
place as an andose, a group which includes many rocks which are
commonly known as diorites, gabbros, basalts, diabases, and essexites.

For purposes of comparison the analysis of this amphibolite (No.
2) is here repeated together with that of an amphibolite (No. 5)
produced by the alteration of a basic igneous intrusion (probably
a diabase originally) and with the analyses of three typical igneous
rocks which have been produced by the solidification of molten
magmas.

No. 4 No. 5 No. 6 No. 7 No. 8
SiOz.evnentt 50.00 48.81 50.86 50.73 48.85
i 0.82 0.74 1.59 2.47
18.84 16.62 15.72 19.99 19.38
2.57 1.17 9.77 3.20 4.29
5.51I 7.47 2.48 4.66 4.-94
0.08 o.12 0.05 0.19
10.65 10.30 10.52 8.55 7.98
4.63 . 8.28 3.55 3.48 2.00
1.18 0.76 0.90 1.89 1.91
4.46 3.31 3.89 4.03 5-44
o.10 0.55
o.10 0.03 not det.
0.03 0.06
0.8r 1.23
1.00 0.95 2.53 0.77 0.68
99.97 99.17 100. 22 100. 13% 99.36

* Including BaO o.27.

No. 4. Amphibolite resulting from the alteration of limestone—
Maxwell’s Crossing—I.ot 5, Range VI, Township of Glamorgan,
Ontario.

No. 5. Dyke cutting limestone—Lot 27, Range VIII, Township
of Methuen, Ontario.

No. 6. Gabbro, near Baptism River, Minnesota, U. S. A. (Wads-
worth, Geol. Survey of Minn., 2, p. 79, 1887).
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No. 7. Diorite—Big Timber Creek, Crazy Mountain, Montana
(Wolff, Bull. U. S. G. S., 148, p. 144, 1897).

No. 8. Normal Essexite—Mount Johnson, Quebec (Adams,
Jour. of Geol., April-May, 1903).

The silicated portion of the half-altered limestone (Analysis
1 b), which in the quantitative classification would fall under Auver-
gnase, has certain igneous rocks which approach it rather closely.
in composition, although it is higher in lime than any igneous rock
whose analysis has been hitherto recorded, as emphasized by the fact
that akermanite appears as a standard mineral in its norm. The
following igneous rocks resemble it most closely:

I I I

SiOz....c..... 48.11 46.15 46.16
AlLO;....... 16.98 13.57 13.86
Fe,O;........] ..... 3.61 5.26
FeO.......... 7.82 8.15 1.81
MnO......... 1.8 | ... | L
MgO......... 5.67 12.63 11.60
CaO.......... 17.75 15.15 15.74
Na,O......... 1.82 1.29 1.0§
) Y O R [P I 0.30
H,O..........| ..... | ... 3.40

100.03 100.55 99.18

I. Saussurite gabbro, Yttero, Norway.

II. Hypersthene gabbro, Urals, Russia (Loewinson-Lessing, G.
Sh. Jushno Saos, Dorpat, 19oo, p. 166).

III. Gabbro (not fresh), Laurion, Greece (R. Lepsius, Geol.
v. Attika, Berlin, 1893, p. 98).

In connection with this alteration of limestone to amphibolite
it is to be noted that the change is not one of solution or digestion
of the limestone by the granite, for the fragments preserve their sharp
and well-defined forms even when the alteration is complete.

The limestone, at a distance from the granite, is a white crystalline
marble, containing scarcely any impurities and effervescing freely in
fragments with cold dilute hydrochloric acid, showing that it is an
essentially pure carbonate of lime.

The granite which brings about this alteration has not been
analyzed but is in all probability of essentially the same composition
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as that of the adjacent Methuen bathylith, the analysis of which is
given below:

SiO i 73.33 CaO.............ccooiiinn. 1.66
TiO,eeeee o.17 MgO.............iiiiial, 0.45
ALOg ... o 13.55 KOl 3.12
Fe,O5.covviniiit. 0.58 Na,O..............ccouetn. 5.01
FeO...... ... .t 1.53 H,O...........ooil 0.45
MnO......ooviiii 0.04 99.89

The changes are the result of the transfusion into the limestone
of certain constituents which are present in the granite magma. A
remarkable fact in connection with the alteration, is that the granite,
which is an acid variety of the rock containing a very small amount
of biotite as its only bi-silicate, where the limestone was bathed by it
or actually immersed in it as in the case of the included fragments,
has notwithstanding this fact transfused into the limestone not only
silica, alumina, and alkalis, as might be expected, but also large
amounts of magnesia and iron. The limestone evidently fixed certain
constituents of the granite magma in relatively greater abundance
than others, exerting a species of selective action. Many cases have
been described in which a granite magma has passed by differentia-
tion into a gabbro, but here the granite retains its normal character
and at the same time changes the limestone into a rock having the
composition of a gabbro.

That similar changes are brought about by the action of acid
magmas upon limestones elsewhere is shown by two occurrences
described by Kemp* and one by Lindgren. The first is from San
José, in the State of Tamaulipas, Mexico, the second from Morenci,
Arizona, and the third from White Knob, Idaho. In all cases highly
acid intrusive rocks, quartz-porphyries or quartz-diorite-porphyries,
very low in iron, penetrate limestones which are so pure that they
can yield little or no garnet of themselves. In each case the intrusives

t J. F. Kemp, “Ore Deposits at the Contacts of Intrusive Rocks and Limestones
and Their Significance as Regards the General Formation of Veins,” Economic
Geology, Vol. 11, No. 1, 1907, p. 1, and Trans. Am. Inst. Mining Eng., XXXVI, p. 192.
W. Lindgren, U. S. Geological Survey, Professional Paper No. 43, p. 134. See also
O. E. Le Roy, “The Marble Bay Copper District,” Jour. Can. Min. Inst., 1907,
P. 248.
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have developed in the limestones large amounts not only of an alumina
garnet (grossularite), but also of an iron garnet (andradite), showing
that the acid magma has transfused into the limestones large amounts
of Si0,, Al,O,, and Fe,O,, which the limestones have fixed in the
form of garnet.

Kemp’s conclusions concerning these occurrences exactly coincide
with those reached from a study of the occurrences in the Haliburton-
Bancroft area, as shown by the following quotations from the paper
referred to above:

First of all the question may be raised as to whether the eruptive has melted
into its substance sufficient limestone to yield the zones which have then crystal-
lized out from fusion. This view is opposed both by the sharp contacts afforded
by the eruptive against the garnet zones; by the variability of the zones in
mineralogy, and by the fact that the necessary ingredient of andradite would not
thereby be afforded. In almost all cases the eruptive is a highly acidic rock,
a quartz-porphyry, or quartz-diorite-porphyry. The percentage in iron is very
small, far below the requirements of the iron-lime gamnet, and the general com-
position not at all adapted to yield the zones. On the contrary we are irresistibly
led to the conclusion that from the intrusive rock has come either highly heated
water gas or highly heated water itself in the closing stages, and that one or both
of these have brought to the limestone the silica, iron oxide, and alumina for the
production of the lime-silicates. ~After the production of the gamet and its
associates was well under way, they brought in also the copper and iron sulphides
which are the commonest ores.

The silica and the other dissolved materials did not wander farther from
the eruptive because the limestone promptly intercepted them and locked them
up in silicates; but undoubtedly carbonated water and carbon dioxide gas were
yielded in great quantity, an inference which falls harmoniously in line with
what we know of volcanic emissions.



A MIOCENE FLORA FROM THE VIRGINIA COASTAL
PLAIN®

EDWARD W. BERRY
Johns Hopkins University

The later Tertiary of Europe is as remarkable for its extensive
and representative floras, as is that of America for their absence, for
with the exception of certain isolated florules of the Western Interior
and Pacific coast region there are no known Miocene floras in America.

The Atlantic coastal plain Miocene, or Chesapeake Group, appears
to be made up entirely of marine deposits carrying an abundant,
chiefly molluscan fauna and furnishing but slight hints of the life
which flourished along its shores. It has been correlated on the
basis of its invertebrates by Dall and others with the Helvetian or
Middle Miocene of Europe. The earliest member of the Chesapeake
Group, the Calvert formation, is characterized in the Maryland-
Virginia region by extensive beds of diatomaceous earth which rest
with marked unconformity on the usually glauconitic sands of the
Eocene or overlapping them to a notable extent in Virginia.?

While the Miocene of the world was in general a period of eleva-
tion it would seem as if this elevation was greatest in eastern North
America in the interval which preceded the deposition of the Chesa-
peake Group, during which time the Eocene appears to have under-
gone great denudation, since the comparative purity of the diatoma-
ceous beds of the Calvert formation seems to have been due to the low-
ness rather than to the remoteness of the adjacent mainland with the
consequent lack of erosion. This supposition is fully borne out by
the evidence of the flora discussed in the following pages.

Some years ago the Maryland Geological Survey discovered plant
remains in the Calvert formation as exposed on Good Hope Hill
which is situated in the District of Columbia just across the Anacostia

t Published by permission of the Director of the U. S. Geological Survey.

2 They of course rest on the older Cretaceous or the underlying crystallines in
places where the Eocene is absent.

9
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River from Washington. These were few and rather poor, but
sufficient to form the basis for six species, all new, which were described
by Dr. Arthur Hollick® in 1go4. It is probable that an exhaustive
search would disclose similar remains elsewhere in this immediate
region, since the writer has seen fragmentary plant fossils from these
same beds along the Bennings road near the District lines, and from
the banks of the Choptank River and Tuckahoe Creek, on the Eastern
Shore of Maryland. The only other eastern flora of possible
Miocene age is that from the Bridgeton gravels of southern New
Jersey which is understood to be quite extensive.? It also has been
studied by Dr. Hollick but is as yet unpublished. It is considerably
younger, however, than that of the Calvert formation and may possibly
be of Pliocene age.

With these preliminary remarks we turn to a very interesting flora
. found in the Calvert formation at Richmond, Virginia. The
presence of this flora was discovered by Dr. Benjamin L. Miller dur-
ing a reconnaissance trip in 19o6, but no collections were made until
the present summer when the writer spent part of two days in making
a thorough collection at this locality and it is upon this collection that
the following notes are based. The Calvert formation at this point
consists of very argillaceous diatomaceous earth forty to fifty feet in
thickness, resting unconformably upon remnants of the Eoccne or
upon the underlying crystallines and overlain by Pleistocene deposits.
That this locality was near the shoreline of the Miocene sea, as it is
near the landward limit of the existing Calvert deposits, is indicated
not only by the argillaceous nature of the materials as compared
with similar diatomaceous deposits elsewhere in the Calvert formation,
but by the contained plant fossils, as well as by considerable com-
minuted lignite, the latter forming layers 5-12 mm. thick in places.

Thirteen species are enumerated in the present communication
and the doubtful fragments uncharacterized at this time include
perhaps two or three more forms in addition to several varieties of
seeds not vet identified. The species recognized include seven well-
known and widespread Tertiary forms and one species, Rhus milleri

t Hollick, *“ Miocene,” Maryland Geol. Surv., 1904, pp. 483-86, Figs. a—h.

2 A Miocene flora of considerable variety and extent, discovered within the last
few months in North Carolina, is being studied by the writer at the present time.
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Hollick, previously described from the Calvert formation of Mary-
land. Six species are described as new.

It seems evident that this is a localized flora and not one character-
istic of the eastern American uplands during Miocene time, and
we may compare the local conditions at that time with those which
exist at the present day in the Dismal Swamp region, or, better still,
with the innumerable cypress swamps which skirt the South Atlantic
coast. There is the Miocene cypress (Texodium) by far the most
abundant fossil in these deposits and associated with it we find
Salvinia, a floating plant in the modern flora. The seeds of a Nyssa
represent that modern semi-aquatic genus. Carpinus and Planera
are both low swamp and waterside types at the present day, as are
a majority of the willows (Salix). Platanus inhabits wet situations
as do also several species of Fraxinus and many species of Ficus.
The oak (Quercus) is at home in the environment pictured, while the
Rhus, Celastrus, and the two species of Leguminoseae are not at all
out of place in such an association. The conclusion seems irresistible
that in these fossiliferous Calvert deposits we have preserved some
of the débris of a nearby cypress swamp, and that it was the presence
of such swamps along the consequently low-lying coast where the
streams were of necessity inactive, which effectually prevented any
large amount of land-derived sediment from becoming a part of the
Calvert formation. Citations are restricted to the more important
references in the following notes:

Subkingdom Pteridophyta
Order FILICALES
Family Salviniaceae
Genus Salvinia Adans
SALVINIA FORMOSA Heer?

Salvinia formosa Heer, Fl. Tert. Helv., 3:156. pl. 145. f. 13-15. 1859.
Velenovsky, Fl. Ausgebr. Tert. Letten v. Vrsovic, 12. pl. 1. f. 14-1%. 1882,
Hollick, Bull. Torrey Club, 21:256. pl. 205. f. 6. 1894.

Zeiller, F1. Foss. Gites de Charbon du Tonkin, 269. pl. s1. f. 2, 3. 1903.

This undoubted fragment of a Salvinia leaf has been doubtfully
referred to the above species, with which it agrees in so far as its
characters can be made out, rather than to adopt the course of found-
ing a new species upon a single fragmentary specimen. Future



22 EDWARD W. BERRY

collections may furnish sufficient material for a complete diagnosis
in which case the specific identity can be positively settled.

Subkingdom Spermatophyta
Class GYMNOSPERMAE
\H Order CONIFERALES
Family Pinaceae
Subfamily Taxodieae
A Genus Taxodium Rich.
TAXODIUM DISTICHUM MIOCENUM
Heer

Taxodites dubius Sternb., Fl. d.
Vorwelt, 204. 1838.
Unger, Iconogr., 20. pl. 10. f. 1-7.
1852.
Taxodium dubium Heer, Fl. Tert.
Helv., 1:49. pl. 17. f. 5-15; 1855.
Taxodium distichum miocenum Heer, Mioc. Baltic F1., 18. pl. 2; pl. 3. f. 6, 7. 1869.
Newb., Mon. U. S. Geol. Surv., 35:22. pl. 47. f. 6; pl. 51. f. 3; pl. 52. f.
2-4; pl. 55. f. 5. 1898.
Knowlton, Bull. U. S. Geol. Surv., No. 204:27. 1902.
Harriman Rept., 4:152. 1904.

F1G. 1

This is by far the commonest fossil in these deposits indicating that
the nearby shores were probably hordered by cypress swamps, thus
furnishing a plausible explanation for the absence of terrigenous
materials in the Calvert formation.

It is an exceedingly common and widespread Tertiary species
ranging from the Eocene upward into the basal Pliocene (Messinian)
and recorded from numerous localities throughout Eurasia from
Japan and the Kirghiz Steppe to Italy, Prussia, France, and Switzer-
land. In the Arctic regions it has been found in Alaska, Grinnell
Land, and Greenland, and in the United States it is recorded from
Nevada, Wyoming, Montana, and Oregon.

It may be distinguished from the equally wide-ranging Sequoia
langsdorfii by the markedly decurrent leaves of the latter.

The collection made at Richmond include, in addition to the
leafy twigs, the characteristic cone-scale figured, which is slightly
smaller than the usual scales of the existing species but otherwise
exactly similar.
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Class Angiospermae
Order SALICALES "
Family Salicaceae )
Genus Salix Linné AR
SALIX RAEANA Heer .
Salix raeana Heer, Fl. Foss. Arct., 1:102, 139. pl. 4. f. 11-13;
pl. 21. f. 13; pl. 47.f. 11. 1868.
Ibid., 2. ab. 4:469. pl. 43. f. 11a. 1871.
Ibid., 4. ab. 1:70. pl. 14. . 8. 1877. .
Ibid., 7:76. pl. 69. f. 2; pl. 86. f. 4. 1883.
Lesq., Proc. U. S. Natl. Mus., r1:17. 1888.

Fic.
Knowlton, Bull. U. S. Geol. Surv., No. 204: 30. 1902. G2

The basal portions (about one-half) of two leaves of a Salix were
found at Richmond, and, although incomplete, they agree so admirably
with the numerous figures of this species given by Heer as to leave
little doubt of their specific identity. They indicate a mediumly
broad lanceolate leaf 3.5cm. long by 1.3 cm. in greatest width, which
was toward the somewhat rounded base.

This species was described originally from Greenland by Heer
who afterward detected it in material from Spitzbergen, and in the
Tertiary collection from near the north of the Mackenzie River
made by Sir John Richardson’s expedition. Lesquereux afterward
identified it from the Mascall beds of Oregon, basing his determination
upon material which Dr. Knowlton states (loc. cit.) is very poor and
doubtful.

Order FAGALES
Family Betulaceae

Genus Carpinus Linné
CARPINUS GRANDIS Unger
Carpinus grandis Unger, Syn. Pl. Foss., 220. 1845.
Heer, Fl. Tert. Helv., 2:40. pl. 71. f. 19b—e; pl. 72. f. 2-24; pl. 73. f. 2-4.
1856.
Fl. Foss. Arct., 1:103. pl. 49. f. 9. 1868.
Ibid., 2:469. pl. 44. f. 11c. 1871.
Ibid., 3. ab. 2:14, 17. pl. 3. f. 14. 1874.
Ibid., 7:82. pl. 88. f. 4, 5. 1883.
Lesq., Tert., Fl., 143. pl. 19. f. 9; pl. 64. f. 8-10. 1878.
Velenovsky, Fl. Ausgebr. Tert. Letten v. Vrsovic, 23. pl. 2. f. 25; pl. 3.
f. 1-6. 1882.
Knowlton, Bull. U. S. Geol. Surv., No. 204:38. 1902.
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This is another of those widespread Tertiary species which may
be composite although usually regarded as simply a variable type.
The Richmond collections contain eight fragments of leaves which
are referred with some little hesitation to this species. The venation
is similar, although it must be admitted that it would serve equally
well for Fagus, Betula, Ostrya, or Planera; the variability in size is
in accord with that usually observed in this species as is also the
general outline. Unfortunately the marginal characters, while they
suggest this form, are not well enough preserved to be decisive, all
of the leaves being macerated in exactly the same manner as are the
delicate leaves of Carpinus caroliniana Walt. after they have floated
down our southern rivers for a considerable distance.

Carpinus grandis makes its appearance in the Arctic Tertiaries,
becoming rather widespread before the close of the Oligocene and
is recorded from Europe, Asia, and America. It is more especially,
however, a Miocene type and has been collected from a large number
of European localities as well as from Japan and the Mascall beds of
the John Day basin in Oregon. It persists into the Pliocene, being
recorded from beds of that age in Styria and in Italy (Messinian).

Family Fagaceae
Genus Quercus Linné
QUERCUS MILLERI Sp. nOv.

Leaves about 5 cm. in length with a
mediumly stout petiole 1.4 cm. long.
Lobate, with three narrow rather obtusely
pointed lobes on each side, each traversed
by a prominent secondary whose angle of
divergence is less than that of the lobes,
the secondaries leaving the midrib nearly
on a line with the basal margin of the
lobes and running nearer their upper than
their lower margin to the apex of the
lobe. Basal lobes forming almost a right
angle with the midrib, their lower margins
being very obtusely rounded, almost truncated, to within a milli-
meter or two of the petiole and then curving slightly downward,
their secondaries branching at an angle of 55° about one millimeter

F1G. 3
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above the top of the petiole, subopposite. The sinus which inter-
venes between the basal and the median lateral lobes is cut to within
4 or 5 mm. of the midrib and is narrow and acute and but slightly
inclined. The median lateral lobes which are 5o per cent. longer
than the basal pair, and also broader, are somewhat more ascending,
the angle of divergence of their secondaries from the midrib being
46°. The next sinus is somewhat broader, widening out laterally.
It is about the same depth as the lower sinus, terminating internally
in a narrow obtuse point. The upper lateral lobes are about the
same length as the median pair, but are more ascending, their second-
aries diverging from the midrib at an angle of from 35° to 42°. The
terminal lobe is g mm. wide at its base and of undeterminate length,
probably about 1.5 cm., the sinus between it and the upper lateral
lobes being broad and almost straight sided, terminating internally
in an obtuse point. The leaf texture was somewhat coriaceous and
the tertiaries were camptodrome and of the usual Quercus type.

This species is based upon two specimens with their counterparts,
the more perfect of which is figured, the other being slightly larger
and showing the obtuse terminations of the lobes, supplying these
parts which are missing in the figured specimen.

This is a rather handsome oak abundantly distinct from the forms
heretofore known, and it is named in honor of Dr. Benjamin L.
Miller who discovered the locality from which the collections were
made.

Order URTICALES
Family Ulmaceae
Genus Planera J. F. Gmelin
PLANERA UNGERI Ettings
Planera ungeri Ettings., Foss. Fl. v. Wien, 14. pl. 2. f. 5~-18.
1851.
Heer, Fl. Tert. Helv., 2:60. pl. 8o. 1856.
Fl. Foss. Arct., 2:472. pl. 45. f. 53, c; pl. 46. £. 6,
7a, 1871.
Ibid., 5. ab. 6:53. pl. 15. f. 19; ab. 7:40. pl. 9. f. 10; pl. 10. . 1, 2. 1878
Ibid., 7:94. pl. 75. f. 11; pl. 89.f. 9; pl. 92. f. 9; pl. gs. f. 6. 7; pl.
97- f. 3. 1883.
Kovats, Foss. Fl. v. Erdébénye, 27. pl. 5. f. 1, 2; pl. 6. f. 1-6. 1856.
Lesq., Tert. Fl., 1go. pl. 27. f. 7. 1878.
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Velenovsky, Fl. Ausgebr. Tert. Letten v. Vrsovic, 26. pl. 3. f. 18-23; pl. 4. f.
14. 1882.

Friedrich, Beitr, Tertfl. Sachsen, 164. pl. 26. {. 2, 3. 1883.

Knowlton, Bull. U. S. Geol. Surv., No. 204:55. 1902.

Fragments of this ubiquitous species are fairly common at Rich-
mond, the one figured being the most definite. It indicates a some-
what more orbicular leaf than the majority of leaves of this species
but may be compared with several Greenland leaves which Heer
identifies as Planera ungeri.* The marginal teeth and venation are
identical with those of more complete specimens from European
Tertiary localities and the implied environmental conditions were
also most suitable. There is some resemblance to the Mascall species
Betula ? dayama of Knowlton? and also to the Tortonian Betula
weissii Heer3 of Europe.

Planera ungeri has a recorded range from the Eocene into the
Pleistocene and a distribution from Manchuria and Japan through
Asia and Europe to Colorado and Oregon, occurring also in Green- -
land and Iceland. It is quite pos-
sible that more than one species
may be included under this name
but if such is the case their proper
segregation is still a task for the
future.

Family Moraceae
Genus Ficus Linné
Ficus RICHMONDENSIS Sp. nov.

Leaves apparently cordate in
outline, about 5 to 6 cm. long by
5 cm. in greatest width, acuminate,
entire. Venation palmate, the lateral
primaries of somewhat less caliber
than the midrib, from which they
diverge at an acute angle (about 30°) at or near its base. The
midrib gives off three pairs of secondaries above the lateral primaries

FIG. 5

"t Cf. Heer, Fl. Foss. Arct., 7. pl. 89. f. 9; pl. 95. f. 7. 1883.
2 Knowlton, U. S. Geol. Surv., Bull. No. 204, 41, pl. 4, f. 4, 1902.
3 Heer, Fl. Tert. Helv., 2:39, pl. 71, . 24, 1856.
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and these are apparently camptodrome. Tertiaries numerous, but
slightly curved, transverse. Lateral primaries giving off externally
three or four nearly straight branches. '

The fossils, like the recent species of Ficus, are very numerous and
range from the Cretaceous upward. The present species is based on
the single imperfect specimen figured, which seems to be referable
to this genus although the allied genus Celtis suggested itself. A rather
similar form from Florissant, Colorado, is doubtfully referred by
Cockerell to the genus Morus.* The entire margin is a more constant
character in Ficus than it is in either of these other genera and the
venation is closer to that of the leaves usually referred to Ficus, which
facts have largely determined the present identification.

Order ROSALES
Family Platanaceae
Genus Platanus Linné
PrLATANUS ACEROIDES Goeppert?
Platanus aceroides Geepp., Zeit. Deutsch. Geol. Gesell., 4:492. 1852.

Lesq., Am. Journ. Sci. (ii). 45:206. 1869.

Tert. Fl., 184. pl. 25. f. 4-6. 1878.

Proc. U. S. Natl. Mus,, 11:19. pl. 5. f. 7. 1888. ‘
Heer, Fl. Tert. Helv., 2:71. pl. 87. f. 1-11; pl. 88. f. 5-12, 15. 1856.

Fl. Foss. Arct., 1:111. pl. 12. f. 1-8; pl. 47. f. 3. 1868.
Knowlton, Bull. U. S. Geol. Surv. No. 204, 65. 1902.
Hollick, Md. Geol. Surv., Pli. & Pleist., 231. pl. 73; 74. 1906.

Two fragments of Platanus leaves showing neither the outline nor
margin, but containing parts of two secondaries with the characteristic
tertiary venation of this genus, were found at Richmond. Their
specific affinity cannot be made out with certainty, and they are referred
to this species with some hesitation. The tentative determination
is made on the ground of the abundance of this species elsewhere
at this time, and also immediately before and afterward. As far as
the specimens will permit of comparison they agree perfectly with
this form.

Family Caesalpiniaceae
Genus Podogonium Heer
) PODOGONIUM?  VIRGINIANUM Sp. NOV.

In the absence of the characteristic pods this generic reference can
only be tentative. The species is based on a small rather thick leaflet,

1 Cockerell, Bull. Am. Mus. Nat. Hist., Vol. XXIV 1908, p. 88, pl. vii, fig. 19.
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8 mm. in length by about 3 mm. in breadth, with a rounded-

truncate apex and a somewhat narrowed acute base. Of the venation
only the midrib is discernable.

The genus Podogonium is entirely

@ extinct and is referred by Heer and

others to the Caesalpiniaceae although

Unger placed it in the Papilionaceae.

In all there are about a dozen species,

all Tertiary and ranging in age from

the basal Eocene to the basal Pliocene

(Messinian). It is chiefly European

with but two species recorded from

America. Five species have been

found in the Tortonian of Europe.

Family Papilionaceae @

x5

F1G6. 6

Genus Dalbergia Linné f.
DALBERGIA CALVERTENSIS Sp. DOV.

Leaflets small, 8 mm. long by 4.5 mm. in greatest width, F'¢7
which is toward the apex, obovate in outline with an emarginate to
retuse apex and gradually narrowed acute base. Secondaries three
pairs, opposite, ascending, camptodrome.

There are upward of eighty species of Dalbergia in the modern
flora ranging through the tropics of both the old and the new worlds.
The genus is abundantly represented during the Mid-Cretaceous by
five or more species in Greenland and on the North American main-
land. In Europe it is rather common during the Tertiary, Heer
describing no less than four species from the Tortonian. There
are also ten or a dozen species recorded from various European

Oligocene localities.
Order SAPINDALES
Family Celastraceae
Genus Celastrus Linné
CELASTRUS BRUCKMANNI Al. Br.
Celastrus bruckmanni Al. Br., in Stizenb. Verzeich., 87. 1851.
Heer, Fl. Tert. Helv., 3:69. pl. 171. f. 27-38. 1859.
Fl. Foss. Arct., 6. ab. 1:14. pl. 6. {. 5. 1880.
Ibid., 7:130. pl. 84. f. 9. 1883.
Gaudin, Contrib., 6:22. pl. 3. f. 6. 1862.
Rhamnus parvifolius Web., Palaeont., 4:154. pl. 27. f. 16. 1855.

F1G. 8
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This nearly complete elliptical leaf closely resembles the leaves
usually referred to this species, although suggestive of the leaflets
of a number of species of the Papilionaceae. It is about 1.6cm.
long by 1.2 cm. in greatest width, with four or five pairs of campto-
drome secondaries.

Celastrus bruckmanni was recorded originally from the Tortonian
of Baden and has since been found at a number of European localities,
some ranging as low as the Aquitanian. It is recorded by Heer (loc.
cit.) from the Greenland Tertiary, but has not heretofore been found
on the North American mainland.

Family Anacardiaceae
Genus Rhus Linné
Rruvs miLLErT Hollick

Rhus milleri Hollick, Md. Geol. Surv., Miocene, 48s. f. Ic, d.

1904.

This species which was described by Hollick a
few years ago from the Calvert formation of the
District of Columbia is represented by fragmentary specimens in the
Richmond material.

In some respects these leaves suggest a relationship with Myrica,
but the available material is so scanty that it is not desirable to make
any change in the nomenclature. The missing parts in the figure
have been restored from the more complete Maryland material, the
outline of the Virginia specimen being indicated.

Fi16. 9

Order UMBELLALES

Q} Family Cornaceae
Genus Nyssa Linné
FiG. 10 NYSSA GRACILIS sp. nov.

This species is based on a lanceolate, somewhat two-sided terete
stone with about fifteen very narrow longitudinal ridges, possibly
the remnants of slender wings. Length 8 mm., greatest diameter
2.5 mm., about equally pointed at both ends. The existing species
of Nyssa number less than a dozen, inhabiting the warm temperate
region of eastern North America and eastern and central Asia. A
great many fossil species, founded chiefly upon stones, have been
described, Perkins alone describing no less than eighteen species, an
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altogether too large a number, from the Tertiary lignites of Brandon,
Vermont. Leaves of two supposed species have been described
from the Dakota Group and leaves and

A stones have been recorded from a large
‘\ number of European localities, chiefly of

\ Oligocene and Miocene ages.

]
;
:
! \\ Order GENTIANALES
TN Family Oleaceae
," | \ Genus Fraxinus Linné
\ FRAXINUS RICHMONDENSIS Sp. nOv.
: \\ Leaflets ovate in outline with a some-
| { what acuminate (?) apex and a rather
! y rounded acute base, about 8 cm. long by
! ; 3.25 cm. in greatest width. Margin with
. ' very small remote serrate teeth. Second-
/ aries ten or twelve pairs branching from
/ the midrib at angles ranging from 65° for
the basal pait to 40° for those in the
apical part of the leaf, curving slightly
upward, parallel, their tips joined by
F1G. 11 rounded festoons with the adjacent second-
aries and sending off short curved branches
to the marginal teeth. Balance of the tertiarics straight, transverse.
This species is based on the incomplete leaflet figured and its
counterpart, and resembles both in size and outline the leaflets of
the existing white (Fraxinus americana 1.inné) and red ash (Fraxinus
pennsylvanica Marsh).




EROSIONAL ORIGIN OF THE GREAT BASIN RANGES
CHARLES R. KEYES

It is not at all probable that the origin of the mountain ranges
of the Great Basin of western America can find adequate and satis-
factory explanation by a single simple hypothesis. Nor can it be
advantageously postulated that the genesis of the mountains is the
same in the various parts of that vaster desert region of which the
Great Basin is only a minor portion. In general all recent observa-
tions go to show that these mountains as they exist today must be
regarded as the outcome of the action of several sorts of geologic
forces, operating sometimes severally and sometimes in conjunction,
at diverse times and with different degrees of intensity.

The relative ascendency of the several geologic processes in shaping
the larger relief features of the desert region has remained until recently
an indeterminate quantity. It is this aspect of the subject that has
been all but entirely overlooked. This neglect has led to very diver-
gent opinions, as is shown by a full dozen of distinct hypotheses ad-
vanced to explain the origin of the Basin ranges.

In the consideration of the origin of the American desert moun-
tains, it is usually assumed that they are strictly structural features.
That they may have been fashioned, partly at least, by other means
is a suggestion which is only beginning to attract the attention which
it merits. Present indications are that erosion—eolian erosion—must
be reckoned with as one of the potent factors in desert sculpturing.

Many descriptions of the Great Basin ranges have been published.
Notwithstanding this fact there has not yet appeared, as Davis®
well says, “any detailed statement of the theory by which they are
explained; the essential consequences of the theory have not been
explicitly formulated; the criteria by which a fault-block mountain
may be recognized in early or later stages of dissection have not been
defined.”

3 Bull. Mus. Comp. Zoil., XLII, p. 112, 1903.
31
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Spurr® appears to be the first to bring into serious question the
early explanation of Gilbert’s, afterward adopted by King, Powell,
Russell, and others,? regarding the simple fault-block origin of the
Basin ranges. This author considers stream-corrasion as the most
important or only sculpturing agency, but he expresses the opinion
that erosion and upheaval have gone on together, more or less uninter-
ruptedly ever since Jurassic times, the mountains being eroded from
a folded substructure in the same way as in the case of the Appala-
chians, when the precipitation was much greater than at present, while
“subsequently the climate became arid and the water-supply was
not sufficient to remove the detritus from the valleys, which filled
up.” This view, however, as will be seen later, does not appear,
according to Davis,3 to be sufficiently supported.

The idea of the Basin ranges presented by Davis¢ recently is that
they are “dissected fault-block mountains.” The descriptions, and
illustrations which accompany them, indicate clearly that the moun-
tains are regarded as blocks first upheaved and tilted and then sub-
jected to rapid corrasion by the mountain torrents, the intermont areas
being deeply filled by the rock-waste of the contiguous highlands.
This is practically Gilbert’s hypothesis theoretically considered in
its essential consequences, accompanied by the definition of some of
the criteria by which the stages of dissection of a fault-block mountain
may be recognized.

The Great Basin taken alone presents many difficulties to a clear
interpretation of some of its most characteristic features. Farther
south in the desert region, at the northern end of the Mexican table-
land, there are displayed certain phenomena which seem to offer
critical evidences bearing upon the question in hand. A few years
ago I incidentally referreds to the probable significance of some of
these features and to the physiographic evolution of that part of the
country, regarding the region as a peneplain that had been uplifted
in mid-Tertiary times, broken into high blocks, and then subjected to

x Bull. Geol. Soc. America, XII, p. 217, 1901.

2 Geog. and Geol. Expl. and Surv. W. 100 Merid., Prog. Rept., p. 48, 1874.
3 Science, N. S., XIV, p. 457, 1901.

4 Bull. Mus. Comp. Zodl., XLII, p. 131, 1903.

s American Geologist, XXXIII, p. 22, 1904.
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vigorous erosion, the effects of the latter being fully as important as the
faulting in producing the present relief expression. Being fresh
from the humid regions all denuding agents spelled water-action.

All of the above allusions to the erosional agencies in the desert
ranges of the West have referred solely to the work of water. Of
the possibility of the existence of any other effective denuding power
there has been small hint. Only very recently have other erosive
influences been suggested to account for some of the most conspicuous
of the desert features. It now seems probable that wind-scour must
be regarded as the chief erosive power in the dry regions.

In the Great Basin area the salient aspects of the country are
quite different from the larger relief features of other parts of the west-
ern desert region. There is some of the faulting that is more recent
and more profound than elsewhere. Late orogenic movements are
perhaps more extensive. Evidences of much greater precipitation
than now at no distant geologic date are manifest. No noteworthy
streams traverse the district to disguise the effects of typical desert-
leveling. Little is yet known in regard to the probable nature of the
surface relief prior to the commencement of the present arid period.
The general conditions are such as to present little critical evidence
in support of any hypothesis yet proposed concerning the genesis of
the desert ranges.

In other portions of .the desert region far to the south and south-
east of the Great Basin, in Arizona, New Mexico, and Old Mexico,
there are many features suggestive of structures and conditions which
formerly prevailed but of which there is small hint to be derived in
the more northern area. The most noteworthy of these characteristics
are the mesas, or plateau-plains, many of which now stand high above
the present level of the intermont plains, or general plains-surface of
the region. These mesas manifestly represent, as recently shown,?
former positions of the general plains-surface. Their greater resist-
ance to erosional influences and the general lowering of the region
is due mainly to the protection afforded by extensive lava-flows which
are now the capping-rock of the remnantal levels. The surfaces on
which the lavas rest are true beveled rock-floors, just as in the cases
of the present plains. '

t Bull. Geol. Soc. America, XIX, p. 63, 1908.
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F16. 1.—Substructure of the Mesa de Maya Plateau; New Mexico.

The most remarkable of these ele-
vated plains is the Mesa de Maya, in
northeastern New Mexico. Its exten-
sion is the flat crest of the Raton Range.
The greater part of the mesa is formed
by a thick basalt plate, 500 feet in thick-
ness, resting on the beveled edges of soft
Laramie shales and sandstones. This
mesa is gently inclined to the eastward
and extends from the Rocky Mountains
a distance of more than one hundred
miles to beyond the Texas line. (See
fig. 1). Itis 3,500 feet above the next
extensive plains-level below, known as
the Ocate mesa, which in turn is 500 feet
above the general plains-surface of the
region, or the Las Vegas plateau. It

" appears that the Mesa de Maya repre-

sents practically a Tertiary peneplain
which existed at the time of the general
elevation of the region. At the town
of Raton its surface is now 9,000 feet
above tidewater. Were it not for the
great lava-field the remnants of which
constitute this plateau-plain there would
today remain no undoubted traces of
the old peneplain in this part of the
country.*

That the Mesa de Maya is the
remnant of what is essentially a pene-
planation-level which, perhaps, once
extended over much, if not most, of
the present desert region around the
southern end of the Rocky cordillera, is
strongly supported by a number of facts:
(1) The foundation strata, both hard

1 Proc. Iowa Acad. Sci., XV, p. 221, 1908.
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and soft, which alternate frequently, are evenly beveled, indicating
that the country at the time of planation must have been only
slightly above the sea-level. (2) The principal orogenic deforma-
tion and faulting appears to have taken place in early or mid-
Tertiary times, and prior to the period of the general planning-off
of the country, as represented by the Mesa de Maya level. (3) The
numerous mountain ranges of New Mexico, outside of the Rockies,
are subequal in height, a fact, when taking into account the period
of the.principal deformation and faulting, the general alternation
of hard and soft belts of rock, and the extent of the subsequent
denudation, showing that the present cycle of erosion must have
started with the country already more or less of a plain. (4) The
present bilateral symmetry of most of the desert ranges, even in the
cases of the so-called tilled block-mountains, as the Jemez, Sandia,
Franklin, Magdalena, and Caballos ranges, for examples, is suggestive
of long-continued attack by the elements upon the hard mountain
rock. In each of the mountains mentioned the major fault-line,
if it really exists, is as far from the crest of the mountain-ridge as is
the foot of the backslope. (5) Plateau plains that lie high above the
present general plains-surface, but still far below the Mesa de Maya
level, are beveled rock-surfaces, protected usually by lava flows. (6)
With all of the present ranges of the so-called block-type bordered on
cither side by soft beds of great thickness, and the very resistant
mountain strata, in monoclinal attitude, once extending such rela-
tively long distances beyond the present mountain crests, it does
not seem likely that general lowering of the surface of the country
could have gone on so evenly without something of a plains-surface
to begin with. (7) The postulation of a general mountainous sur-
face at the commencement of the present geographic cycle as rep-
resented by the Mesa de Maya planation surface finds many
incongruities which need not be dwelled upon at this time.

How utterly inadequate is any purely tectonic explanation of the
larger relief features of the Western desert region, as they today exist,
becomes readily apparent so soon as the real nature and the physio-
graphic significance of certain of these characteristics are taken into
account. In the consideration of erosional effects in the desert there
are some important pecularitics which are commonly overlooked.
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The principles of water-action in the normal humid lands are applied
with the only reservation that there is somewhat less water involved.
No distinction is made between the efficiency of water-action on the
plain and in the mountain. On the plains, with the exception of the
local and sporadic flood-sheet, the general effect of water as a corrad-
ing agent is practically nil. A very large part of what rainfall occurs
on the plains sinks at once into the ground. On the mountains where
the general erosion effects have been chiefly observed the results are
not so very unlike what they are in the humid regions generally.

By all those who, with the idea of genesis in mind, have recently
traversed the region, it is conceded that erosion has had much to do
with giving to the desert country its present topographic expression.
That the erosion is not chiefly water-erosion but mainly eolian in
character is an aspect of the subject which has received but scant
attention. The potency of wind-scour as an erosive agent under
conditions of dry climate is amply shown in many ways, and to an
extent heretofore unsuspected. Its grander effects as compared
with those of water corrasion are quite distinctive. Among them
none is more characteristic than the beveled rock-floor which the
intermont plains of the arid region present, as fully described in detail
in another place.” Its real significance as indicating that these plains
are areas of marked degradation instead of aggredation, as commonly
supposed, is here especially pointed out. The vastness and evenness
of the intermont plains have no known counterpart among the plains
of the humid regions. Desert plains are smoother than peneplains
possibly can be, as Passarge has stated. The singular isolation of
the desert ranges, for they are usually completely encompassed by
plains as by the sea, the entire absence of foothills, the plains-char-
acter of the rock-floor itself,? the representation of former plains-
levels by the plateau-plains, the remarkable thinness of the surface
mantle of débris, the total absence of distinct water-ways on the
plains,3 the notable independence of, and marked differences in, level
of contiguous plains, and the general tectonic characters,* are inex-

1 Am. Jour. Sci. (4), XV, p. 207, 1903; also Bull. Geol. Soc. America, XIX, p. 86,
1908.

2 Eng. and Min. Jour., LXVIII, p. 670, 1904.

3 American Geologist, XXXIV, p. 160, 1904.

4 U. S. Geol. Sur., Water Sup. Pap. No. 123, 1905.



EROSIONAL ORIGIN OF GREAT BASIN RANGES 37

plicable by any method of water-sculpturing. They are all readily
accounted for, however, through eolian activities under conditions
of an arid climate.

The close tectonic pattern of the American desert region has
done much to obscure the real significance of its most striking features.
In South Africa, where the great clevated plateau of the dry region
has been long relatively free from orogenic movement, there are the
same isolated mountains, the same vast and even intermont plains,
and the same streamless country. In that region the vigor of wind-
scour action and the impotency of water corrasion is amply attested
by the recent observations of Passarge,® and others. In the Great
Basin the wind as a factor in general erosion appears not less effective.
It seems probable that we must now regard wind-scour not only the
most important erosive agent under conditions of aridity but more
potent than all other agencies combined. Moreover, in the production
of the present desert mountains its influence doubtless very far sur-
passes that of any recent deformation or dislocation.

From a view-point of true desert conditions all late observations in
the arid country of southwestern United States go to show: (1)
That there existed at the beginning of the present geographic cycle a
broad peneplain at a level of about 4,000 feet above the present plains-
surface; (2) that the major faulting and gentle f’oldi_ng of the region
took place chiefly before the beginning of the present cycle; (3) that
water-action is unimportant; (4) that wind-scour is very potent;
(5) that the belts of hard and soft strata produced by the deformation
in former cyles allowed the winds to erode the latter much more rapidly
than the former, producing the present plains, and leaving many of
the former as monadnock ranges; and (6) that while differential move-
ments of the rock-masses have in all likelihood taken place recently
and locally their direct effects compared with those of eolian erosion
have been relatively unimportant in the formation of the present oro-
graphic expression of the desert country; and (7) that, all things con-
sidered, the comparative values of deflation and corrasion in the arid
regions may be expressed by the estimate that the volume of rock-
waste brought down by the waters from the mountains in a year may
be removed by the winds in a single day.

‘ 1 Zeitsch. d. deutschen geol. Gesellschaft, LVI Bd., Protokol, pp; 193-209, 1904.



A CONTRIBUTION TO A MONOGRAPH OF THE EXTINCT
AMPHIBIA OF NORTH AMERICA. NEW FORMS
FROM THE CARBONIFEROUS

ROY L. MOODIE
The University of Chicago

In the course of an extended investigation of the extinct Amphibia
of North America the writer has studied several forms from the Car-
boniferous which cannot be referred to any known species and
they are here described as new. He has, so far, studied thirty-five
species of the Carboniferous Amphibia of North America, all of which,
with one or two exceptions, belong to the Branchiosauria and Micro-
sauria. The Branchiosauria are represented by a single species.
Of the Microsauria there has been an abundance of material available,
thanks to the kind offices of Dr. Bashford Dean and Dr. Louis
Hussakof of the American Museum, who very generously gave the
writer the privilege of examining nearly a hundred of the specimens
studied by Cope. There are already prepared some two hundred
pages of manuscript and nearly sixty drawings toward the completion
of a monograph of the extinct Amphibia of North America, but as
the publication of this must be deferred until the remainder of the
known North American and the European species have been studied,
it is thought advisable to describe the following forms in advance, the
more detailed treatment of the described forms being held for the
monograph.

The extinct Amphibia of the North American Paleozoic present a
variety of forms, of very diverse organization. The forms known
range from very small creatures like Micrerpeton caudatum, less than
two inches in length, to large forms like Eryops megacephalus Cope
from the Permian of Texas, which probably attained a length of eight
" or ten feet. A rather interesting parallel can be drawn between the
Paleozoic Amphibia and the reptiles of today. The snakes are repre-
sented in the Paleozoic by the limbless, snake-like Amphibia, such
as Ptyonius, Dolichosoma, Ophiderpeton and Molgophis of North

38 ’
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America and Europe. The lizards find their counterpart in the
Hylonomidae and the Tuditanidae. The turtles are represented by
Dissorophus and its allies from the Texas Permian and the crocodilian
aspect of the fauna is found in the large labyrinthodonts of the
Permian, but more especially of the Triassic.

The Amphibia whose remains are found preserved in the Carboni-
ferous rocks of North America all belong to the order Stegocephala,
characterized by the completely roofed-over cranium and the great
development of the parasphenoid. Five suborders of the Stegoce-
phala may be recognized. These are: The Branchiosauria, The
Microsauria, The Aistopoda, The Temnospondyli, and The Stereo-
spondyli. All five of these suborders are represented in the Carboni-
ferous of North America but it is our purpose here to examine only
forms belonging to the first two suborders, i.e., the Branchiosauria
and the Microsauria.

The Branchiosauria were salamander-like in form and were, for
the most part, devoid of the heavy dermal armor of many of their
contemporaries. They were naked, with the exception of small ovoid
scales on the back and the chevron-shaped armature of the ventral sur-
face which was almost universally present among the Carboniferous
Stegocephala and may have been present in the Amphibia as late
as the Laramie Cretaceous. The tail was rather long and flattened
from side to side and the creatures were adapted for life in the water
for at least the early part of their existence, as is shown by the posses-
sion of gills in many of the Permian and late Carboniferous
forms of Europe. The group of the Branchiosauria are without
doubt the direct ancestors of the modern salamanders and perhaps of
the other groups as well. No branchiosaurian has ever been described
from so low in the geological series as the one here given and it is the
first evidence of the occurrence in North America of a group which
was so abundant in Europe during the Permian.

MICRERPETON CAUDATUM gen. et sp. nov.
(Figs. 1-7)
The genus Micrerpeton, of which the single species is described
below, is the only evidence of the occurrence of the Branchiosauria
in North America, and as such is of unusual interest. There have
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been three other genera referred to the Branchiosauria from the North
American deposits but there is.good evidence that none of them
belongs here. The genus Amphibamus (Fig. 24) was originally
referred to the Xenorhachia by Cope' on account of the supposed
cartilaginous condition of the vertebrae and the absence of ribs. Later
he abandoned this order and placed the form in the order Branchio-
sauria where it is retained by Zittel.? Recently Hay3 has shown,
and I am able to corroborate his statement; that there are ribs present
in the species Amphibamus grandiceps Cope, and that they are long
and curved, not at all like the short ribs of the true Branchiosauria.
These long, curved ribs unquestionably exclude the form from the
Branchiosauria and indicate its close affinites with the Microsauria.
The genus Pelion has also been referred to this group on purely nega-
tive evidence.# The genus is excluded from the Branchiosauria by
the well-ossified condition of the limb bones, in which the endochon-
dral ossification is seen to be well developed, a condition which never
prevailed among the Branchiosauria so far as is known. The form
of the head and the elongated hind limb would also tend to exclude
this form from the group. In the Branchiosauria the fore limb is
usually larger than the hind limb, but in- Pelion lyelli Wyman the
hind limb greatly exceeds the fore limb in length. The genus Spara-
dus as it occurs in North America has also been referred to this
group by Lambe.5 In the first place the presence of the genus
Sparodus in the deposits of North America is so uncertain as to render
consideration of the form almost unnecessary. The presence of the
genus is indicated by remains which are almost impossible of defini-
tion and such a reference as made by Dawson is at the best an
uncertain one.

The form, Micrerpeton caudatum, is represented by very complete
remains (Pal. Coll,, U. of C., No. 12,313). The specimen is
preserved on opposite halves of a nodule from the Mazon Creek beds of
Grundy County, Illinois. In a recent conference with Dr. David White

t Proc. Acad. Nadl. Sci. Phila., 1863, pp. 134-37.

2 Zittel, Handbuch der Paleon., 1 Abth., Bd. 3, p. 375.
3 Proc. Amer. Phil. Soc., 1900, p. 120.

4 Zittel, Handbuch der Paleon., 1 Abth., Bd. 3, p. 375.
s Trans. Roy. Soc. Candda, 1904-5, Vol. X, p. 45.
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he stated that the Mazon Creek beds are possibly to be placed some-
what lower than the Lower Kitanning, so that the deposits are in the
lower part of the Allegheny series as they are now understood. The
specimen was collected many years ago by Mr. W. F. E. Gurley at
Mazon Creek but it has never been studied, although Dr. Newberry
examined it and pronounced it to be amphibian and said in a note
that Professor Cope should see it. Unfortunately Cope did not see it
and it has lain unknown in the collection as unnoticed by students
as if it were still in its old bed. I am indebted to Dr. Stuart Weller
for calling my attention to the specimen and to him is due the interest
which I have taken in the form.

The specimen (Fig. 1) is exceptionally perfect. Not only are
nearly all of the skeletal elements present but the general contour of
the body, the character of the dermal covering, the color-markings,
the lateral line system, and many other features of interest have been
detected. Such completeness of preservation is very uncommon even
among the remains obtained from this locality. In this case the
entire form was preserved but the collector in cracking the nodule
lost the chips containing the hands and feet so that portions only of the
limbs remain. It is thus impossible to determine the phalangeal
formula, but the feet were probably like those of Branchiosaurus
amblystomus Cred., as given by Credner, to which the present form is
closely allied and indeed must be placed in the same family with
Branchiosaurus, Pelosaurus, and Melaner peton.

The remains here described represent a small salamander-like form,
and they are the earliest geological evidence of the group, which with-
out doubt gave rise to the modern salamanders. The parts preserved
in the specimen are: the complete outline of the head with the cranial
elements easily distinguishable and the black pigment of the iris; the
entire vertebral column including pits in the tail region where the
vertebrae were without doubt entirely cartilaginous; parts of the
pectoral girdle; parts of the pelvic girdle; the humerus of the left
side; the ventral scutellation; the ribs of one side of the body; and
indications of ribs on the other; portions of both hind limbs and a
‘complete impression of the fleshy tail. On this impression of the tail
are preserved small horny scales, transverse color-markings, and dis-
tinct impressions of the lateral line system.
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The bones of Micrerpeton, as in so many of the fossils from this
locality, have been replaced by a white friable mineral which is

Fic. 1

Fic. 2

F16. 1.—Impression of Micrerpeton caudatum on the Mazon Creek nodule. The
median lateral line is distinct and evidences of the ventral scutellation may be seen on
the upper side of the vertebral column. Two and one-third times natural size.

F16. 2.—A photograph of the ventral scutellation of Micrerpeton. Xs.
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probably kaolin. The animal is preserved on its back and the
photograph (Fig. 1) represents the ventral surface of the form. The
entire length of the animal is only 49 mm of which the tail occupies
nearly one-half.

The head has much the same shape as in the species of Branchio- -
saurus, figured by Fritsch and Credner. The eyes occupy rela-
tively the same position as in that genus. The orbits are very large
and are broadly oval. Within the borders of the rim the stone is
blackened as though by the black pigment of the iris such as Cope
has described in Amphibamus.* Under a rather high power of
magnification the cranial bones are seen to be represented by mere
flakes of white mineral matter. The sutures separating the cranial
elements are distinctly preserved on the obverse of the main nodule
and the description of the elements will be as they are there depicted.

The openings of the skull are five: the two orbits, the two minute
nostrils and the pineal foramen. A median suture separates the skull
into two equal halves and the pineal foramen lies slightly anterior to
the posterior third of its length. The boundaries of the premaxillae
are not distinct but they were very small elements and formed the
inner border of the nostrils which are clearly indicated by bosses of
stone. The nasal element is nearly square and lies anterior to the
frontal which it borders broadly. The parietal is about the same size
as the frontal and it apparently forms a portion of the inner border of
the orbit although this is not an assured character. The parietal is
elongate and unites posteriorly with the supraoccipital. The supra-
occipital with the epiotic and the supratemporal (prosquamosal) form
the posterior boundary of the skull and they are hence not unlike the
same clements in other Stegocephala. The prefrontal forms the
anterior border of the orbit. The lachrymal has not been détected.
The maxilla is elongate and forms the antero-lateral border of the
skull. No teeth nor impressions of teeth have been detected. The
maxilla is elongate and forms the antero-lateral border of the cranium.
The jugal forms an important element in the lateral border of the
cranium and joins the quadratojugal posteriorly. The postfrontal is
triangular and with the postorbital forms the posterior border of the
orbit. Both of the elements are acuminate posteriorly although thé

* Proc. Acad. Natl. Sci. Phil. 1865. p. 137.
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suture between them is indistinct. They inclose between their pos-
terior acuminations an interior projection of the squamosal. The
squamosal has the usual relations and borders the supratemporal
laterally. The latter element forms the quadrate angle of the
cranium.

The entire length of the vertebral column is preserved although
the nature and structure of its elements cannot be determined. The
impressions of a few of the vertebrae show that some of the centra
were amphicoelous but other than this nothing can be stated. The
cavities which the centra occupied were filled by the white mineral
matter and the force of the blow which cracked the nodule destroyed
the form of the mold. It is possible that where the mineral matter
has filled the cavities the centra were bony or partly so and where the
cavities were unfilled the centra were entirely cartilaginous. The
length of the vertebral column from the base of the skull to the last
impression of a cartilaginous centrum is 33 mm.

The number of centra between the sacral vertebra and the skull
is twenty (Fig. 5) as they are preserved but there may have been one
more, the atlas. Fritsch has represented twenty-one in his restoration
of Branchiosaurus salamandroides and this is further indication of an
affinity between the two genera although Credner has represented
twenty-six presacral vertebrae in Branchiosaurus amblystomus. The
presacral vertebrae are thus seen to vary within narrow limits, but the
number of presacrals is near twenty and this may be taken as typical.
It is interesting to notice that in modern forms of the salamanders the
presacral vertebrae are about twenty. The significance of this will be
'discussed elsewhere. There is but a single sacral centrum in Micrer-
peton. The sacral rib has not been detected but it is restored after the
condition given in Branchiosaurus. The right femur partially covers
the sacral vertebra. Its structure cannot be determined. I count
impressions of seventeen caudal centra of which at least twelve
may have been partially ossified. In the cervical region there are
distinct impressions of transverse processes on at least five vertebrae
and this number is assigned to the neck although it is by no means
certain that this is the correct number. The neck was at least short
if we may judge from the position of the remains of the pectoral
girdle. No cervical ribs are definitely determined. There is a short
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rib lying between the fifth and sixth vertebrae but to which it belongs
is uncertain.

There are impressions of ten ribs preserved on one side of the
vertebral column and one on the other side. They are short, straight,
and heavy as are the same elements in Branchiosaurus. This char-
acter alone is sufficient to place Micrer peton among the Branchiosauria
since no such ribs are known in other groups of the Stegocephala.
The ribs preserved lie next the seventh to the seventeenth vertebrae
on the left side and there is one on the right side which may belong to
either the fifth or sixth vertebra. The ribs are central in their attach-
ment and in this they agree well with the mode of rib attachment of
the ribs in modern salamanders. All of the ribs are single headed
and are composed, for the most part, of perichondral tissue. The
position of the ribs in the matrix, inclined backwards and making a
small angle with the vertebral column is very suggestive of the condi-
tion found in Branchiosaurus.

The pectoral girdle is represented by three distinct elements of
the left side. They are identified as scapula, clavicle, and coracoid.
This is the nomenclature given by Woodward although Credner
would call them otherwise. The nomenclature and morphology of
the elements of the pectoral girdle will be discussed fully elsewhere and
is not necessary here. The scapula is represented by an ovoid frag-
ment lying next to the vertebral column. The clavicle was probably
spatulate as it is in Melanerpeton but the inner end of the element
is not visible. The coracoid is represented by its outer end only and
its inner pointed extremity is not visible. The interclavicle has not
been detected. ' :

The humerus lies somewhat to one side of the pectoral girdle as
if there had been a large amount of articular cartilage. Its position
may be due to post-mortem shifting but there is little other evidence
of any movement after deposition. The humerus is a large heavy
bone in comparison to the rest of the skeleton. It is expanded at
each end and its ends show concavities proving that the bone is
formed principally of perichondral tissue as would be expected from
such an early Branchiosaurian. The endochondrium has not yet
developed in this form which is evidently adult. There is no other
element of the arm present.
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Of the pelvis there is but a single element present. This is a
slender elongate rod and it is undoubtedly the ilium since it has the
usual position for that element and is much too large for a sacral rib.
It has much the same shape as in the modern Salamandra. 1t is not
expanded as in the ilium
of Branchiosaurus. This
element, like the humerus,
seems to have been but a
hollow cylinder of bone and
undoubtedly had cartila-
ginous ends as in the ilium
of the recent Salamandra.

The two femora are
preserved nearly entire.
The right one lies upon and
partly obscures the sacral
vertebra. The femur is
much more slender than is
the humerus. It is but
slightly expanded at the

) ) ends and like the humerus
el s Mot shows the concavits at th
S = the lines of scutes; V = the vertebral ends indicative of the per1-
column. X3. ' chondral character of the

tissue composing it. The
endochondral tissue is a later development and finds its first expres-
sion late in the embryonic and phylogenetic development of the verte-
brates. Of the leg there are two elements preserved more or less
entire (Fig. 5). These are the tibia and the fibula. The larger one
may represent the tibia and the smaller one the fibula. They both
present characters similar to those of the femur and the humerus.
They are both rods of bone tapering at the distal end. The feet have
been lost, though doubtless at one time present.

The ventral surface of the body, as in other members of the
Branchiosauria, was covered and protected by a series of small
scutes’ arranged in the regular chevron pattern (Figs. 2, 3). The
form of the scutes and their number cannot be determined. The
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lines which represent them are, however, distinct. A portion of the
scutes are missing and part of them are obscured by lying over the
vertebral column. They are all somewhat shifted to the left. The
lines are very small and close together. I count sixteen of them in a
distance of two millimeters. In
length the longest line preserved is
a little more than four millimeters,
measuring from the point of the
chevron. The lines representing the
scutes came to a point in a median
ridge which is now represented by a
line. The dermal scutes on the abdo-
men were probably the forerunners of
the abdominal ribs of the reptiles.

The impression of the tail contains
some of the most interesting features
in the entire specimen. Scattered over
it and in places laid in a mosaic are
impressions of small dermal scales
which may have covered the entire
body. In form the scales are ovoid,
being half as wide as long (Fig. 6).
The markings on the scales partake
of the nature of radiating lines much
after the pattern of the sculpturing
of the cranial bones in many of the Fio. «The banded color.
Microsaurial and later forms. The markir;g:'on the tail of Micrer-
scales are less than one-half a milli-  peon. xs.
meter in diameter and their character
can only be ascertained under high magnification. Near the middle
part of the tail there are preserved distinct transverse bands of
a dark color (Fig. 4). These markings are more or less evident
throughout the entire tail impression but they are elsewhere not
so distinct as in the central region. The lines are evidently due to
rows of pigmented scales and in all probability the animal’s entire
body was transversely striped.

The most interesting and important single structure discovered on
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the specimen is the impression of the lateral line system, which is
clearly evident as two dark lines on the impression of the fleshy part
of the tail. The sense organs are represented by two longitudinal
rows of pigmented scales, one beginning at the tip of the tail, the other

F16. 6.—Impression of the tail of Micrerpeton caudatum showing the arrangement
of the lateral line sense organs and the position of the vertebral column. D =dorsal
lateral line; M =median lateral line; F=femur; S=scales; V=vertebral column.
Xs.

taking its origin from the median line somewhat further forward. I
am indebted to Dr. K. Takahashi for calling my attention to the simi-
larity of this arrangement to that found in the modern Necturus.
The arrangement and disposition of the lines containing the sense
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F1G. 7.—Outline of a young larva of Necturus showing the position of the lateral
line system. D =dorsal lateral line; H=hyomandibular sense organs; I =infraorbital
sense organs; M =median lateral line; R =mandibular sense organs; V = ventral lateral
line; X =sense organs supplied by branches from the glossopharyngeal and vagus
nerves; Y =the position of the vertebral column. Modified after Platt. Enlarged.

organs is practically the same in the two forms (Figs. 6, 7). The
median lateral line takes its origin from the extreme tip of the tail and
is continued to the base where the impression is broken. The dorsal
lateral line has its origin rather abruptly from the median lateral
line at a distance of six millimeters from the tip of the tail. The
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sense organs were undoubtedly located beneath specialized pigmented
scales on the surface of the animal’s body and to this pigment is due
the preservation of the lines.

The fact that the arrangement of the sense organs of Micrerpeton
corresponds so exactly to the condition found in Necturus is of consider-
able interest. Necturus alone among the modern tailed Amphibia
has the arrangement above described for the lateral line system in
Micrerpeton.  All other forms of the Caudata as also the larval forms
of the Salientia have an arrangement of the lateral line system which
is perfectly distinct from that found in Necturus, although the
basal arrangement is the same in nearly all forms. In Ambystoma,
for instance, the median lateral line is not present on the tail and the
dorsal line is but incompletely developed. The close similarity of the
arrangement of the systems of sense organs in the two forms, Micrer-
peton and Necturus, may be of genetic significance with regard to the
latter form. The lateral line sense organs are of a very fundamental
significance and it is not at all improbable that the same arrangement
of the lines has existed from the Carboniferous times down to the
present. We know that such has been the case in a great many of the
fishes. The ancestors of the modern Caudata must have originated
somewhere in the Carboniferous or earlier periods and it is the
opinion of the writer that the Branchiosauria represent the direct
ancestral forms for this group of the modern Amphibia. This sug-
gestion is by no means new, since Baur and others have held the same
view. The writer hopes to present a fuller discussion of this topic at
some future time.

-The relations of the form Micrerpeton caudatum are readily
determined. The number of the presacral vertebrae, the form and
position of the ribs, the shape of the skull, the arrangement of the
cranial elements, the structure of the pectoral girdle, and the char-
acter of the ventral armature all clearly bespeak a close relationship
with Branchiosaurus, Melanerpeton, and Pelosaurus from the Lower
Permian and Upper Carboniferous.of Europe. The distinction of the
genus Micrerpeton from the other known branchiosaurian genera is
found in the apparent absence of sclerotic plates, the shape of the
skull, the arrangement of the cranial elements and the form of the
ilium.
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So far as I am aware the species above described is the earliest
geological evidence of the Branchiosauria since the earliest forms
known from Europe are from the Stephanian (Upper Carboniferous).
The species is also the only true branchiosaurian known from North
America as stated above. The presence of this form in America is of
considerable interest in the bearing it has on the distribution and
migration of the Paleozoic animals. It is a great distance from Europe
where the other Branchiosauria are found, to America and it must
have taken an immense length of time for such slow-moving creatures
as the Amphibia to have migrated this distance. Whether the
migration took place after the development of the branchiosaurian
type or whether the type was evolved in the two places is an open
question and must be settled by future research. It is possible that
it was the piscian ancestors of the Amphibia which migrated across
the seas and began the amphibian phase of their development
independently in the two continents.

MEASUREMENTS OF THE SPECIMEN OF Micrerpeton caudalum MOODIE

Entire length of animal................................... e
Length of head in median line......................... .. 6.5
Width of head at posterior border......................... 8
Lengthoforbit.......... ... .. ... ... ... ... 2.5
Widthoforbit............ ... ... .. 2
Interorbital space................. .. ... ...l 2
Length of vertebral column........................ ... ... 33
Length of single vertebra in dorsal series................... 0.5
Length of trunk from base of skull to sacrum............... 22
Lengthofrib....... ... ... ... ... 1.5
Lengthof scapula............ ... ... .. ... ... ... 3
Width of clavicle, maximum.............................. 2
Lengthof humerus.................... .. ... ... ... ... 2.5
Lengthof ilium........ ... .. .. ... .. .. ... ... ... 1.5
Lengthof femur......... ... ... ... .. .. ... ... ..., 2
Lengthof tibia............ .. ... ... ... .. ..., 1.5
Length of tail impression................................. 21.5
Width of tail impression at base........................... 4

The Microsauria are represented in the Carboniferous of North
America by numerous forms usually with well-developed dermal
plates and almost always with the ventral scutellation. They ranged
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in size from the small Tuditanus minimus from the Cannelton slates
of Pennsylvania, three or four inches in length, to forms like Diplo-
caulus and possibly Macrerpeton which without much doubt reached
a length of several feet. All the members of this suborder had well-
developed cranial elements which are usually ornamented with radiat-
ing grooves or with pits. The pectoral arch is well developed and is
composed of dermal elements which are ornamented with sculpturing
similar to that of the cranial bones. The body of these animals was
in a few cases covered with overlapping scales, but others appear to
have had only the ventral surface armed and this was in some cases
especially strong as in the genera Saurerpeton and Sauropleura. The
vertebrae are uniformly of the phyllospondylous type. This is so
generally the case that the condition of the vertebrae is taken as one
of the chief characters of the group. Various peculiarities are seen
among the Microsauria in the development of horn-like projections on
the skull in genera which are in no way genetically related. The
Microsauria continued on into the Permian in the family Diplo-
caulidae. '

The genus Tuditanus is represented by several species in the Car-
boniferous rocks of North America. Eight species are associated
provisionally under this genus. Six of them were described by Cope
from the Linton deposits of Ohio and two are described herewith
from the Cannelton slates of Pennsylvania. A discussion of only
three of the species will be given here since little of interest has been
obtained from the study of the other species. The three forms here
discussed are Tuditanus tabulatus Cope, T. minimus sp. nov., and
T. sculptilis sp. nov. The facts which make the first-named species
of interest here are the discovery of the lateral line canals on the skull
and the correction of several errors in the original description as given
by Cope.

TupiraNus TABULATUS Cope.
(Figs. 8, 9) i
The specics is known from a single well-preserved skull and its
obverse in the collection of the Columbia University of New York
. City. I am indebted to Dr. Bashford Dean for the privilege of
studying this interesting form. Itis from the Linton deposits of Ohio.
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The remains include a nearly complete cranium and a complete
clavicle of the right side. The species agrees in all essential respects
with the characters of the genus Tuditanus, presenting a broad, flat
head, and a triangular thoracic shield.

The cranium is wider than long and the muzzle is broadly rounded
(Fig. 8). The orbits are wide ovals, and their posterior borders fall
_ little behind the trans-
verse line dividing the
skull equally. The inter-
orbital width equals the
longitudinal diameter of
the orbit. The posterior
outline of the cranium is
truncate in a straight
transverse line between
the prominent epiotic
angles. The composition
of the cranium is differ-
ent from any of the
other species referred to
this genus in the large
size of the epiotic and
the fact that the squa-
mosal is excluded from

the parietal by the exten- F16. 8.—The skull and right clavicle of Tudi-
sion of the postorbitals tanus tabulatus Cope. One and one-half times
natural size.

and the epiotics. This

may be a generic character and entitle the form to another name
but it is retained here for the present. The elements of the
anterior part of the skull are not preserved but they are indicated
by the broken lines. The nostrils are, however, clearly indicated as
bosses of shale. There is a mere fragment of the nasal preserved
posterior to the crack indicated by the transverse line (Fig. 9). The
frontal is elongate as in other species of the genus and forms the inner
border of the orbit. The parietal, as usual, is one of the larger bones
of the skull roof and the pineal foramen is inclosed in the median
suture by the two parietal elements. The parietal opening lies in
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the posterior half of the parietal. The supraoccipital is almost
square being slightly clongate transversely. It unites laterally with
the epiotics with which it forms the truncate table of the skull. The
suture separating the epiotic from the squamosal is clearly distinct.
Although such a position for the squamosal is unusual it is not unique
since the same character has been observed in Diceratosaurus laevis
to be described later. The postfrontal is rather small and it together
with the postorbital forms the posterior boundary of the orbit. The
postorbital is truncate posteriorly and joins the epiotic broadly. The
squamosal lies posterior to the postorbital and jugal and borders the
quadratojugal which is an unusual condition but what significance
the condition has remains to be determined. Posterior to the squam-
osal lies the supratemporal which forms the quadrate angle of the
cranium. The quadratojugal is a small element and forms a part of
the lateral boundary of the skull. The jugal is a large element and
forms the entire lateral border of the orbit. There are no teeth
preserved on the fragment of a maxilla but there are some impressions
farther forward which resemble the pleurodont denticles of the modern
Amphibia.

The sculpture of the surface of the cranium consists of parallel
ridges which are separated by grooves equal to them in width. The
ridges radiate inward on the squamosals and frontals and outward
on the supratemporals. They are somewhat interrupted on the other
skull elements. The lateral thoracic shield, which represents the
right clavicle, is ornamented with a similar sculpturing of uninter-
rupted radiating ridges. Cope described an atlas in connection with
this skull but I do not find it. The slender impressions to the right
of the pectoral shield may possibly represent ribs. They are gently
curved and truncate at the inner end.

A nearly complete system of lateral line canals has been detected
on this skull (Fig. g). The canals preserved are: the temporal, the
jugal, the infraorbital, the occipital cross-commissure and the supra-
orbital. The nomenclature of the canals is that adopted in a contri-
bution on the sensory canals in the extinct Amphibia now in press.
The occipital cross-commissure is represented by a row of elongate
pits such as Andrews® has described for Ceraterpeton galvani Huxley

t Geol. Mag., Dec. 1V, Vol. II, p. 81.
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from the Coal-measures of England. The cross-commissure is con-
tained within the epiotics. The jugal and the temporal canals form
a complete ring much as the same canals do in Trematosaurus. The
squamosal in T. fabulatus is excluded from the parietal by the exten-
sion of the epiotic and the postorbital and it is to be noticed that the
temporal canal has a changed position to correspond with the changed
condition of the squamosal. This is of considerable interest in con-
nection with the correlation of the squamosal in fishes and amphi-
bians. This subject has
been fully treated in another
place, and it will only be
necessary here to state that
on the basis of the lateral
line canals and their arrange-
ment in the fishes and the
Amphibia the true correla-
tion of the squamosal ele-
ment in amphibians and
fishes has been made. This
contradicts the results ob-
tained by Thyng®' from F16. 9.—The outline of the cranial elements
embryological studies. andthe lateral line canals in Tuditanus tabulatus
Thyng’s results are noticed Cope. One and one-half times natural size.
more fully in the paper

above cited. The temporal canal has apparently an indication
of a connection with the supraorbital canal but of this I am not
sure. The jugal canal occurs on the supratemporal, quadratojugal,
and it joins the infraorbital on the jugal. The infraorbital is indicated
by a short portion some few millimeters long under the orbit and the
rest, i.e., its connection with the jugal canal, is restored. There is
nothing unusual to be observed in that portion of the infraorbital
canal which is preserved. The supraorbital canal is indicated by a
curved, broad, shallow groove on the inner side of each orbit. As
above stated there seems to be a connection between this canal and
the temporal but I am not sure. The primitive conditions shown
in the lateral line canals in 7. fabulatus are the presence of the occi-

t “Tufts College Studies,” 1906, Vol. II, No. 2.
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pital cross-commissure and the ring-like formation of the temporal
and jugal canals which is too clearly indicated to be overlooked.

MEASUREMENTS OF THE TYPE oF Tuditanus tabulatus COPE

mm
Median length of the skull........ ... ... ... ... ... ..., 29
Width of skull at posterior border, estimated................ 37
Width between epiotic angles............................. 18
Lengthoforbit............ ... .. o i 8
Widthof orbit........... ... 6.5
Diameter of nostril lessthan................ ... ... . ... 1
Diameter of pineal foramen less than....................... 1
Length of right clavidle................................ ... 13
. Widthofrightclavicle................................ ... 5.5

The specimen with its obverse representing this species is from
Linton, Ohio. It formed a part of the collection of Dr. J. S. New-
berry and is now in the Zodlogical Collection of Columbia University,
New York City.

TUDITANUS MINIMUS sp. nov.
(Fig. 10)

The form represented by the above-named species is preéerved on
one side of a slab of slate, belly downward, from Cannelton, Pennsyl-
vania. The obverse slab has been lost, which is very unfortunate,
since there is no doubt that the entire skeleton was preserved.
The species is placed in the genus Tuditanus on account of the close
resemblance to the type form T. punctulatus Cope, although it is
much smaller than that species. It is in fact the smallest of the Micro-
sauria which the writer has thus far studied.

Tuditanus minimus, as the name implies, is not only the smallest
member of the genus but of the suborder as well, as has just been
stated. It did not attain a total length of more than three and one-
half inches. Its form is very lizard-like but its structure is typically
stegocephalan. The form of the skull is especially similar to that of
the type species T. punctulatus which it resembles in the narrow
posterior truncation of the skull, as well as in the anterior position of
the orbits.

The skull is in the form of a narrow oval, sharply narrowed pos-
teriorly and truncate. The orbits are located well forward and. their
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posterior border lies in front of the line dividing the skull transversely

into equal parts. The in-
terorbital space is greater
than the diameter of the
orbit. Impressions of teeth
are preserved on the pre-
maxillae and maxillae (Fig.
10). There are eight of
them in a distance of three
millimeters. The teeth
appear to be mere blunt
denticles and were possibly
pleurodont.

The elements of the
. cranium are very poorly
preserved. It has been
impossible to determine all
of the sutures. The bones
of the premaxillary region
have been destroyed but the
arrangement of them was
probably not far different
from that which obtains in
other members of the genus.
The posterior boundaries of
the nasals are preserved and
prove this element to have
had an obtuse posterior
border. The sutures
bounding the frontals are
clear and show that they
were small and that they
formed a part of the inner
boundary of the orbits.
The parietal is recognized
as a large element, appar-
ently the largest in the
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F16. 10—The skeleton of Tuditanus minimus
as it is preserved on the black slate. The letter-

ing as in figure 5. X2.
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skull. Together the parietals form a wide oval inclosing on the
median suture the circular pineal foramen. The parietals are
sculptured with coarse radiating grooves and ridges much after the
manner of T. radiatus. The pittings present on that form are, how-
ever, absent here. The sutures bounding the supraoccipital are toler-
ably well assured and these show that element to have been rather
large, quadrate and with the usual relations for the element. The
epiotic is distinct. It is triangular and small. It is produced into an
angle on the posterior border strongly recalling a similar condition in
T. punctulatus Cope. The boundaries of the prefrontals and the
upper borders of the maxillae are not clearly ascertained. They may
have had the outline indicated (Fig. 11). The lachrymal has not
been detected. The postfrontal and postorbital form the posterior
boundary of the orbit although the limits of the latter element have
not been definitely ascertained. The position of the squamosal is
well assured, although its entire boundaries are not determined. It
has the usual relations of the squamosal and joins the parietal broadly.
The jugal is broad and widens posteriorly to abut on the supratem-
poral which, as usual, forms the quadrate angle of the skull. The
sutures bounding the quadratojugal and the posterior end of the
maxilla are not determined.

There are but two fragmentary vertebrae preserved and an estimate
based on the length of these remains gives about thirty presacral
vertebrae. The structure of the vertebrae preserved cannot be ascer-
tained but the neural spines appear to have been low and stout.

There are six elements of the pectoral girdle preserved. These
are: the two clavicles, the interclavicle, the coracoid of one side and
the scapulae. The interclavicle is rhomboid in form and acuminate
posteriorly. It is sculptured with radiating grooves and ridges.
The interclavicle is different from the same element in 7. punciulatus
Cope in that the base is acuminate, not truncate, as in the latter form.
The clavicles present much the same shape as does that element in
T. tabulatus Cope. It is ornamented by a sculpturing of radiating
lines which take their origin from the lower external angle as the bone
lies in the matrix. The clavicle is somewhat triangular in shape and
lies close to the skull, but this close approximation of the pectoral
elements to the cranium is due probably to post-mortem shifting since
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the scapulae are shifted as far backward. There can be little
doubt however that the pectoral arch was not far removed from the
cranium. There is an oval fragment preserved on the left of the
specimen which I take to be a portion of the coracoid. The scapulais
preserved entire on the left side and it is represented by fragments on
the right side. It is almost semicircular in form and narrows exter-
nally until it is somewhat fan-shaped. There appears to be an
ornamentation of lines on the surface of the bone. These lines follow
the contour of the anterior border.

The forearm is represented nearly complete on the left side and the
right side shows the humerus and the forearm. The humeri are
unusual in that they have well-developed articular ends as though
the development of the endochondral tissue was well developed in the
form. The humerus is expanded at the ends and it is larger at the
upper than at the lower end. The ulna is expanded at the proximal
but is more attenuated at the distal portion. It is shorter than the
humerus by about one-third of its own length. The radius is a mere
slender rod of bone and presents the well-developed articular ends.
It is slightly shorter than the ulna. The carpus is unossified and its
position is represented by a blank space. There are phalanges of
four digits preserved and this, apparently, represents the entire number
. of digits. There is one digit, the second, which has all of the phalanges
preserved and they are four in number. The phalangeal elements
like the other bones of the extremity have the articular surfaces
prominent. The terminal phalanx is claw-like.

There are no ribs nor traces of them preserved and a conjecture as
to their character cannot be hazarded since they are known in but two
other species, in which they are curved. There is no evidence of a
ventral scutellation and so far as is at present known this structure is
absent from all of the species of the genus or at least it is but weakly
developed. It is not present in the well-preserved T. sculptilis
described below.

Of the pelvis the ilium alone is represented. The bone itself has
disappeared and has left a depression which shows this element to have
been an elongate rod very similar to that described for Micrerpeton.
The sacral vertebra secems to be indicated by a depression between
the iliac depressions.
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One hind limb is preserved nearly entire and the greater part of the
other is also preserved although the phalangeal elements are somewhat
disturbed. The femur is slender and more elongate than the humerus.
It has well-formed, rounded, articular ends. The tibia presents unusual
characters in that its ends are truncate as though the cartilage com-
posing its articular surfaces was not so highly calcified as in the other
limb bones. It is somewhat expanded at the ends and is throughout
its length broader than the femur. The fibula like the tibia is a slender
rod of bone although it is somewhat shorter than is that element. The
tarsus is unossified and its position is occupied by a blank space.
Portions of both feet are preserved, but only one digit in the right foot
is complete. The elements of the other digits are restored. The
metatarsals are elongate and slightly expanded at the ends. There
are four phalanges present in the complete digit which may represent
the third but more possibly the fourth, and the first digit is wanting.
The only terminal phalanx preserved is claw-like.

MEASUREMENTS OF Tuditanus minimus MOODIE

mm
Median length of skull............. e 15
Width of skull at posterior border........................ 16
Length of orbit........... e 35
Widthof orbit............ .. ... ... 2
Interorbital width........ ... .. ... ... ... . L 2.5
Lengthof clavicle. . ................ ... .. ... ....... 6
Width of clavicle, maximum............................. 3.5
Length of interclavicle, estimated......................... 5
Width of interclavicle................. ... ... ... . ... 3-5
Lengthof scapula ........... ... ... .. ... ... ... ... 3.5
Width of scapula, maximum.............................. 2.5
Length of coracoid (?).......... ... ... ... L 2
Length of humerus.............. ... .. ... .. ... ... 4
Length of radiusand ulna............................... 3
Length of metacarpal........................... ... ... I
Lengthof ilium............. ... ... .. ... ... .. ... 2.5
Lengthof femur.......... ... .. ... ... ... ... ..., 4.5
Length of tibiaand fibula............................... 3
Lengthof foot....................... e 35

Length of metatarsal.................................., - T
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The specimen is from the Cannelton slates, Middle Kitanning,
near Cannelton, Pennsylvania. It is No. 4,555 of the U. S. National
Museum Collection.

TUDITANUS SCULPTILIS Sp. noOvV.
(Figs. 11, 12)
There is preserved in the collections of Walker Museum a small
amphibian skull pressed flat on a slab of slate from Cannelton, Penn-

F1G. 11.—The sktll of Tuditanus sculptilis as it is preserved on the slate. X 3.

sylvania. ‘This specimen formed a part of the Hall Collection recently
acquired by the University of Chicago. It is No. 12,315, U. of C.
The specimen presents only a portion of the skull and fragmentary
pectoral plates. The skull is wider than long and the muzzle is
broadly rounded. The orbits are narrow ovals and their posterior
border falls on the transverse line dividing the skull equally. The
interorbital width is slightly greater than the width of the orbits and
about equal to their length. The posterior outline of the skull is
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somewhat truncate as in T'. tabulatus Cope and other species of the
genus. The distal extremities of the quadrates do not project as
far backward as do the supraoccipitals. The skull roof is formed
of the regular elements except that a quadrate seems to be indicated
by a scale of bone on the posterior angle. The nostrils are oval and
the pineal foramen is small. '

The premasxilla is probably a relatively large element though its
boundaries are not definite. The nasal is of an oblong shape and

F1G6. 12.—The elements of the cranium of Tuditanus sculptilis. Ae=premaxilla;
e=epiotic; f=frontal; j=jugal; m=maxilla; n=nasal; O=orbit; p=parietal;
q=quadrate; qj=quadratojugal; Psq=supratemporal; r=postfrontal; sq=squa-
mosal; prf. = prefrontal.

borders the frontal anteriorly. The frontal forms the whole of the
interior border of the orbit and borders the parietal broadly behind.
The parietal is a large element and the pineal foramen is inclosed in
the median suture about midway of the parietals. The supraoccipital
is wider than long and with the epiotic forms the greater part of the
posterior border of the skull. The prefrontal apparently forms the
entire anterior border of the orbit and sends an acuminate projection
to the side of it. The maxilla is excluded from the orbit and is an
elongate element with sharp conical teeth of which there are four
preserved. These measure about one millimeter in length. The
jugal lies along the lateral border of the orbit and it is acuminate
both anteriorly and posteriorly. It borders the supratemporal



EXTINCT AMPHIBIA OF NORTH AMERICA 63

broadly. The postorbital has not been detected. The postfrontal
forms the greater part of the posterior boundary of the orbit. It is
triangular and acuminate behind. It is bordered broadly by the
parietal and supratemporal. The squamosal element is also triangu-
lar and it borders the parietal broadly. The supratemporal is evi-
dently the largest element in the skull and on its posterior corner
there is a flake of bone which may represent the quadrate though this
. is by no means certain. The quadrate has not been detected in
any of the Carboniferous Microsauria so far studied although it is
well developed in the Permian microsaurian, Diplocaulus. The
epiotic is an elongate element in the transverse line of the skull. Its
entire boundary is uncertain though a part of the sutures are present.
The quadratojugal is elongate and lies posterior to the maxilla and
with that element forms the lateral border of the skull.

The canals of the lateral line system have not been detected on the
skull. The sculpturing of the cranial elements consists of grooves
and ridges which radiate from a center. They are more prominent
on the parietals than elsewhere although the other skull elements
present a strong sculpturing.

There are also preserved on the slab of slate about ten millimeters
posterior to the skull fragments of pectoral plates, probably repre-
senting the clavicles and interclavicle. They are so badly fractured
that the form cannot be determined. No limbs or vertebrae have
been observed.

MEASUREMENTS OF THE SKULL OF Tudilanus sculptilis MOODIE

mm
Length of the skull in median line............ e 20
Width of skull at posterior border, estimated.................. 24
Diameter of orbit................. ... ... 3
Lengthoforbit.......... ... ... ... ... ... ... ... ... 4
Interorbital space................. . i 4
Diameter of nostril, lessthan.............................. .. I

Pineal foramen about one-half mm in dlameter

DICERATOSAURUS LAEVIS Sp. DOV.
(Figs. 13, 14)
The genus Diceratosaurus was established by Jaekel® for the
reception of the species described by Cope as Cerater peton punctoline-
* Neues Jahr. Mineral. 1903, p. 112.
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atum from the deposits of Linton, Ohio. There are good evidences
that the species does not belong in the genus Cerater peton and Jaekel’s
genus will undoubtedly stand. There are now known three species
of this group, two of which are described herewith.

F1G. 13—The skull of Diceratosaurus laevis X2.

The species Diceratosaurus laevis is represented by an almost
perfect skull (Fig. 13) in the American Museum collection. It is
from the mines at Linton, Ohio and had been identified by Cope
as Tuditanus radiatus. The specimen consists of the bones of the
cranial roof, the bones themselves having disappeared. It is not
probable that the skull bones were smooth. The details in the struc-
ture of the skull have all been ascertained quite definitely, and there
can be no doubt that the arrangement of the cranial clements as shown



EXTINCT AMPHIBIA OF NORTH AMERICA 65

in Fig. 14 is accurate. As in Tuditanus tabulatus Cope the squamosal
is excluded from the parietal.

The form of the skull at once recalls that of the species D. punc-
tolineatus Cope as figured by Jaekel. The orbits are located in nearly
the same region of the skull and the sutures separating the cranial
elements are quite similar in the
anterior region of the skull. The
species D. laevis is based on the
divergent character of the horn-
like protuberances which project
from the supratemporals. The
horns of D. punctolineatus Cope
are convergent. The present skull
is also smaller and the parietals in
D. laevis are much larger than in
the type species. In the type
species also the pineal foramen is
located well forward in the parietal

F16. 14.—The elements of the cranium
A of Diceratosaurus laevis. E =epiotic;
while in the present form the fora- F=frontal; J =jugal; M =maxilla; N =

men is located well posterior. nasal; P=parietal; Pf=postirontal;

The skull is almost rectangular. Prf—prefrontal; Po=postorbital; Prs=
supratemporal; Px=premaxilla; Qj=

The nostrils are elongate ovals. gyadratojugal; So=supraoccipital; Sq =
The orbits are circular and the squamosal. X1.

distance between them is equal to

two-thirds of the dimension of the orbit. They are located well
forward in the skull and are hounded laterally by the maxillaries.
The parietal foramen is situated in the posterior third of the parietals.
The nostrils have much the same character as in the type form. They
are broadly oval.

The premaxillac are elongate transversely being about twice as
long as wide. They are identical in shape and relations with the
same elements in D. punctolineatus Cope. The nasal is nearly square
and forms the interior boundary of the nostril. The frontal is elongate
in the median length of the skull and it is acuminate posteriorly where
the acumination is inclosed by the parietal and postfrontal. The
parietals are by far the largest elements in the cranium. They form
together an oval which is elongate in the longitudinal diameter of the
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skull. They inclose between them in the median suture the small
pineal foramen. They are acuminate in front with a broad truncate
posterior base where they are bounded by the supraoccipitals. The
supraoccipital is nearly square, being somewhat wider than long. It
joins the epiotic and the parietal. The epiotic is elongate in the
longitudinal diameter of the skull. It ends anteriorly in a point
which is inserted between the postorbital and the parietal. The
epiotic bears a short protuberance posteriorly much as does the same
element in the type species. There are four elements which take
part in the formation of the posterior border of the skull. These are:
the supraoccipital, the epiotic, the squamosal and the supratemporal.
It is very unusual for the squamosal to reach the posterior edge of the
cranium. The prefrontal lies anterior to the orbit of which it forms
the anterior border. It has the usual relations. The lachrymal has
not been detected although Jaekel® has identified it in his drawing of
the skull of the type species. The maxilla is elongate and forms the
lateral border of the skull. No teeth have been detected although they
were doubtless the same as Jaekel has figured-in D. punctolineatus
Cope. The jugal is an elongate element joining the maxilla posteri-
orly. Jaekel included this element in his “perisquamosal’’ but the
sutures are clearly evident in this specimen and no “ perisquamosal”
has been identified. The postorbital is fully as large as the jugal
which it joins. It forms a part of the posterior border of the orbit and
it ends posteriorly in a point which is inclosed by the epiotic and the
squamosal. The postfrontal with the foregoing element forms the
entire posterior border of the orbit and it likewise ends in a point
inclosed by the parietal and the postorbital. The quadratojugal has
much the same shape and relations as in D. punctolineatus Cope,
although it is located farther back. The squamosal is also elongate
as are most of the posterior cranial elements and it likewise has an
acumination which is directed forward and is inclosed by the post-
orbital and the jugal. The squamosal abuts onto the posterior
border of the skull. The anterior suture of the supratemporal ele-
ment is rather indistinct but it is, I believe, as represented. The
element is elongate and is prolonged posteriorly to form the horn,
which ends in a blunt point and is not sharp as in the type species.
1 Op. cil.
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On the basis of the “perisquamosal,” which Jaekel claims for
Diceratosaurus punctolineatus Cope, the genus was regarded by that
author as without a parallel among the known vertebrates. Such it
would be if Jaekel’s interpretations are correct but the morphology
of the present skull would tend to throw grave doubt on the inter-
pretation of this region of the skull as given for the type species.
Another specimen representing another species also shows no evi-
dences of the fusion of elements to form the * perisquamosal” and its
presence in the type species is doubtful. So far as I can learn there
has never been a true case of fusion in any of the cranial elements of
the Stegocephala unless it be between the frontals of Diplocaulus
magnicornis Cope, and I think I can detect a median suture even here.
It was on the basis of such fusions that Maggi has proposed to derive
the interparietal of the primates from the epiotics of the stegocepha-
lans.

The posterior outline of the skull in the present specimen is not
well preserved and the outline as given may be slightly inaccurate.
The indentation figured by Jaekel in the posterior border of the skull
of the type form is not present in the species under discussion.

MEASUREMENTS OF THE SKULL OF Diceratosaurus laevis MOODIE

mm
Length of skull along median suture......................... 37
Length from muzzle to tipof horn....................... ....50
Width between tips of horns, estimated....................... 40
Widthof orbit............ ... .. ... .. .. 7
Lengthoforbit............. ... .. ... ... ... 10
Width of skull across theorbits.............................. 30
Interorbital width........ ... ... . .. .. .. ... il 6
Lengthof nostril......... ... ... .. ... ... ... ... ..., 2
Widthof nostril .. ... .. . . I
Diameter of the pineal foramen less than..................... I

The specimen on which the species is based is from the Linton
deposits of Ohio and forms a part of the collection of Dr. J. S. New-
berry now in the American Museum. It is No. 102 of the American
Museum Collection.

DICERATOSAURUS ROBUSTUS Sp. Nov.
(Fig. 15)
The present species is indicated by the left portion of a cranium
representing a large individual. The characters of the skull are so
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clearly marked that it seems worthy of description. The presence of
horns as given in the restoration of the skull is based on the analogy
with the other two species of this genus in both of which horns are
present. The generic determination of the species is based on the
large size of the postorbital which is essentially characteristic of the
other species of Diceratosaurus.

The characters which distinguish the species from the others of the
genus are the large postorbitals and the small parietals which are
excludéd from union with
the postfrontals on account
of the large size of the
frontal. In the other two
known species the frontal
is small and the parietal
comes forward to join the
postfrontal. The present
species exhibits a skull
which is nearly twice as
large as that of D. laevis
and nearly three times the
size of the skull of D.
punctolineatus.

F16. 15.—The skull of Diceralosaurus ro- The portion of the skull
bustus. E=epiotic;.F=frontal; J=ju§al; Pt"== preserved shows the
postfrontal; P =parietal; Po=postorbital; Qj= .
quadratojugal; So=supraoccipital; Sq=squa- CTanium to have had a
mosal. rather acuminate snout, not

blunt as in the type species.
The orbit is an elongate oval although it has the same relative position
in the skull as in the other species. The nostril is indicated by an oval
depression near the anterior edge of the skull. The frontals as indi-
cated by the sutures present on the portion of the skull preserved are
fully as long as the parietals. Whether they were as wide as is
represented in the drawing (Fig. 15) is uncertain. The postfrontals
are represented by very small bones the sutures of which are somewhat
uncertain although they cannot be far from what is represented in the
drawing. The postorbital is large and elongate. It is distinctive
of this species on account of its unusual size and of the genus as well,
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although it does not attain such proportions in the other known forms.
The parietals are elongate and narrow. The pineal foramen is
represented by its lateral edge and its position is about midway of
the longitudinal diameter of the parietals. The supraoccipital
is represented by its anterior border. It is narrow. As restored
it may be too long. The epiotic also is represented by an anterior
portion and it shows this element to have the position and form which
is typical of the form D. lgevis. Such other of the cranial elements as
are indicated are based on the relations discovered in D. laevis.

The heavy line on the left of the drawing represents the outline of
the portion preserved. The skull, as restored, may be a little too
long, and the shape of the horns is conjectural. In the orbit there
are preserved two teeth showing longitudinal fluting. The longest
tooth is about three millimeters.

MEASUREMENTS OF THE SKULL OF Diceratosaurus robustus MOODIE

mm
Median length of the skull, estimated........................ 67
Posterior width of the skull, estimated........................ 78
Lengthof orbit............ ... ... ... ... ... ...l 18
Widthof orbit....... ... ... . 12
Length of postorbital............. ... ... .. ... ..o 27
Width of postorbital............. ... ... ... .o 14
Length of longest tooth............... ... .. ... ... ... 3
Width of same tooth atbase.............0.................. 15

This specimen is from the coal mines of Linton, Ohio. Tt forms
a part of the Newberry collection of the American Museum where it
is No. 8,611 G.

ICHTRYERPETON SQUAMOSUM Sp. nov.

The present species is based on well-preserved remains from the
Linton, Ohio, beds. There are two specimens of the species pre-
served on blocks of bituminous coal and they represent the greater
length of the animal. The species is located in the genus Ichthyer-
peton, which was based by Huxley’ on remains from the Coal-
measures of Ireland (Fig. 16), on account of the character of the
dermal covering which consists of small overlapping scales such as

t Trans. Roy. Irish Acad., 1867, p. 351.



70 ROY L. MOODIE

Huxley described for the form from Ireland. The specific characters
of this form are the small size of the rounded scales, the attenuated
tail, the apparent absence of limbs, the character of the ventral scutel-
lation and the slightly curved condition of the ribs.

From the preserved remains it is estimated that the animal attained
a length of not less than three feet and its body was long and slender
and it may have had an appearance similar to that of a Siren or a
Proteus. The slenderness of the body is a variance from the condition
found in the type species, Ichthyerpeton bradlevae Huxley (Fig. 16)

F16. 16.—The impression of Ichthyerpeton bradleyae Huxley. After Huxlgy.

in which the trunk was rather stoutly built. The character of the
anterior portion of the body in the present species cannot be deter-
mined and the skull is wanting. There are no evidences of anterior
limbs although the ventral scutellation preserved would seem to
include the pectoral region. No pectoral shields are preserved nor
are there any traces of pelvic elements or limbs.

The preserved portions on one block include nearly the entire tail
and the posterior of the body and on the other block the dorsal region
of the body and the anterior portion of the tail, so that the specimens
supplement each other in an interesting manner. There are impres-
sions of several vertebrae preserved. They are much of the same
character as Huxley has described for the type species. They are
short and thick and were probably amphicoelous. There are pre-
served the remains of rather slender recurved ribs mingled in with the
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remains of the ventral scutellation and distinguished from the ele-
ments of the. abdominal shield by their size and curvature. They
were apparently single-headed, but the character of their articulation
cannot be determined. The ventral scutellation consists of fine
continuous rods arranged in the regular chevron pattern. They do
not seem to be divided into oat-shaped scutes as is the case with the
form described by Huxley. The ventral rods are closely packed for a
distance of more than six inches but as they are scattered their exact
arrangement cannot be determined. They seem to have extended to
the cloacal region but there are no evidences of the specialized clasp-
ing organs such as are developed in the ventral armature of Ophider-
peton. The scales which are well preserved on the tail, may have
covered the entire body since there are many scattered scales in the
dorsal region of one of the specimens. The scales are slightly oval,
tuberculate, and they measure scarcely one millimeter in their longest
diameter. They show but slight evidences of having been imbricated
though they may have been so although they may have been inclosed
in the integument and somewhat separated- from each other. The
most posterior part of the tail preserved seems to indicate that the tip
was attenuated. It was probably flattened from side to side. We
may thus regard Ichthyerpeton squamosum as an elongate aquatic
animal with a long flattened tail, and since there were possibly no
limbs it would be an animal highly adapted for life in the water.
The present species is of interest because it represents for the first
time the discovery of the scaled Amphibia in the deposits of North
America.

MEASUREMENT OF THE TYPES OF Ichthyerpeton squamosum MOODIE

Length of the animal as estimated from the two impres-

SIONS. ..o "3 feet
Length of longest impression......................... 21 inches
Length of specimen containing tail impression.......... 9 inches
Width of tail impression, maximum................... 50 mm
Width of tail impression, minimum................... 6 mm
Width of asinglescale.............................. I mm
Chevron rods in a distance of three mm............... 8
Distance from base of tail to the tip................... 125 mm

Width at base of tail............... [ oo
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SECOND SPECIMEN .
Length of specimen as preserved..................... 225 mm

Width of chevron rod space.......................... 30 mm
Lengthofrib............. ... 25

The species is based on two specimens which form part of the
Lacoe collection belonging to the U. S. National Museum where they
are Nos. 4,476, and 4,459. The specimens are preserved on two
blocks of bituminous coal from the mines at Linton, Ohio.

MACRERPETON HUXLEYI Cope
(Fig. 17)

The new genus Macrerpeton is proposed for the reception of the
species of amphjbian described by Cope as Twuditanus huxleyi.*
This form he placed provisionally in the genus Tuditanus since it
seemed to present the same type of sculpturing of the cranial elements
similar to that found in 7. radiatus Cope. Even this species, in all
probability does not belong in this genus but it cannot be removed
at present. Closer study of the type specimen of Tuditanus huxleyi
Cope shows great variation from any of the species described from
Linton, Ohio, and indeed from any Carboniferous form thus far
known.

The specimen represents the left side of the face of a form which
seems to approach the higher labyrinthodonts in the shape of the
skull. The orbit is far removed from the border of the skull and
taking the median line of the skull as somewhat further inward than
the part preserved we have a skull which cannot be far from the figure
(Fig. 17). The left posterior angle of the skull seems to be repre-
sented by a depression on the face of the block of coal on which the
specimen reposes. The arrangement of the bones as given in the
diagram (Fig. 17) strongly recalls that of Capitosaurus from the
Keuper of Europe. The anterior border of the skull is restored
after the skull of Capitosaurus but the skull may have been pointed as
in Archegosaurus. The character of the teeth would scem to be
such as to refer the form to a labyrinthodont. The teeth are very

t Rept. Ohio Geol. Surv., 1875, p. 397.
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strong and curved backwards and they have the strong longitudinal
fluting which is characteristic of many of the labyrinthodonts. An-
other character which would distinguish the form is the pattern of
the cranial sculpture. This consists of inosculating pits and grooves
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F1G, 17.—Restoration of the skull of Macrerpeton huxleyi Cope. One-half natural
size.

of a coarse character and compares favorably with the sculpturing
of the later forms like Anaschisma from the Trias of Wyoming. If
this form really represents a labyrinthodont-like form it is the oldest
of the kind so far known since in all probability the Eosaurus verte-
brae come from a higher horizon. The specific characters have been
given by Cope and further discussion will be deferred.
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SAUROPLEURA LONGIDENTATA SP. NoV.
(Figs. 18, 19) i

This species may be distinguished from the other members of
the genus by the large size and shape of the cranium and by the broad
mandible with its very
long teeth. The skull
of Sauropleura digitata
Cope is not known but the
body of that animal as
preserved represents far
too small a form for the
skull to be referred to
that species. The skull
of the present species is
fully half as long as the
dorsal region of S. digi-
tata Cope so that an
association of the remains
would be incongruous.
From the skull of S.
scutellata Newb. the pres-
ent skull differs in size
and proportions. The
skull of S. scutellata is
narrow while the skull
of S. longidentata is quite
broad. The teeth of the
latter are characteristic of
the species since in all of
the other species of the
genus where the skull
is preserved the large
anterior tooth is wanting.

Of the species Sauro-
pleura longidentata there
is preserved the right half of a cranium (Fig. 18) and the greater por-
tion of the mandible belonging to the same individual. The bones

Natural size.

F1G. 18.—The type specimen of Sauropleura longidentata.
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show the coarse sculpturing of the larger species of the Microsauria and
it consists more of radiating grooves than of pits. The skull, as
restored, is broadly ovate, with the posterior border truncate. The
muzzle is broad and the nostrils are, apparently, located near the
anterior margin. The pineal foramen cannot be detected. The
posterior border of the orbits lies near the median transverse line of
the skull. They are circular and are removed some distance from
the margin of the cranium. Only the frontal and parietal can be
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F16. 19.—The cranium of Sauropleura longidentata. Natural size.

determined with certainty. These are seen to be rather large and
have the usual relations of those elements.

The lower jaw is heavy and it is provided with heterodont teeth,
which were possibly pleurodont, though this cannot be determined
since the specimen lies on its inner side. Near the anterior end of the
mandible there is a very long fang-like tooth, longitudinally striated,
which rises from a broad base and rises to considerable prominence.
It is slightly recurved. The other teeth are smaller though the next



76 ROY L. MOODIE

succeeding one is still of considerable size. All of the teeth preserved
are longitudinally striated but only the two anterior ones are recurved
to any extent.

MEASUREMENTS OF THE TYPE OF Sauropleura longidentata MooDIE

mm
Length of the skull in median line......................... 75
Width of skull at posterior border, estimated.......... e 8o
Width of skull across orbits, estimated................ .....60
Widthof orbit............ ... 10.6
Lengthof orbit........................... B 12
Interorbital space................ ... oo, 16
Length of jaw, as preserved............................... 48
Width of jaw, maximum ............ ... ... .. oo 16
Width of jaw, minimum.............. ... ... .o 5
Length of longest tooth. . ...............oooivieieaeiii.. 11
Width of longest tooth atbase............................. 4.5
Length of shortest tooth......................... ... .. .. 3
Width of shortest tooth at base.............. B P I

This specimen forms a part of the Newberry collection of the
American Museum of Natural History where it is No. 8,619 G.

E0SERPETON TENUICORNE Cope gen. nov.
. (Fig. 20)

The new genus Eoserpeton is erected for the reception of a single
species originally described by Cope as Ceraterpeton tenuicorne. It
cannot be placed under the genus Cerater peton, however, on account
of the form and structure of the skull which varies widely from that
of the type species of Ceraterpeton, C. galvani Huxley. The most
important character in which the present species differs from C. gal-
vani Huxley is the peculiar form taken by the prosquamosal as well
as the fact that it is the epiotic which has the horn-like projection in
C. galvani Huxley while in Eoserpeton tenuicorne Cope it is the supra-
temporal which bears the projection. The present species also lacks
the projection at the side of the skull which is characteristic of the
Ceraterpeton. No undoubted remains of the genus Ceraterpeton
occur outside of England and Ireland, so far as I am aware. Fritsch
referred a species, provisionally described as Scincosaurus crassus,
to this genus but Andrews, Jaekel, and Woodward all agree that the
species does not belong under Ceraterpeton. Jaekel even says there




F16. 20.—A restoration of the skeleton of Eoserpeton tenuicorne Cope. The lettering as in other figures. X2.
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are no horns in the species Scincosaurus crassus Fritsch. Cope de-
scribed three species from the coal deposits of Ohio under Cerater pe-
ton but none of them helong there. Jaekel has defined one species so
described, C. punctolineatum Cope, as Diceratosaurus punclolineatus

F16. 21.—The impression of the skull of Stegops divaricata Cope. X2.

Cope and the other species is described here under the new genus
Eoserpeton. The new genus is characterized from Diccratosaurus of
Jaekel by the divergent character and shape of the horns, the shape
and organization of the skull and by the form and position of the
orbits.

The restoration of the species Eoserpelon tenuicorne Cope is based
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on three specimens two of which represent the larger part of the animal
and the other is a large skull in which the characters of the crarium
have been detected. The two specimens in the National Museum at
Washington (Nos. 4,472 and 4,473) are impressions of the same indi-
vidual. It differs from the specimen in the horns being slightly in- -
curved as represented in the drawing. This latter form was described
by Cope in 1897.

STEGOPS DIVARICATA Cope gen. nov.
(Figs. 21, 22)

The genus Stegops has been erected for the reception of the peculiar
form described below. This species was first described by Cope as
Cerater peton divaricatum® but there
are very good reasons why the
form cannot be retained in this
genus nor can it be placed in
either the genus Eoserpeton or
Diceratosaurus. The entire shape
of the skull, the character of the
horns and the presence of a large
lachrymal are distinctive characters
of the new genus Stegops.

The remains on which the new
genus reposes consist of the impres-
sions of a single well-preserved :
skull from the coal mines at F16. 22.—The outlinta of‘the cranial

. . . elements of Stegops divaricata Cope.
Linton, Ohio. The chief char- Ty lettering as in other figures except
acters which distinguish the genus I=intertemporal (?). X1.
will also serve to differentiate a
new family of Microsauria which may be known as the STEGO-
PIDAE. The chief family characters are the large lachrymal
‘unknown in any of the other species of Carboniferous Amphibia, the
central position of the orbits, the general form of the skull, and the
peculiar short divaricate horns. If an intertemporal element is
present in the skull, which is suggested as a possibility, the family is
further distinct.

t Proc. Amer. Phil. Soc., 1885, p. 406.
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SAURERPETON LATITHORAX Cope gen. nov.
(Fig. 23)

The new genus Sawurerpeton is erected for the reception of the
species described by Cope in 1897® as Sauropleura latithorax. The
characters which distinguish the genus not only from Sauropleura but
from all other known Microsauria are the broad plate-like character of
the ventral scutellation, the broad rounded character of the pectoral
plates, and the broad short skull. The structure (Fig. 23) of the skull

F1G. 23.—Outline of the cranial elementsof Saurerpeton latithorax Cope. Less than
natural size.

is nearest to that of the genus Diceratosaurus but the present form
lacks the horns and the shape of the skull is also far different from that
of the species of Diceratosaurus.

The skull of Saurerpeton latithorax Cope is broad and heavy. The
teeth are heterodont. The body is broad and stout and the limbs are
of unusually strong proportions. The ventral armature consists of
broad imbricating scutes which form a single piece across the abdo-
men and are but slightly angulated to form the chevron. All other
known Microsauria have the chevron armature strongly angulated
and the scutes are usually long and slender. A distant approach to
the condition of Saurerpeton is found in the Ctenerpeton, but the pecu-
liar comb-like expansions and the shape of the body in the latter
distinguish the two forms.

t Proc. Amer. Phil. Soc., 1897, p. 86.



F1G. 24.—A restoration of Amphibamus grandiceps Cope.
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AMPHIBAMUS GRANDICEPS Cope
(Fig. 24)

This well-known species from the Mazon Creek deposits is restored
herewith. The restoration is based on a specimen, nearly complete,
in the collection of Mr. L. E. Daniels of LaPorte, Ind., and on the
drawings of Cope.

In conclusion I wish to express my hearty appreciation to Drs. S. W.
Williston and Stuart Weller for the interest they have taken in my
work and for the help I have received from them.




THE ANCIENT KOBUK GLACIER OF ALASKA

OSCAR H. HERSHEY
Berkeley, Cal.

Between Hotham Inlet and Kotzebue Sound, on the Arctic coast
of Alaska, there is a long narrow strip of rolling upland which is
probably (in part at least) a glacial moraine. The portion I saw in
the summer of 1906 (from Cape Blossom north) consists of broad,
smooth ridges, probably rising 5o to 150 feet above sea-level, bordered
on the west and north by a sea-cliff from 30 to 100 feet high. The
tundra vegetation on the upland surface completely obscures the
nature of the underlying material, but its character may be inferred
from many fairly good exposures in the sea-cliff.

The northwestern corner of this upland is protected from present
marine erosion by a triangular strip of lowland bordered by a beach
ridge from 5 to 12 feet high, behind which there are lagoons
and marshes. The Friends’ Mission at Kikiktak or Kotzebue Post-
office is situated on the beach ridge near where it makes a sharp bend
from north to east and about one and one-half miles from the old
sea-cliff. The latter, where thus protected, is broken down and
tundra-covered so that there are no satisfactory exposures of the under-
lying material. .

About two miles east of the mission, the cliff presents, along a
distance of half a mile, a number of imperfect cxposures of typical
till. It is a stiff blue-gray clay abounding in rock fragments in sizes
up to eighteen-inch boulders. They consist of many rock species,
but varieties of gabbro, probably derived from Mendenhall’s Kanuti
series, are the most conspicuous. Most of the pebbles, cobbles and
boulders are somewhat rounded, in the manner characteristic of
glacial abrasion, noticeably differing from similar material after having
been exposed for some time to wave action on the beach. Very many

: Walter C. Mendenhall, "“ Reconnaissance from Fort Hamlin to* Kotzebue
Sound, Alaska, by Way of Dall, Kanuti, Allen and Kowak Rivers,” U. S. Geological
Survey, Professional Paper No. I0.
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of the faceted pebbles and boulders are striated; indeed, a few min-
utes’ search yielded some of the finest scratched stones I have ever
found.

Owing to the masses of tundra soil that have fallen down the
cliff, the upper limit of this apparent glacial deposit is obscured but
appears to be quite irregular. It is overlaid by a thick bed of dark
blue-gray laminated silt and muck, which is better exposed than the
boulder clay. In places the silt forms steep banks 30 feet high,
reaching down to sea-level. In other places the boulder clay reaches
from 3 to 6 feet above the water and at one place fifteen feet,
being there overlaid by only about ten feet of silt. The fine lamina-
tion, absence of gravel or coarse sand, and the presence of much peat
in the silt at first suggested to me that it was deposited in a lagoon (at
a time the land was lower) behind a beach ridge which has been
completely destroyed by marine erosion.

The boulder clay has a character typical of ground moraine and
it is undoubtedly due to ice action. However, the question may be
raised as to the method of its formation and how it reached its present
position. This is especially pertinent in view of the fact that this
locality is far beyond the reputed limits of Quaternary glaciation in
northern Alaska. Three hypotheses are worthy of consideration.
The first attributes the boulder clay to the action of shore ice. This
would not account for the presence of the clay and the extensive
faceting and scratching on all sides of the included rock fragments,
for it is inconceivable that the shore ice could work long enough on the
same material to produce these features as strongly developed as they
are found. .

The second hypothesis recognizes the material as till but attributes
its present position to transportation by floating ice. The objection
to this is that there is too much of it to have been carried en masse and
that if carried in small quantities and dropped from time to time, it
should be mixed with typical marine deposits which so far have not
appeared in the exposures.

The last hypothesis, and one which I am inclined most strongly
to favor, is that it is a portion of the ground moraine of a great glacier
that came out of the mountainous interior of Alaska, probably cover-
ing, in partat least, the basin of Hotham Inlet.



ANCIENT KOBUK GLACIER OF ALASKA 85

About three miles south of the mission, the modern beach ridge
approaches the sea-cliff. There are no true exposures of the material
in the face of the cliff, but water-worn gravel like the present beach
gravel, though probably of a different origin, occurs at several points
up to 5o feet above sea-level. This is the seaward edge of a small
plain about 75 feet above the sea. Less than a mile south there is a
smooth ridge running inland; on its south side there is another
broad flat plain extending inland half a dozen miles and probably
two miles wide along the sea-cliff. Its altitude is about 75 feet above
the sea; on the south it is bordered by another narrow smooth ridge

‘running inland. A few very imperfect exposures on the sea-cliff form-
ing the seaward edge of the plain show pebbleless brown carbonaceous
silt, suggesting a lagoon deposit. It is evident to me that the depres-
sions of a rolling upland have been filled with fine silt to a level which,
possibly through uplift, is now mostly about 75 feet above the sea.
Marine erosion has cut away a large part of these plains and the
intervening ridges, producing a sea-cliff from 50 to 100 feet high, at
the foot of- which lies the modern beach ridge, generally 75 yards
wide. There remains to discover the composition of the upland ridges.

At about seven miles south of the mission there is a small lagoon
winding about in the marshy floor of the valley whose mouth was
originally below sea-level, the 75-foot silt plain above described not
being developed here. Indeed,looking over the countrysouth to beyond
Cape Blossom, it appears that the smooth ridges generally rise to
about 100 feet above sea-level and are separated by valleys of varying
widths, generally coming down nearly to sea-level at the beach line.
Inland as far as one can see there are no isolated hill peaks; nor, on
the other hand, is there a suggestion that the valleys have been eroded
from a plain. The topography suggests a constructional surface of a
glacial type, not that of a terminal or lateral moraine, but of an
undulating ground moraine.

At about half a mile south of the lagoon, the sea-cliff, 60 to 100
feet high, bisects a broad, undulating ridge which leads inland as do
the others above described. Stiff blue-gray boulder clay abounding
in beautifully glaciated pebbles and boulders (the latter generally
gabbro or metagabbro), appears for nearly a quarter of a mile, rising
from 10 to 50 feet above sea-level and overlaid by dark blue-gray and
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brown carbonaceous silt, 30 to 6o feet thick. I have no doubt that
the core of this ridge and presumably of many others in this region
is ground moraine. 1 am surprised and puzzled by the invariable
presence over the till, even in the axes of the ridges, of stratified
carbonaceous silt. I cannot distinguish between this silt formation
and that which in places forms plains between the ridges. It is
probable that only one silt formation is present, and that it has an
attitude similar to the loess formation in the Mississippi basin,
mantling an undulating drift plain. Therefore, the theory that it isa
lagoon formation must be abandoned.

(At the upper edge of the bank, on the north side of the ridge south
of the lagoon, I found the pelvis of a large animal. It was 8 feet
wide. It had evidently been embedded in the soil at the surface of
the silt formation.)

A headland about three and one-half miles northeast of the
mission presents a 10o-foot sea-cliff at the base of which, in places
reaching up to 20 feet, occurs th¢ blue-gray till abounding in glaciated
boulders, some four feet in length. They consist chiefly -of gabbro,
metagabbro, pyroxenite, greenstone, diorite, gneiss, schist, marble,
limestone, and fine-grained sandstone. The overlying non-pebbly
carbonaceous silts form the greater portion of the cliff, but are not
well exposed.

Three-fourths of a mile farther northeast, the cliff in a headland
is only from 30 to so feet high, yet the boulder clay reaches up to
20 feet above sea-level. Boulders from one to three feet in diameter
are relatively more abundant than at the outcrops before described.
The largest is a dark green altered fine-grained basic volcanic rock.

At “the cape,” the bold headland five miles northeast of the
mission, that forms the most northerly point of the peninsula, although
the sea-cliff is probably 150 feet high, the silt is so thick that the
boulder clay does not appear to extend more than about 15 feet above
sea-level. From the top of the cliff looking inland two peculiar depres-
sions can be seen. They are occupied by lakes which may be
between five and ten acres in extent. The northern side of each is a
low valley plain, but the southern side is a crescent-shaped steep
bluff. The abruptness of this bluff contrasts strongly with the
flowing contours of the neighboring country. It is possible that these
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depressions were produced by the melting of large residual masses of
glacial ice buried under the silt. I saw a similar bluff in looking
over the country back of Cape Blossom.

There is nothing in the topography of the peninsula to suggest the
direction of ice movement except that the ridges are prevailingly
elongated easterly and westerly. These ridges, in so far as they are
above sea-level, consist chiefly of silt, but, as we have seen, cores of
boulder clay usually appear where they are bisected by the sea-cliff in
a manner to indicate that the present topography is in large part con-
trolled by the surface of the glacial deposit. The topography is not
that typical of a terminal or lateral moraine but of a fluted ground
moraine. All the till exposures examined corroborate the idea that it
is ground moraine. Therefore, I incline to the opinion that these
ridges are approximately parallel to the direction of ice movement
like the major axis of a drumlin. Indeed, many of the shorter ridges
approximate to the drumlin form, and if the silt covering were removed
this form might be even more pronounced. Probably the ice that
glaciated this country was a great glacier that came out of the broad
valley of the Kobuk River on the east and extended into the Arctic
Ocean. Mendenhall says:

All of the peninsula which separates Hotham Inlet and Selawik Lake from
Kotzebue Sound and its waters, with the exception of the extreme southwestern
point (where members of the schistose series outcrop in Choris Peninsula),
is made up of Pleistocene silts, clays, and embedded ice. 1Its outline and topog-
raphy suggest that shoals which have formed off the mouths of the Noatak,
the Kowak, the Selawik, and the Buckland have been raised into islands by
slight local elevations, and that these islands have afterwards been tied into one
long peninsula by the action of winds, waves, and currents.*

On the contrary, my investigation of that broad portion of the
peninsula lying north of the latitude of Cape Blossom has led
to the conclusion that it is a remnant of an undulating silt-covered
drift plain into which the sea has cut on the western, northern,
and eastern sides, producing a cliff from 30 to 100 feet high. The
generally undissected character of the upland and the fresh appearance
of the till suggest a late stage of glaciation presumably Wisconsin.
This opinion is expressed with the fact in mind that erosion and
weathering standards of the Temperate Zone are not applicable here

t U. S. Geological Survey Professional Paper No. 10, p. 45.
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where the subsoil is permanently frozen to great depths. Partly
coincident with the later stages of cliff cutting, and partly subsequent
to the completion of certain portions of the cliff, has been the formation
of a modern beach ridge. All parts of the latter are undoubtedly
quite recent in age. The spit on which is situated the Friends’ Mission
consists of several strands, or separate beach ridges, between which
are marshy depressions and freshwater lakes at levels from 5 to
10 feet above the level of the sea on one side and a brackish lagoon on
the other side.

Presuming that the upland represents as late a stage as the Wiscon-
sin epoch, the earlier stages of the sea-cliff erosion would occupy a
larger part of the Recent period, the oldest of the beach ridges would
be relatively modern in age and the youngest, on which the mission
stands and which is yet in process of formation, would belong to a very
late portion of this last epoch, perhaps the last soo years. The
marshy ground immediately behind it would be of similar youth.
The age of these beach ridges and marshes is chiefly of interest in
connection with the remains of large animals which occur on them.

Extending for about five miles along the northern shore of Hotham
Inlet, northeast of the Pipe Spit, there is a sea-cliff from 30 to 75 feet
high, interrupted by a valley one-half a mile wide. Sailing within
several hundred feet of the western half of the cliff, I noticed in many
exposures a stony clay of blue-gray color, doubtlessly till, extending
nearly to the top of the bank. On the beach were some boulders
derived from the cliff, but this is a less bouldery deposit than the till
of the peninsula. Also, the till appears to be in places associated
with irregularly stratified beds of sand and gravel. Landing at the
eastern end of the cliff, I examined it westward for over two miles.
West of the valley above-mentioned, all exposures were of stiff blue-
gray till abounding in smoothed and striated pebbles and some
boulders which were chiefly of limestone and calcareous schist, a few
of greenish altered diorite, quartzite, gneiss, and vein quartz. There
is a noticeable absence of the gabbroic rocks so prominent in the drift
of the peninsula. The till extends nearly or quite to the summit
of the cliff and the silt formation of the peninsula was not identified
here.

The portion of the cliff cast of the valley, extending about one and
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one-fourth miles, is made up of irregularly interbanded till and
modified drift. The latter is an indistinctly stratified sand and fine
gravel containing many pebbles which yet preserve traces of faceting
and striation. The till is a blue-gray sandy clay containing many
striated stones and a few boulders, generally of limestone. The
smaller rock fragments are mostly schist, limestone, and vein
quartz, a drift notably differing in composition from that of the penin-
sula. Any exposed section of the cliff shows one or several bands of
till 5 to 15 feet thick, occurring in places at the base or top, but
generally about two-thirds of the distance from the bottom. Where
at the top, it forms small stony knolls in the rolling upland back of the
cliff. A portion of the cliff is protected from present erosion by a
raised beach whose seaward margin is a steep bank rising 10 to 15
feet above the present beach.

About ten miles farther north there is a mountain range several
thousand feet high. The gently undulating plain which, near the
sea-cliff, is beyond doubt a glacial plain, extends inland to the foot
of this range and a smooth slope extends thence to about midway of
the height of the range where it appears, in a distant view, to terminate
abruptly along a line which gently rises and falls, suggesting the
upper limit of glaciation. Some low ranges of hills that would be
included in the glaciated area have rather smooth topography but no
features which of themselves would suggest glaciation.

On the northern border of the Kobuk Delta there are in places low
bluffs produced by the most northerly channel of the river swinging
into a gently undulating upland. Some of this upland country occurs
southwest of the mouth of this channel and is bordered by a sea-cliff
on the Hotham Inlet side. I did not land at any of these bluffs and
cliffs but, seen from a boat, they appear to consist of a thick bed of
brown and gray sandy silt like that over the till in the peninsula, but
varying to portions much more largely of sand. The rolling plain
topography characterizes the lower Kobuk Valley above the delta
and the country between the delta and the mountains to the north.
Indeed, as far east as I have been, namely, to the Shungnak River,
outside of the modern alluvial plain in which the river winds about,
the valley floor is everywhere an undulating plain rising from 30 to
200 feet above the river. In the lower valley this plain appears to
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consist chiefly of silt, but farther east the ridges seem to be generally
of coarser material, either modified drift (water-deposited sand and
gravel) or of till. I did not often land at exposures of the latter, but
the appearance of bluff faces at many places suggests it. I have no
doubt that a careful study of this valley would bring to light moraines
both terminal and lateral, but the rolling ground moraine seems
to be the predominant feature of this drift.

The first decisive evidence of glaciation seen in ascending the
Kobuk River is in a 150-foot bluff on the north side of the river below
Squirrel River. As seen from a boat, the bluff appears to consist
largely of a blue-gray stony clay, at one place resting on bed-rock. I
landed at the Eskimo village at the mouth of Squirrel River and found
blue-gray till exposed in the bluff. It abounds in striated stones, in-
cluding a beautifully glaciated 6-foot boulder. The bank also con-
tains much sand, probably modified drift. The north bank of the
river, at a point at which I landed probably about midway between the
Hunt and Ambler rivers, consists of a very stony till abounding in
scratched pebbles. The country back of it has a morainic topography.

In the “Sketch Map of Alaska Showing Glacial Geology” in
“The Geography and Geology of Alaska,” etc., by Brooks,* published
in 1906, the glaciated territory of the Endicott Mountain area is
represented as terminating westward at about the mouth of the Ambler
River, 173 miles above the mouth of the Kobuk River, and about 130
miles in a direct line from the drift near the mission on the peninsula.
This is obviously an error. I traveled in the mountains near the
Shungnak River, well within the reputed limit of glaciation, and while
I recognized evidences of glaciation there, these evidences were not as
pronounced in character as much that I saw in the lower Kobuk and
Hotham Inlet regions. Similarly, on Seward Peninsula, I found in
1906 evidences of a more extensive glaciation than had been mapped
by the U. S. Geological Survey in its preliminary work. I do not
think that there was a general glaciation of northwestern Alaska, but
that many of the valleys were occupied by glaciers that ran farther
than has been indicated on the map mentioned above.

The Kobuk glacier probably occupied the entire Kobuk Valley.
It may have been 230 miles long and 15 to 30 miles wide. It was

1U. S. Geological Survey Publications, Professional Paper, Nou. 45, Pl. XX1I.
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probably fed chiefly from the tributary glaciers on the southern slope
of the Endicott range. The limestone, schist, and vein quartz drift on
the north shore of Hotham Inlet was probably dragged from the hills
on the north side of the Kobuk Valley (which are known to be made
up largely of such rocks); the gabbroic drift of the peninsula prob-
ably was secured in the Hotham Peak range lying south of the
Kobuk Valley. If there has been no important change in the relation
between land and sea, the Kobuk glacier entered the Arctic Ocean.

BERKELEY, CAL.
April 17, 1908
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The Ann Arbor (Michigan) Folio. By FRANK LEVERETT. 15 folio
pages of text and 3 maps. U. S. Geol. Surv., 1908. Geologische
Streifziige in Heidelbergs Umgebung, Von Dr, Julius Ruska,
Eine Einfiihrung in die Hauptfragen der Geologie auf Grund der
Bildungsgeschichte des oberrheinischen Gebirgssystems, Pp. xi
and 208 with numerous original views, maps, and sections,
Nigele, Leipzig, 1908.

How often has the university professor felt the need of a convenient
printed discussion of essentially local geological problems to which he can
refer the student—something not too brief or so diluted as to distort the
facts, but an adequate and readable presentation which the earnest student
may turn to as a guide. In America this want has in a few instances been
met by the geological folio of the university district, and whatever may be
said of this form of publication with its endless duplications as applied
wholesale throughout the country, it cannot be denied that as an aid to
geological instruction at universities through description of the local geology
it meets a real need.

The Ann Arbor folio and the German booklet referred to above are
alike successful efforts in the direction indicated; the one for a great Ameri-
can university, the other for the oldest German university and the one
which many American geologists claim as a second alma mater.

The American publication has the luxurious dress of its class, but suf-
fers from its ungainly proportions, particularly when it is carried into the
field. Its mechanical construction, while an aid to ready reference, detracts
somewhat from the interest of perusal. Fortunately in this instance a
most serious objection to the folio system—the patchwork truncation of the
area by the accidents of quadrangle limits—is not serious, since Ann Arbor
falls almost exactly in the center of the sheet. .

The geological interest in the area is very largely restricted to the glacial
and post-glacial history, and the significant distribution of the drift deposits
with their modification in lake shores, has here been treated by one of our
best authorities in that field. The whole subject of post-Wisconsin lake
history, as applied to the Michigan area, is here for the first time compre-
hensively treated in an easily accessible publication. Excellent original

92



REVIEWS 93

maps serve to set forth in sequence the many stages in this history, including
that of the newly discovered Lake Arkona.

The book by Professor Ruska of Heidelberg is an initial attempt to
meet a like demand at the German university. Dr. Ruska has the gift of
literary style and the ability to present his subject in attractive form with-
out loss of scientific accuracy. Different geological formations and signifi-
cant surface features come each in turn under discussion in connection with
well-planned excursions from Heidelberg. No less than 138 illustrations,
many of them original and all well chosen, make the eye the pathway to the
mind. Professor Ruska not only knows his field, but he has shown excellent
judgment in selecting and arranging his material. W. H. H.

Rocks and Rock Minerals. By Louis V. PirssoN, Professor of
Physical Geology, Yale University. 12mo, pp. 414. New York:
John Wiley & Sons, 1908.

The new petrology by Professor Pirsson is a volume whose merits are
more fully appreciated when one considers the difficulties inherent in the
subject, not the least of which is that of classification. If it be remembered
that the early and simple classifications based on megascopic characters
have gradually become more and more complicated as microscopical inves-
tigations progressed until at present they cannot be satisfactorily used with-
out the microscope, it may be admitted that a simplified classification for
field work and similar uses has become extremely desirable. The classifi-
cation adopted in the new work is essentially the same as the ‘“field classi-
fication” first proposed in connection with the Quantitative Classification
of Igneous Rocks, of Cross, Iddings, Pirsson, and Washington in 1903.
On this basis Pirsson has succeeded in presenting in attractive style not
merely the major facts of petrology, but also an excellent description of
those things which give the science life and human interest. Thus, he not
only defines a given rock from every point of view, but he describes its mode
of occurrence, its alteration products, its various uses, and, frequently, its
relation to ore deposits.

The book is, of course, not adapted to the needs of the geologist and
petrographer, but to those of engineering and general students whose
knowledge of the subject need not be profound. It is arranged in three
parts: an introductory part of twenty pages dealing with the scope, history,
and methods of petrology, and the chemical character of the earth’s crust:
a second part of 112 pages describing briefly the rock-forming minerals
and giving short tables for their determination; and the main part dealing
with igneous, sedimentary, and metamorphic rocks successively, and closing
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with a short table for determining rocks. The illustrations are numerous
and remarkably well chosen.

In discussing the origin of the porphyritic texture in igneous rocks
Pirsson expresses the current view among petrographers in declaring that
the idea of a change in the rate of solidification (for example, intratelluric
and extratelluric crystallization) is not an adequate explanation of all occur-
rences. But it seems to the writer that the labile and metastable states
proposed by Miers and indorsed by Pirsson as an explanation of the por-
phyritic texture are equally unsatisfactory. It seems to merely give names
to certain conditions or states in magmas which may produce the texture,
without explaining anything. Why such conditions should exist in some
cases and not in others—in fact, why they should exist at all—is not clear.
The writer would suggest that if we admit the existence of eutectics in igne-
ous rocks (and Pirsson appeals to them to explain salic border zones) we
have in their laws a reasonable explanation of the porphyritic texture.
Thus, it is well known that any constituent present in a solution in greater
amount than the eutectic proportion will begin to crystallize at a tempera-
ture above that required for the solidification of the eutectic itself, and will
continue to crystallize until the cooling reaches that temperature; then the
eutectic will crystallize at that temperature. It is clear then that with a
uniform rate of cooling this process will give a much longer period of crystal-
lization to the minerals in excess of the eutectic proportion than to the
eutectic itself. This longer period of crystallization would naturally result
commonly in larger crystals, that is, the porphyritic texture. In this con-
nection it might be mentioned that Pirsson’s statement on p. 171 that “the
substance in greatest excess, the solvent, will solidify first” is quite mislead-
ing, since the substance in greatest excess is not necessarily the solvent nor
the first thing to solidify.

Other minor errors include the crediting of tests of Wisconsin granites
(p. 209) to Bain instead of to Buckley, and the omission of silicon in the
paragraph on the elements of geological importance (p. 19). On p. 135
Pirsson defines as “‘hade” and “‘trend” what are ordinarily called dip and
strike. It is not clear that anything is gained by the change, and it must
result in some confusion. On the other hand he draws the distinction (p.
158) sharply and well between textures and structures in rocks, and describes
numerous examples of each. His discussions of the difficult subjects of
metamorphism, differentiation, etc., are remarkably well adapted in their
simplicity and clearness to the place they occupy. As is to be expected,
they reflect chiefly the views of the German school of petrographers.

A. N.W.
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The Fairbanks and Rampart Quadrangles, Yukon-Tanana Region,
Alaska, By L. M, PrINDLE Bulletin 337, U. S. Geological
Survey.

Geology and Mineral Resources of the Controller Bay Region, Alaska.
By G. C. MArTIN, Bulletin 335, U. S Geological Survey.

Mineral Resources of Alaska, 1907. By A. H Brooks and others,
Bulletin 345, U. S. Geological Survey.

Following the policy of the Alaska Division of the United States
Geological Survey of getting the results of its investigations before the
public as soon as possible, the first bulletin is a concise summary of the
present knowledge of the geology of the area covered by the topographic
maps and issued at the time of their completion. Papers by G. C. Covert
on the water resources of the Fairbanks region and the Rampart gold placer
region by F. L. Hess are also included.

The second hulletin, on the other hand, is a detailed study of the coal-
bearing rocks occurring in the area about Controller Bay and is a final
report as far as is possible with the slight amount of development that
has been done in the area. The age of the rocks is determined to be Mio-
cene, with a possibility of the base of the series extending down into
Oligocene. The rocks have been greatly disturbed and exact correlation
made difficult by the lack of good exposures together with the present hazy
state of our knowledge of the Tertiary of the Pacific Coast. Several ter-
races and benches indicate extensive recent elevation.

In the last bulletin is found the administrative report by A. H. Brooks,
chief of the Alaska Division, together with several short papers by various
members of the division summarizing present knowledge as to the occur-
rence and development of deposits of gold, copper, tin, coal, building-stone,
and marble, together with papers on the methods of prospecting and mining,
and the water supplies of the principal camps. 5. ¢ 3

The Iron Ores of the Iron Spring District, Southern Utah By C, K.
Lerre and E. C. HarDErR Bulletin' 338, U. S. Geological
Survey.

This bulletin describes a small area in the southwestern corner of Utah, -
about 250 miles south of Salt Lake City. Sedimentary rocks of Carbonifer-
ous, Cretaceous, and Tertiary age have been intruded by large masses of
andesite that are possibly laccoliths, and, after erosion, subsequent lava-
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flows have covered the region. Later erosion has partly uncovered the
older sediments and intrusives.

The ores are principally magnetite and hematite with a small amount
of limonite, and occur (a) as fissure veins in the andesite, (b) as fissure
veins and replacement deposits along the contact of the andesite and lime-
stone, and (c) as a cement in a Cretaceous quartzite-breccia.

J.C. J.

Geology of the Rangeley Oil District, Colorado, By Hovyt S, GALE,
Bulletin 350, U. S. Geological Survey.

A small field at the western border of Colorado is described where con-
siderable prospecting for oil has been going on with some success. The
rocks are principally Cretaceous and Tertiary. The base of the Wasatch
formation (Tertiary) rests with apparent conformity upon the top of the
Mesaverde formation (Cretaceous), but the absence of formations found
between them elsewhere in Colorado indicates a non-conformity here.
The structure is a quaquaversal fold with little evidence of faulting. The
oil occurs presumably in lenses in the Mancos (Cretaceous) shale.

J. C. J.
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PRINCIPLES OF CLASSIFICATION AND CORRELATION
OF THE PRE-CAMBRIAN ROCKS:

I

CHARLES RICHARD VAN HISE

A half-hour summary of the principles of classification and correla-
tion of the pre-Cambrian rocks can give no more than the barest
outline of the subject.

In the classification and correlation of the pre-Cambrian forma-
tions we lack the guide of fossils. While life existed in pre-Cambrian
times, and a few fossils are found in several areas, they are not suffi-
ciently abundant to serve either for the purposes of classification
or correlation. How far-reaching this handicap is will be realized
when this paper is contrasted with those that follow. In considering
the questions of classification and correlation of the later formations,
fossils occupy a paramount position. It is true that the faunal breaks
are often and probably are generally dependent upon physical causes,
and the latter are frequently considered; but when the determinations
are made, the fauna rather than the physical factors are given first
place.

In the classification and correlation of the pre-Cambrian our sole
criteria are physical. Therefore we have for the discriminations only
those guides which for the fossiliferous rocks are commonly regarded
as subordinate. It follows that with the pre-Cambrian rocks we are
on less certain ground than with the later formations. However,

1 Read before Section E of the American Association for the Advancement of
Science, December, 19o8.
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the very fact that fossils are not available in studying the pre-Cambrian
has led the workers in this field to a careful consideration of the
physical criteria and their relative value.

Among the physical factors which have been used in the classi-
fication and correlation of the pre-Cambrian, the following are the more
important: (1) Lithological character; (2) Continuity of formations;
(3) Likeness of formations; (4) Like sequence of formations; (5)
Subaerial or subaqueous deposits; (6) Unconformities; (7) Relations
to series of known age; (8) Relations with intrusive rocks; (9) Amount
of deformation; (10) Degree of metamorphism.

1. Lithological character.—The first step in the study of rocks
from a physical point of view is to determine the character of the
formations, series, and groups—whether igneous or sedimentary;
if igneous, whether plutonic or volcanic, acid or basic; if sedimentary,
whether psephite, psammite, pelite, limestone. While according to
definition a formation is essentially a lithological unit, usually this
unit is more or less composite, consisting of many somewhat variable
beds and often of several members of different character. Because
of the variability of the elements constituting a formation, there are
an indefinite number of permutations and combinations of these
factors. This results in giving a given formation, series, or group
special peculiarities which often enable one to recognize it even when
actual connections of the various outcrops have not been observed.

Accepting any of the current theories as to the history of the earth,
the rocks of the earliest time are dominantly of igneous origin, and
those of later time dominantly sedimentary. Since the earliest
Cambrian rocks contain remains of all the great types of life, it is
certain that antecedent to this time the more fundamental and
greater part of organic evolution took place. Hence in a full
pre-Cambrian succession we should expect the rocks of the early
pre-Cambrian to be dominantly igneous and those of the later
pre-Cambrian to be dominantly sedimentary. Inaccordance with the
natural expectation, in practically all of the great regions of the world
in which the pre-Cambrian have very extensive exposures, and in
which close studies have been made, we find that the basal series of
rocks is dominantly igneous, and the superior series dominantly
sedimentary.
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2. Continuity of formations.—Where formations in different
districts are found to be continuous, they are supposed to be of the
same age. It is realized that this conclusion is not absolute, for in
the case of a great slanting transgression of the sea, the basal clastic
deposits of the early part of the transgression may be considerably
earlier than those in the later part, although the formations may be
continuous. However, as yet given pre-Cambrian formations have
not been traced to sufficiently great distances to introduce important
errors upon this account.

3. Likeness of formations.—Where in different districts there are
like formations, this is of assistance in correlation. Thus, if in
several districts of a geological province but a single limestone forma-
tion is observed in any one, and the limestone of the different districts
has the same peculiarities, there is a natural tendency to suppose all
the limestone to be part of a single formation. However, the criterion
of lithological likeness alone is not sufficient to establish identity.
This is illustrated by the three iron-bearing formations of the Lake
Superior region. Because these formations were of such an excep-
tional and peculiar character, and were so remarkably alike, it was
supposed for a long time that they were of the same age. For a
number of years this mistaken belief was a serious hindrance to an
understanding of the succession and structure in this region. The
weakness of lithological likeness in correlation is due to the fact that
the same set of physical conditions has frequently occurred during
geological time, and thus formations practically identical even in the
combinations of their variations, including color, banding, nature
of beds, etc., have been produced again and again.

4. Like sequence of formations.—Similar sets of formations in the
same order furnish a criterion for correlation, of much greater con-
sequence than the likeness of a single formation. But even this
criterion has severe limitations, for similar sets of formations in the
same order may have been deposited a number of times during a
geological era; for instance, when a sea transgresses over a land area
there are normally formed in order a psephite, a psammite, a pelite,
and a non-clastic formation, and frequently over this, another pelite.
Several such similar sets of formations are known in the pre-Cambrian
in a single geological province.
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5. Subaerial or subaqueous deposits.—Closely connected with the
third and fourth criteria is the question as to whether the deposits were
laid down under air or under water. It is clear that the conditions
of deposition of these two classes of rocks are so different and the
nature of the formations which may be contemporaneous so variable,
that there is great difficulty in correlating the two. Also it is plain
that the difficulties in correlating disconnected continental deposits
are scarcely less great. Only recently has serious study been under-
taken to discriminate subaerial and subaqueous deposits. This
subject will not be gone into here, since it is one which has been
recently discussed in several extended papers. I may, however,
speak of one point. So far as we can yet determine the subaerial
deposits are in general not so well assorted nor so likely to be sharply
separated into distinct formations as the subaqueous deposits. This
statement is believed to hold although it appears that under exception-
ally favorable conditions the aerial deposits may be pure quartzose
sands. Consequently cleanly assorted quartzose sands, pure lime-
stones, and series composed of sharply contrasted formations are
regarded as strongly favoring the idea of subaqueous deposition.
As yet there is no evidence that air has the discriminating capacity
which water has in producing cleanly assorted sands. If it is difficult
to discriminate subaerial or subaqueous deposits, it is much more
difficult to discriminate subaqueous deposits of the inland lakes and
seas from those of the ocean.

6. Unconformities.—Unconformities are of great assistance in
classification and correlation. It has been intimated that the great
physical movements producing unconformities are frequently the
real causes of faunal changes. Irving was the first fully to realize
the importance of unconformities in correlation. The criteria by
which unconformities are determined and their magnitude and
significance analyzed cannot be discussed in a short paper. Those
interested in this aspect of the subject must be referred to the original
discussions.*

It should be remarked, however, that unconformities may have

tRoland Duer Irving, “On the Classification of the Early Cambrian and Pre-
Cambrian Formations,” Seventh Annual Report, U.S. G. S., pp. 365-454; Charles
Richard Van Hise, “ Principles of North American Pre-Cambrian Geology,” Sixteenth
Annual Report, U. S. G. S., pp. 724-34.
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a very variable extent and significance. It is now realized that a
sharp orogenic movement may take place resulting in uplift, erosion,
subsidence, and therefore discordance of strata, which may not affect
an adjacent area. Thus it should clearly be understood that it cannot
be assumed that unconformities due to orogenic movements are more
than of district extent. There are, however, great movements of
uplift and subsidence which are continental and may be even inter-
continental. Unconformities due to movements of this kind may
have a very wide extent, and may thus be used for correlation from
province to province, or possibly even from continent to continent.
But in order that this may be fully done, it is necessary to show that
the unconformity upon which correlation is based is an extensive one.

As yet insufficient careful study has been made of known uncon-
formities from this point of view. Here is a great and fundamental
field for investigation. If the known unconformities of the world
were broadly studied, it is probable that many can be determined to
be local, others to be provincial, others continental, and a few inter-
continental. No more important determination than this remains
to be made in geology. So far as I can see until this work is done
there will be no very close correlation of pre-Cambrian formations
from province to province and from continent to continent.

7. Relations to series of known age.—The relations of a formation,
series, or group, to other formations, series, and groups of known age
are of very great assistance in correlation. Frequently a formation,
series, or group may be continuous or recognizable in the different
districts of a geological province when other formations, series, or
groups are not continuous. The position of the latter with relation
to the former, whether above or below, and if above or below, con-
formable or unconformable, are valuable helps in correlation. Thus
the Keweenawan is practically continuous about the entire Lake
Superior basin. This is the only series of which this is true. The
position of the series called Upper Huronian immediately but un-
conformably below the Keweenawan in different districts in con-
nection with other facts is of great significance. '

8. Relations with intrusive rocks.—The older is a series the more
intricately is it likely to be cut by intrusive rocks, and this relation
is of assistance in correlation in connection with other criteria. If a
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series is intricately cut by igneous rocks, all of which stop at a definite
horizon, this is strong evidence that the adjacent rocks free from such
intrusives are later and probably belong to a different series.

9. Amount of deformalion.—The amount and nature of the
deformation are of assistance in correlation within limited areas.
Upon the whole, the older a series the greater and more intricate the
deformation. The difference in the amount of deformation in the
pre-Cambrian series wherever there is a somewhat full succession of
formations is sufficiently great to make this an important factor in
the classification and correlation of the formation.

10. Degree of metamorphism.—The amount of metamorphism
is a factor in correlation. Upon the whole, the older a series the
more likely it is to be metamorphosed, but this criterion has severe
limitations, since within comparatively short distances the closeness
of folding and the quantity of intrusives may greatly vary, and these
are very important factors in metamorphism. The worker among
the pre-Cambrian rocks must have a very thorough understanding
of the principles of metamorphism and the nature of the transforma-
tions through which rocks go. For, in working out the stratigraphy
of the pre-Cambrian, if the criterion of the original character is to be
used, it is necessary to know the rocks which the now greatly meta-
morphosed varicties represent.

GENERAL STATEMENT

In actually working out the succession of formations, series, and
groups in the different districts of a geological province and in corre-
lating them, all of the above criteria must be used. It is in judgment
in appreciating the value of each of these criteria and their combina-
tions that the skill of the pre-Cambrian stratigraphical geologist
appears.

To this time, from my point of view, the only divisions of the pre-
Cambrian which have been proved to be general, if not world-wide,.
are those of the Archean and the Algonkian. This subject I shall
not take up in detail, since I have recently discussed it in another
address.?

1 Charles Richard Van Hise, “The Problems of the Pre-Cambrian,” Bulletin,
Geolagical Society of America, Vol. XIX, pp. 1-28.
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However, it may be said in summary that the Archean is a group
dominantly composed of igneous rocks largely volcanic and for
extensive areas submarine. Sediments are subordinate. The Algon-
kian is a series of rocks which is mainly sedimentary. Volcanic
rocks are subordinate. The Algonkian sediments where not too
greatly metamorphosed are similar in all essential respects to those
which occur in the Paleozoic and later periods. When the Algonkian
rocks were laid down essentially the present conditions prevailed on
the earth. The Archean rocks on the other hand indicate that during
this era the dominant agencies were igneous. The physical condi-
tions had not yet become such as to lead widely to the orderly suc-
cession of sedimentary rocks like those being formed today. On
the whole the deformation and metamorphism of the Archean are
much farther advanced than the Algonkian. The two groups are
commonly separated by an unconformity which at many localities
is of a kind indicating that the physical break is of the first order of
importance. As evidence of this, at many places are the funda-
mental difference in the character of the rocks, the greater intricacy
of intrusion, greater deformation and metamorphism of the older
group, and deep intervening erosion. In some localities a part of
these phenomena are lacking, but the significance of an unconformity
is determined by the places where evidences of its magnitude occur
rather than where lacking. So profound are the contrasts between
the Archean and the Algonkian in each of the great regions of the
world in which the pre-Cambrian has been studied, and so similar
are each of these great groups with reference to the fundamental
principles discussed that it has been regarded as safe to correlate
these two groups even when in distant geological provinces. In mak-
ing this correlation it is not supposed that the formations of one
province are of exactly the same age as those of another province,
but that the formations assigned to the Archean and Algonkian
respectively in any given case belong to the two great eras of the pre-
Cambrian represented by the rocks of these groups.

For extensive areas the Archean may be divided into Laurentian
and Keewatin. These divisions are purely lithological, the former
being mainly plutonic acid igneous rocks and the latter basic igneous
rocks, largely volcanic. The Algonkian in many of the various
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geological provinces may be divided into two or more series separated
by unconformities. The formations of these series are commonly
sedimentary, although igneous rocks are often abundant. Asa whole,
to the Archean group ordinary stratigraphical methods do not apply.
To the Algonkian such methods are as applicable as to the Paleozoic
and later series.

While the subdivisions of the Archean and of the Algonkian can
be frequently equated in the same geological province, as, for instance,
in the case of the Upper Huronian in the different districts of the
Lake Superior region, it has not been found practicable to equate
them from province to province. That is to say, one cannot be
certain as to the correspondence of individual Algonkian series of
China, Scandinavia, and of the Cordilleran region. If, as above
suggested, it becomes possible to work out the physical history of the
continents so that it may be determined which of the unconformities
are continental, and intercontinental, or if in the pre-Cambrian rocks
distinctive faunas are found, then closer correlation of the pre-Cam-
brian in different geological provinces may be possible than the
Archean and Algonkian. In the meantime we must be content with
the classification of the pre-Cambrian rocks in different geological
provinces into Archean and Algonkian, with the understanding that
the formations placed in each of these groups belong in a general
way to the two early eras of the earth, during the first of which the
agencies were dominantly igneous, and during the second of which
the conditions had become similar to those of today. Further,
within each geological province the Archean and Algonkian may
be divided into series and formations which for each province are
given local names.
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FRANK D. ADAMS
McGill University, Montreal

That was indeed a fair and sunlit earth which our predecessors,
the first geologists, had presented to them for study. The uniform
strata of the newer periods of our earth’s history in their succession,
well exposed, and following one another in due and regular orderg
everywhere contained abundant fossil remains which afforded a cer- -
tain clue by which correlation could be made even in widely sepa-
rated areas. We, their unfortunate successors, in pursuing our studies
are obliged to descend into the deeper parts of the earth where the
light begins to fail and when once we pass through that last grim portal
into the drear pre-Cambrian world, we enter into what these earlier
geologists regarded as a hopeless chaos. Here we lose the guiding
thread of life, and the darkness deepens. At first we could dimly
descry but the outlines of the vast indeterminate ruins of former
worlds, but as our eyes become accustomed to the darkness these
become somewhat more distinct and we recognize succession even
in this ruined waste.

It may be that heing a petrographer I overestimate the value of
paleontology, but, like other things, we prize it most highly when it
is lost and we are obliged to look for something to take its place. The
working-out of the stratigraphical succession by detailed mapyj.ing
in special areas teaches us much, but unfortunately the areas showing
such succession are usually limited and isolated and the criteria for
correlating the successions in separated areas, and especially in widely
separated areas, are as yet undiscovered.

The vice-president of our section, Dr. Bailey Willis, in inviting
me to take part in this symposium, has suggested that I should treat
this subject of pre-Cambrian correlation if possible on broad lines,
and I therefore venture today to follow Faust’s aspiration, “Schau’
alle Wirkenskraft und Samen,” and present a certain aspect of the

1 Read before Section E of the American Association for the Advancement of
Science, December, 1908. *
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subject which I hope may at least be suggestive of a line along which
some advance may be made in the correlation of these ancient rocks.

In his Research in China (Vol. I1, chap. viii) Dr. Bailey Willis
has put forward a theory to account for the origin of continental
structure. In each of our present continents there are areas which
during the evolution of the continent have always tended to rise—
these he calls positive elements. There are certain other areas which
have always shown a tendency to sink, relatively to the adjacent
masses—these he calls negative elements. The movement of these
elements is due to the greater relative density of the negative elements
causing them to sink, while the relatively lighter positive elements
tend to rise so as to bring about an isostatic adjustment. There
have been horizontal movements as well as those in a vertical direction.
These are of notable magnitude and their effects arescen in the
schistose structure of these once deep-seated rocks and the overthrust
and folded structures of the more superficial strata. The tendency
toward vertical displacement has actually resulted in movement only
at long intervals and during relatively short periods. Hence we may
recognize cycles of diastrophism each one of which comprises (a) a
comparatively brief period of orogenic and epeirogenic activity which
results in elevated lands and restricted mediterranea; and (b) a
comparatively long period of continental stability, which results in
extensive peneplanation. The critical times which bring out con-
tinental structure are the epochs of diastrophic activity. During
periods of inactivity the distinction between the positive and negative
elements becomes less obvious and may even become obscured by
extended peneplanation and marine transgression.

In a subsequent paper,* the same writer outlines the positive and
negative elements of the continent of North America. The Canadian
Shield, which is also called Laurentia, is at once the largest and the
most readily distinguished positive element of the continent. It has
an area of approximately two million square miles and the true bound-
ary may be traced along the St. Lawrence Valley into the deep of
Baffin’s Bay and then north of the Arctic Archipelago (which is
scarcely to be separated from Greenland) across the Arctic Ocean

1 Bailey Willis, “A Theory of Continental Structure Applied to North America,”
Bull. Geol. Soc. of America, Vol. XVIII, p. 392.



BASIS OF PRE-CAMBRIAN CORRELATION 107

and back to the mouth of the Mackenzie. Beneath the Cretaceous
of western Canada, the margin of this element lies hidden. It ranges
past Lake Winnipeg toward the state of Wisconsin, and then follows
the shore of the Paleozoic mediterranean cast to the Adirondacks and
St. Lawrence.

Now it would seem, if we select a single positive element such as
Laurentia—remembering that the critical diastrophic periods will
be short and the intervening periods of deposition and accumulation
will be of long duration—that these epochs of diastrophism, with their
development of schistose structure in the moving masses and the
associated phenomena of igneous intrusion, might be employed as a
basis for the subdivision of Proterozoic time, and if the element moved
as a whole, might even serve as a basis of correlation over the whole
vast area. Laurentia, however, has not as yet been studied geologic-
ally except in a general way. Its detailed study will supply problems
for generations of geologists yet unborn. Its southern margin alone,
and that only in a few comparatively small areas, has been mapped in
detail, but nevertheless exploratory and reconnaissance work has been
carried out over almost the whole of the great expanse of this ancient
continent chiefly by the officers of the Geological Survey of Canada,
so that we have a good general knowledge of the main outlines, at
least, of its geological history. It is proposed here to present a general
statement of the results obtained, as they bear upon the history of
Laurentia in pre-Cambrian times and afford a basis for pre-Cambrian
correlation, making use of this principle of critical diastrophic epochs
and drawing evidence from the area as a whole, rather than from a
few restricted areas on its southern border.

This task is rendered comparatively easy owing to the fact that a
critical digest of the mass of information concerning the pre-Cambrian
rocks of the great central and northern portions of Laurentia, which
is found disseminated through the reports and papers by the various
geologists who have worked in this great area, has recently been pre-
pared by Dr. George A. Young, of the Geological Survey of Canada,
who has himself traveled very extensively in this northern country.
I am indebted to Dr. Young for permission to make use of this unpub-
lished material, but the original papers have been consulted in the
case of all the more important occurrences.
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The great expanse of Laurentia is underlain predominantly by
the rocks of the Laurentian system. These consist of gneisses in
infinite variety which in the majority of cases have the mineralogical
composition of granite, although some present foliated varieties of
rocks ranging from syenite to diorite. The foliation is in some cases
so faint that it can be detected only on large weathered surfaces, but
generally it is quite distinct or even striking. In addition to the
foliation the rock often displays a very distinct banding due to the

" alternation of varieties of diverse character or composition. This
foliation is in many, and possibly in the majority of cases, a primary
structure and the darker bands very frequently represent included
masses of overlying rocks, softened and in some instances partially
digested. This foliation and banding was at one time regarded as a
partially obliterated bedding and considered to present indisputable
evidence that the rocks were of sedimentary origin. These gneissic.
rocks are not all of the same age, for frequently one mass can be seen
to cut another. In addition to these gneissic granites, syenites, and
diorites, however, the Laurentian comprises other kinds of plutonic
rocks of very diverse character. Thus, from Minnesota to the shores
of Ungava Bay, intrusions of anorthosite are found. Several of these,
for the most part distributed along the margin of the protaxis in the
province of Quebec and in the Ungava peninsula, present areas of
from a few miles to 10,000 square miles in extent, and represent some
of the more recent pre-Cambrian plutonics, although they themselves
have been cut by still later granites. In fact, it is becoming more
and more evident with the progress of geological investigation that
the Laurentian is a vast complex of plutonic rocks of widely varying
types and differing greatly in age, although there is no evidence to
show that any of them were intruded later than the close of the Pro-
terozoic. Whether in this enormously extended complex, which we
term the Laurentian in the northern protaxis, there still survive any
primitive sediments or any portion of an original crust, through which
these great bodies of intrusive rocks forced themselves, is unknown.
None have as yet been distinguished with certainty, but if any do
exist they are probably similar in composition to these earliest intru-
sive rocks and might easily escape notice.

It is certain, however, that the overlying Keewatin and Grenville
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series were deposited on some floor, although this floor has remained
undiscovered up to the present time. Either the Laurentian gneiss,
or some part of it, represents the original floor, subsequently melted
and intruded into the overlying sediments, or the original floor remains
unrecognized among the enormous bodies of intrusive rocks which
resemble it in character. v

Resting on this Laurentian complex, in the region of the Great
Lakes, although penetrated by it, the lowest sedimentary series here
recognized is the Keewatin series, a great body of rocks largely of
pyroclastic origin, but in some districts containing great thicknesses
of epiclastic material.

It is not necessary here to make further reference to this great
series which has been so well described by so many writers. In this
region it is the oldest sedimentary rock recognizable as such.

In the region of the St. Lawrence Valley this Keewatin is not seen,
but there is a series of extraordinary thickness and enormous areal
extent composed essentially of limestones, which rocks are practically
absent in the Keewatin. Whether this series, known as the Grenville
series, is the equivalent of the Keewatin is unknown as yet. If it be,
the designation of the Keewatin by Van Hise as a series composed
essentially of pyroclastic material to which stratigraphic methods
cannot be applied and the assumption that such material characterized
the earliest stratified deposits of the earth’s history, must be aban-
doned, for the Grenville series is distinctly stratified and is one of
the greatest limestones series in the earth’s crust. However that may
be, these two series constitute the oldest sediments in the earth’s
crust recognizable as such in their respective districts. Similar
rocks apparently characterize extensive areas in the more northern
and remote portions of Laurentia representing the oldest recognizable
sediments in these districts.

At the close of this first period of long-continued sedimentation
there came an epoch of diastrophism—a thrust exerted from a south-
easterly direction against the ancient continent threw these series
into a succession of great folds running approximately parallel to the
present valley of the St. Lawrence. Enormous bodies of granitic
magma rose in great bathyliths along the axes of the folds, disinte-
grating, fraying out, metamorphosing and partially absorbing the
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lower surfaces of the invaded sediments. Everywhere over thousands
of square miles these ancient sedimentary rocks can be seen to have
floated on the granite magma or to have been sunk into it and to have
been cut to pieces by apophyses of it. That these movements were,
in many cases at least, very slow, is shown by the fact that a study of
the primary gneissic structure displayed by the bathyliths demonstrates
that the upward movement of the latter began before crystallization
had set in and continued while the magma was slowly filling with the
products of crystallization and until it finally froze into a solid rock.
This epoch of diastrophism, resulting in the elevation of great tracts
of country, brings to a close the first clearly recognizable chapter in
the history of Laurentia.

After prolonged and profound denudation the sea again transgressed
upon the continent of Laurentia and in this sea were laid down the
strata of the earlier Huronian time. The sea at this time passed over
what is now the region of the Great Lakes and extended at least as
far north as Lake Mistassini and as far west of the head of Lake
Winnipeg. Locally it evidently extended as far inland as the latitude
of the northern end of Hudson Bay. Within this earlier Huronian
time there was, following the deposition of the Lower Huronian, a
period of subordinate elevation and depression in the district of the
Great Lakes marked by the deposition of the Middle Huronian. At
the clese of this period of deposition, there was again an epoch of
widely extended diastrophism due to a thrust exerted upon the south-
ern portion of the continent from the occan bed to the southeast and
resulting in the widespread folding of the sediments which had been
deposited over the southern portion of the protaxis, into a series of
mountain ranges running in a northeasterly to southwesterly direction,
with accompanying metamorphism of the folded strata and deep-
seated intrusion of vast amounts of igneous rock. It may be that the
great body of sediments forming the Grenville series really belongs
to this rather than to the earlier Keewatin period, but be that as it
may, these great orogenic movements which took place at the close
of the earlier (Lower and Middle) Huronian time, brought to a close
the second great chapter in the pre-Cambrian history of Laurentia.

There then followed a period of deep and long-continued erosion,
during which the Lower and Middle Huronian and the underlying
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sedimentaries were swept away over the greater part of the region,
leaving only the lower portion of the folds—the roots of the mountains
—in the form of long narrow belts, separated by the granitic
rocks marking the axes of the intervening anticlinal uplifts. This
period of profound erosion constitutes what Lawson has termed the
Eparchean Interval. Up to this time the movements which affected
the continent of Laurentia were due, as has been stated, to thrusts
coming from the southeast and caused by the negative element
underlying the Paleozoic plain in this direction, at that time con-
stituting the ocean bed, by its subsidence crowding against the posi-
tive element which formed the continent of Laurentia. This is seen,
as has been stated, in the distribution of the older rocks of the first
two chapters of the pre-Cambrian in the form of long narrow belts
running in a general northeasterly and southwesterly direction and
representing the downward sagging portions of the ancient folds.
Succeeding this long period of intense and widespread erosion,
which followed upon the conclusion of Middle Huronian or pre-
Animikie time, there was again a very widespread transgression of
the sea upon the surface of the continent of Laurentia. In this was
laid down a series of sediments which while occurring at localities
sometimes separated from one another by hundreds of miles, vet
preserve the same general features. These younger rocks form chains
of islands fringing the east coast of Hudson Bay over a distance of
about three hundred miles and have been described under the title
of the Nastapoka series. This assemblage of beds dips toward
Hudson Bay, generally at low angles, and lies in long parallel ridges
with steep eastern faces. The strata comprise a group of arkoses
and sandstones overlain by sandstones, argillites, cherty limestones
and dolomites and calcareous shales with great intrusive sheets of
diabase. The series has been found in places to have a thickness
of at least three thousand feet and is further characterized by the
occurrence at certain horizons of beds of banded jaspilite and iron
ores. In the interior of Labrador, where the series dips at low angles
toward the Atlantic, there is throughout a zone at least three hundred
miles long, a development of similar rocks and here again occur the
jaspilite beds. On the Atlantic side, at the head of Hamilton inlet,
and further up the river of the same name, occurs a similar series,
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while on the Atlantic shores, far north, is found a great group present-
ing many like features. West of James Bay and south of Hudson
Bay, rocks lithologically like the Nastapoka series underlie a hilly
district rising like an island above the surrounding flat-lying Paleozoic
beds. In this great district of the pre-Cambrian west of Hudson
Bay, large areas bordering the Arctic about the mouth of the Copper-
mine River, and extending to Great Bear Lake, are underlain by a
development of rocks resembling in nearly all respects the Nastapoka
series and similar rocks have been described from the region about
Great Slave Lake.

In all these widely separated localities great developments of
the same rocks occur and often are accompanied by beds of jaspilite
and iron ore. Everywhere the members present the same general
arrangement, the strata cut by many faults, dipping at comparatively
low angles and forming ridges frequently capped by diabase, while
in most cases the beds have been found overlyving with a most striking
unconformity older granitic and gneissic rocks. These points of
similarity seem to indicate that the scattered groups are all of about
the same age and belong to a pre-Cambrian series probably at one
time nearly continuous over the northern regions from the shores
of the north Atlantic to about the valley of the Mackenzie. * In Labra-
dor and in the districts west of Hudson Bay the evidence indicates
that the Nastapoka series was deposited after an epoch of severe
erosion. Lake Mistassini, in northern Quebec, lies in a basin-like
depression occupied by nearly flat-lying beds of cherty dolomite
representing a portion of the Nastapoka series, while south of the
lake these rocks have been found almost in contact with a develop-
ment of the Lower (or Middle) Huronian, differing in no essential
features from this group of rocks as found in numerous localities
further southwest toward Lake Superior. The Lower Huronian is
in a highly disturbed condition and has been penetrated by large
bodies of granite. Neither the disturbances nor the granitic intrusions
have affected the near-lying Nastapoka series so that the latter seems
to be undoubtedly of post-Lower (or Middle) Huronian age, to have
been formed after the Lower Huronian had been folded and invaded
by the granites and then deeply eroded. The relation of the two
series resembles that existing between the Animikie and Lower Huro-
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nian at Port Arthur, and largely on these grounds the Animikie or
Upper Huronian of the Lake Superior region and the Nastapoka
series of Labrador and the territories south and west of Hudson Bay
been have considered to be equivalent to one another.

The Nastapoka-Animikie series, forming the third major division
of the pre-Cambrian in Laurentia, is of great importance, marking
as it does one of the most widespread periods of submergence and
depression in pre-Cambrian times, involving almost the whole con-
tinent of Laurentia. No division of the pre-Cambrian in Laurentia
is exposed over such a great area of country. The positive move-
ment which raised these rocks out of the sea was chiefly epeirogenic in
character, for over the greater part of this area they still lie nearly flat.
That the close of this time was, like those which preceded it, marked
by an epoch of diastrophism, is shown by the widespread develop-
ment of faults, accompanied in places by overthrusting. These are
the superficial expression of the movements of deepseated intrusions,
representing the last period of pre-Cambrian orogenic action. These
post-Animikie granitic intrusions are to be seen on the east coast of
Hudson Bay where, while the Nastapoka series in most places lies
unconformably on the ancient Laurentian and the associated gneisses
and schists, yet at some points it is cut by granitic intrusions.

This epoch of mild diastrophism brought to a close the third great
period in the pre-Cambrian history of Laurentia.

The Nastapoka series seems to be the youngest division of the
pre-Cambrian now found in the region cast of Hudson Bay, but west
of this inland sea, in a district bordering the southern shores of Lake
Athabasca and stretching over an area of perhaps 24,000 square miles,
is a great development of coarse sandstone in thick beds which along
the shores of the lake aggregate at least four hundred feet in thickness.
These, the Athabasca sandstones, lie in nearly horizontal positions,
at times with a conglomerate layer at their base composed of fragments
of the Laurentian granites and gneisses on which they rest with a
strong unconformity. The Athabasca sandstones, or a very similar
series, are exposed for a long distance up the valley which is continued
seaward by Chesterfield Inlet, situated far north on the western shores
of Hudson Bay. Between Lake Athabasca and the above locality,
and in places associated with similar sandstoncs, are extensive arcas
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underlain by basic and acid volcanics, porphyrites, and porphyries.
These sandstones and volcanic rocks are, by the Canadian survey,
classed provisionally as of pre-Cambrian age and it seems not improb-
able that they are later than the groups of rocks about Great Bear and
Great Slave Lakes which have been correlated with the Nastapoka
series. Thus it is possible that the Athabasca sandstones and asso-
ciated volcanics are the northern representatives of the Keweenawan
of Lake Superior, concerning whose pre-Cambrian age there is a
similar doubt.

These sandstones are composed chiefly of quartz grains which
it has been supposed have been largely derived from a series of
quartzites known as the Marble Island quartzites and which on the
western shores of Hudson Bay occur at intervals over a stretch of
about one hundred and twenty miles. These are associated with
masses of dark schists, etc., lying in a disturbed condition. The
presence of siliceous material in the widespread Athabasca series,
so like that composing the quartzites, would seem to indicate that
these latter were at one time also widely developed. What their
equivalents elsewhere are, if they have any, is not yet known.
They apparently are older than both the Athabasca and the Nastapoka
series and may belong to some division corresponding to the earlier
Huronian.

The rocks of the Athabasca-Keweenawan series are unaltered and
lie practically flat. They have not becn affected by orogenic dis-
turbances or deep-seated plutonic intrusions. The uplift which raised
them from the waters of the ocean was epeirogenic in character.
Since the close of the pre-Cambrian, the continent of Laurentia,
while preserving its character as a positive element, has undergone
many oscillations, but orogenic or mountain-making forces have never
manifested themselves, and the successive epeirogenic uplifts have
resulted in and to a certain extent been compensated by the deep and
long-continued erosion to which the continent has been subjected
throughout the greater part of post-Proterozoic time.

Using therefore the epochs of diastrophism, which mark the suc-
cessive stages in the pre-Cambrian development of the continent,
as a basis of correlation, provisionally grouping the Athabasca Sand-
stones with the Nastapoka series, it would appear that we have three
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major periods in the pre-Cambrian history of Laurentia separated
by two critical epochs of diastrophism, with possibly a fourth period
represented by the Laurentian rocks at the base of the series. That
is to say we have three major periods in the pre-Cambrian succes-
sion separated by epochs of diastrophism, which diastrophism at each
epoch exhausted itself for the time. These are as follows:

Keweenawan-Athabasca
Neo-Proterozoic............

Upper Huronian or Animikie-Nastapoka

Middle -Huronian
Meso-Proterozoic........... _—

Lower Huronian

Keewatin
(Intrusive contact)
Laurentian (embracing the original crust, if
any remains)
The lines drawn between the several subdivisions indicate unconformities,
the heavier lines indicating the major breaks referred to in the text.

Eo-Proterozoic..............

If we attempt to make a comparative study of the earlier conti-
nental evolution of North America and that of Asia, we note at the
outset that the Siberian nucleus is a portion of that northern Polar
region which comprises also Russia, Greenland, and Laurentia,
against which stress has been continuously exerted by the denser
masses of the more southern latitudes. As has been emphasized
by Suess, the Siberian nucleus has been undisturbed since a pre-
Cambrian date, and the same is essentially true of Laurentia also.
We find that in Asia there were in geological time great mediterranea
which, after they had been made the basins for the accumulation of
great thicknesses of sediment, were successively closed by great
thrusts from the south which folded up the sediments into mountain
ranges and then converted these into dry land. In Europe the Alpine
region was a marine strait in Cretaceous time, which was subsequently
converted in this way into a mountain range.

In the North American continent, of which Laurentia forms a
part, there seems to have been a somewhat similar sequence in con-
tinental development. Thus the Appalachian Mountains and the
Cordilleran range of British Columbia represent ancient marine val-
leys or straits whose sediments are now folded into series of mountain
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ranges. The thrusts which closed up these mediterranea and developed
mountain ranges from them, were exerted in a northeasterly direction
against the southwestern part of the continent, and in a northwesterly
direction against the southeastern border of the continent, so
that the folds are parallel to the margin of the present continent
of Laurentia. If we inquire whether similar long, narrow, belt-
like mediterranea existed in Laurentia in pre-Cambrian times,
the answer seems to be in the negative. The surface of the con-
tinent seems rather to have had upon it at intervals throughout
geological time a succession of large, irregular-shaped bodies of water,
somewhat resembling the present Hudson’s Bay, in which, however,
great thicknesses of sediment were accumulated.

The sediments deposited in these bodies of water in Keewatin,
Grenville, and the Earlier Huronian times, were folded up into moun-
tain ranges crossing the southern portion of the protaxis in a north-
easterly and southwesterly direction, coinciding with the course of
the Appalachian folding.

The intense diastrophism which brought to a close the Eo-Protero-
zoic and again the Meso-Proterozoic time was exerted apparently
as far north as the middle of Labrador and the southern portion of
Hudson’s Bay.

In the later pre-Cambrian mediterranea the Nastapoka-Animikie
series and the Athabasca-Keweenawan series were deposited. The
almost entire absence of orogenic movement at the close of this time,
combined with the great extent and comparatively unaltered character
of the rocks, makes the break at the base of the Nastapoka-Animikie
series probably the most pronounced in the whole pre-Cambrian
succession in Laurentia. Thousands of square miles of practically
flat-lying sediments overlie remnants of a highly folded and meta-
morphosed antecedent series.

We thus have two major breaks in the pre-Cambrian succession,
each marked by an epoch of diastrophism which exhausted itself for
the time.

An identical series of two major breaks in the Proterozoic suc-
cession, marked by epochs of pronounced diastrophism which in
each case exhausted itself, is found in the Asiatic portion of the
nucleus.
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The succession here is as follows:*

Neo-Proterozoic. .. ... ; Tung-yu limestone  Slates, limestones
(Hu-t’o system)...... T’ou-t’sun slates and quartzite.
Meso-Proterozoic.. ... [ Si-t’ai series Chiefly chlorite schist; quartzite

conglomerate at the base.
Siliceous marble, jasper, quartz-

(Wu-t'ai system)...... Nan-t’ai series ite, and schist.
———  Mica schists, gneiss, magnetite
Shi-toui series quartize, and basal feldspathic
quartzite.
Eo-Proterozoic....... T’ai-shan complex  Basal complex of varied gneisses

and younger intrusions.

The lowest of these series, the T’ai-shan, resembles the Keewatin
penetrated by Laurentian intrusions, being
a metamorphic complex, the constituents of which are largely igneous, though
perhaps in part sedimentary in origin.?

This was brought to a close by a period of intense diastrophism.
Suceeding this:

We distinguish with great certainty a great thickness of very early Proterozoic
sediments—the Wu-t’ai—which were intensely deformed and metamorphosed
during a mid-Proterozoic epoch of orogeny, owing to pressure exerted by the
outlying negative elements, and a later Proterozoic series—the Hu-t'o—which
represents shore conditions and which was moderately deformed by pressure
exerted by the same cause at the close of the Proterozoic.

Applying therefore this criterion of diastrophic epochs to the
correlation of the Proterozoic succession of these widely separated
portions of the great northern nucleus, we obtain an identical result
in both cases—the diastrophic movements seem to have affected the
nucleus as a whole. .

It would seem that these diastrophic epochs designate certain of
the unconformities in the succession both in the Siberian portion of
the nucleus and in Laurentia, as major, dominant, and of special
importance, and others as subordinate and of minor importance.
We thus have indicated a division of the Proterozoic into Eo-, Meso-
and Neo-Proterozoic. On this basis of correlation the T’ai-shan
corresponds to the Keewatin-Laurentian complex; the Mu-t’ai to
the Lower and Middle Huronian, and the Hu-t’o to the Animikie-
Nastapoka series.

t Research in China, Vol. II, p. 4. 2 Ibid., Vol. I, Part I, p. 19.
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These major breaks would seem to be as well marked and as impor-
tant as those which characterize the separation of the Eo-Paleozoic
and the Neo-Paleozoic in eastern America, or perhaps as that which
brings to a close the Paleozoic succession in Europe.
~ If, as our knowledge of the pre-Cambrian becomes more complete,
the correlation of these rocks over great areas by a time relation to
diastrophic epochs proves to be generally applicable, we have a basis
of correlation of great value and importance. This will constitute
a great advance as compared with our present methods, which afford
no adequate means of determining the relative values of unconformi-
ties and thus the successions in the most distant parts of the world
are now being matched with each other and an unwarranted satis-
faction is manifested if the number of unconformities in the pre-Cam-
brian succession in different continents is approximately identical,
and a sure and certain hope that all will prove to be satisfactory is
expressed if there is no agreement.

All that we really know at present is that
there are great sequences of pre-Cambrian sedimentary formations, separated
by many gaps from each other, which give one picture, growing less distinct in
outline the farther back one goes, of the remotest periods of geological history,
or, in other words, of periods of the earth’s pre-historic age which is, according
to the author’s opinion, probably of greater length than all subsequent geological
time.* :
It is believed, however, that through the recognition of these diastro-
phic epochs, the dominant outlines of these pictures may perhaps
be more clearly brought out and the relative values of the different
parts thrown into relief in the case of each individual positive element,
and that these epochs which have marked the successive stages of
advance in Paleozoic and Mesozoic times, may thus be employed
with advantage in deciphering the history of the pre-Cambrian as
well.

DISCUSSION

CHARLES R. VAN HISE

It is with pleasure that I discuss briefly Dr. Adams’ paper, since, allowing
for differences of terminology, I find him in nearly complete accord with the

1J. J. Sederholm, Explanatory Notes to Accompany a Geological Sketch Map of
Fenno-Scandinavia, Helsingfors, 1908, p. 31.
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United States geologists in reference to the succession and relation of the pre-
Cambrian series of Canada. So far as there are differences they will appear
below.

The elucidation of the pre-Cambrian succession for the Lake Superior region,
which term as here used includes the great tract extending from the Lake of the
Woods to north of Lake Huron and south to the Paleozoic rocks, has been the
work of many men extending through many years. In 1892, when Bulletin 86
of the United States Geological Survey, on the Archean and Algonkian appeared,
the Lake Superior succession, as now recognized, had been fully worked out,*
with the exception that what was then called the Lower Huronian has since been
found o comprise two series; also the series now called Keewatin was called
Mareniscan, but was properly defined. Some years after the publication of this
bulletin, Mr. A. E. Seaman discovered the unconformity mentioned in the lower
Huronian of the Marquette district. As soon as this discovery was made it was
appreciated that the two divisions of the Huronian in the original Huronian area
worked out by Pumpelly, Leith, and myself, correspond with the two divisions
in the Marquette district. The classification of the pre-Cambrian as thus devel-
oped was fully accepted by the International Geological Committee in 1904, and
the table giving the succession was published by Leith in 1904, and by the com-
mittee in 1905, as follows:?

CAMBRIAN
Upper sandstones, etc., of Lake Superior
Unconformity
PRE-CAMBRIAN
Keweenawan (Nipigon)
Unconformity
Upper (Animikie)
Unconformity
Huronian ( Middle
Unconformity
Lower
Unconformity
Kceewatin
Eruptive contact
Laurentian

This succession is repeated by Dr. Adams in his communication, except that
the unconformities are omitted, and it is extended to the entire Canadian pre-
Cambrian region.

It is indeed gratifying to have completely accepted for the great Canadian
pre-Cambrian area the succession which has been worked out for the Lake
Superior region, but Dr. Adams implies that his classification rests upon a sounder
basis than the same classification}offered by others since “drawing evidence from
the area as a whole rather than from a few restricted areas on its southern border.”
But unhappily for the contention of Dr. Adams, it is still true that the Lake
Superior region is the only very extensive area in which the detailed geology has

1 C. R. Van Hise, *“Archean and Algonkian,” Bull. 86, U. S. G. S., p. 195.

2 Journal of Geology, Vol. XIII, p. 104. ‘
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been worked out and the full succession given in the table has yet been found.
Also when the succession was originally worked out all available information in
reference to Canada as a whole was considered and it was suggested that within
the regions about Hudson Bay and the Copper Mines Rivers, the equivalents
of at least two divisions of the Huronian and of the Keweenawan appeared to be
present.’

As to the question of a floor for the Keewatin, according to our view, the
Keewatin is simply the most ancient series which has been discovered to the
present time. Naturally being the oldest series discovered, we have not yet
found the rocks upon which it was laid down, and we make no assumption in
this matter. Dr. Adams speaks of the Keewatin as a sedimentary series. If
he means by this that it is a series laid down at the surface, this characterization
is correct. However, we have frequently pointed out that this series is essentially
composed of igneous rocks, including both lavas and fragmentals, and is only
very subordinately of ordinary sediments.

As to the position of the Grenville series, I hold my opinion in reserve. Miller
and Knight have shown that in the Hastings district where the series which
Adams places in the Grenville is most extensively developed, there is an uncon-
formity in the sediments. It is their belief that the greater part of the Hastings
sediments, including the great limestone of Adams, belongs above this uncon-
formity, below which is the Keewatin. If they are correct in this view, the larger
part of the Hastings series included in Adams’ Grenville belongs not with the
Keewatin but with the Lower or Middle Huronian.

Dr. Adams says in reference to correlation by diastrophism: “This will con-
stitute a great advance as compared with our present methods, which afford no
adequate means of determining the relative values of unconformities, and thus
the successions in the most distant parts of the world are now being matched with
each other and an unwarranted satisfaction is manifested if the number of uncon-
formities in the pre-Cambrian succession in different continents is approximately -
identical, and a sure and certain hope that all will prove to be satisfactory is
expressed if there is no agreement.”

In my address before the Geological Society of America a year ago, I intro-
duced the table of pre-Cambrian series for China with their separated uncon-
formities as given by Willis. I remarked that the Lake Superior Algonkian
series in their number and their separating unconformities present a remarkable
similarity to the Algonkian of China, but said it would “not be well to too strongly
emphasize the close correlation suggested.” Also I mentioned the ‘“possibility
that in the future we may be able to correlate the unconformable series of the
Algonkian in provinces separated as far from one another as the Lake Superior
region and Northen China.”?

t Charles R. Van Hise, Bull. 86, U. S. G. S., pp. 496-502, 1892; I6th Annual
Report, U. S. G. S., Part I, pp. 807-9, 1896.
2 “The Problem of the pre-Cambrian,” Bull. Geol. Soc. of Am., Vol. XIX, p. 26.
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Dr. Adams in his paper repeats the quotation from Willis and makes an
identical suggestion as to correlation, but implies that this is done upon the basis
of diastrophism. Evidently he thinks that there is an “unwarranted satisfac-
tion” in the first case and not in the second.

Each unconformity between any two series of the Canadian region or of
China means that between their depositions there has been an epoch of dias-
trophism and one of erosion. I should be interested to know how the extents
and the magnitudes of pre-Cambrian diastrophisms are to be determined except
by studying the extents and magnitudes of the unconformities, that is, the extent
and amount of the foldings, metamorphisms, erosions, etc., which intervened
between the various series. In the paper which I have just read I pointed out
that some unconformities are local, some regional, and some probably inter-
continental. Adams points out that diastrophism may be regional or intercon-
tinental. Is the distinction between the two greater than difference in language ?
One we may suggest talks English, the other Esperanto. Evidently if satis-
faction is unwarranted in one case it is unwarranted in the other.

I am obliged to dissent altogether from the reasoning in Dr. Adams’ paper
which makes discriminations as to the magnitudes of the various breaks, upon
the basis of Willis’s hypothesis of positive and negative continental elements, and
upon assumptions as to the sources of the thrusts. Even if these theories be
assumed to be correct we do not know that they apply to the North American
pre-Cambrian region, for we know nothing of the extent and distribution of the
various pre-Cambrian series which are hidden under later rocks. In the western
United States where extensive areas of pre-Cambrian protrude through the later
rocks, and also in the Mississippi Valley, where are isolated areas of pre-Cambrian,
several pre-Cambrian series occur, some of which are probably the equivalent of
the series found in the Lake Superior region. Evidently the various pre-Cam-
brian diastrophic movements cannot be assumed to be limited to the surface areas
of pre-Cambrian.

The question of the major groupings of the pre-Cambrian series I shall not
attempt to go into in detail, since to do this would result in leaving less emphatic
the reality of the accord as to the pre-Cambrian succession which has now come
about and which. I trust has come to stay between the Canadian and United
States geologists, through the acceptance for Canada of the succession mainly
worked out in a great area along the southern border of the pre-Cambrian
region. )

However, I may recall that I fully discussed the major classification of the
pre-Cambrian in my presidential address before the Geological Society a year
ago, and gave reasons for the primary divisions ef the pre-Cambrian into the
Archean and Algonkian. In that address I gave objections to a zoic classifica-
tion, similar to but not identical with that which Dr. Adams adheres to. His
proposed major classification is eo-proterozoic, meso-proterozoic, and neo-
proterozoic. These terms imply that the pre-Cambrian had three distinctive
life periods, an eo, a meso, and a neo. This may be the case, but until fossils are
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found in the pre-Cambrian in sufficient abundance to justify a zoic classification,
there can be no sufficient warrant for proposing that the major divisions of the
pre-Cambrian be made upon a zoic basis.

CLOSING DISCUSSION BY THE AUTHOR

The aim of the paper on ‘“The Basis of Pre-Cambrian Correlation” was, as
stated, to suggest a method by which it might be found possible to correlate the
various subdivisions of the pre-Cambrian rocks over widely extended areas rather
than to enter upon a discussion of the classification of the pre-Cambrian of North
America.

With regard to this latter classification, however, it must be pointed out that
the paper shows that in a general way the classification adopted by the Inter-
national Committees (United States and Canada) on the ‘“Correlation of the Pre-
Cambrian Rocks of the Lake Superior Region” and on the ‘‘Pre-Cambrian Rocks
of the Adirondack Mountains, the Original Laurentian Area of Canada and
Eastern Ontario,” probably forms a satisfactory basis upon which the classifica-
tion of the whole expanse of the great pre-Cambrian development of the Lauren-
tian protaxis can be founded. Professor Van Hise is mistaken in stating that in
the paper under discussion the succession recognized by these committees was
adopted but that the unconformities were omitted, for in the wall diagram used
to illustrate the paper, and upon which the succession of the pre-Cambrian
rocks in Laurentia and China was set forth, the unconformities were especially
indicated, black lines being used to show those which were of minor importance
while broad red lines appropriately emphasized the major breaks in the succes-
sion. The unconformities and their relative importance are also shown in the text
of the paper. In fact, this is the crucial point of the paper so far as Laurentia is
concerned.

Professor Van Hise has insisted, in a long series of papers, that in the pre-
Cambrian succession of North America there is one break which in importance far
transcends all others, namely, that at the close of the Keewatin. Professor Law-
son, however, has insisted that in this succession the chief break lies at quite a
different horizon, namely, at the base of the Animikie.

The International Committees, while recognizing the succession of the various
elements of the pre-Cambrian, absolutely declined to commit themselves to any
opinion as to the relative magnitude or importance of the several unconformities
which they recognized.

A study of all the work—much of it recent—which has been done in the more
northern portion of Canada indicates that Professor Lawson’s break—the Epar-
chaean Interval as he terms it—is one of the greatest unconformities in the whole
pre-Cambrian succession of Laurentia, and probably quite as important, if not
more so, than the break at the close of the Keewatin, and that the pre-Cambrian
rocks are represented, not by two great systems entirely distinct and separated
from one another, but by three great systems.
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In Professor Van Hise’s presidential address he has referred to the succession
of the pre-Cambrian rocks in Scotland, Finland, and China as determined by
Geikie, Sederholm, and Bailey Willis, respectively, and notwithstanding the fact
that in these successions from one to six unconformities exist, he has in each case
selected one unconformity as of paramount importance, and correlating this with
the break at the summit of the Keewatin in North America, has held that these
various successions support a dual division of the pre-Cambrian rocks which
he has maintained to be world-wide. He closes his address as follows: “I wish
to express my firm belief that the dual division of the pre-Cambrian into two great
groups of rocks [Archaean and Algonkian] seems now as firmly established as
the division between any other two groups.” 1 feel, asstated in the paper, that
in this conclusion an ‘“‘unwarranted satisfaction” is expressed.

To sum up, therefore, it seems that the division of the pre-Cambrian rocks
of Laurentia into two great major divisions—Archaean and Algonkian—is not
supported by the facts in our possession. The pre-Cambrian succession is
apparently rather threefold, which three divisions may, for convenience, best be
designated as Lower, Middle, and Upper (Eo- Meso- Neo-) Proterozoic, quite
independent of any consideration of the presence or absence of life.



THE PROBABILITY OF LARGE METEORITES HAVING
FALLEN UPON THE EARTH

PROFESSOR E. H. L. SCHWARZ, A.R.CS,, F.G.S.
Rhodes University College, Grahamstown, Cape Colony

From time to time the accumulation of new facts in any one science
renders it necessary to examine into the cause for the existence of
certain features, and to see whether some small points which rendered
the earlier explanations not altogether satisfactory, may not be
entirely accounted for in the light of the new experience. In many
cases this proceeding has resulted in the entire recasting of our ideas
concerning certain phenomena, especially in the physical sciences
where laboratory demonstration can prove the truth of the new law;
in geology, the unwieldy nature of the subject-matter, and the dif-
ferent aspects which the same country or mountain may present to
different observers, renders this method somewhat unsatisfactory.
It must, however, be done, if the science is to progress, although in the
end a categorical statement that the new explanation is a true one,
and the old one a false one, cannot be made. It is the purpose of this
paper to pick out certain facts in connection with the amygdaloidal
lavas of Prieska, Cape Colony, which cannot readily be explained
on any of the theories of igneous extrusion, and to see whether they
cannot be accounted for on some other theory; I shall summarise
what is known of the fall of large meteorites and point out in what
way the phenomena connected with these show certain significant
resemblances to those exhibited by the amygdaloids of Prieska,
tentatively suggesting that in the past huge bolides fell on the earth,
melted the rocks in the neighborhood of the fall and produced these
great fields of lava.

The meteorites that we examine in the collections of museums
are small and would not by their fall make much impression on the
earth: it is true that in the course of ages these small meteorites must
add considerably to the bulk of the earth for it is estimated that
some hundred thousands, if not some millions, of meteoric bodies
fall upon the earth each day. Even these museum-specimen meteor-
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ites, as I may call them, range up to sizes which would shake consider-
able areas of country by their fall, as for instance the Bacubirite
meteorite, which is thirteen feet long and is estimated to weigh 50
tons.*

In the Coon Butte, Ariz., there is a crater which was described
by Gilbert as volcanic, but subsequent investigation has failed to
discover any volcanic material connected with it; on the other hand,
strewn round it are masses of meteoric iron of which ten tons have
been carried away-at different times and now figure in collections as
portions of the Canyon Diabolo meteorite. The rocks in the vicinity
of Coon Mountain consist of horizontal beds of Aubrey limestone and
sandstone belonging to the upper Carboniferous series. The moun-
tain is formed by the up-turned edges of the strata making a jagged
circular ridge varying in height from 120-30 feet above the plain.
The chasm is 600 feet deep and 3,800 feet across. The nearest lava
flows and cinder cones are twelve miles distant, while the San Fran-
cisco mountains which contain many volcanic cones are 45 miles
away. The material at the bottom of the crater has been investigated
by Messrs. Barringer and Tilgham by means of bore-holes down
to 1,000 feet, and the rock encountered is mostly pure white silica
which in some places is in the form of impalpable powder; scattered
throughout this there are masses of varying sizes of pumiceous and
more compact material, which chemical and microscopic examinations
show to have been formed by the crushing and fusing of the quartz
sandstone. Below the zone of crushed and fused material there is
an underlying sandstone quite intact and unaltered.?

There seems to be no reasonable doubt that this crater is actually
the result of the impact of a huge bolide and the absence of the large
meteor itself is explained by supposing that the heat of the impact was
sufficient to melt and perhaps vaporise its substance; certainly there
is a large quantity of magnetic iron oxide lying as dust about the
neighboring country, which, on analysis, gives a notable percentage
of nickel.

t H. A. Ward, ‘“The Bacubirite Meteorite,”” Proc. Rochester Acad. Sci., 1902,
1V, p. 67.

2 D. M. Barringer, ‘“Coon Mountain and Its Crater (Arizona),” Philadelphia
Acad. Nat. Sci. Proc., 1906, LVII, p. 861; B. C. Tilgham, ibid., p. 887; G. P. Merrill,
Smithsonian Miscellaneous Collections (quarterly issue), L, 1907, pp. 203, 461.
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A large meteor need not necessarily be an iron one, and we have a
remarkable block of melilite-basalt in Cape Colony which has certain
features that point to its possible meteoric origin. The occurrence
is at the top of the Spiegel River Valley in Riversdale; the outcrop of
the rock is about 100 feet in an east-and-west direction, and half
as much across, though, as it is found at the top of a hill, and the sides
are strewn with débris from it, it is hard to determine the exact size
of the block; there are bands of harder and softer material in it which
give the mass the appearance of being bedded, and the dip is some 15°
to the southeast. It is surrounded on all sides by coarse, loose con-
glomerates of Cretaceous age which show no disturbance whatever.
Had the mass come up in a volcanic throat, one would have expected
to see some evidence of the explosive force in the loose gravel, or
some lateral dykes or fume vents, but nothing of the sort could be
found, and no other volcanic rocks occur within many miles. The
view adopted by the Geological Survey* is that it is a volcanic pipe
filled in, but that is simply because no similar blocks have been
described with which to compare it whereas melilite-basalt ordinarily
occurs in connection with volcanoes.

If we turn to the moon whose surface being free from erosion and
deposit should show clearly any marks made on it by the fall of
meteorites, we find certain evidence which is highly suggestive. The
craters which are scattered so freely over the moon’s surface were
thought by Gilbert? and others to be due to the impact of meteors;
that they were not so formed we gather from the following considera-
tions. In some of the craters the floor or top of the lava column
stands many hundreds of feet below the general level of the surface,
but in others the floor is as much above that level. The internal
walls of the craters show definite terraces like old strand lines which
have been formed by the successive retreat of molten material within
the volcanic chimney. The craters, especially the smaller ones,
often lie upon definite lines of fissures like the volcanic fissures of Ice-
land, an arrangement which would have been impossible had they
been formed by the infalling of meteors. Lastly there is a regular

t A. W. Rogers and E. H. L. Schwarz, Ann. Rept. Geol. Comm., 1898, Cape
Town, 1900, p. 62.

2 G. K. Gilbert, Bull. Phil. Soc. Washington, XII, p. 241.
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scale of dimensions corresponding with antiquity in the craters, the
larger being the older and the smaller ones successively younger;
this we can establish both from the fact that the smaller ones often
breach the larger ones, as well as from the freshness of the rocks
about the smaller ones as compared with those surrounding the larger
ones; for although there is no atmospheric weathering in the moon,
the alternate heating and cooling of the surface brings about a certain
amount of alteration which in time produces sufficient effect to be
clearly noticed through the great telescopes.

These craters do not belong to volcanoes such as exist on the
earth but resemble rather the outbursts ofentangled molten matter
during the final consolidation of the moon, according to Professor T.
C. Chamberlin’s view,” and on such a theory the graduation in size
is well accounted for. But after this stage was over, when the forces
which brought the molten material from the interior to the surface
had become spent, no matter what their actual nature was, then the
surface of the moon was deluged with floods of lava, which, over tracts
many hundreds and thousands of square miles in area, obliterated
all pre-existing features and in their margins invaded and ruined
the craters which stood in the path of the molten liquid. These
Maria or dark patches of the moon occupy roughly one-third of the
visible portion, and as seen through the great telescopes which bring
the moon’s surface to within 40 miles of the observer, their margins
show that the material of which they are composed flowed in upon the
rough ground as very liquid lava would do. It fills in the lower
ground forming numerous bays, and in many instances, as is the case
of the crater Doppelmeyer, it distinctly appears to have melted down
the side of the crater-wall next to it and to have filled in the cavity to
its own level. This feature is not confined to any one spot of any
one mare, but is to be noticed throughout the several thousand miles
of the extent of the margins, and leads one to the conclusion that the
maria were formed by a once fluid matter of the sea inundating firm
land. The quantity of igneous matter was very great, and in each
mare or sea it scems to have appeared all at once, there being no
mark of successive flows such as compose the extensive lava fields of
the carth. The lava of the scveral maria never overlap, although the

2 T. C. Chamberlin and R. D. Salisbury, Geology, II, p. 105.
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gravitative attraction on the moon being only one-sixth what it is on
earth, would allow very steep slopes at the front of even fluid lava
flows. The origin of this lava is still hypothetical, but it is to be noticed
that none of the volcanoes of the moon give forth freely flowing
streams of lava, nor do any of the numerous fissures or faults on the
lunar surface, some of which evidently penetrate deeply, distinctly
give rise to lava flows; generally it is established that all the volcano-
like openings appear always to have retained their lavas within or
near their walls, or, in other words, there was no tendency for lava to
pass up to the surface in large quantities.

There is no evidence in any of the maria that the lava came up
from a central pipe or from an elongate fissure; the general form
of the seas is rounded or oval, and it would seem to indicate that if
the fluid came from within, the lava should have emerged as from a
terrestial volcano pipe, for if it came from fissures these should have
been of elongate shape. But if the lava came either from fissured
or from pipe-like openings there should be a grade to the flow extend-
ing from the center of the field to its margin; owing to the slight value
of gravitation this grade should be steep. There, however, is no trace
of such a slope; on the contrary, the curve of the margin of illumina-
tion shows the surfaces of the maria are essentially horizontal.

The hypothesis which fulfils most of the conditions of the case
with respect to the origin of the lava of these maria in the moon is
that great meteors fell upon the moon and by their impact produced
sufficient heat not only to melt up their own substance but a good
deal of that comprising the adjacent lunar surface. Even beyond the
seat of impact, the shearing strains would probably be sufficient
to convert much of the material of the surface into a fluid state, with
the result that a mass of lava of a very high temperature, equal at
least to the bulk of the invading body and probably several times as
great, would be sent radially from the point where the impact took
place. The evidence of melting effected by the material which forms
the plains of the maria is considerable at several points, notably in
the case of the craters on the margins of the seas. It seems quite
certain that the walls of thesé craters next the sea have been in some
manner effaced by contact with the material which came against it;
in the case of the crater Flamstead in the Oceanus Procellarum, the
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crater-wall has been almost melted down, but still rises slightly above
the surface of the inundation; good examples are also seen in the
Mare Tranquilitatis, Fig. 1. At many points the material forming
the mare comes against extended steep-faced cliffs, which have the
same general character as the inner slopes of the great craters, where
the form of the declivity certainly has been determined by the melting
action of the lava of the base. Further, where there are depressions
in the area in the borders of the maria, the material of which they are
composed flows into them as a fluid would have done.

Fia. 1 Fic. 2

PHOTOGRAPHS OF THE MOON’S SURFACE, AFTER N. S. SHALER
F16. 1.—Mare Tranquilitatis with Mare Serenitatis in the upper portion of the
plate, showing the margin invaded by lava floods.
F1G. 2.—Mare Serenitatis, showing on the left the large crater Posidonius and
above it the crater le Monnier which has part of its wall broken down by the lava
of the mare.

The great objection to the hypothesis that the maria were formed
by molten rock produced by the impact of large bodies falling upon
the surface of the moon is that similar bodies competent to generate
a great deal of heat have not fallen upon the earth’s surface in the
time which has elapsed since the beginning of the geological periods;
there is so far indeed no recorded geological reason for supposing that
they have ever fallen upon the planet, but it is just such evidence that I
wish to submit. It must, however, be remembered that the moon’s
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surface took its shape long before the beginning of our geological
record, so that if such evidence is to be found on the earth, such lavas
of extra-terrestrial origin must be among Archaean rocks, where the
unraveling of the tale would be extremely difficult, or they would be
hidden under superincumbent strata. It is to be noted also that
even in this stage of the evolution of our solar system there remain
bodies in order of size such as would in falling upon the surface of
the larger spheres produce the effect which we observe in the maria;
thus the group of asteroids between Mars and Jupiter, though gener-
ally of far greater mass than would be required by impact to melt the
larger of the mare fields, probably contains many bodies which in
case of collision with our satellite would bring about the consequences
which can be noted. At least one such mass of matter, Eros, has
recently been discovered at no great distance from the earth.” It
is probable that in a former state of the solar system when the moon
was assuming its present surface features, these detached masses of
matter were more abundant than they are at present. The tendency
would be for those near the great spheres to be drawn in upon them,
with the result that they would become rarer near the planets and
the larger satellites.

Having then established the fact that giant meteors may have
fallen on the earth and may have melted up tracts of country which
would be deluged with lava without apparent vent or orifice from the
interior, we can legitimately inquire whether there are any evidences
of such occurrences on the earth’s surface ? There are many vast tracts
of lava known on the Earth which offer tempting fields for speculation
in this connection, such as the great lava sheets of the Snake River
in Idaho, the Deccan traps of India and the Kapte Plains of British
East Africa, and even the occurrence on these of small cinder cones
and beds of ash and tuff does not necessarily prove that the material
came from the interior of the earth, any more than the small blister
cones on a flow of molten iron prove that the subjacent floor is riddled
with blowholes, but I wish in this introductory statement to confine
my remarks to one field which I know thoroughly.

In the district of Prieska, south of the Orange River, there is a

1 N. S. Shaler, “A Comparison of the Features of the Earth and the Moon,”
Smithsonian Contributions to Knowledge, XXXIV, No. 1438, Washington, 1903.
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tract of country which has been cleared of its covering of glacial drift
and stands today with many of the features which it presented in a
remote geological period. The glacial drift is of Permian age, and
the topography revealed with astonishing freshness, belongs to that
or earlier epochs. The area was described by Dr. Rogers and myself
in 1899’ and consists of a base of granite on which rest the various
formations of the Transvaal System, quartzites, dolomites, and banded
jaspers, and the Matsap or Waterberg sandstone, unconformably
above these. The rocks present a bewildering number of correlation
difficulties and nearly all the low-lying ground is covered with the
red Kalahari sand which obscures the junctions of the several systems
of rocks. There are no rivers or stream beds with the exception of
the Orange River, and all the water precipitated in the rare rains
sinks through the sand and evaporates slowly leaving behind a crust
of calcareous sinter. Weathering therefore is of the desert type, and
the breaking down of the rocks is nearly entirely brought about by
expansion and contraction, without chemical change of the constituent
minerals. For this reason the less compact Permian and Triassic
clays and shales of the Dwyka and Ecca Series have yielded easily
to the forces of destruction and have been blown away; the under-
lying rocks, however, of dense crystalline structure or of compact
metamorphic nature, have emerged with relatively slight alteration
from their burial beneath the Karroo rocks. The younger rocks were
invaded by dolerite intrusions belonging to the great system of dykes
and sills that extends right across South Africa almost from sea to
sea, but the older are penetrated by a number of dykes of the most
varying types which have been altered by crushing and metamorphic
action generally so that they can be described as diabases, granulites,
hornblende-schists, and serpentine with chrysotile. Besides these
last there is a third class of intrusive rocks which is, paradoxically,
amygdaloidal.

These amygdaloidal melaphyres are known throughout the
region of the Palafric rocks, whether we trace them on the surface
in the Colony, Bechuanaland, or the Transvaal, or encounter them

1 Ann. Rept. Geol. Comm., Cape Town, 19oo; see also E. H. L. Schwarz, Trans.
Geol. Soc. S. A., Johannesburg, 1905, VII, and A. W. Rogers and E. H. L. Schwarz,
“The Orange River Ground-Moraine,” Trans. Phil. Soc. S. 4., Cape Town, 1900, IX.



PROBABILITY OF METEORITES HAVING FALLEN 133

in the depths in the mines of Kimberley. The main group of them
occurs below the first member of the Transvaal Formation—the
Black Reef Series—and was called by Molengraaff the Vaal River
beds, but is now more generally known as the Ventersdorp beds.
They consist of lavas of varying basicity ranging from melaphyres to
felsites and rhyolites and are usually accompanied by enormous devel-
opments of agglomerate ranging from coarse boulder beds to fine
volcanic ash. .

Two areas of these amygdaloidal melaphyres occur in the Prieska
district under discussion, while other and smaller areas are to be
found in the neighborhood. The largest of the masses is found to
the north of the district on the farm Zeekoe Baard; it wraps round
the end of the range of hills called the Ezel Rand composed of Matsap
(Waterberg) sandstone and separates these rocks from the granite
to the west and partially interposes between them and the Keis or
Black Reef quartzites. There is a small mass also lying apparently
intruded in the Waterberg sandstone. On the south side of the Ezel
Rand there are some steeply inclined beds of limestone and quartzite
which look as if they were the basal beds of the great limestone series
turned up by force from the direction of the center of the igneous
mass. Toward the point of the Ezel Rand there are tracts of agglom-
erate which probably belong to the melaphyre. The southern extrem-
ity of the melaphyre is on the farm Geelbecks Dam where it tapers
out; the greatest width of the mass is on the farm Blink Fontein
where it is g miles across, and the extreme length is 30 miles. A large
portion of the area mapped in as melaphyre is, however, covered
densely with red sand, through which the rock only crops out occasion-
ally; on Schalks Puts and on the eastern part of Blink Fontein there
are conspicuous ranges of kopjes formed of the rock.

The melaphyre is in contact with the Keis (Black Reef) Series
of the farms Ezel Klauw and Louis Draai on the north, and with the
Matsap (Waterberg) beds of the Ezel Rand, which it surrounds on
three sides. To the south it is bounded by the Campbell Rand
(Dolomite) Series on the one side and the granite on the other. The
field-relationships are not compatible with the supposition that the
origin of the melaphyre was volcanic, unless a group of faults is
brought in to explain the contact of the amygdaloid with such a large
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range of rocks of widely separated ages; there is no evidence of such
faulting,’and although the rock is a typical lava, fine-grained to glassy
in structure, and generally full of steam cavities, Dr. Rogers and myself
were forced to the conclusion that the rock was an intrusive one and
came into position after the earth movements affecting the Matsap
beds had taken place.

About 30 miles in a southeasterly direction, reckoning from the
southern extremity of the Zeekoe Baard mass, there is a second
outcrop of amygdaloidal melaphyre on the eastern portion of the farm
Jackals Water, and on the western part of the farm Prieska’s Poort.
The outcrop is elongated about 6 miles long and 14 miles wide, trend-
ing northwest, the direction of strike of most of the Palafric rocks in the
Prieska district. On the northeastern side the melaphyre is bounded
by the granite of Prieska’s Poort, and on the southeastern side by
the Keis quartzites on the farms Jackals Water and Uitzigt.

Similar rocks in the neighboring districts which appear most
certainly to be intrusive have strengthened the view that the Zeekoe
Baard and Prieska’s Poort amydaloids are instrusive, but against
this we have the steam-holes and agglomerates—clear indications
of volcanic origin.

If we accept the volcanic origin, then we must imagine that from
a central vent or fissure some extremely fluid lava was poured out,
which flooded all the low-lying country, wrapped round the hills,
and finally cooled as a plain of lava. No known volcano fulfils these
conditions, and from what we know of lava we would be inclined to
state that such a mass could not be suddenly ejected at any one time,
but would rather come up in separate flows, each of which would
travel outward and downward and would cool long before it could
wrap round the end of a range of hills such as the Ezel Rand, in the
manner of a perfectly liquid substance. Then again we find the agglo-
merates at the periphery of the Zeekoe Baard mass, and here, also, to
the north, there is evidence of thrust.

In whatever light we look upon these Prieska outcrops of amyg-
daloidal lava, confining our ideas to a terrestrial origin of the material,
we come upon insuperable difficulties, but directly we admit the
possibility of the fall of a metcor sufficiently large to melt up a portion
of the earth’s crust, all these difficulties vanish. The sudden develop-
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ment of a large quantity of liquid lava, the permeation throughout
of steam holes from water contained in the rocks melted, the ridging
up of portions of the periphery of the mass, the absence of true
volcanic ash, but the great development of crushed up material
entangled in molten rock—all these phenomena receive an adequate
explanation on the meteor hypothesis. That the masses of lava
often tail out into apparent dykes can be readily accounted for from
the fact that earth movements have gone on since the development
of the lava and such dyke-like extensions would be portions drawn
out by crushing just as a crystal of felspar is drawn out in many
gneisses.

Against the general acceptance of such a theory there is the objec-
tion that certain of the Archaean and early periods are characterized
by just such volcanic rocks as are to be found in Prieska, great masses
of lavas and clastic igneous rocks of all sorts. If any of such volcanic
areas owe their rocks to meteors, it is certainly probable that the
masses of planetary matter were grouped in swarms which would
produce the same effect on the whole as a general outburst of great
volcanoes over the earth. Each swarm would gradually discharge
the individual bolides as the earth in its course round the sun came
within attracting distance, and when the swarm was exhausted or
passed out of reach of the earth’s attraction, then there would be
a secession of the production of these igneous rocks and normal
sedimentation would take place. '

In conclusion I must repeat that I do not contend that I have
proved the meteoric origin of the amygdaloidal melaphyres of Prieska;
but I maintain that the facts that we now know force us to take into
consideration, when dealing with these extensive tracts of molten
material on the surface of the earth, their possible origin from the
collision of large meteorites. Everywhere we look in the older rock
systems, we find enormous deluges of igneous material which are
difficult to explain on the theory that the mass came from the interior
of the earth, such as, for instance, the Bushveld igneous complex in
the Transvaal; the object of this paper is to point out a possible
cause in many cases, which so far has not been recognized.
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INTRODUCTION

Before the publication of Barrell’s studies on climate and deposi-
tion,* I wrote:

It does not seem probable, therefore, that theoretical analysis of the complex
relations that obtain between climate and deposition will accomplish what it has
in the case of deposition by running water and by glacial action. The problem
will be solved by detailed studies in each region. In each case the disturbing
factors must be evaluated, and the intensity of each process gauged.?

The study of Barrell’s article did not seriously affect the above
opinion, but it did suggest and encourage the following contribution,
on account of the evident value of his analysis in directing attention
to the newly developing study of climatic effect on geological processes,
in showing its possibilities, and in suggesting some of the criteria
available.

In this contribution attention will be confined to a certain definite
portion of the arid southwest, which is here called the bolson region.
A criticism by Keyes of Hill’s definition of the term “bolson’’3 and
its use by Tight, Lee, and others gives point to an investigation of
the history of the use of the word, and a discussion of its proper
meaning.

The data to which this treatment owes its development have been
collected during a residence in the arid southwest since 1gor. The

* Joseph Barrell, “The Relation between Climate and Terrestrial Deposition,”
Jour. Geol., 1908, pp. 15990, 255-95, 363-84.

2 C. F. Tolman, “The Geology of the Vicinity of Tumamoc Hills,” Publication
113, The Carnegie Institution of Washington (in press).

3 Hill, Topographic Atlas of the United States, U. S. G. S.; Keyes, “Bolson Plains
and the Condition of Their Existence,” Am. Geol,, Vol. XXXIV, pp. 160-64; “Bolson
Plains,” Am. Jour. Sci., Vol. XV, pp. 207 ff.; “Rock Floor of the Intermont Plains

of the Arid Region,” Bull. Geol. Soc. Am., Vol. XIX, pp. 63-92; Tight, “Bolson Plains
of the Southwest,” Am. Geol., Vol. XXXVI, pp. 271-84.
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earlier portion of this time was spent in constant traveling over
southern Arizona, and northwestern Mexico. In order that the
value of the observations and deductions presented may be approxi-
mated, it is frankly admitted that until recently attention was not
directed to the broader features of desert physiography. The
attitude of mind, bent on the study of the details of ore deposition,
and therefore investigating minor features so important in that study,
was carried over to the examination of the sedimentary deposits,
and details of texture and structure, and their possible explanations
were readily noticed. It is believed that such a study, undertaken
systematically, however, will reveal the intimate relation between
climate and deposition.

PHYSIOGRAPHIC DIVISIONS OF ARIZONA

Arizona has been divided into the plateau region, the range region,
and the volcanic region by Gilbert, and later by Ransome into the
plateau region, the mountain region, and the desert region.* A
twofold division is preferred for the purposes of this paper, the
separating line being the great Mogollon escarpment and its exten-
sions, as shown on Robinson’s map of the Colorado Plateaus.? The
northern portion is designated as ‘‘the mesa or plateau region,” and
the broken area to the south the “bolson” country. The plateau
region will not be under consideration, the student being referred to
the unsurpassed descriptions of Dutton, and the recent work of
Robinson and Lee.3

The generalization that this southern region is an intricately
broken-down portion of the central plateau is remarkably true con-
sidering the broadness of the statement, the regularity of the broken
fault-blocks, however, is modified by the complicated post-Carbonif-
erous intrusive masses. Further the form of the secondary hills is

t Gilbert, * Report on the Geology of New Mexico and Arizona,” U. S. Geol. and

Geog. Survey of the 100th Mer., Vol. III; Ransome, ‘“The Geology of the Globe
Copper District,” Prof. Paper 12, U. S. G. S., pp. 14-16, with map.

2 Robinson, ‘Tertiary Peneplains of the Plateau District,” Am. Jour. Sci.,
August, 1907, p. 123.

3 Dutton, “Tertiary History of the Grand Canyon Region,” Mon. II, U.S. G. S.;
Robinson, op. cit., pp. 109—-29; Lee, “Geology of the Lower Colorado River,” Bull.
Geol. Soc. Am., Vol. 17, pp. 275-85.
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often controlled by a mosaic of small fault-blocks, showing a
remarkably close relation of hills and gullies to blocks and faults.
Toward the south and southwest, the fault-blocks develop into
parallel strips; ridge after ridge of Paleozoic limestones, and successive
sheets of rhyolitic and andesitic lavas rear their heads above the
desert-filled wastes. These fault-strips, rather than fault-blocks,
are well developed southwest from Casa Grande, the steep scarps
facing northeast, and the faults striking northwest, the most important
escarpment being that of the Vekol Mountains where several thou-
sand feet of Carboniferous strata are exposed, with an unusual
development of upper arenaceous members. The waste between
the hills consists of wash deposits, volcanic deposits, playa deposits,
and occasional lake deposits, this complicated series dating back
through the Quaternary and probably the late Tertiary. Sufficient
data have been collected by scattered observations to indicate that in
their structure they show the effect of various conditions of climate
and topography, and give color to the belief that the history of the
Quaternary at least will be discovered by a well-directed reconnais-
sance of the region.

DISCUSSION OF THE TERM ‘‘ BOLSON”’

With the above description in mind, it is evident that southern
Arizona is a region of bolsons, as defined by Hill. He states:

The bolson plains . . . . are newer and later features consisting of structural
valleys between mountains or plateau plains, which have been partially filled with’
débris derived from the adjacent eminences. *

Keyes strenuously objects to the application of the term so defined
to the New Mexican examples. He states that the Jornado del
Muerto, and Estancia plains are valleys showing erosion bevelment,
and are not structural, and that they have but a thin veneer of desert
waste.? Going farther, he states that New Mexican plains are in
general destructional planes, in soft Cretaceous strata with only a
thin capping of desert waste, and by assumption these conditions are
extended to cover Arizona bolsons. Tight has taken exception to
these conclusions as applied to New Mexico, and certainly in the
structurally broken country of southern Arizona, the deeply filled,

1 Op. cit., p. 8. 2 Op. cit., pp. 66, 67.



140 C. F. TOLMAN

undrained, or feebly drained areas, corresponding to Hill’s definition,
exist par excellence. Here there is little danger of confusing soft
Cretaceous strata with the later fill.

The following list showing the depths of a few typical wells in the
southern bolson region is compiled from a large number of logs
furnished me through the courtesy of the Southern Pacific engineers
and others. As the wells are sunk only to a good flow of water,
the depth of the fill is not known in any case. The Esmond® well
is especially interesting, as it is situated toward the eastern edge of
the semi-bolson of the Tucson District, about five miles from the
nearest rock slope, and yet it shows 1,480 feet of typical outwash
material. These wells indicate surely more than a “thin veneer”
of detrital outwash.

Well Depth. Feet Character
Safford S. P. well......... 1,820 Bolson lake beds
Benson S. P. well No. 2. .. 717 Chiefly bolson lake beds
Benson S. P, well No. 3. .. 806 Chieflv bolson lake beds
St. David’s Artesian well.... 530 Chiefly bolson lake beds
Esmond S. P. well ....... 1,480 Tucson semi-bolson deposits
GilaS. P.well............ 1,386 Semi-bolson. Lava flow from 1,250 to 1,290
Casa Grande S. P. wells. .. 615 A semi-bolson in Santa Cruz drainage in
625 a region of typical bolsons
Sentinel S. P. well, No. 1.. 1,129 Showing 1 lava flow in section
Sentinel S. P. well, No. 2. ./ 962 Showing 2 lava flows in section
Sentinel S. P. well, No. 3..: 1,082 Showing 2 lava flows in section and all
three are typical wash deposits of a semi-
bolson region
Wellton S. P. well......... 1,120 A semi-bolson near Colorado River

The word “bolson” of course is of Spanish origin, and its appli-
cation by the early Spanish settlers and their descendants shows a
keen eye for topographic forms, painfully lacking in the later American
invader, who with perfect unconcern will, for instance, designate the
surface of a topographic basin as a mesa (a table).

In looking over a collection of old maps of the southwest at the
Carnegie Desert Laboratory, I find that “Bolson Mapimi’ appears
on Thompson’s New General Atlas No. 50, published in 1814, and
since then the word has been in continuous use as a technical geo-
graphical term. Hill’s definition is faulty in that it imposes a restric-
tion which is only possible of application after the geological structure

9 Publication 99, The Carnegie Institution of Washington, pp. 58, 59.
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of the region has been worked out, and not justified, considering the
great priority of the Spanish usage.

The geologist is not the only one that has a right to be heard in
this matter, for the problems of the desert are being attacked enthu-
siastically and successfully by the botanist, and it is only by the
combined action of the two that the broad problems of desert history
and climate will be solved, There is a need for a word by which the
individual self-centered drainage systems of the desert can be desig-
nated, and we should return to the original and broader meaning
of the word bolson. I therefore suggest that the word be used to
cover the watershed of a centripetal drainage system, including all
the area within the limits of the divides.

The bolson may depart somewhat from a perfect topographical
basin, for evaporation on a slope may prevent the development of a
through drainage, and foster the centripetal variety. Those bolsons
whose surface water in times of flood reaches some river thoroughfare,
some lower bolson, or the ocean direct, and consequently the playa
portion described below is poorly developed or lacking, may be
called semi-bolsons. In Arizona, therefore, there is every gradation
between bolson, semi-bolson, and ordinary river drainage, the latter
becoming more prominent as the Colorado River is approached.

TOPOGRAPHY OF THE BOLSON

The well-developed bolson presents three distinct topographic
features. (1) The Upper Rock Surface.* The slope of this surface
‘is a function of rock structure and composition, and erosive attack.
The top surface may be a mesa, developed either on account of
protective action of some hard layer, or an older erosional flat, which
on the top of the higher mountains is protected on account of the
forest growth.? The latter are so discontinuous that they have as
yet defied any general correlation, and the discovery thereby of a
faulted peneplain. (2) The bajada. Extending down from the
rock surfaces are the flanking detrital slopes,® built up by terrestrial

! Tolman, loc. cit., gives photographs and diagram illustrating bolson topography.

2 Example, top of Catalina Mts., north of Tucson, Arizona.

3 Blake, “ The Flanking Detrital Slopes of the Mountains of the Southwest Portion
of the United States,” Science, new series, Vol. XXV, p. 974, states conclusions at

variance with those presented here. Probably the best descriptions of all the different
features of bolsons are found in Carnegie Publication 26, ** Explorations in Turkestan.”
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deposition, the aggradational equivalent of the active erosion above.
These slopes are the dominant feature of the arid landscape, each
mountain range (or isolated hill under severe climatic conditions)
appearing to stand on a symmetrical pedestal. The novelty of these
features, and the prominent and distinct place they hold topographi-
cally, have led to a repeated request for a formal name. In a former
publication already referred to, I recommended the use of the term
“slope,” describing each particular incline by the name of the moun-
tain which gave it birth: viz., Tumamoc slope, Catalina slope, etc.
The difficulty of preventing confusion between the detrital slopes
and the rock slopes of the mountains brought out the necessity of a
new name for this feature, for which the Spanish word bajada has
been selected, local usage almost exactly corresponding to the technical
meaning suggested. (3) The playa. Finally in the well-developed
bolsons, there is a central flat, or flats in the irregular and larger
bolsons, which is occasionally or even permanently occupied by a
water sheet, the life of the temporary lake or pond depending on
local climate conditions. In less perfect examples of the semi-bolson
this central feature is lacking. In such a bolson, especially where
large, the central portion may be a more or less irregular plain, com-
posed of river, outwash, and other deposits, and the general name
to be applied is “bolson plains.”

ANALYSIS OF GEOLOGICAL PROCESSES IN ARID REGIONS

Torrential precipitation.—Before attention is directed to the
aggradational deposits of the bajadas and playas, a preliminary
investigation is advisable regarding the action of geological processes
under the stimulus of aridity. It is generally assumed that all the
precipitation of the desert regions is of torrential character. This
is the exaggerated recognition of the fact that there is a marked
tendency in that direction, and even where a given shower has no
greater density than one in humid region, the run off is more rapid,
and torrential concentration accentuated.

Assume a moderately arid region, with a marked tendency toward
torrential concentration of precipitation, with both a large daily
thermal swing (marked difference between day and night tempera-
tures) and an active wind transportation and deposition. The coarse
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material is pried off and made ready for the attack of torrential
stream by daily temperature change, and the fine material is brought
up by the wind. There is no grading in size between the two, the
deficiency of material of intermediate size being marked.

Under the well-known erosion analysis in the case of “a homo-
geneous island with one depression” let any flood encounter a depres-
sion of any kind accelerating its flow, then there must be a gullying
started which will work up stream. Now the sheet flood described
below often flows over irregular ground, and even then its gullying
action is almost entirely lacking. The observation of this phe-
nomenon led to an investigation of the manner in which material is
transported by flood action. It has not yet been possible to check
observation with experimental data, but on account of the bearing
on the problems at hand, I present the following inspection of certain
phases of this transportation.

Sediments are carried forward by running water in the following
three ways: (1) The large material is rolled on the bottom; (2)
Finer material is thrown up and down by subcurrents, drifting for-
ward with the current; (3) The superfine is held in suspension by the
kinetic action of inter-impact.

1. As is well known the mass of the largest particle that can be
rolled on the bottom varies approximately as the sixth power of the
velocity of the stream at its bottom. The material rolled comprises
the cutting machinery of the stream, and the fact that the size increases
so rapidly with quickening velocity, gives to the stream its great power
of concentration of energy at declivities and at the down-stream side
of hard strata. If a stream is in the rather unusual position of having
no coarse material to roll on its bottom, it will not only not be able
to cut hard rock, but it will have nothing with which to stir up the
finer material in its channel, and therefore its cutting power is reduced.

2. The intermediate and fine material is danced upward by the
secondary currents, eddies, etc., of the stream, and during its up-
and-down journeys it is carried forward by the current. The forma-
tion of these eddies is generally recognized® and they are shown in an
impressive way in the eddies and whirlpools of the sullen mud-laden
floods of the southwest. The whirls are formed by friction both

1 See Chamberlin and Salisbury, Geol., Vol. I, pp. 111, 112.
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along the bed of the stream, and between the layers, as shown in

wrrest /‘/.clthn

I
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The throw of the bottom whirls is indicated by the arrows a, b.

The small intercurrent whirls have balanced action and receive material from the bottom whirls, and are not important.

Fi6. 1.—The current velocitics are indicated at the right.

Fig. 1. The bottom whirl can prob-
ably be considered of primary im-
portance, because (@) at the bottom
there is the greatest friction, and
therefore, the greatest difference of
velocity; (b) the bottom whirl has
an unbalanced upward velocity:
(c) the higher whirls have equal -
upward and downward components,
and can affect only the material
they have received from the bottom
whirls. They will accelerate the
upward motion of some particles
and retard others to the same extent.
Therefore in this preliminary inspec-
tion the action of the bottom whirls
only is considered. Although the
motions will be complex, assume a
certain whirl which represents the
average upward throw of the stream.
Increase the velocity of the stream
and the subcurrents will increase
presumably approximately directly
as the velocity of the stream.
Following the course of events as
they commonly occur in arid regions,
let us assume that the sudden shower
or cloudburst picks up a great load
of both coarse and fine. Let this
shower be on the rock ‘slope of
a bolson. There is no dropping
of coarse and picking-up of fine
material as is postulated for the
ordinary stream, because mountain-
slope and torrential concentration
give a great excess of energy, so
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that everything loose on the surface is swept down into the
steep canyon. The grade of the canyon decreases below, and
deposition commences, boulders first and the rest following in
decreasing size according to the v formula for mass to velocity.
Here the ordinary backing-up effect is not important. Permanent
streams generally develop deposition at a certain point, and this
works back, the current damming itself up. The torrent, however,
drops its coarse at the top and the rest continuously on its downward
path, resembling a single wave rather than a continuous current,
so that the effects of deposition are not readily transmitted back-
ward. Wash deposits often show simultaneous dropping of coarse
and fine together, as a result of rapid checking of velocity, the forma-
tion consisting of a conglomerate of pebbles or boulders set in a
matrix of sand or mud, the boulders carried down by the deepest
rush of the torrent, and filled in with sand by the subsiding water.
Such a deposit indicates clearly the agency of torrential flood. Far-
ther down there may be a spreading-out of the flood as a widening
sheet of mud and water. This is the flood sheet, and it may be
either the expanded lower portion of the torrent from far above, or
the even sheet of run-off from a shower on the lower detrital slope.
The coarse material has been dropped, and the fine is now carried
wholly in suspension.

The ordinary conception of a loaded stream is one that is picking
up material to its full capacity, and also one that has the fine material
at hand so that the picking-up and the laying-down are in equilibrium.
To increase the capacity of a stream to carry material in suspension
therefore, it is necessary to increase either (¢) the number of bottom
subwhirls, or (b) the number of particles cast upward in unit time
by each subwhirl, or (¢) the average upward throw of the bottom
whirls.

Let these factors be represented respectively by m, n, and d, and
L the carrying capacity of a stream for fine material suspended by
subcurrents.

(1) L oc mnd.

We have assumed certain whirls distributed over the bottom,
representing the average upward throw of the stream, and that fine
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material of a single size is being transported; therefore m can be
considered a constant. Both #, the number of particles thrown up-
ward, and d, the distance of throw, depend upon the velocity of
subwhirl, which was assumed above (on account of lack of experi-
mental data) to vary approximately directly as the average current
velocity,* or
(2) L o v

Assume that in the tumultuous advance of the flood sheet, the
average throw of the subwhirls is equal to the depth of the stream
(Fig. 2, A), then an increase in the velocity (due to some irregularity
in its path) cannot increase d (Fig. 2, B), because the particles cannot

8. /‘,\ A.
l
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F16. 2.—A. The average upward throw of the bottom whirl is equal to the depth
of the stream. B. The average upward velocity imparted by subwhirl is greater than
that necessary to take the particle to the surface.

7

be thrown above the surface of the water. Therefore under these
conditions '
3) L <.

This shows only a very moderate increase in carrying capacity,
not at all comparable with the effect of current velocity on the power
to roll material forward, which seems generally to have been assumed
to govern the eroding power of a loaded stream on receiving an increase
in velocity.

In the above analysis, it was assumed that the material shot up
by the whirls sinks downward undisturbed by other currents. As a

1 The Colorado River offers excellent opportunity to study the difference in

velocity at various depths in times of flood when silt laden, and in times of clear low
water.
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matter of fact the whirl must produce upward and return currents.
Therefore the effect of increased subwhirl velocity in shooting up a
larger number of particles will be in part balanced by a more rapid
downward journey of the same particles due to the increased velocity
of the complementary return currents. Therefore

(4) : L o less than directly with 2.

Will, however, this moderate increase in power to suspend material
be effective under the conditions that obtain in the arid southwest ?
Is there loose material to pick up? Is equilibrium easily established
between the material in the stream and the material on the ground
over which it passes? The flood is advancing over a surface that
(1) may be a baked mud flow, or (2) is cemented by desert salts,
or (3) is protected by pavements described later; therefore it cannot
cut, for its tools have been laid down above, and it cannot pick up
loose material, for that has been swept away by the wind.

3. It has been suggested to me by Dr. A. E. Douglass, of the
University of Arizona, that the finest of the material is not suspended
by the subcurrents, but that due to the difference in velocity in the
various layers of the water, the numerous superfine particles are in
constant collision, and the kinetic bombardment (like that of solutions
ascribed to heat) causes a diffusion of particles upward from the
region of greatest velocity difference, viz., the bottom. Further, it is
to be suspected that the attached air bubbles aid in the suspension of
the emulsion, for after boiling a mixture of very fine loess, Dr. Douglass
found that the cloud of particles did not rise as readily upon rotating
the containing vessel as before. The increasing power to suspend
superfine material from the increase in declivity will not cause
noticeable erosion, however, on account of a lack of loose fine
material of this nature.

We may conclude therefore that a flood sheet is far less responsive
to moderate increase of gradient, than an ordinary stream. It is a
depositing and not an eroding agency and will not develop into the
former even when subject to a moderate increase in current velocity.

As the flood sheet advances its velocity is checked (1) by evapora-
tion, to a minor extent, (2) by absorption in the ground, and (3)
mainly by spreading out to a thin sheet, thus greatly increasing surface
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friction, the final layer of mud being left at or toward the bottom
of the slope.

I have described the ideal case in which the descending water
spreads out into the flood sheet. This particular phase, described
by McGee, and emphasized by Keyes,* while not uncommon, has
hardly the importance attached by those observers. It is in every
case a depositing and not an eroding sheet, save when confined to a
valley where it can do some undercutting, and it is strange that the
term “sheet-flood erosion” should have been allowed to go unchal-
lenged so long in geological literature. Final deposition on the
margins of the bajada is more often by distributaries, as described
by Johnson,? although again his statement that the latter is the only
method is not in accord with the conclusions reached here.

In any case torrential action develops the three topographic
surfaces mentioned above. The occasional storm will accomplish
more work, in comparison to the precipitation involved, than more
frequent cloudbursts, as the first can carry off the entire supply,
leaving the following storms to rework its deposits. Provided that
there is no marked change at the foot of the slope, such as earth
movements affecting the same, damming-back of the bajada drainage
by expanded water sheet, or a quickening of the temporary “ through
drainage,” in the case of the semi-bolson, the initial angle of deposition
depends upon a number of minor factors, a few of which are stated
below in about the order of their relative value: (1) Size of abundant
jragments. The relation of upper slope to the coarse material
occurring in large amounts, ‘is noticeable everywhere; (2) Density
of precipitation, and (3) Supply of detritus. The largest hajadas
should be developed with steepest initial slope where concentrated
torrential precipitation is separated by intervals of sufficient time
for the development of a large supply of detritus; (4) Height of
mountains above foot of bajada. Attention will be again turned to
the upper margin after climate has been analyzed.

Wind action.—The wind has been given the leading réle among

1t McGee, ‘“Sheetflood Erosion,” Bull. Geol. Soc. Am., Vol. VII, pp. 87-112;
Keyes, op. cit., pp.78-82.

2 Johnson, “The High Plains and Their Utilization,” Twenty-first Annual Report .

U.S. G. S, pp. 612-22.
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the physiographic agencies in regions of aridity, by some authorities,
while others have given it an intermediate or even a minor importance.
The fact is that wind plays a varying réle from major to minor
depending upon the variety of arid climate. This is investigated
later and attention is now directed to the method of erosive wind
attack and the resistant surfaces developed thereto.

It seems to be commonly believed that wind may attack success-
fully an unelevated or even a depressed flat surface.* It is true
that the wind picks up most of the fine material it transports from
flat lowlands, but this is largely a repicking of material dropped; of
tourist-passenger particles on a stop-over ticket. The source is
from certain limited areas that are undergoing erosion on account of
special exposure and non-protection.

The larger portion of the surface of the southwestern arid region
is fortified against the attack of the wind by desert pavements. Take
as an example of extreme development those north of the Chocolate
Mountains and west of the Colorado River, protecting an old flood-
plain deposit of the latter stream. There the surface is covered with
a perfect mosaic of fitted stones, polished and flattened to the last
degree of perfection by the wind. The light of the early or late sun
is thrown back from uncounted faceted mirrors, in a dancing blaze.
Step on this pavement and you are surprised to find the apparently
solid rock yielding underfoot. Scratch it with your boot, and you
find that there is only a single thickness of pebbles, in size up to an
inch in diameter, and at times less than a quarter of an inch thick,
covering a deposit of hot, dry dust. A few trips of the wagon in the
same tracks, will form deep ruts by the breaking of the pave-
ment. The above description is of the most perfect pavement I have
seen, but everywhere, except in the sorted sand of the dune regions,
a strong wind develops resisting pavements. The wind attack upon
a deposit of dry playa mud, mixed with occasional pebbles (such
pebbles are common to all deposits on account of the vicissitudes of
arid deposition) must proceed as follows: First (provided no crust
deposits interfere), the wind can blow just as much dust as contains
on the average a single layer of pebbles; second, this layer of pebbles

t Davis, “The Geographical Cycle in an Arid Climate,” Jour. Geol., 1905, pp.
385, 388, 391.
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must be laboriously sandpapered to nothingness, before the second
layer can be touched. MacDougal* reports that wheel tracks were
seen on his trip into Lower California, that had been made sixteen
years ago, and that the gun ruts of the Walker Filibustering Expedi-
tion are reported to be still visible in places after fifty years. In fact,
a wheel track on such a pavement as is described above would last
indefinitely according to ordinary popular measurements. The
polishing of a horizontal surface is striking, but the erosion accom-
plished by this action can easily be exaggerated. The wind motion
is nearly tangent to the ground, and the sand is danced lightly off a
flat surface. Let a projecting face withstand the wind, however,
and it immediately concentrates its energy to the work as vigorously
as a youthful river to an opposing hard stratum. The maximum
work is done where a crumbly horizontal sandstone attempts to
withstand the wind. Here no talus protects the face of the cliff,
and the opposing strata are completely chiseled off before the blast.?

The wind will undercut by working in the least resistant layer,
the amount of this carving being limited by the talus from the harder
layer above. Even the talus, however, is exposed to the windblast,
and its removal may be assisted by torrential water, and yielding
rapidly or slowly allows fresh attack on the cliffs.

A study of almost any erosion forms in an arid country shows
undercut wind action, and further description is unnecessary. The
action being most effective against vertical faces of horizontal strata,
the wind terraces are driven back along the weak layers. There can
be no question but that much of the amphitheater work of the Grand
Canyon of the Colorado, and the level steps of the high plateaus of
Arizona and Utah are developed by wind erosion.3

Underground water.—The depth at which underground water is
encountered in bolsons is very variable. Considered in relation to
surface geology, however, interest is not so much attached to the
underground water table as to the surface moisture table. Recent

1 MacDougal, “Botanical Features of North American Deserts,” Publication g9,
Carnegie Institution of Washington, p. g6.

2 Whitman Cross, ‘“Wind Erosion in the Plateau Country,” Bull. of the Geol. Soc.,
Vol. XIX, pp. 53-62, a striking example of the above.

3 Keyes, op. cit., pp. 81-83, 85-91, an extreme estimate of the importance of
wind erosion. s~

I
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experiments in dry farming show how a moisture table, elevated far
above the water level, can be developed and protected by cultivation.*
The crust deposits of the semiarid regions are believed to be developed
by a similar moisture table. The rainwater penetrates with diffi-
culty the dry soil, and while a portion may gain the larger openings
and sink to the underground water level, a larger portion is caught
in the capillary pores and drawn upward by the drying-out above,
and laden with mineral salts deposits its load as the “caliche’’ crusts,?
through evaporation at or near the surface. These crusts are built into
the deposits, and are slowly recrystallized, forming the calcareous,
gypsiferous, and even siliceous cement of the cement-gravels. The well
sections examined in the vicinity of Tucson show that the amount
of the cemented gravels may rise to 8o per cent. of the whole.
Possibly the “mortar beds” of the high plains of Kansas, for which
Johnson could find no adequate explanation3 were surface crusts
formed under local conditions of aridity, by means of an actively
evaporating moisture table, and covered by subsequent deposits.

CLIMATE

I believe that in the future, when the recognition of climatic effects
in sedimentation becomes general, the value of the recent articles
by Barrell and Huntington* will be highly rated. Climate itself,
however, needs still further analysis before its effects can be read
satisfactorily in the strata. The critical factors from the erosional
and depositional standpoint have not yet been determined, especially
those that are in a measure the independent variables, nor has the

t See Bulletins 103 and 130, Bureau of Plant Industry; also Livingston, “The
Soils of the Desert Laboratory Domain,” Publication 113, Carnegie Institution of
Washington; Bulletin Agricultural College of Utah, No. 91; Alway, “Studies of Soil
Moisture in the Great Plains Regions,” Jour. Agricultural Science, Vol. 11, pp. 333—42.

2 For description and discussion of the caliche see Blake, Trans. Am. Inst. of
Mining Engs., Vol. XXXI, pp. 220-26; Tolman, loc. cit.; Lee, Water Supply Papers,
No. 136, U. S. G. S, p. 111.

3 0p. cit., pp. 643-57. .

4 Barrell, “The Relation between Climate and Deposition,” cited above; ‘Rela-
tive Importance of Continental and Marine Sedimentation,” Jour. of Geol., Vol. X1V,
1906, pp. 31656, 430-59, 524-68; Huntington, “Some Characteristics of the Glacial
Period in Non-Glacial Regions,” Bull. Geol. Soc. Am., Vol. XVIII, pp. 351-85.
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effect of the swing from one kind of climate to another received more
than introductory treatment at the hands of Barrell.

Climate is the product of complex causes, a few of which may be
considered the critical factors, and the rest quite subordinate. Bar-
rell’s classification of climate into warm and cold humid, and warm
and cold arid, or again into constantly rainy, intermittently rainy,
subarid, and arid, group together certain more or less decided expres-
sions of climate, the fundamental factors of which may vary consider-
ably, and, moreover, under the present practice of compiling weather
data, these differences, some of major importance, could not be
detected. The present unsatisfactory state of climatic analysis may
be realized by comparing the conclusions of Barrell and Huntington
in regard to the climate oscillations in regions outside the ice-sheets
during the glacial epochs. Barrell suggests that in certain regions
increasing cold may increase rock disintegration, without a corre-
sponding increase in the transporting power of the streams, and there-
fore the outwash deposits may have been built up steeper as a response
to the increasing cold of the glacial period, and on swing to a warmer
climate there was erosion.?

Huntington explains that in the arid regions of Asia the moist
(glacial) epoch accelerated the weathering of rock and growth of
vegetation. Therefore waste was stored in the upper valleys of the
mountains. Aridity followed with torrential precipitation and the
destruction of vegetation, therefore the stored material was washed
down on to the bajadas, and later, the supply from above giving out,
these outwash deposits were dissected. Therefore each swing from
glacial to interglacial is represented by a terrace.?

In reaching these different results in regard to the glacial-inter-
glacial swing in elevated subarid regions, different sets of critical
factors are assumed. It is not unlikely that both assumptions are
correct and that the variations in different factors occurred at different
times. It surely therefore is profitable to find out if possible what
factors are of quantitative importance, and what range of play is

possible between them.

1 Op. cit., pp. 172, 173. Barrell applies this to the dissection of the Gila Conglom-
erate. The author has reached a different conclusion which he hopes to present in a
later contribution.

2 Op. cit., pp. 357, 358-
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We must assume that there are certain areas of the globe which
have had a dominantly arid climate as long as the atmospheric and
oceanic circulation and the shape and relief of the continents resemble
that of today. Doubtless those tracts whose arid condition is due
chiefly to the trade winds have had a more continuous and a more
steady arid history, than the deserts of the northern regions due
mainly to topography. We have had the curious anomaly in the
development of a geological philosophy during the last twenty years
permitting, on the one hand, the upthrust of a continent thousands
of feet, on the evidence of a slightly river-scarred plain, and, on the
other hand, an almost universal assumption of climatic constancy,
that could not possibly exist in view of the movements involved.
Fully as curious are the physics involved in the earth movements
necessary to make the lakes hold water, and then discharge the same
again, in which the shifting piedmont and outwash deposits (errone-
ously interpreted as lacustrine) have been assumed to be laid down.

In the bolson region it is believed that if only there is a general
dominance of arid conditions, a very considerable swing from arid
to humid and back again is permitted. The through drainage of
the moister climates has had great difficulty in' cutting through the
great talus and rock slopes which aridity has carved and built up
into undrained basins.

While aridity depends primarily on deficiency of precipitation,
variations in the same may take place along the following lines:

TYPES DEPENDING UPON THE DISTRIBUTION OF PRECIPITATION

Type 1. Torrential concentration of rainfall: (@) with moderate
rainfall; (b) with deficient rainfall.

Type 2. A distributed and gentle rainfall, moderate in amount.

Type 3. A distributed and gentle rainfall very deficient in amount.

Torrential concentration.—The importance of torrential precipita-
tion need not be investigated here. All writers are unanimous in
giving it an important réle. The general assumption seems to be
that torrential concentration increases with aridity. It should be
emphasized, however, that we have not the observational data to
properly gauge this factor. The weather bureau arranges its data
along average lines. Average daily, weekly, monthly, yearly tables
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are given and doubtless later we will be told the average of the century.
A knowledge of the average precipitation tells us little. The observa-
tions should also be arranged to determine the density of the preci-
pitation, the unit taken being a rate of fall measured in centimeters
per hour, then the figures for the rate of fall of each shower, or the
most violent portion of the same would furnish some numerical
foundation for further deduction. The assumption that increasing
aridity always involves increasing torrentiality is not wholly justified,
for conditions can be set up deductively which will cause an increasing
precipitation of increasing torrential character.

In this preliminary analysis, therefore, torrential concentration is
chosen as the first of the important factors governing desert climates.
Livingston reports® that summer rains in Tucson often reach the
amount represented by 1 cm in ten to fifteen minutes, and I estimate
that, under the conditions that there obtain, a density of 3 cm per hour
can probably be considered the lower limit of torrential precipitation.

The climate of the Salton Sink and San Felipe desert in Lower
California is a good example of Type 3. MacDougal states? that the
rainfall is distributed through the year so that only a small precipita-
tion is received within any one month, and that at the Raza Islands
no precipitation occurred for more than an entire year. At Fort
Yuma the average for twenty-six years is 2.84 inches per year, with
a fairly even monthly distribution, excepting a notable decrease for
April, May, and June. This region shows to a marked degree the
increased importance of wind action, and the extensive slopes are
of gentler gradient than those developed under more torrential
conditions. Without carrying analysis farther it is safe to conclude
that under a non-torrential and distributed precipitation, the main
quantitative factor is the increase in the relative importance of the
wind action.3 \

If now rainfall increases moderately without decided torrential
concentration, it is probable that vegetation, especially the grasses
and the forests, will increase in importance, and the material of rock
disintegration is held back, chemical weathering starts, talus slopes

1 Loc. cit. 2 Op. cit., p. 43.
3 See Douglass, The Crescent Dunes of Southern Peru (in press); (Tolman,
‘“ The Crescentic Dunes of the Saltan Sea,” Jour. of Geography (in press).
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decrease in inclination, and also are protected against removal by
grasses.® Here then the factor of increasing importance is the pro-
tective sheet of vegetation.

Effect of temperature—Here again the extreme daily difference
in temperature at the naked rock surface is desired, and the abundant
data compiled from observations taken under shelters, etc., are of
little value. Further, in the attempt to discover those factors of
primary importance, all changes of longer period may be overlooked.
Where the freezing-point is crossed daily, we probably have one of
the maximum points in temperature change action, and where the
rock surface remains above or below freezing for more than a day,
the effect is diminished.? Here again there is a chance to gather
further information, at moderate outlay of trouble, by placing self-
recording thermometers on exposed rock surfaces, at different alti-
tudes and times of the year in desert regions. It is evident that
daily temperature is a variable, at least partially independent of
the distribution of the rainfall, and after data have been collected
its separate analysis as a climate factor should he attempted. Sum-
ming up we find that the following varieties of desert climate are
important:

Type 1. Torrential Precipitation Dominant

- A—extreme E

a) extreme
Torrential distribution.. . or

in either case
B—moderate with daily temp. diff.

or

b) large
Type 2. Protective Plant Covering Conlrols

A moderate and distributed rainfall with no great extremes of daily thermal

change.
Type 3. Wind Action Important
a) extreme

A thin distributed rainfall gradi ; i
tol:o ; iﬁfa‘jl? rainiafl grading f and daily temp. difference 3 b)ofa ge

DEPOSITS OF THE BOLSON

The Bajada Outwash. Inclination.—Inthe moderate torrential con-
ditions of southern Arizona, the middle portion of the slopes varies from
soto 3oofeet permile. The grade of thismiddle portion appears remark-

t Johnson, op. cit., p. 625.

2 See Barrell, 0p. cit., p. 172, for a summary not entirely in accord with the above
and for a list of authorities; also C. and C., Geology, Vol. I, pp. 44-48, and MacDougal,

0p. ¢it., pp. 77-79-
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able even to the eye, and shows on the topographical maps by the even
spacing of the contours. The grade increases on approaching the
rock surface, and in extreme cases, especially where the slopes lead
up to volcanic hills where undersapping by wind is prominent, it
approaches the angle of repose for the material of which it is com-
posed. It is distinguished from the upper margin of lake and ocean
deposits by the absence of wave-built and wave-cut terraces, and the
flat upper surface of the top set of the delta, etc.

Upper limit.—The line traced by the contact of the detrital
material with the rock surface invariably extends up every gully and
down around every ridge. With lake or ocean deposits a level upper
line is scarred into the landscape by beach and cliff action.

Size of material.—The astonishing size of the boulders found in
the outwash, with other phenomena described later, has led to a
local popular appeal to glacial action. Boulders up to six feet in
diameter are found in the Catalina and Santa Rita outwashes near
Tucson, for a distance of half a mile from the present rock surface,
and boulders at least two feet in diameter six miles and more from the
present ranges. In ocean deposits occasional distribution of material
of this size below cliffs only is noted.

Shape of boulders.—They are generally subangular, although
some are partly rounded by their tumultuous journey.

Decomposition of the material.—Almost no decomposition of
either boulders or smaller material was noted in the various bajada
deposits examined; so much so that grave difficulty is encountered
when attempting to account for the large amount of calcareous
cementing material often present.

Sorting.—Layers of sized and clean sorted boulders, gravel, and
sand are discovered but more often sorting is completely lacking,
although stratification is always excellently developed. Pebbles are
found in a matrix of sand, and boulders in a matrix of clay. In
extreme cases the latter may not be due to water action. For instance,
about two miles northwest of Travertine Point, Salton Basin, Cali-
fornia, talus deposits, remnants of old slopes, were filled in with wind
dust, and proved treacherous to climb. This is a deposit formed
under extreme conditions of great daily temperature change and small
non-torrential precipitation.
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Arroyo trains.—The larger streams often run, for a portion of
their course, at least, below the surface of the bajada, and neverthe-
less their work may be on the whole aggradational. Down such
channels the streams bring large boulders, forming extensive radial
deposits of rock trains.*

Sand pockets.—In the larger stream bottoms, especially in the
cross drainage when developed at the foot of the bajada, deposits of
perfectly sorted sand occur in “whirl pockets” sometimes composed
of clean mica, forming then bad quicksand deposits.

Changes in layers—The shifting character of the aggrading
streams records itself in the rapid wedging-out of the layers. This is
especially well shown in Tucson well sections where the boulder
layers in adjacent wells do not occur in the same place in the column.

1 Tolman, “Notes on Desert Processes and Desert Deposits,” Journal of the
Proceedings of the Annual Convention of the Arizona Miners Association, 19o5—6, p. 15:
“The distribution of coarse material in the outwash desert deposits is in some ways
remarkable. The larger stuff is, of course, somewhere in the vicinity of the mountains.
It is also distributed to great distances down the temporary torrent channels. To
appreciate what is accomplished in these waterways at a distance from the mountains,
it is necessary for one to have seen some such a display as I once witnessed on the desert
plain between Altar and Puertocito on the road to Santa Ana, Sonora, Mexico. I was
driving with no thought of rain, when suddenly I came to one of the numerous washes
that cross the road, and found it filled to the brim with a foaming roaring flood, which
was as impassable as the Niagara. Looking towards the mountains perhaps ten or
fifteen miles distant, I noticed for the first time the black speck of the cloudburst,
which happened to be at the headwaters of this arroyo and no other. In a few hours
I was able to cross, and on my return found some boulders to approach three feet in
diameter. And this was ten to fifteen miles distant from the mountains! On the west
slope of the Santa Rita mountains (east of Tucson) there is a ridge of rocks that was
piled there by a torrent which later took a different course. These large boulders
have remained invincible against the subsequent attacks of the water. This deposit
has been mistaken for the moraine of an old glacier. . . . . The rate at which the
mountains are torn down and the outwash deposits are built up, is rapid indeed when
compared with the slower processes of ordinary erosion. As an example of this rate
I shall mention the fact that the bottom layer of the Tucson outwash deposit, south
of the Santa Catalina mountains, contains fragments of porphyries and lavas which
do not appear in place on the south side of the range. The conclusion is evident that
this layer represents a portion of the mountains entirely washed away. . . . . Some-
times great boulders are found at some distance from the mountains. I recall one
case where, between a great boulder and the parent mass from which it had been
detached, there was a short ridge or knoll fifty feet high. I was asked how the boulder
could have traveled up over the hill to its present position without the aid of ice. I
answered ‘the surrounding country has been washed away and the hill left as a rem-
nant, since the boulder rolled down from above.””
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Stratification.—The stratification in outwash deposits is especially
developed. The alternate floods, of varying volume, now carry
mud and now boulders, both depositing. Also the wind action
described sorts out a protective layer of larger pebbles. The crusts
develop a more or less stratified form, especially where the surface
is level. This is, however, modified by a dome structure, due to the
drying-out of the slightly elevated portion, causing a capillary flow
in that direction, and accentuated by a slight erosion of the hollows.

Playa deposits.—The deposits of the playas vary considerably
especially as they are formed (1) under a water sheet of moderate
depth; (2) in a thin sheet as an evaporating mud surface; (3) as a
flood-sheet deposit from a strong flow from above; and (4) these
are all modified by wind erosion during periods of aridity. The
strata deposited under lacustrine conditions need not be considered
here, as the details of such deposition have been under geological
observation for many years. An excellent summary of the details
is found in Barrell’s articles, cited above. Summarizing some of
the points of especial import, the following are noted: (1) The
strands and terraces of inland water sheets comprise some of the
first of the climatic criteria discovered by geology; (2) coarse
material is distributed in belts, parallel to the strands, and found
only in their vicinity; (3) the deeper muds are largely wind-borne,
and therefore of even fineness; (4) lack of subaerial markings of all
kinds, within the body. of the deposit, as well as of oxidation, are the
chief features separating lacustrine from playa and subaerial delta
deposits; (5) thick beds of pure sorted mica, floated out into deep
water (observed in the Painted Canyon series, Mecca, California),
indicate deep-water deposition under arid conditions.

On account of the lack of dissection of the playas visited, less data
have been gathered on this subject than on the others.* Some of the
characteristics have been inferred from observations on playas in the
making.

Chemical deposits of the playas.—The chemical deposits of the
playas are the more soluble salts, while that of the lower portion
of the surrounding bajada is largely carbonate of lime.

Playa mud. Subaerial characteristics.—The well-known markings

t For characteristics discovered by Huntington in Turkestan, see op. cit., p. 286.



EROSION IN ARIZONA BOLSON REGION 159

due to the drying of a mud sheet show extreme development here.
Wind, sand, and salt often comprise the filling of the mud cracks.
Mud crack tubes. At the margin of the Salton Sea the drying-out
of irregular mudcracks develops a surface crust of salt, arching over
the crack. When well developed these become perfect tubes, and
simulate the salt crusts deposited around small roots, or even fossil
tubes of worm burrows. Shallow channels caused by wind erosion
were excellently developed on the Salton beaches, and might find
preservation in fossil playa deposits. Where the playa develops
alternate extended and lacustrine conditions, restricted with well-
developed beaches, dune formations, and blown-sand deposits, with
plunging and truncated structure, invade and cover the playa muds.
Special development of dune and standing-water action was noted in
the area of the Crescentic Dunes, Carrizo Sands, Salton Basin, which
explains some irregular structures showing fragments and lenses of
wind sand in shale, noted especially in the Painted Canyon series,
Mecca, and deserves, perhaps, at least a passing notice. Between the
individual dunes, the ground is strewn with rock fragments, composed
largely of pieces of strongly cemented dune sand, and protruding above
the surface is a most irregular wind-sand formation, also cemented.
Its irregular truncations and bevelments showed plainly that it was
built up of truncated bottom layers of dunes that had passed over,
leaving behind their bottom layers, captured by the salt seepage
water, and later cemented by limonite, the whole formation showing
the extreme conditions under which it was formed.!

Animal remains in playas.—Judging from the large number of
bogged cattle that perish in the Arizona “cienegas” (fresh-water
mud flats) during periods of drought, the same ought to be expected
in older playas. Salt water would not attract the animals. The
wind-rows of decaying fish that occur after flood intervals, in the
Laguna Maquata, described and explained in the following quotation,
are suggestive in connection with the development of petroleum, in
strata deposited in arid regions suffering from periodic invasion by a
strong river or the sea.

This low ridge of dead fish was seen to extend for about 15 miles and may
have been double that length. A similar observation was made by Orcutt in

1 Tolman, loc. cit.
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1890, who found that the remains at that time were of mullet. From other
sources it seems fairly probable that nearly every flood brings with it shoals of
fish which find their way into the laguna. The shallow sheet coming in over the
plain to the southward must furnish abundant food: but as the water rises in
temperature and increases in concentration, it seems quite probable that a point
is reached at which the water becomes poisonous to all of the finny inhabitants.
Furthermore, this condition ensues at once and with sweeping effect, for the dead
fish go ashore during so brief a period that no marked change of level has taken
place; and as evaporation may be as great as half an inch a day, and scarcely
ever is less than a quarter, the disaster must take place within a week or two.*

Plant remains.—There is a decided dearth of fossil remains on
both bajada and playa deposits. In regard to the former this is to
be expected, due to complete oxidation and lack of exploration. The
playa deposits, especially the fresh-water playas, and the cienegas
of the semi-bolsons would be expected to contain more in spite of
subaerial exposure, for wood decay is extremely slow in arid regions,
and the dense clay ought to help preserve the more resistant portions
of the plants, such as the sahuaro ribs and such hard woods as mes-
quite. The prompt decay of the mesquite wood which was immersed
under the expanded Salton Sea, and now exposed, suggests that even
a small amount of salt dissolved hastens decay, for the Salton water
contained (June, 19o7, about 2} vears after the first break of the
river into the basin only) about four times as much salt as the Colorado
River at low water, and even now it is possible to drink the water
under stress of necessity.? An interesting problem demands solution
as to whether or not the Tertiary deserts were more deficient in plant
covering than those of today.

Erosion of the dried playa.—This is entirely by wind action. The
smaller the playa the more likelihood of desert pavements, on account
of the larger proportion of pebbles contributed by the floods from
above. Such fossil wind-erosion surfaces have been noted in deposits
examined.

Relative importance of lake and outwash deposits.—A brief recon-
naissance in the Salton Basin gave a good chance to compare the
relative importance of the lake deposits, and those laid down in the
bajadas. This basin has suffered many invasions by the river water,

1 MacDougal, “The Desert Basins of the Colorado River,” cited above, pp. 16, 17.
2 For analyses, see MacDougal, op. cit., p. 3.
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each time forming a “sea.” Many of these seas were sufficiently
long-lived to develop excellent strand phenomena, and yet the basin,
over which these advances and stays of the water took place, shows
a most insignificant proportion of lake deposits compared with the
detrital outwash from the mountains. It is little wonder that the
early explorers, attributing all the depositional work to stan. ing
water, formed a very erroneous idea of the relative importance of
lake deposition, and extended the sphere of its action far beyond that
warranted by facts.

EFFECT OF CLIMATE ON THE EROSION OF THE BAJADAS

Turning again from facts to theory, let us investigate the effect of
climatic variation on the erosion of the upper margin of the bajada.
Hose Space forbids a discussion of all the possible
variations of climate on desert erosion, and
moreover the profit resulting from such a
theoretical discussion is very problema-
tical. Even the limited inves-
tigation presented is more for
the purpose of showing how

F16. 3.—Ideal profile
of a bolson. Curves b and

e

¢ show the different angles ——— T

of slope of the upper portion TS _.:-_.’: =t
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the text. - - 7=

complicated are the relations obtaining, and to emphasize the quota-
tion which appears at the beginniag of this article, rather than to
develop working criteria.

Assuming that a playa is unaffected by earth movements that
might displace it relatively to the surrounding bajadas, or by erosional
attack of through drainage discharging to a lower level, a gullying
from top to bottom would hardly be expected, and a minor incision
especially of the upper portion would be more common. The initial
slope is profiled by curve a, Fig. 3. Curve b shows the equilibrium
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line with a lower angle of slope, a state of affairs that will result in
the gullying of the bajada, while curve ¢ indicates a condition that
would result in rapid deposition. That such an erosion of the upper
edge takes place irrespective of the conditions at the foot of the slope,
is indicated by the fact that there are gullies which develop in the up-
per slope, but fade out before the bottom of the outwash is reached.
Furthermore, an important criterion is discovered at this point.
Should the bajada be gullied sharply from top to bottom, the cause
may well lie in some change affecting the level of the playa, or the
outwash drainage of the semi-bolson. North of Tuscon, in the Santa
Catalina Mountains, there are remnants of an older and much higher
bajada, than the well-developed lower and gullied slope. Prelimi-
nary studies suggested that this erosion might be connected with cli-
matic change, but later it became evident that this was directly
connected with the drainage developing at the foot of the slope.

Theoretical analysis, then, teaches us to look for variations of
climate written in the upper slopes of the bajadas. The following
is a list of those that ought to be most easily recognized:

Change in daily temperature difference variable, other factors
remaining constant.

Change in torrential concentration variable, other factors remain-
ing constant.

Change in plant covering variable, other factors remaining constant.

More effective still would be the immediate result of a decided
swing, say from an effective daily temperature difference, to a marked
torrential concentration, or the destruction of a heavy plant covering
by aridity and a torrential concentration. Such possible factors
were considered in attempting to explain the formation of the decided
gullies that issue from the larger canyons of the Santa Catalina
Mountains, and have incised the recent bajada,* but on close con-
sideration it seemed more probable that these could best be explained
by the fact that they drain a large area back in the mountains. The
higher watershed receives more of the non-torrential winter rains,
while the lower lands receive a larger proportion of their precipitation
in the summer months and of a markedly torrential variety. The
winter streams maintain a constant flow for several months, and are

t See the Topographic Map, Tucson Quadrangle, Ariz., V. S. G. S.
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underloaded, and therefore slowly cutting. This erosion would be
increased merely by increasing the proportion of winter precipitation
to the whole.

Some idea of the delicate balance between climate and geological
processes is gathered, when one considers that a slight shifting of the
precipitation from the summer to the winter seasons produces a
marked effect in erosion. Furthermore, differences in rock structure
are more reliable as records of past climate than erosional features,
so full of double meaning. Further investigation into possible
criteria of climate change will not be undertaken here, although all
the criteria suggested by studies so far have not been exhausted.
If I have suggested some of the possibilities of the final results of
this study, some of the working methods to be applied, some of the
points that call most urgently for investigation, and some of the
results that may finally be expected, the purpose of this contribution
will have been fully accomplished. -



THE WAVERLY FORMATIONS OF EAST-CENTRAL »
KENTUCKY*

WILLIAM CLIFFORD MORSE, Columbus, Ohio
AND
AUGUST F. FOERSTE, Dayton, Ohio

During a part of the summer just closed, the authors of this paper
were engaged in working out the sub-Carboniferous stratigraphy of
East-Central Kentucky for the state survey. The area covered
extends from the Ohio River at Vanceburg southwestward seventy
miles to the Kentucky River at Irvine. The results obtained,
especially in the lower Waverly, are of sufficient interest, it is thought,
to warrant publication.

The term Waverly was first applied to a series of rocks in Ohio.
Under it are now included all of the rocks from the top of the Ohio
shale to the base of the sub-Carboniferous limestone. In central
Ohio the series has been divided into six formations, based upon
their lithological characters. These formation names will be used,
as far as fpossible, in the Kentucky field. Ttey are, in descending
order:

6. Logan formation.

5. Black Hand formation.
4. Cuyahoga formation.
3. Sunbury shale.

2. Berea grit.

1. Bedford formation.?

In the southern part of Ohio, however, the conglomerate phase
of the Black Hand is not developed as it is in the central part. This
makes the division of the upper Waverly into the Black Hand and

t Published by permission of Professor Charles J. Norwood, director of the
Kentucky Geological Survey. Presented at the eighteenth meeting of the Ohio
Academy of Science, Granville, November 28, 19o8.

2 C. S. Prosser, ‘“The Classification of the Waverly Series of Central Ohio,”
Jour. Geol., Vol. IX, pp. 214, 215, 19o1. That the line of division between the Car-
boniferous and Devonian systems is still in doubt may be seen by referring to Professor
Prosser’s paper, ‘“Revised Nomenclature of the Ohio Geological Formations,”
Geol. Surv. Ohto, Bull. 7, pp. 2, 17-21, 1905.
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Logan practically impossible since the rocks, beginning with the
upper Cuyahoga, are lithologically very similar. This is true also
of the Kentucky field.

The lower formations, the Bedford, Berea, and Sunbury, and also
the lower part of the Cuyahoga, on the contrary, are quite constant
in this part of the state. They have been traced as far south as the
Ohio River. Professor Prosser in the preparation of his paper on
“The Sunbury Shale of Ohio” pushed the line just across the river
and made a section at Vanceburg, Ky.*

Shortly after leaving the Ohio River, however, the Bedford and
Berea rapidly thin out, allowing the Sunbury shale to rest almost
directly upon the Ohio shale. The sandstones of these lower forma-
tions also disappear and are replaced by shales. There is also a
marked westward thinning.

The discovery of these facts has contributed materially to the
correct determination of the Waverly formations of eastern Kentucky.
The presentation of these data together with their bearing upon the
stratigraphy will form the chief part of this paper. This, probably,
can best be accomplished by giving in order a few sections which
clearly show the changes.

At the southeastern end of Vanceburg is a high hill known as
Alum Rock. Along a path ascending this hill the rocks are nicely
exposed from the Ohio shale to the lower part of the Cuyahoga.
Since this section is one of the most typical of the lower Waverly in
Kentucky, it will be given somewhat in detail, although it has already
been published.?

SECTION OF ALUM ROCK, VANCEBURG

Feet Inches  Feet
§. Cuyahoga formation..... ... ......................... 39

Interval covered except a thick layer of argillaceous sand-
stone at the top. The sandstone contains Taonurus.
Small phosphatic nodules are found in the basal part of
the interval.
4. Sunbury shale, total thickness. ....................... 15%
Black, fissile, carbonaceous shales, which cannot be
distinguished, lithologically, from the Ohio shale.

t Jour. Geol., Vol. X, pp. 292, 293, 1902.
3 Loc. cit.
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3. Berea grit, total thickness.......................... 22}
Thick layer of gray sandstone. . ...................... 2 6
Heavy layer of rather coarse-grained gray sandstone, the
upper surface excellently ripple-marked.............. 3
Medium to thick-bedded rather coarse-grained gray sand-
stones, beautifully ripple-marked..................... 15
Arenaceous shales. ....................... ool I
Layer of fairly coarse-grained gray sandstone........ 9

2. Bedford formation, total thickness.................... 95%
Blue arenaceous shales and shaly sandstones. Lower
part slightly covered. ............ ... ... ... ..ol 35
Arenaceous shales with thin sandstone partings....... 7
Layer of thick-bedded gray sandstone................. I 8
Arenaceous shales with two layers of sandstone......... 6 9
Heavy layer of gray sandstone, with lower surface con-
1103 -1« FS PP 2 4
Arenaceous shales with two layers of gray sandstone... 6 6
Layer of thick-bedded buff sandstone................. 1 9
Medium-bedded gray sandstones with shaly partings... 2 10
Arenaceous pink shales with sandstone partings........ 2 6
Coveredinterval...................... .. . Ll 5
Layer of thick-bedded, buff sandstone................. 2
Practically covered interval with some argillaceous shales. 22 6

1. Ohtoshale. ... ... .. ..o, 242

Black fissile, carbonaceous shales. About ten feet from the
top, one or two linguloid shells occur. Near the central
part the shales become softer and lighter in color and
resemble a similar zone in the Ohio at Columbus, (Ohio).
The interval (242’) is mostly exposed and extends to the
level of the Chesapeake and Ohio Railroad. At “Slate
Point,” however, the top and bottom contacts are shown
and the total thickness is 3or} feet.

The most striking feature of this section is the development of
sandstones within the Bedford formation, which usually consists of
shales alone. This feature recalls a similar development in northern
Ohio. Along Euclid Creek, east of Cleveland, sandstones occur
in quite regular layers at about the same horizon, and are extensively
quarried. They are known to the trade as the Euclid stone and the
division has been appropriately named the “ Euclid lentil” by Profes-
sor Prosser.* '

t Used in a manuscript not yet published.
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Alum Rock hill extends only a short distance, 39 feet, above the
Sunbury shale and this interval is practically covered except at the
top where a massive layer of sandstone is exposed. Higher strata
are found, however, in an adjacent hill known as “Slate Point.”
Near the summit the lower Cuyahoga is quite well exposed along the
road which ascends the hill. It consist of even-bedded argillaceous
sandstones or freestones with shaly partings and is the typical Buena
Vista member.*

On the Petersville Road some three miles south of Vanceburg is
a long hill known as the Vanceburg hill. After this is crossed, the
Sunbury shale is found at its base, and below, 193 feet of the top
of the Berea grit. Instead of being a massive sandstone, as at Alum
Rock, the most of this interval is composed of arenaceous shales and
shaly sandstones, only 2% feet reaching the proportions of a thin-
bedded sandstone. The upper two feet have been considerably
disturbed while the last layer varying from o to g inches is badly
contorted. There was no question as to this identification, however,
as the sandstones were excellently ripple-marked and were directly
overlain by the complete Sunbury.

Such marked lithological changes in so short a distance are very
striking and should cause subsequent study to be performed more
critically. They also prepare us for, or cause us to anticipate, other
changes.

At various places along the next six or eight miles of this same
road, slight exposures show that the area has been somewhat dis-
turbed. This is mostly in the form of folds and affects the top of the
Ohio shale and the Bedford and Berea. In one place the movement
was sufficient to cause a fault but the exposure was not large enough
to show the amount of displacement.

Thirteen miles south of Vanceburg, at the home of J. E. Kegley,
the Petersville Road crosses a small run called Elk Lick. At the
road side south of this stream is a steep hill, upon the side of which
the Ohio, Berea, and Sunbury are exposed. While the out-crops
are not all that could be desired, yet they show that the Bedford and

t For the revival and present usage of the term ‘“Buena Vista” and another,
““City ledge,” to be used later, the reader is referred to pages 341 and 342 of Professor
Prosser's paper on “The Waverly Formations of Central Ohio,” Am. Geol., Vol.
XXXIV, 1904.
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Berea have thinned from 118 feet to a total not exceeding 75 feet

in this distance.

ELK LICK CREEK SECTION
Feet Inches Feet
4. Sunbury shale.

Pieces of black, fissile, carbonaceous shale directly above
the sandstone layers.

75

Medium-bedded sandstones, ripple-marked on the upper

surfaces. Unquestionably Berea..................... 7 6

Covered interval, which probably contains the contact

of the Bedfordand Berea............................ 67 6
1. Ohioshale. ................. ... ... i, 30

Black, fissile, carbonaceous shales, which extend down

to the level of the highway at the spring.

In the second gully west of the schoolhouse in Petersville, the
strata are exposed more or less completely from the Ohio shale to the
lower Cuyahoga formation. By combining the exposures of both
branches of this gully, an almost continuous section is had from the
top of the Ohio to the top of the Sunbury. This is the key section
to the lower Waverly problem. The Bedford and Berea cannot
have a total thickness of over 46% feet, showing a thinning of over
vo feet in 18 miles or nearly 3o feet in 5 miles. The sandstones, too,
have also practically disappeared, leaving only the shales behind.
Whether these belong to the Bedford alone or to the Bedford and
Berea.is still an open question as both formations contain sandstones
at Vanceburg. If a section of about normal Berea, underlain by
shales only, were obtainable somewhere in the vicinity of Elk Lick,
then these 46% feet could be referred to the Bedford. However,
such a section has not been and probably never will be found. The
shales probably belong in part to the Bedford and in part to the
Berea. If this be true they cannot be separated into the two forma-
tions from here southward and for the present, at least, they will be
designated together under the inclusive term Bedford-Berea.

PETERSVILLE SECTION
. Feet Inches Feet
4. Cuyahoga formation................................ 558

Medium to heavy-bedded, gray, argillaceous sandstones
with shaly partings............... . ... ...l 14
Coveredinterval.......................ccovievunnnn. 41 6
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3. Sunbury shale, total thickmess. ...................... 12}
Black, fissile, carbonaceous shales. )

2. Bedford-Berea, total thickness....................... 46+
Covered, except some arenaceous and calcareous shales, .
which are probably ripple-marked.................... 14
Bluish to buff arenaceous shales with an occasional parting,
rpplemarked............. ... ..ol 17 6
Blue, argillaceous to arenaceous shales with an occasional
calcareous or arenaceous parting...................... 7
Thin layer of sandstone. ............................ 5
Blue, argillaceous shales with a little black, carbonaceous
shaleatthebase................................... 4
Coveredinterval.................. ... .ol 2
Soft, argillaceous shales mixed with some black shales. . 9

AW

Black, carbonaceous shales, slightly covered............ 85

Covered, to the water level of Kinniconick Creek at the

church........c.oiiiii 10

Near Fox Springs, Fleming County, an exposure shows a probable
thickness of 324 feet -for the Bedford-Berea. While the horizon
continues to thin to the southward, the‘rate of decline is much more
gradual than it has been in the area just discussed, and for this
reason sections will now be given at longer intervals only.

In the highway leading up the hill at Rockville Station, Rowan
County, is an excellent exposure from the Ohio shale to the lower
Cuyahoga. The Bedford-Berea is only 184 feet thick, but probably
the greatest value of the section is its aid in determining the true
horizon of the sandstones quarried in this vicinity. These have
been referred to the Berea grit by Hoeing,* but a glance at the follow-
ing section will show that they belong to the Buena Vista member
of the Cuyahoga formation. The Buena Vista sandstones with
shaly partings are typically developed but the interval is only 37 feet
as compared with 6o feet for the same member along the Ohio River
west of Portsmouth, Ohio. '

SECTION AT ROCKVILLE STATION

Feet  Inches Feet
Soil to the level of the peneplain...................... 15

4. Cuyahoga formation. ............................... 90
Soft, blue, argillaceous shales with an occasional ferrugi-

" s Kentuchy Geol. Surv., Bull. I, p. 49.
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Feet Inches Feet
nous parting. The lower two feet covered, but probably
shales. ... 35
Soft, blue, argillaceous shales alternating with thin to
medium-bedded argillaceous sandstones, the shales
predominating. ............. ... .o 18
Top of the Buena Vista member and also the top of the
stone quarried. Even-bedded argillaceous sandstones,
““freestones,”” with thin partings of blue argillaceous shales.
The sandstones contain Taonurus. The layers are
mostly medium-bedded, that is of proper thickness for
commercial use. Their size together with the shaly
partings render them easily quarried. They are quite
extensively worked and make a beautiful and excellent
SEOME. . .ttt e 25 6
Soft, blue, argillaceous shales with three or four shaly
sandstone partings, which contain Taonurus............ 4 6
Soft, blue argillaceous shales......................... 7
3. Sunbury shale, total thickness....................... 16}
Black, fissile, carbonaceous shale.
2. Bedford-Berea, total thickness....................... 183
Soft, blue, argillaceous and finely arenaceous shales, and
fine-grained shaly sandstone. The lower two feet have
one or two thin layers of black, fissile shale.
1. Ohtoshale. . ............oo oo, 20}
Black, fissile, carbonaceous shales. ................... 2
Covered to the level of the Chesapeake & Ohio Railway
Exposures in a nearby gully and the main stream show,
however, that all of this interval is Ohio shale. ......... 18 9

Quite a variation in the thickness of the Bedford-Berea occurs
along an east-and-west line at Olympian Springs, Bath County.
This variation will be given here to prepare us for the remarkable
thinning farther southward. Two sections were made within a radius
of a mile of the Springs. In the eastern of these the horizon measured
12} feet, in the western 53 feet, while on the opposite side of the hill
from the latter and a half mile farther west, the thickness was only
2 inches. The Sunbury on the contrary was quite regular, measuring
124, 124, and 12 feet for the respective sections.

From Olympian Springs southwestward, at least on the western
border of the Cuyahoga outcrops, the sandstone layers of the Buena
Vista member begin to gradually disappear. By the time Jefferson-



WAVERLY FORMATIONS OF KENTUCKY 171

ville, Montgomery County, is reached, only a single layer remains.
It occupies the position of the lowest, but whether or not it is one and
the same layer or different layers at the various exposures to the south-
ward cannot be determined. From its position.in the following
section, which was taken one mile east of town, it will be seen to
occupy the position of the “City ledge.”

SECTION AT SLATE CREEK BRIDGE, JEFFERSONVILLE

Feet  Inches Feet
4. Cuyahoga formation. ........................ccu.... (353

Layer of massive, argillaceous sandstone with Taonurus
abundant. In this vicinity exposures are sufficient to
show seventeen or eighteen feet of argillaceous shales
above thislayer................. ...l 2 10
Soft argillaceous shales. ............................. 2 3
3. Sunbury shale, total thickness....................... I
Black, fissile, carbonaceous shales.
2. Bedford-Berea, total thickness....................... 4%
Bluish to dark, slightly ferruginous, argillaceous shales.
1. Ohioshale. ................ ..o iiiiiiiiiiniinans 31}

EXPOSUIE. .. \v vttt ittt r i 3t 6
Black shales extend to the level of Slate Creek at the
bridge, but these were not measured.

Still farther south the lower layer finally disappears. In place
of the Buena Vista sandstones, soft, argillaceous shales occur in the
lower Cuyahoga. To these clayey shales, August F. Foerste applied
the term “Linietta clay,” provisionally, before their identity with
the New Providence shale of southern Indiana was ascertained.®
The New Providence shale with the overlying Riverside sandstone,
it will be recalled, make up the Knobstone formation of Indiana.

About Indian Fields in Clark County, the Ohio shale extends to
near the top of the hills. One mile east of the station, along a highway
passing within a quarter of a mile of Oil Springs, the following section
was taken. The chief interest in this one is, that while the Bedford-
Berea is only two inches in thickness, the shales are fossiliferous.
More will be said about these fossils after the Irvine section has been
given.

1 Kentucky Geol. Surv., Bull. VII, p. 14.
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SECTION AT INDIAN FIELDS
Feet

3. Sumburyshale.......... .. ... ... ...
Black fissile, carbonaceous shales.

2. Bedford-Berea, total thickness.......................
Fossiliferous, argillaceous, and calcareous shales.

1. Ohio shale.
Black, fissile, carbonaceous shale extending down the hill
for a long distance but not measured.

Inches Feet
ot

An instructive section is seen one mile northwest of Stanton,
Powell County, in a lane leading up to the residence of Lewis

Foulkner.

SECTION AT STANTON
Feet
4. Cuyahoga formation. .. .............................

Soft, blue, argillaceous shale not measured.
Layer of buff, fine-grained, calcareous sandstone, which
weathers into large flat nodules................. ... . 1
Soft, blue, argillaceous shale......................... 3
3. Sunbury shale, total thickness. ......................

Black, fissile, carbonaceous shale.

" 2. Bedford-Berea.......................ciiiiiiiii..
Bluish, argillaceous, and calcareous shales.

Black, fissile, carbonaceous shale..................... 16
Covered to the highway............................. 19

Inches  Feet

41
3
6}
vr
16%
6
9

The final section is from Irvine, Estill County. Here the Bedford-
Berea is 1 foot, 6 inches in thickness and fossiliferous, while the Sun-
bury is only 3 feet. This very gradual decrease in the Sunbury
should be noted although it is much less marked than the thinning of

the Bedford-Berea.

SECTION OF MINERVA MOUNTAIN, JRVINE
Feet

6. Sub-Carboniferous limestone. ........................
Yellowish, sandy-like limestone, lying at the extreme

top of the hill.

5. Upper Waverly series, not divided. ..................
Covered interval............. ... ... it 60
Thin bedded, buff, argillaceous sandstones, which
weather to thin shaly pieces, Taonurus. ................ 17

Layers of massive, buff, argillaceous sandstone, Taonurus
abundant.......... ... 24

Inches Feet
I

344
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Buff, argillaceous sandstones, weathering to shales.

Coveredinterval................ ... i 225 6
4. Cuyahoga formation, top not determined.............. 144
Brownish, ferruginous, and calcareous, nodular layer
of sandstone................ ... il 6
Indurated, bluish to pinkish, argillaceous shales with
ferruginous, nodular layers. .............. ... ... ... 69 6
Soft, bluish, argillaceous shale with ferruginous, nodular
layers, slightly covered (top of Linietta clay)............. 63 6
Layer of brownish, argillaceous sandstone, which breaks
upintoshaly layers.................... ... oL 2
Soft, bluish to pinkish, argillaceous shales with small
phosphaticnodules. ................. ... ... il 8 6
3. Sunbury shale, total thickness....................... 3
Black, fissile, carbonaceous shales. V
2. Bedford-Berea, total thickness....................... 13
Argillaceous shales with phosphatic nodules. ........... 2
Black, fissile, carbonaceous shales. ...................
Dark, argillaceous shales, with some carbonaceous

material. .......... .. 6
Gray, calcareous, and argillaceous shales, slightly fos-
siliferous. ............ 2
Yellowish, calcareous, and argillaceous shales, the upper
part very fossiliferous.............. ... ... ..ol 5
. Ohioshale. . ............ ... ..cciiiiiiiiiiiinennnnn. 948

Black, fissile, carbonaceous shales, with an occasional

softer argillaceous layer. Practically all exposed to the

highway.

The thinning-out of these formations can probably be more clearly
shown graphically. The sections that have just been described are
grouped in the two accompanying figures, and follow each other
consecutively.

Several of the fossils collected at Irvine and also at Indian Fields
when compared with those from the base of the Bedford at Columbus,
Ohio, prove to be the same species. Of these Macrodon hamiltoniae
is the most abundant one common to both fields. This paleontologi-
cal confirmation of the conclusion reached by a lithological study is
surely gratifying.

It may be argued from this that the thin argillaceous horizon should
be referred to the base of the Bedford rather than to the Bedford-



174

W. C. MORSE AND A. F. FOERSTE

VANCEBURG

Weavy \ayer o)

sandslone

&[Caveced

Black Yusnle
carbonacesws
shales

ELK LICK

PETERSVILLE

ROCKVILLE

Massive.coatse Mossive qray = Blue u‘\l‘\\“-g
. t qtay sandstones sandstencs wilh & sholes it o fout
1% Ripplemaried ‘\G“ *‘“\“3' B o [lsctugqinons
= !u!\u‘\

] 9 =

s ]

f « =

- €

> —

; Blue avgrllaceeny

_ |Blucarenaceensc P 5 Covered shales witha tew

n[shales and shays \Leese Preces o} N H & [than sandstone
sandstones M et .k‘\:\h 12 Vayess

= Tum sa: d|

) ﬁ Rupple-mathed Te} Bucaa Vit

TS 3
¢ b ~
o [4 Bluearg\\laceens
“k D P At with)
L fe 3

= 3 Blacs \ i
d ¢ 2 i tuvante - M) l\\dﬁ}hl\u\s.
[4 > 12 Ajtotbenacesns
» Tran Yo heavy |3 H shales
o Jbtd ded sand F Partly covered
4 = \

H stenes alternd ] |Seme arenacesnd l?:::::xl.:;:
ting wilh are X = : and calcoreows =< |pastings
naceous shales . f Cevered : shales =

9 u =- H . [Blaek {ussile
(s 3 —mr] [Atcwaceows and: 2 = eatbonacsans
E ol argllecesus sha 3| [Prale

[J o AYew partings M

o Mostly covered | LS, vhhlemared P== Nrgillacesus and

«|Some mgx\\uu{ o) ; 2 YESE " ws blue

Ysnares a2l L e sandstone [BETag [ Shekes and fhaly

'g ":‘, ==..|B\neas \\\au-..? —=- [sandstenas
D f shales - Vome =
= blackh =

«|®lack carbon- 9 » Black carben- of _ [B\ack carbon- lack catben

a|acesws shaley M [acesus shales L2 s [oceons shales Qlacesus shates

Fic. 1

Wetie



WAVERLY FORMATIONS OF KENTUCKY

175

J EFFERSONVILLE|

L2 TR N anec sandstona
W\ acaowd

INDIAN FIELDS

Blach shales

STANTON

W\ ayet sanditene
E=—=inBlue ass shales

IRVINE

\aceows

wth ev

shales

Inod wla

\wdutated bluub
Yo pinkubh arg

Mmedular layers

Soft bluvah
. [orqr\laceons

terenginows

(LinidAla clay)

SEwlayet sandstone
Blueatg shales

Blach shales

shales
i Ib"m.

with

« layery

: EBlue sheles

Werse



.176 W. C. MORSE AND A. F. FOERSTE

Berea. This is a strong argument, yet from facts set forth above it
seems advisable to refer the rapidly decreasing horizon to the Bedford-
Berea.

In this connection, it might be well to give the conclusions reached
by Professor Williams ia his paleontological study of the black shales.
He states that an
examination of the sections at Irvine, Kentucky, the other side of the Cumberland
channel revealed the fact that there the black shales were thinner but held on in
their purity, well up into Carboniferous time. The intercalations consist of
calcareous and ferruginous, concretionary sheets, and carry undoubted Carbonif-
erous fossils and occur in the sections before the black shale loses its characteristic
expression.*

These black shales have been correlated with the Ohio black shale
in the various geological reports of the state. The geologists of the
National Survey, approaching the field from the south, have, on the
other hand, designated them as the Chattanooga shale.? Both have
referred them, in their entirety, to the Devonian system. That they
belong to both the Devonian and Carboniferous systems has, it is
thought, been clearly demonstrated.

Of the London and Richmond Folios of the U. S. Geological Sur-
vey, the latter adjoins the Irvine field. In these Campbell has desig-
nated the clay shales and argillaceous sandstones, above the Black
shale, as the Waverly formation. It is permissible, according to the
rules of that survey, to reduce a series to the rank of a formation, but,
as applied here, Waverly covers not more than the upper half of that
division. The lower half, Bedford, Berea, and Sunbury, has just been
shown to be included within the limits of the Chattanooga (Ohio)
shale.

It is interesting to note that Professor Grabau anticipated this
limitation. Referring to the London Folio, he states that:

The shale above the Black (Ohio) shale is referred to the Waverly, of which

it probably constitutes the upper portion only. As at Irvine, the transition from
the Black shale to the overlying beds is probably a gradual one.3

This conclusion seems to have been reached deductively, from a

t Am. Jour. Sci., 4th series, Vol. III, p. 398.
2 Estillville, London and Richmond Folios, U. S. Geol. Surv.
3 Bull. Geol. Sor. Am., Vol. XVII, pp. 609, 610.
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study of Professor Williams’ paper which he quotes and to which
reference was made above.

To summarize, then, it may be stated that: The Bedford and
Berea formations thin rapidly southwestward from the Ohio River
and this horizon, even after it has been reduced to a thickness of only
a few inches, can be traced to near the crossing of the Cincinnati
geanticline by the Waverly series.

The Sunbury shale, on the contrary, suffers but little decline, at
least until Indian Fields is reached.

The Ohio black shale of the Kentucky reports or the Chattanooga
shale of U. S. reports, south of Petersville, is not of Devonian age
alone but of Devonian and Carboniferous, that is, is composed of
both the Ohio and Sunbury shales, and a thin zone representing the
Bedford and Berea.

The sandstones, which are extensively quarried about Rockville
Station helong to the Buena Vista member of the Cuyahoga formation
rather than to the Berea grit.

The Buena Vista sandstones begin to disappear from Olympian
Springs southwestward except a single layer which, if not always the
same, at least occupied the position of the lowest and which persists
as far south as Stanton if not to Irvine.

The Linietta clays belong to the lower part of the Cuyahoga for-
mation.

The so-called Waverly of at least the Richmond Folio includes only
the upper part of theWaverly, beginning with the base of the Cuyahoga.



NOTES ON THE POINT HOPE SPIT, ALASKA?*

E. M. KINDLE

Point Hope is a spit of gravel and shingle which extends out into
the Arctic Ocean from the northwestern coast of Alaska, about one
hundred and twenty-five miles north of the Arctic Circle. It marks
the most westerly point reached by the continental shore line north of
Kotzebue Sound. After Cape Prince of Wales it is the westernmost
point of the continent. (See Fig.1.) Point Hope extends seaward from
the delta of the Kukpuk River and represents the northwestern exten-
sion of the barrier beach which curves southeastward to the cliffs at
Cape Thompson, a distance of about thirty-five miles. The spit and the
delta deposits behind it together extend out a distance of about fifteen
miles beyond the bed-rock area of the original shore line. I.agoons
and barrier bars are a common feature of the northwestern coast of
Alaska, but spits extending out into the sea are unusual and the Point
Hope spit is unique in being the only spit along this coast line which
projects any notable distance into the sea at right angles to the coast
line. Point Barrow and the long bar forming Point Clarence Harbor
are the only spits on the northwestern coast of Alaska which are comr-
parable in size with the Point Hope spit. Neither of these, however,
shows the finger-like projection from the coast line of Point Hope,
each of them curving toward the eastward. The natives have named
this rather striking physiographic feature “Tigara,” from its fancied
resemblance to the index finger of the hand, which the word signifies.

Abo ‘t one and three-fourths miles from its western extremity the
Point Hope spit is joined by a bar which is only about one hundred
yards in width at the point of junction with the spit. This bar extends
in a northeasterly direction nearly to the mainland and forms with
the spit a V-shaped figure inside of which are the shallow waters of
Marryat Inlet and the delta of the Kukpuk River.

It will be seen by reference to the map (Fig. 2) that the unconsol-
idated beds which lie to the west of the area of bed-rock outcrops in
the neighborhood of the mouth of Kukpuk River cover a rather exten-
sive area. They represent in large part delta deposits and in part fore-

1 Published by permission of the Director of the U. S. Geological Survey.
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land and beach deposits. We are here concerned only with the latter.
The delta deposits are easily distinguished as a rule and usually
consist of interstratified silts and sands overlaid by fine black sediments
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F16. 1.—Outline map of Alaska, showing by rectangle the area of the Point Hope map.

which are often interbedded with peat-like accumulations of marsh

grass turf.

1 Mr. A. J. Collier gives a brief description of the delta deposits in a report on the

Cape Lisburne coals, Bull. U. S. G. S., No. 278, p. 33, 1906.
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A regularly concave shore line connects the base of the spit with
the cliffs of Cape Thompson from which most of its materials are
derived. A narrow gravel barrier beach, frequently only 100 or 200
feet in width, forms the coast line of this concave beach, a distance of
about 25 miles. Behind this beach is a series of lagoonal fresh-water
lakes which drain by filtration through the beach. The beach is
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F16. 2.—Reconnaissance map of Point Hope and adjacent coast line. By E. M.
Kindle. - :

unbroken by streams entering the sea, except within the first mile
to the west of Cape Thompson.

The south shore of the spit is generally steep, while the northwest
shore is less abrupt. The point terminates abruptly in rather deep
water, 13 fathoms being recorded a few ship’s lengths from the tip
of the point. Off the south shore the eight-fathom contour runs
within a quarter of a mile of the shore toward the western end of the
Point. On rounding the Point the soundings decrease rapidly to
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five fathoms and a shoal with four fathoms at its southern end extends
some three miles in a west-northwest directin from the Point.*

The materials composing the spit are much coarser than those of
many spits. Much of it may be properly called shingle, while coarse
gravel and a small proportion of sand comprise the remainder of the
material. The coarser materials are composed of limestone and
chert. From the point where the spit joins the delta deposits at Jab-
bertown to its western extremity, its length is about eight miles. The
surface of the spit has an elevation ranging from thirteen to seventeen
feet above the sea. Its greatest width is near the mission where it is
about one mile from the north to the south side.? From this point
it tapers gradually toward the east. It reaches its minimum width
near its base where it is less than a quarter of a mile across.

An interesting feature in the make-up of the spit is a series of regu-
lar straight canal-like depressions trending nearly east and west and
lying parallel with the south shore. The northwest shore line cuts
these channels at an acute angle. The bottoms of the channels are
depressed below the general surface of the spit from two to six feet.
The shallower ones are entirely dry and would hardly be noticeable
were it not for their distinct parallelism with the deeper ones. Water
remains throughout the summer in two or three of the deeper ones,
and it is from this source that the native village secures its water supply.
In width these depressions will range perhaps between forty and
one hundred feet, and the intervening spaces will average probably
two hundred feet. The sides curve very gently into the surface of
the interval separating them, which frequently is slightly convex.
These canals all extend to the northwest beach, which cuts them off
forming an acute angle with the north border of the depression.
To the eastward most if not all of them can be recognized at least
two miles from the western extremity of the point. Two of them
are considerably deeper at this distance than farther west. Near

t Lieutenant D. H. Jarvis, “ Coast Pilot Notes on the Fox Islands Passes, Unalaska
Bay, Bering Sea and the Arctic Ocean as far as Pt. Barrow,” Bull. Coast and Geod.
Survey, No. 40, p. 56, 19oo.

2 As a basis for determining the amount of wave-cutting on the northwest shore
of the spit by future observers, the distance from the north side of the mission observa-

tory to the water line on the northwest beach was measured on a north and south (true)
line and found to be 525 feet. : :
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the base of the spit at Jabbertown most of these depressions have
faded out. Observations on the bearing of each of these have shown
that the four northernmost of the series differ from the others in direc-
tion several degrees and are parallel to the south shore of Marryat
Inlet. The south shore of the inlet here bears about S. 73° E. Two
of the first four canals south of it have the same bearing, while the
other two bear respectively S. 74° and S. 75° E. The other canals.
to the south of these are nearly parallel with each other and with the
south shore. Twelve of the latter have been recognized. The varia-
tion in the direction of these is within the limits of S. 83° E. and S.
9o°® E. Under the name of aggradation lines Dr. F. P. Gulliver
describes what appear to be similar features in the Dars foreland
in the Baltic Sea, Carraveral foreland, Florida, and other cusps.*

The writer’s observations seem to establish two important facts.
relative to the present action of destructive and constructive agencies
on the spit. The northwest shore is being cut away rather rapidly
while the south shore is being built up. The ruins of an ancient
Eskimo village, which is being undercut by the waves, afford indis-
putable proof of the encroachment of the sea on the northwest side.
We have also the testimony of a missionary, Dr. John Driggs, who
has resided for 18 years near the north shore of the point. He states.
that 185 feet would be a very conservative estimate of the amount of
cutting which has occurred on the north shore during the period of
his residence. He informed the writer that the cutting of the shore:
was accomplished almost entirely during the prevalence of heavy
southwesterly or westerly storms. At such times the waves are driven
along the beach and carry away its loose materials very rapidly. The
writer was shown the door of the old mission chapel standing about
sixteen feet above the sea and some two hundred and fifty feet from.
the beach which was smashed by wave action during a southwest
storm of exceptional violence which occurred October 13, 1893..
It appears that during this storm the sea was banked up on this coast
until one to three feet of water covered nearly all the western portion
of the spit.

The evidence that constructional work is in progress on the south
side of the spit is based in part on the relative freshness of the gravels.

1 Proc. Am. Acad. Arts and Sci., Vol. XXXIV, p. 180, 1899.
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on the north and south sides and the comparative extent to which
vegetation has secured a foothold on the two sides. A few varieties
of grass, which constitute nearly the sole vegetation, extend everywhere
along the north shore up to the limit of wave action. On the south
side the gravel is fresh-looking and in many places is entirely barren
of vegetation for two or three hundred yards from the shore.

It is interesting to note that the first white men to land on this
point were impressed with the recent character of some of the deposits,
comprising the spit. Mr. A. Collie, who was a member of the scien-
tific staff of Captain Beechey’s expedition to this coast in 1827, made
the following observations concerning it:

To the north of Cape Thompson the coast runs out by means of a low spit
to the distance of perhaps 20 miles into the sea. The low point itself seemed to
be acquiring almost a daily accession to the basaltic gravel of which the beach
was in greater part formed.*

The location of the Point Hope spit is undoubtedly due in large
measure to the combined influence of the Kukpuk River and a coast-
wise current which sets northward out of Kotzebue Sound, at from
one to three miles an hour. This current appears to be continuous
with the current which sets northward through Bering Strait during
the summer months. The current through Bering Strait forks a
short distance north of the Strait, one branch bearing northwesterly
along the Siberian coast, and the other “going north through Kotze-
bue Sound and thence along the mainland by Cape Seppings, Point
Hope, and Icy Cape to Point Barrow at which point it goes off to
the unknown northeast.”?

The drift of the ice-beset * Jeannette’” seems to be conclusive evi-
dence of the northwesterly current to the west of the Strait.

The current through Bering Strait may, of course, be greatly
accelerated or retarded by the winds, but they do not seem to be ever
able to entirely check it. Captain F. W. Beechey recorded that he
found a current in Bering Strait running against a heavy gale “at
the rate of upward of a mile an hour in a N. 41° W. direction.”3

The influence of this current is manifested as far south as Teller

1 Zoilogy of Captain Beechey's Voyage, London, Bohm, 1839, p. 172.
2 Chas. H. Stockton, Nadtl. Geog. Mag., Vol. 11, 1891, p. 183.
3 Narrative of a Voyage to the Pacific and Bering Strait, Part II, 1831, p. 546.
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on Seward Peninsula and it is reported to reach even as far to the east-
ward as Point Barrow. McClintock found a current setting eastward
to the east of Point Barrow with a rate of 18 miles per day.* The
depth of water affected by this current seems to be but a few feet.
The writer observed evidence of this while aboard a schooner anchored
off Cape Krusenstern in Kotzebue Sound during a calm. The waters
of the sound swarm with various species of medusa and other plankton.
From the rail of the anchored schooner these could be seen at and near
the surface passing the vessel with a current of one and one-half or
two miles an hour. A few feet below the surface, however—perhaps
10 or 12 feet—could be seen the same fauna almost or quite stationary.
The shallow character of this northerly current in these waters was
noted as early as 1826 by the careful observations of Captain F. W.
Beechey who states concerning this current that “at the depth of nine
feet its velocity was evidently diminished and at three and five fathoms
there was none.”> Captain Beechey observed also that the \ ater
of this current was much fresher than the deeper waters.

The writer has had abundant opportunity to note the influence of
this current on coast deposits in the course of a 200-mile journey in
a small boat along the coast of Seward Peninsula and near Cape
Thompson. Almost every stream between the lagoon west of Teller
and Cape Prince of Wales is deflected to the right by a bar on entering
the sea. The long narrow bar at the mouth of Kanauguk River is
a typical example of these bars. In the case of small creeks the bar
may be only three or four yards wide, but when present it invariably
turns the stream abruptly to the right as it is about to enter the sea.
The tendency of the northerly current to deflect streams to the right -
is illustrated in Kotzebue Sound, by the bar at the mouth of the
Inmachuk River. This bar has a length of about a third of a mile
and extends nearly across the mouth of the valley occupied by the
Inmachuk, forcing the river to enter the sound at the extreme east
side of the valley. A small creek at Cape Thompson which is deflected
abruptly to the right by a narrow bar is the nearest example to Point
Hope of the influence of this current. -

t Capt. McClintock, A Narrative of the Discovery of the Fate of Sir John Franklin
and His Company, p. 72, 1868. '

- 20p. cit., p. 578.
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The relative position of shoals and coastal headlands likewise
indicates the influence of the northerly current. An extensive shoal
extends northward from Cape Prince of Wales for many miles with
comparatively deep water south of the cape. At Point Hope a
detached shoal with four and one-half feet of water over it lies to the
north of the Point with deep water south of the Point. Cape Lis-
burne likewise has an outlying shoal with five fathoms of water over
it, but it lies wholly to the north of the cape. At Point Barrow there
is also a shoal lying wholly to the north of the Point.*

The bars cited, however, differ from the Point Hope spit in run-
ning parallel with the shore. Like them the Point Hope spit appears
to have deflected the stream to the north, bhut unlike them it extends
out nearly at right angles to the coast line. The considerable volume
of the discharge of the Kukpuk River has no doubt been an important
factor in neutralizing the tendency of the coastal current to turn the
spit to the north.

In this connection tidal influence may also be considered. The
tide, although small ip the Arctic Ocean, is not a negligible element
in considering the development of shore-line features. The mean
range of the tides recorded for the northwest coast of Alaska and the
adjacent parts of Siberia ranges from .z of a foot? to 2} feet.3 The
tide at Point Hope is probably considerably less than two feet, but it
is sufficient to give at the ebb a current to the southwest off the north-
west shore of Point Hope.4 This tidal-ebb current from the northeast
would neutralize the tendency of the coast current to turn the point
of the spit northward and the collision of the two currents would lead
to the shore waste which they carried being dropped so as to build
the point in a westerly direction. The cliffs forming the coast line
at Cape Thompson have a northwest-southeast trend for six miles
or more, giving the coast current its initial northwesterly or seaward
trend. North of the Kukpuk River for nearly thirty-five miles the
coast line of cliffs trends nearly north and south. This contrast in
the trend of the coast on the north and the south sides of the point

t U. S. Hydrographic Office, Chart of the Bering Sea and the Arctic Ocean.
2 Harris, Eighth Intern. Cong. of Geog. p. 399, 1905.

3 DeLong, Voyage of the ‘“ Jeannette,” p. 8go, 1883.

4 Capt. F. W. Beechey, op. cit., p. 577.
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probably gives rise to a slight backset or eddy current to the southwest
on the north shore of Point Hope, which may be an element in giving
the spit its cuspate form.

In addition to the familiar marine agents, waves, tides, and cur-
rents, which are involved in shaping the shore-line features of all
coasts, we have on the Arctic coasts a fourth agency which at times
acts with far greater power and rapidity than either of the above-
named influences. This is the Arctic ice-pack. The shallow character
of all the navigable portion of the Arctic Ocean, north of Bering
Strait which seldom exceeds 30 fathoms, affords peculiarly favorable
conditions for the excavating and plowing activities of the ice-pack
when grounded and under pressure. The nature of the difference
between ordinary sea ice and the ice of the ice-pack is indicated in
the following extract from Captain Hooper’s “Ice Notes:

The greatest thickness attained by direct freezing is about eighteen feet, at
which thickness the increase by freezing at the bottom does not exceed the waste
at the top by evaporation, which goes on slowly but surely at all times._ The
maximum thickness by direct freezing is generally reached the third winter. It
is seldom that more than nine feet forms during one winter. The extraordinary
thickness attained by the pack is due to accumulations of these naturally formed
layers as they are forced one over the other by pressure due to currents of air and
water. On account of the difficulties of ascertaining the thickness of the ice by
measurement, the most reliable way appears to be by noting the depth of water
at which it touches the bottom. This we found at Herald Island, Wrangle
Island, and on the coast of Asia near Cape North to be about ten fathoms. In
Bering Sea we made fast to ice grounded in six fathoms, and passed a number of
detached pieces ground in eight fathoms.*

Osborn thus describes the ice encountered by McClure off the
north coast of Alaska:

Ice of stupendous thickness and in extensive floes, some seven or eight miles
in extent, was seen on either hand; the surface of it is not flat, such as we see in
Baffins Strait and the adjacent seas, but rugged with<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>