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THE EQUATORIAL EVENING MINIMUM IN
IONOSPHERIC ELECTRON CONTENT

JosN KOSTER, SVD

1. INTRODUCTION

In a previous paper entitled “An investigation of the total electron
content of the equatorial ionosphere” (Koster, 1971), a description was
given of a relatively simple experiment which enables one to de-
termine on an almost continuous basis the total electron content of
the equatorial ionosphere. This paper gives a discussion of an
“anomaly” in the equatorial ionosphere discovered by this experiment.
For the benefit of those who do not regularly concern themselves
with this region of the world we preface our main paper with a few
remarks about the ionosphere in general and its structure relative
to the earth’s magnetic field at the equator.

2. THE IONOSPHERE

The ionosphere is described as “that part of the earth’s upper
atmosphere where ions and electrons are present in quantities sufficient
to affect the propagation of radio waves.” In practice, we aré here
concerned with the portion of the atmosphere which lies above a
height of about 60 km, and below about 1,000 km. 99.925 of the earth’s
atmosphere lies below 60 km, and hence does not concern us. Another
9925 of the remainder is not ionized, and so does not enter directly
into our discussion. The ionosphere is conventionally divided into
regions given alphabetic designations, D, E, F in ascending order.
The boundary between the D and E regions is often taken as 90 km
altitude, that between the E and F regions as 150 km. The lower E
region is sometimes referred to as the dynamo region, since atmos-
Pheric winds or tides, moving charges across the earth’s magnetic
field lines, set up currents in this region analogous to the currents
set up in the armature of a dynamo.
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The process of jonization, we will recall, lies in the removal by
radiant energy from the sun of an electron from its parent molecule
or atom. The resulting positive ions are relatively massive and
immobile, and do not normally affect radio waves appreciably. But
the light electrons are highly mobile, and their influence on a passing
radio wave can be profound. Radio waves travel more rapidly in a
region containing free electrons than they travel in a vacuum. Hence
the ionosphere has a different “index of refraction” than the sur-
rounding unionized atmosphere, and this can give rise to the pheno-

mena of refraction and reflection familiar to all students of optics,

3. FARADAY ROTATION

Electrons can influence a radio wave in another very interesting
and important way. The wave which we normally pick up with our
television aerial is “plane polarized”. The wave is made up of
mutually perpendicular electric and magnetic fields, which are also
perpendicular to the direction of propagation of the wave. A hori-
zontally polarized wave travels with its electric field vector in a
horizontal plane, its magnetic field vector in a vertical plane. Such
a wave normally travels with the speed of light, the electric and
magnetic field vectors being confined to mutually perpendicular planes.
If now our wave encounters some free electrons, its speed will change.
If an external magnetic field is also present, the plane of polarization
of the wave will rotate. The wave will proceed with a twisting
motion, and the twist angle can be measured experimentally. This
effect is described as “Faraday rotation”. It is of great importante
to the experimentalist, since there is a relatively simple relationship
connecting the twist angle on one hand, and the number of electrons
as well as the direction and intensity of the external magnetic field
on the other. The usual situation is this. We can measure the total
twist angle; we already know the direction and intensity of the
earth’s magnetic field. From these we can deduce the number density
of electrons required to produce the observed twist.
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4. DETAILS OF THE EXPERIMENT

In the experiment being reported on here a synchronous satellite
(ATS-C) emits plane polarized radio waves at a frequency of 136.98
MHz (i.e. a wavelength of 2.2 meters). It will be recalled that a
synchronous orbit is one in which the satellite moves eastward in an
equatorial plane at a height of 35,800 km. Its eastward movement
just keeps pace with the earth’s rotation, so that to an observer on
the earth the satellite’s position appears to be fixed. If the total
twist angle of the received wave is measured, one has valuable
information about the number of electrons along the path from
observer to satellite. Such measurements have been made at Legon,
Ghana (latitude 5.63°N, longitude 0.19°W) on a nearly continuous basis
since 1969. The rest of this paper deals with the results obtained
from these measurements of the twist angle, hereafter referred to
as total Faraday angle, (TFA) of the received wave.

5. AN ANOMALY DISCLOSED BY FARADAY ROTATION

It is common practice in ionospheric physics to postulate some
hypothetical and usually grossly over-simplified model of the iono-
spheric region in question, and then to describe departures from this
model as anomalies. In the present case we shall assume such an
over-simplified model of the equatorial ionosphere. In this model,
the buildup of electrons in the ionosphere begins at sunrise, and
proceeds rapidly as the sun’s increasing elevation angle leads to an
increase in energy flux. |

At noon the influx reaches its maximum. Around this time the
loss rate of electrons (due to the recombination of ions and electrons)
will just balance production rates, and the electron content of the
ionosphere will reach its daily maximum, As the sun’s zenith angle
increases again, the electron content should begin to drop. At sunset
the production rate drops to zero, while the loss processes continue to
operate. Our model predicts that the electron content should continue
to decrease in an exponential manner through the night, reaching its
diurnal minimum just before sunrise.
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The gross features of experimental curves of the daily variation
of the electron content of the ionosphere agree with this rather crude
model, But one very striking “anomaly” appears. Attention has
been called (Koster 1972) to the unexpected behaviour of the total
Faraday angle in the hours immediately following sunset. Many
plots show a sharp diminution in the value of the total Faraday
angle immediately after sunset, with a subsequent rise to a maximum
before diminishing to the expected sunrise minimum. This feature
will be referred to as the equatorial evening minimum.

It should be pointed out that our “anomaly” is far from an unusual
feature. It appears in at least eight of the twelve monthly mean
piots of TFA obtained each year. In this paper it is proposed to
investigate the equatorial evening minimum more closely and to
suggest a physical mechanism which could be responsible for this
unexpected variation of TFA with time.

6. THE NATURE AND FREQUENCY OF THE ANOMALY

Figure 1 is an example of a rather extreme, but not unusual case
of the equatorial evening minimum. A smooth curve has been drawn
through the discrete values of the TFA obtained from our polarimeter
at ten minute intervals. _

If the minimum value of TFA is called TFAnu, and the maximum
value some two hours later designated as TFAmax, it is found that
the ratio of these two values is equal to 0.34 for this particular record.
Some twenty four consecutive daily curves are shown in a recent
research report (Koster and Beer, 1972); of these, five had values
approximately equal to that shown in Figure 1.

Monthly mean curves of TFA as a function of time are shown
in a more recent report (Koster, 1973). From these one can draw
three conclusions about the equatorial evening effect:

(a) It is a fairly common effect. The effect is clearly evident in
ten of sixteen monthly mean plots. It is suggested in three
more, and is totally absent in three cases. Such an effect can
show up in monthly mean plots only if the frequency of oc-
currence is quite high.
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Figure 1. A typical plot of Faraday angle versus time, showing
the equatorial Faraday minimum.

(b) The phenomenon must be quite regular. If the occurrence
were at random times, it would be smoothed out by the monthly
averaging process.

(c¢) The effect is seasonal. It appears most prominently in the
curves for the equinoctial months, while it is almost totally
absent around the June solstice.

7. THE SEASONAL VARIATION OF THE ANOMALY

Individual daily TFA curves show many and varied structures.
To eliminate to some extent these daily peculiarities, ten-day mean
curves of TFA against time of day were produced. The degree to
which the equatorial evening minimum is present in these curves is
determined by measuring the maximum slope, in degrees per hour,
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in the interval 20h-24h local time. Curves with a pronounced equa-

torial evening minimum will have a large positive maximum slope

in this period; curves without the effect will exhibit a negative slope

throughout the period.

' The value of the maximum slope for each ten day interval is

plotted in Figure 2, together with a smoothed curve, produced by a

modified exponential smoothing procedure. In this curve, the seasonal

-variation shows up very clearly. We summarize the results as

follows: '

_'( a) The curve has a deep minimum at the June solstice, a much
shallower minimum at the December solstice.

(b) The maxima occur about 25 days after the September equinox
and about 15 days before the March equinox respectively.

(¢) This seasonal variation is in good agreement with the seasonal
dependence of thermospheric temperature (Jacchia, 1967) and

: the seasonal variation of scintillation at Legon (Koster, 1972).

(d) Figure 2 also shows a plot of the angle between the sunset
line and the horizontal component of the earth’s magnetic field
at Legon. The similarity of the two curves is striking. The
discussion of a possible explanation of this similarity is given
later.

8. A PHYSICAL INTERPRETATION OF
THE OBSERVATIONS

It has long been recognized that the well known vertical rise and
‘fall of the equatorial ionosphere around sunset could be a contributing
factor to an equatorial evening minimum. An approximate expression
for the Faraday rotation angle 2 is given by the expression:

0= —ﬁ“mNg

where: K is a numerical constant,
f is the frequency of the radio wave (in Hertz)
M is H cos @ sec % (the Weightedl mean effect of the magnetic
field).
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time TFA curves.
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N; is the total electron content in electrons/m? of a vertical

column through the ionosphere.
Since K is a constant, and f is fixed during the observations, variations
in 2 can be accounted for in terms of variations of the value of M
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with time as well as of variations in the actual total electron content
of the ionosphere N; We consider briefly the contributions that
these two factors make to the equatorial evening minimum.

M is usually calculated at some assumed appropriate height (420km
is now frequently used). Since M is a function of height, decreasing
as the height is increased, it is clear that if electrons present in the
ionosphere were to rise to a much greater height, the appropriate
value of M would increase, and the corresponding TFA observed
would decrease, even though the total number of electrons remained
unchanged. The crucial question is: Could this effect alone produce
the equatorial evening minimum? The answer is definitely in the
negative. A realistic mathematical model of the equatorial ionosphere
indicates that a rise of more than 600 km would be required to explain
an observation such as that shown in Figure 1. The smallest value
0f TFAmin/ TFAmsx achievable by this mechanism alone in terms qf
acceptable (i.e. agreeing with observations) changes in ionospheric
height is about 0.74. The observed value is frequently of the order
of 0.34. We conclude, therefore, that the rise and fall of the ionization
in the ionosphere around sunset cannot by itself adequately explain
the magnitude of the equatorial evening minimum, though it is almost
certainly a contributing factor to it, |

Since we cannot explain the variation in TFA in terms of M, we
must seek an explanation in terms of variations in N,. The obvious
way to do this is to postulate a horizontal movement to accompany
the well known vertical movements.

This has been done, and the results evaluated on an electronic
computer, Appropriate (and physically realistic) values of horizontal
velocity, combined with the known vertical velocities, give rise to
simulated experimental curves that bear a striking resemblance to
the actual ones. This suggests quite strongly that there is a large
circulatory movement in the equatorial ionosphere after sunset. How
can such a circulatory motion of electrons and ions in the equatorial
F region of the ionosphere be set up?
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9. A MECHANISM FOR PRODUCING
A CIRCULATORY MOTION

The type of circulatory motion mentioned above calls for a large
and temporally increasing upward velocity on the day (i.e. west)
side of the sunset line, then a rapid reversal and a large downward
velocity on the dark (i.e. east) side of the line. Even larger hori-
zontal velocities are required if we are to produce results similar to
those actually observed. Horizontal and vertical velocities must be
related in such a way that at any point in space the net outward

velocity from an element of volume is zero—i.e. the divergence of
the velocity must be zero.

It is readily seen that just such a circulatory motion would be
produced by an electrostatic field arising from a concentration of
electrons in a region just behind (i.e. east of) the sunset line in the
dynamo region of the ionosphere. ' _

We here briefly describe the mechanism envisaged. Neutral
winds cause a concentration of electrons in two regions north and
south of the equator respectively. These “clouds” of electrons give
rise to electrostatic fields., The fields are transferred along the earth’s
- magnetic field lines to the F region of the ionosphere over the equator.
Since the earth’s magnetic field lines are equipotentials (almost), the
electrostatic field over the equator will have the form shown in
Figure 3. The electric field vectors point inwards the electric charge
(electrons) located in the central elliptical region. Equipotentials
are-a family of confocal ellipses, as indicated in Figure 3. The

earth’s magnetic field is not shown in the figure, but it can be
~ considered as uniform, and directed into the plane of the paper.

- It will be recalled that both positive and negative charges, when
located in a region where both an electric field E and a magnetic
field B are present, and where collisions with other particles are
negligible, will move in a direction EXB, i.e. at right angles to both
E and B. In our case this means a movement along the direction
of one of the elliptical equipotential lines. Since the electric field
intensity increases as we get closer to the centre, the velocity along
the inner ellipses is much greater than that along the outer ones.
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Figure 3. Equipotentials and fields in a vertical E-W plane
over the equator. Movement of charges is in
the direction of the ellipses.

Granted that a circulatory motion would result from an electro-
static field such as that postulated above, we are now entitled to ask
whether there is any theoretical or experimental evidence for the
actual existence of such a concentration of electrons along the sunset
line, and the resultant electric fields.

In 1972 Carlson and Walker predicted just such a charge concen-
tration with reference to the sunrise line, Their arguments have
equal validity in the case of the sunset line, as we propose here,
Their prediction was on purely theoretical grounds.

Most of the existing experimental equipment for the measurement
of electron velocities is limited to the measurement of only one
component of that veIocit_y.

Thus measurements made at Jicamarca, Peru (Balsley and Wood-
man, 1971) show large vertical velocities in the F region, and cor-
respondingly large horizontal velocities in the E region. These
velocity components reverse shortly after ionospheric sunset. These
experimental results are consistent with the suggested circulation.
Hence it is fair to say that the fields and circulation sugglested' here
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are in comformity with theoretical predictions, and consistent with-
existing experimental results.

10. THE NET RESULT OF OUR CIRCULATORY MOTION

It must be remembered that the sunset line moves westward with
a speed of 500 m/sec at F region heights. An instantaneous “snapshot”
would show velocities directed along the lines of confocal ellipses as
described above. But the whole family of ellipses moves westward
with the velocity of the sunset line. Individual electrons will ex-
ecute a rather complex motion. But the net result can be summa-
rized quite simply. Consider an original vertical line of electrons.
(a) All electrons end up at the same level as that on which they

began (except those, of course, which were lost through recom-
bination during the time interval.)

(b) Electrons above a certain level suffer a net displacement east-
ward.

(c¢) Electrons below that level are displaced towards the west, An
observer making measurements vertically upward would “see”
first a trough, then a crest, in the total electron content above
him,

A computer was used to calculate the Faraday angle that an
observer would record between the hours of sunset and midnight
while such an elliptical circulation cell passed over his site. The
results agree very well with actual experimental curves obtained at
Legon.

11. A POSSIBLE CONNECTION BETWEEN THE EVENING
MINIMUM AND EQUATORIAL SCINTILLATION

‘Our Faraday rotation measurements suggest rather strongly that
a large elliptical “circulation cell” moves westward along the equator
at a speed of 500 m/sec. One of the principal motives for investi-
gating the equatorial evening minimum is the fact that it possibly
holds the key to the explanation of another bafiling equatorial
“anomaly”, We here refer to the night time appearance of intense
irregularities in the electron density of the F region over the equator,
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These irregularities are known to give rise to the “scintillation” of
radio stars, to rapid amplitude and phase fluctuations in radio signals
transmitted through the ionosphere from satellites, and in the rapid
and deep fading of signals from transmitters on earth when these
signals are received via one or more reflections from the equatorial
ionosphere. These same irregularities are shown on ionograms as
“Spread F”. The various manifestations of the presence of these
electron density variations have been known for many decades, but
an acceptable mechanism for their ‘generation, consistent with all
known experimental facts, has still not been proposed.

12. THE POUSSE CAFE EFFECT

A number of the great ideas of science seem to have originated
as scientists brooded over their drinks, Thus Weizsaecker produced
his famous “coffee-cup” theory for the formation of spiral galaxies.
The original idea from which the liquid hydrogen bubble chamber
arose is alleged to have occurred to a scientist contemplating his
glass of beer. In the present situation a theoretical physicist
(appropriately named Beer) has produceed a theory based on yet
another product of the bartender’s art—the “pousse-cafe”. For those
matters, a pousse-cafe is defined as “a cocktail consisting of several
liqueurs of different colours and specific gravities poured so as to
remain in separate layers.,” The denser layers are on the top in a
pousse-cafe, and the whole system is therefore gravitationally
unstable. Any attempt to drink it causes instability to set in, and
the liqueurs mix.

‘Qur suggestion here is that the upper atmosphere at the equator
is like a pousse-cafe, in that it is gravitationally unstable, a heavy
layer of electrons and ions overlaying a lighter layer beneath. The
large rise of the electrons and ions relative to the neutral atmosphere
just before sunset can certainly be a contributing factor to such an
unstable situation. But this is not sufficient in itself to account for
the generation of irregularities high up in the ionosphere. Beer, in
his theory of the pousse-cafe effect, invokes another mechanism called
the “spatial resonance effect.” If ionization, moving with the elliptical
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circulation velocities described above, interacts with gravity waves
in the neutral atmosphere, it can set up a number of layers in which
a more dense fluid overlays a less dense one. The force of gravity
then produces the irregularities, much as it causes a pousse-cafe to
mix.

The theory is still in its developmental stage, however, and we
shall not say more about it here.

13. CONCLUSION

The evening minimum in the total Faraday angle measured at
the equator is an observed fact. Our attempt to explain it in terms
of an electrostatic field originating from an accumulation of charge
in the dynamo region of the ionosphere is in agreement with the
theory proposed by Carlson and Walker (1972) and with the experi-
mental results of Balsley and Woodman (1971).

The moving elliptical circulation cell suggested here would
produce the variation in TFA observed at the equator.

The movements described here would not by themselves produce
electron density irregulatities, but they could contribute to a gravi-
tationally unstable situation through interaction with atmospheric
gravity waves in the spatial resonance effect. This could set up a
multi-layered “pousse-cafe”. Its collapse is thought to give rise to
the observed irregularities.
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CORRECTED ONSAGER FORMULAS FOR PURE
LIQUIDS WITH ANISOTROPIC MOLECULES

GUNTER BREUER

- ABSTRACT

The method of the reaction field for ellipsoidal molecules
(ONSAGER-SCHOLTE model) is presented, taking into account the
interaction of the reaction field with the induced dipole moment of
electrically and optically anisotropic molecules. Corrected _fo_r'mulas
are derived for the molecular refraction, the molecular polarization
and the Kerr constant, For the electrical and ‘optical polarization,
model calculations are carried out for a number of pure organic
liquids and the results are compared with experimental data.

1. INTRODUCTION

" Microscopic theories of dielectrica concerning the short range
interaction and spacial arrangement of neighbouring molecules within
a liquid have been developed by KIRKWOOD'" and, more generally
by FROHLICH®, While these theories are of most general validity,
detailed knowledge of the type of the molecular interaction as well
as the spacial and directional correlation of the molecules is needed
in order to apply the formalism to a practical case. Mostly however,
the microscopic structure of a liquid is not known, which imposes a
serious limitation to the applicability.

On the other hand, the semimicroscopic approach of the continuum
theory of ONSAGER®, using the well-known method of the “reaction
field”, has been proved widely useful as far as the short range in-
teractions can be neglected, which seemed to be true for a large
number of liquids except those of the associated type. The refinement
of the Onsager-theory by SCHOLTE® considering an ellipsoidal cavity
instead of a spherical one, and thus accounting for the shape aniso-
tropy of the molecule, has made the theory even more successfull,
The dielectric properties calculated by this model show fairly good
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agreement with the experimental data in most cases and the remaining
deviations can well be attributed to the simplifying assumptions the
theory is hased upon,

The molecular constants used in the Onsager-Scholte model are
the following
i) the electrical and optical main polarizabilities,
ii) the permanent electric dipole moment,
iii) the semiaxis of the ellipsoidal cavity, defining its volume and
its shape.

These parameters are all molecular constants (for the free mole-
cule) by means of which it should be possible to derive the dielectric
properties of the substance in the liquid state assuming that the
molecules outside of the cavity are randomly distributed and have
random directional orientation. This, however, is an oversimplification
because even in the case of non-associated liquids a “preferred” dis-
tribution and/or directional orientation of neighbouring molecules
with respect to a center molecule cannot be ruled out completely.

Furthermore, the assumption concerning the above mentioned
theoretical parameters as being “molecular constants” is not quite
correct in the case of the cavity parameters. The volume of the

cavity has always been a point at issue. It should be remembered
~that in the spherical case, adopting the “Onsager condition”

(1-1) —433;*3N=1, (N=number of molecules per cm?)

which makes the cavity radius depend on the density, the Onsager
formula is reduced to the Clausius-Mosotti equation (or the Lorentz-
Lorenz equation) so that nothing new is gained. The other extreme
which considers # as a constant, seems to be quite useful and leads
to reasonable results so that it can be regarded as a kind of molecular
constant, which in fact it is not. It can never be identified with the
molecular radius, since in the liquid state the molecules do not form
a “close packing”. It is hardly possible to give satisfying reasons
for any choice of the cavity radius. (This problem will be discussed
also in section 4).
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Similarly, the shape of the cavity, represented by the ratio of
the semiaxes a, b, ¢, is also open to objection. Usually the shape
parameters of the cavity are considered to be identical with those
of the free molecule. Here again, because a liquid is not a close
packing of molecules, the assumption seems not to be justified. A
more suitable method would be to regard these constants as adjustable
parameters within reasonable limits of variation, adjusted to fit the
experimental data, thereby taking into account some part of the short
range interactions not entering explicitly into the formalism of the
reaction field.

2. BASIC FORMULAS FOR ISOTROPIC MOLECULES
WITH SPHERICAL CAVITY

The Onsager theory describes the effective field Em, acting upon
a molecule, as being composed of the “cavity field” and the “reaction
field” by the formula

(2-1) Ex=q-E-+-f-m
with

_d= -1) 1
(2-2) 9= 9.1 and f= Zvil a®

where E is the external field, @ is the cavity radius, and m is the
total dipole moment which may be written as the sum of the per-
manent dipole moment and the induced dipole moment:

(2-3) m=p-+a- Ex
From eqs. (2-1) and (2-3) we get

— -

(2-4) Esr—q El :T.ftl' f,u 1}“{;
1
fea

(2-5) N 1y -

f 1—

To arrive at the molar polarization, we start with the fundamental
equation

(2"*6} - €—1=4TCN6‘3E‘<7?@F >£-s|)
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where E—0 is necessary to avoid nonlinear effects which may occur
at higher field strengths. N is the number of molecules per cm?® and
{mp) is the statistical average of the component of the dipole moment
in the direction of the external field.

For any quantity X, the “mean value” <X> will be evaluated by
the standard methods of the statistical mechanics using the formula

fX exp )d
Joo(~ 2

U is the potential energy of the molecule in the field, depending on
the coordinates 2.

(2-7)

In our case we have U=—(u-Ey)— l-a-Eff or, written expli-

2
citly:
__ (uE) _ L e B
(2-8) U=— q (I—f-a)® —fout 1'—f 5 «q (1—F-a)°
1 FPe
T2 Y1 fa)?

Here only the first term contributes to the averaging process, the
other terms do not, because they are independent of the angle
between ; and E. Evaluation of the statistical average of mz yields

1 22 1
(2-9) gmmy=a[ 12 —fa TERT (1—fac)3]
Therefore we get
_ 3e 1 2 1
210 e=l=deNy [ T o )

and, for the molar polarization

_e—1 M _ 3
(2-11) P_M—f_:z_ p =4nlN4 (25—!—1 (e+2 1--fa:
I ;]
"3 KT (1—fa)?

where N4=6.0225 .10* is the Avogadro number,
The molar refraction R is obtained from the same formula by
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writing #°® instead of ¢ and neglecting the dipole term at the right
hand side:

=1 M — 4N 3en® L@
w2 p T2 (R 2) C 1—fa?

(2-12) R=

with a corresponding change in the formula (2-2) for the reaction
field constant f,

Eq. (2-10) is simply reduced to the well known Debye formula®™,
which follows from neglecting the reaction field, (f=0); and for e=1:

(2-13) e—1=4zN [cx*%-?ﬁ:—;‘w] (Debye formula)

Onsager derived his formula under the simplifying assumption that
the dipole to be orientated has the moment ;, and not ;/ (1-——f; ) which
is the correct value. The field orienting the dipole is qEH"/(l--fa).
In Onsager’s theory the interaction energy is q(;-ﬁ}/ (1—fa), in
contrast to the first term in our eq. (2-8). The formula of the early
Onsager theory, instead of eq. (2-10), is the following:

r 1 2 1
(2-14) —1=tnNg ] R R (ol el

For further reference on the older theory, see FROHLICH®, The
correction due to the “indirect effect” of the dipole orientation has
first been pointed out by RAO®, |

In the present paper the consideration has been extended to the

case of electrically and optically anisotropic molecules with an
ellipsoidal cavity, which leads to a further correction of eq. (2-10)-
(2-12).

3. GENERALIZED FORMULAS OF ELECTRICAL AND
OPTICAL POLARIZATION FOR MOLECULES
WITH ANISOTROPY

The method of the reaction field for ellipsoidally shaped mole-
cules, as presented by SCHOLTE®, can be corrected for the orien-
tational effect of the molecular field on the induced dipole moment,
if the molecules possess anisotropic polarizability. In this case the
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vector of the induced dipole moment is not parallel to the effective
field.

Consider S'=(z;, 2}, x}) a cartesian coordinate system fixed with
the molecule which may have an arbitrary orientation with respect
to the laboratory system S=(xy, 2, ¥,), within which the electric
field E is fixed. Let T= (7;1) be the tensor which transforms S’ into
S. We assume that E lies in the direction of the x,-axis and that the
axes zi, z;, xj coincide with the directions of the main polarizabili-
ties @y, as, ag, of the molecule. For each component of the effective
field and of the total dipole moment in S’ we have

(3-1) Eyi=qi-E+fiom.
(3-2) mi=ptai- By, (=1, 2, 3)

with the constants

e s 3 Di{1-D;i)(s—1)
(3-3) 4= (A—¢)D; f’“.abc e+ (1—e)D;

which describe the ellipsoidal cavity field and the reaction field. The
D; are the well known depolarizing factors and have been tabulated
by OSBORN®,

Equations (3-1) and (3-2) can be shortly written as

(3-4) Bl =Q-F L Fom!
(3-5) ! =pl - A-E.,

where @, F, A are tensors with elements
(3'"6) f}il‘zf}f'a:‘k: fs‘k:fi'ﬁik: afi'k=a::"az’f.'-
By rearrangement we get

(3-47) El,=RQ-E'4+RF-p!

(3-5) m' =Ryl -+ RAQ-E'

where R=([—AF)~* with /=unit tensor

The interaction energy is

(37 U=—(uEy)— 5 ABy-Ey.

Inserting the preceding equations we get
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(3-71) U= —ut+ RQE!— !+ RF !~ [ ARQE'- RQE"
+ARQE!-RF u + ARF ! - RQE! - ARF - RF 1.

Among the different terms of U, the second and the sixth are con-
stant; the remaining are, after some simplification

(3-8) Ul = —RQE!+ (I+ ARF) 2+ —%—-ARQE‘”-RQE’

In our case, all tensors are diagonal and, noting that /+ARF=R,
we get

(3-8) U= —RQE!- R — -3~ ARQE'- RQE"

where the tensor R of the reaction field has the components

'y . N S
(3-9) rir=7i0;r with r’“l—f;-a:,-'
Let us write
R B
p'=B-pn, with B=| B, | (unit vector)
s
and
. T13
E'=71.E, where 7=| 7Ty | (the third column vector of
Tos ) T=(Ti1))
U’ can then be written explicitly
1 ..
(3-8")  U'=—p-EX qur}-BrTra— 5 E* 5 aneqheri-rs,

The E-component mp of the total dipole moment becomes

| mp=m!-T=(Ru')-T+(RAQE")-7

or, explicitly,

(3-5") mep=pr 275 BrTas+Ee S apeqrerp7i,

With the equations (3-5”) and (3-8”), following the usual procedure

of statistical mechanics, we can derive the formulas for the polariza-
tion and for the Kerr constant.
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a) The electrical and optical polarization.
Using eq. (2-7) for the statistical average of mr one needs only
to consider the first order terms of E/ET, so that

—]é: (mr-:)*'""“zdk qe*?eT SkT Eﬁk e ?k

which leads to the formula

1w

2
(310) . e—1=N[Sasairi+t fgr 36l

With this formula we get the final expressions for the molar polari-
zation and the molar refraction which are defined by the Clausius-

Mosotti equation and the Lorentz-Lorenz equation

e—1 M n'—1 M
Pou-—»-m——!;" and REZW “5"

The result 1s

(3-11) _a_‘z’:—‘-iérE 415+2[Z€Ek qr- 7’&‘*"}}‘2—1 > By qee 7';]
and
(312)  R="TNi—is Saqirs

The quantities g and 7, as defined by eqgs. (3-3) and (3-9), are to
be expressed in terms of ¢ and »* for P and R respectively.
b) The Kerr constant.

Let us assume, that the static electrzc field E, applied to the
medium lies in the direction of the =;-axis (z-axis), and the light
propagates through the medium along the x,-axis (y-axis). The field
vector E‘;, of the light is assumed to be parallel or perpendicular to
the static field, that means parallel to the z-axis or a;j-axis respectively.

The Kerr constant is defined by

_ n—ny 1
(3-13) K= —-—n | B

where the refractive indices n. and =, are those referring to the
light polarized in z- and z-direction respectively, and # is the average

between 7. and #n..
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The formula for K is derived from the fundamental formulas
(1-6) applied to the optical case:

| " —1= 4;3N~Z%— lmp 2>
(3-14) z
._1 4JrN"“ <?7’£P :c>

Again we use eq. (3-5”), which for E. remains unaltered but, for

E. contains the tensor elements 7, instead of 74;:
Mpz=pr 20 BrTrs+E: 3 apeqrerpr3,
(3-15)
Mez=pe 275 BaTp+E, E.{Ek-q;,-'?‘p?’z“

U’ is in this case completely determined by E,, used in eq. (3-8” ).
- The calculation of the statistical average <{mz.> and <mnz.> leads,
after suitable arrangement of the different terms, to the expression

z 1
<ﬁ£> = S kg n—f-zg:‘}q + T ak+152a;a)
Eu/:.

ED 1 0 ___Ii;‘:‘uﬂ_
T2k 9 2Ty 2 akbs
and a similar expression for ~£— <mpa).

Here the following abbreviations have been used:

Ar=~a&p*qr*Tg
(3-16) ay=al-qp-ry

br=qr7% B
where g and 7y are from eq. (3-3) and (3-9). The superscript 0
indicates the electrostatic quantities expressed by e, otherwise, ex-
pressed by #»* for the optical quantities.

The equation for <{mr.)/E:, written above, and the corresponding
one for {mr.>/E,, can be put into a simpler form as follows:

e - LS et 2 20,4205)
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Smpsy 1 < a,,_~---(a4+0p)

E, 3
where
1
O4= 3:5178_1‘*;{% (ap -—(Z; ) ((Z?e-—(lg)
(3-17)

1

usually called the “anisotropy term” and the “dipole term” of the
Kerr constant.
By using eq. (3-14) and taking the difference, we get

E§

n:—n’ ——N (0A+0D)+‘4“§'Nz (@rz—ary)

In the last sum the indices z and indicate that the values of a
" refer to the refractive indices n. and n. respectively. With egs.
(3-3) and (3-9) the complete expression for (az:—axy) is

e Dy (1+32E (D, —1))
(3-18)  @ps—aps=(n2—72) i
b= () T T A D) (A Frea)?

= (n2—n2)Cp

With this equation we get

(=) 1= 4EN 5 Co) =4nN D 3(0,407)
or

ne—ne= TN (g 0,y (1- F NF CO
and finally,
(319) K=" (0,40, (1- FNECo)™

A similar formula has also been derived by RAQ®*)

4. DISCUSSION

A) The polarization |
There are two ways for testing the validity of the formulas for

*) The paper published by RAO® was unknown to the author until the
completion of the present work.
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the electric and optical polarization: 1.) one may compare the dipole
moment of the free molecule with the value predicted by the theore-
tical formula for polar molecules or, 2.) one " may investigate the
functional dependence of ¢ (or #2) by variation of temperature or
pressure of the liquid. The calculated functions of the molar polari-
zation and the molar refraction, of course, depend on the particular
model adopted and on the choice of the model parameters.

In the following we review some earlier works based upon the
Onsager-Scholte model.

For polar, yet isotropic molecules, ABBOTT and BOLTON® have
deri\{ed a formula using a prolate spheroidal cavity. They neglect
the anisotropy of polarizability and restrict the theory to molecules
having a rotational symmetric shape. Values of x4, calculated from
the experimental data of ¢ (liq.) for several organic compounds are
compared with the dipole moment of the free molecule. It turned out
that the calculated values lie about 52 to 152 lower than the true values
but, in any case, are closer to the true values than the values obtained
by using the spherical cavity. It was further shown that in the case
of associated liquids (methylamine, hydrogen cyanide) the calculations
become quite inadequate which, of course, is rather to be expected.

LE FEVRE and RAQ“®, pursuing the same method, used the
formula

4; 2
e—1= ??"N[E ArqrrE+ “;';iT' Ql'fff]

which corresponds to our formula (3-10) but has a factor 75, whereas
in our formula we have #%. The formula is restricted to molecules
whose dipole moment lies in the direction of one of the main polariza-
bilities. (This, however, is true for several molecules). Values of
n(calc.) and p(gas) are compared for CHCl;, C,H,Cl and Ce¢HNO..
The result shows slight improvement with respect to the values
predicted by the earlier theory of Scholte. The functional dependence
of the molar polarization on temperature and pressure has also been
investigated for several non-polar liquids and seems to give good
results. The cavity radius was chosen using the relation

3 M

- a¥( :_‘zbc): N, o
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where M is the molecular weight and p,» is the density at the melting
point. The method for determining the cavity radius proposed by
BOTTCHER® has proved to be improper since it leads to much
higher values of the polarization in the liquid state.*) The comparison
of the molar polarization calculated from different formulas does not
show a striking improvement gained by the corrected formula (which,
for non-polar molecules coincides with our formula (3-10), because
2=0). This is a poor result partly because the temperature depend-
ence has been considered at two different temperatures only, and
the slight increase of R with increasing temperature (about 12%) has
a large error**),

It seems therefore worthwhile to extend the investigation to the
molar refraction by using eq. (3-12). The main advantage lies in
the high precision and reliability of the optical refractive index. In
the following, for 2 number of non-polar and polar molecules the
theoretical values of the molar refraction have been calculated
assuming different sets of model parameters and are compared with
the values R, (based upon the Lorentz-Lorenz formula) which are
inserted into the diagrams as experimental points with errors indicated.
The experimental data of #(#) and e(#) are taken from standard tables
%1319 - The jnvestigation was made for the following liquids: CS,,
C¢H,, C¢HsCl, C;H;Br, C;H,CH,, CHCI;, (C,H;).:0 and (CH,;),CO. The
results are shown in the diagrams of Fig. 1, which represent the
relative values of R normalized to the value at the lowest temperature.
This seems to be the safest method in order to avoid the large
errors introduced by the main polarizabilities a;. These values were

*) The cavity radius determined by BOTTCHER is close to the molecular
radius.

*¥) In order to get an estimate, let us consider one example:
For Pentane, the value of P (from the Clausius-Mosotti equation) is
P(30°C)=25.30, and P(30°C)—P(-90°C)=0.26.
For an error of 0.124 in & we get an error of 0.05 in P, which is a
2094 relative error.
If we compare the value of P (Clausius-Mosotti) with P (theor.) at
one temperature, a large uncertainty arises from the model parameters
adopted: The relative values of the ar are certainly not more accurate
than 224, and the absolute values are even less accurate. The value
of the cavity volume is not better known than within 2024 accuracy.
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Fig. 1. a-h. Relative molar refraction — of some pure organic liquids.

R t)

Curves No. 1-6: Theoretical predictions by egs. (2-12), (3-12).
Experimental Points: Values given by the Lorentz-Lorenz
equation,

published by STUART®®_  They should be considered as constants
of the free molecule. Unfortunately, however, this is not always
ensured, as can be seen by a close inspection of the tables.*)

*) This can be proved by comparing the optical anisotropy 6*=2(ar—e;)?/
(S@s)? calculated from the tabulated values of the e@r with the value
of §* derived from the measurement of the depolarization ratio of
scattered light in gases.

The reason for the discrepancy lies in the fact, that in many cases
the ar have been gathered from measurements on the liquid state.
The deviation of ar (gas) from e: (lig.) may be as large as 1022, while
the mean polarizability (Za:)/3 is only slightly affected.
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The other parameters used in the calculations are chosen in the
following way: The cavity radius a, first as equal to 7, given by

(4-1) = = - f (f=0.74 is the “filling factor”)

(4-2) 37

Three different sets of depolarization factors D, are chosen: the
first, as it is used by other authors (indicated by the references),
the second with other values closer to 1/3, and the third with D=
1/3 (spherical cavity).

Table 1 surveys the molecular parameters used in the calculations,
the results of which are represented by the curves No. 1-6 of the
diagrams. For K(ellipsoidal) eq. (3-12) is used (curves No. 1-4), and
for R(spherical)*) eq. (2-12) is used to give the curves No. 5 and
No. 6. The last three columns give the absolute value of R(¢) by (3-12),
R;(¢) from the Lorentz-Lorenz equation and the temperature # (°C).
For CS, and C¢H; values of R(ELL) are also calculated using the
“Onsager relation” (1-1) which considers «® strictly dependent on the
density. The resulting curves are designated by “a(var.)”. As can
be seen, these values are far too low. Using the same procedure for
R(SPH), we obtain decreasing values for increasing temperature.
(The results are not shown in the diagrams). We conclude then that
the temperature dependence of the molar refraction (including the
effect of volume expansion) is entirely accounted for by the experi-
mental values of the refractive index n(#).

In the case of the non-aromatic compounds the results No. 5 and
6 (for R(SPH)) are generally good and No. 6 fits always better than
No. 5 (larger cavity radius). The predicted values of R(ELL) are
best for Nos. 2 and 4, and are as good as No. 6. The effect of
assuming different depolarization factors D is not large, but the
difference caused by the different cavity radii is more important.

For the aromatic compounds we find bad agreement between the

*) Written henceforth as R ELL) and R(SPH) respectively.
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Table 1. Different sets of model parameters
3
I\iz}(;%%le No D, D, D Ref (.1%24) Ri#) | R(t) |t °C
CS: 1} (10) | 17 | 2249 | 2127 | -10
o [| 0174 | 0413 | 0413 03 | 2071
a;=15.14 3 } 17 24.54
0.24 0.38 0.38
92
@s= 5.54 4 23 | 22.06
5 } 17 | 24.42
as= 5.54 6 J| 13 | 13 1/3 23 | 2224
CoHs 1} (10) | 25 | 2536 | 26.12 0
o | 0174 | 0.652 | 0174 a5 | 2495
ay=12.3 3 } 25 | 26.41
2 ) .
4[| 024 0.52 0.24 s | 2408
@& = G.3
5 } 95 | 27.63
s=12.3 ¢ J| 13 1/3 1/3 35 | 25.88
C;H,Cl 1} (8) | 30 | 26.10 | 31.00 | -20
5 [| 026 0.55 019 | (10) 0 | 2894
a;=13.2 3 } 30 | 3110
4[| 030 0.50 0.20 10 | 2053
wa= 7.6
_ 5 } 30 | 32.47
@3 =15.9 6 173 173 1/3 40 | 30.56
C,H.Br 1 } (8) 32 3470 | 33.85 | -20
. k; 2
o [| 030 0.50 0.20 2 | asa7
@;=12.8 3} 32 | 34.60 |
0.30 0.45 0.25
a=10.1 4 42 | 32.40
5 } 32 ! 36.29
=178 6f| 173 1/3 1/8 42 | 34.10
CsH;CHs 1} L (8) 32 30.87 | 30.74 | -20
K ).5 2 3
o | 080 | 050 1 020 42 | 2954
@, =13.6 5 } 32 | 3L97
0.32 . 2
. 4 040 | 028 42 | 30.38
Qe = 7.4
5 } _ 32 | 3231
a;=15.6 6 1/3 1/3 1/3 42 | 30.73
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CHCl | 1} o (8) | 24 | 2115 | 2087 | -20
9 46 0.27 0.27 (10) 31 90.39
@ = 6.7 3} 24 | 2131
4 0.40 0.30 0.30 31 20.52
Ea = 90
5 } 24 | 21.45
as= 0.0 6f| 173 1/3 1/3 31 | 20.63
(C.H, )0 1} 30 | 2227 | 2255 | -19
0.2 . .
o JI 020 1 041 1 039 40 | 21.c6
@ =11.3 3 } 30 | 22.45
4 fl 025 | 039 | 036 w0 | 2185
Qo= ?.1
5} 30 23.54
2
= 7.9 6 f 173 173 1/3 40 | 22.81
(CH,):CO 1} , 21 | 1628 | 16.14 0
5 [| 025 025 | 05 20 | 1588
= 7.1 3} 21 | 16.50
. 2 .
4[| 028 028 | 0.44 00 | 1506
[r L 7.1
5} ] 21 | 1650
a,= 4.8 ¢ Jl V3 173 a 173 29 | 1504

experimental and the theoretical values of R for all calculations.
Nevertheless, optimal agreement is found for No. 1, No. 3 and No. 5
(the smaller cavity radius). _

The usefulness of the Onsager formulas with spherical cavity, eq.
(2-12) and eq. (2-11), (molar polarization for non-polar molecules)
is also established in the work of LE FEVRE and RAOG®  which
shows clearly that there is no improvement by assuming an ellipsoidal
cavity (see Table 2 of their work). Obviously, the molar refraction
and, for non-polar molecules, the molar polarization is nearly un-
affected by the molecular anisotropy so that by this kind of investiga-
tion no conclusion can be drawn concerning the degree of usefulness
of the different models.

Yet one interesting fact revealed by our diagrams is the total
disagreement for the aromatic compounds. The slope of the relative
molar refraction is overestimated for all sets of model parameters.

We conclude therefore that for the aromatic compounds the molar
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refractions in the liquid state are in fact larger than the values
predicted by any Onsager model. This means that short range interac-
tions are present which influence the “effective mean polarization”
« in the liquid state.

Considering the theoretical and experimental values R(¢) and R;(¢#)
of table 1, we should keep in mind that R depends strongly on the
ap which might not be very accurate. In spite of this, the table
reveals a regularity showing best values of R for No. 1 or 3 (with
the exception of CS;, No. 2). This means best results for the smaller
cavity radjus, eq. (4-1). On the other hand, for R(SPH) best agree-
ment is attained by use of the larger radius eq. (4-2). This is in
accordance with the fact mentioned above, stating the best fit for
curve. No. 6.

The usefulness of the larger radius of a spherical cavity can be
made plausible in the following way: Let us visualize an aggregate
of regularly distributed molecules with their spherical cavities in
two dimensions as shown in Fig. 2.

The shaded circles represent the self-volume of the molecules,
having a radius 7. The spherical volume available for one molecule
is indicated by the dashed circle and has the radius

(4-3) n=2r1—7vy .
where 7; is given by eq. (4-1). In the- limiting case of “no free
volume”, we have 7;=ry, and, for the other extreme of “large free
volume” (e.g. for gases), we have ry<r, and hence r,=2#,.

If we calculate 7; for liquid CS, at 20°C, and compare this value
with #, according to eq. (4-2), we obtain the result

rir=250A, 7r,=2.88A, r,=2.85A.

The value of 7y is based' upon the known data of nuclear distance
C—S=156A, Van der Waal’s radius of S=1.854, and assuming a
cylindrical molecular volume with radius 1.85A and length 6.25A.
The result explains clearly the successful application of 7, to cavity
radius.

Now we consider the polarization of polar molecules. Previous
attempts to predict the dipole moment x, of the free molecule by
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Fig. 2. Schematic two-dimensional representation of a symmetric arrangement
of spherical molecules in the liquid state with free volume >0.

using the Onsager-Scholte formalism have been reported at the
beginning of this chapter. Similar calculations, but using the Onsager
formula with spherical cavity have been made by BOTTCHER®D,
who compared z, with the calculated value of x for 31 pure organic
liquids. Good agreement was attained in several cases but, in the
same way as mentioned before, objections can be raised concerning
the accuracy of the experimental data and the uncertainty of model
parameters so that the reported results are generally not very
conclusive. In comparison, however, with the study of the molar
refraction (or, for non-polar molecules, the molar polarization), the
calculated dipole moment z will strongly depend on the model para-
meters because in the formulas it appears as multiplied with the
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factor (1—fa)~? or (1—fa)~® (see eqs. (2-10), (2-14)). Moreover,
for ellipsoidal cavity (see ed. (3-10)) the electrical anisotropy of
the molecule will influence the result sensibly.

In the following, model calculations are carried out using equ.
(3-10) for the three molecules CHCl;,, C:H;Cl, C;H;CH,. Table 2
represents the different sets of model parameters used in the calcula-
tions of p. The polarizabilites «} to be used in our formula are the
“electrical polarizabilities”. According to a suggestion of GANS4®
they are connected with the “optical polarizabilities” a; through the
relation

0
(4-4) X
- k

where R is the molar refraction which equals the electric polarization

Table 2. Molecular parameters

. 3

Molecule No. ‘051 (.%24) Xy Dl Dg Dg (.‘?024) J {D]
CH Cl; 1 } ) 24 0.250
i 5 046 | 027 | 0.27 | 0.852

3 833 | 1125 | 11.25 } 04 0758
& =4.80 . 040 | 030 | 030 | 0.925
p =1.490 .

X } 6.68 | 9.01 | 9.01 } 046 | 027 | 0.27 2 0899

=20°C 6 31 1.025
CsHCl 1 } 30 1.32
i 0 7 | g 026 | 055| 019 | 131
=1, |

5 (| 18:50 73 | 16. 5} %0 128
& =5.475 . 030 | 050 | 0.20 | L4g
p =1.096 i : _

5 } 13.24 758 | 15.93 } 026 | 0.55 | 0.19 o 1.36
t =29°C 6 | 40 1.54
C,H;CH, 1 ' } 32 | 0.221
- o 030 | 051 | 019 | 0.346

pg—u. Lrd

5 (| 1420 | 779 | 16.30 } 39 0.043
e=23821| 032 | 040 | 0.28 | ., 0.249
p =0.866 5 52 0.330

13.66 7.48 | 15.64 1

t =20°C 6} } 0.30 | 0511 0191 0.427
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Pp, and Pp=P4+Pg is the “distortion polarization”, with P,= “atomic
polarization”. The values of Pz and P, are taken from the tables of
LANDOLT and BORNSTEIN®®, The electric polarizabilities thus
calculated are used in the calculations Nos. 1-4. In No. 5 and 6 the
optical polarizabilities are used. Although in the latter cases better
results are obtained, this should not be considered significant. We
see that an increase of the cavity radius and values of D closer to
1/3 both increase the calculated value of ¢ But, although using the
larger cavity radius, the dipole moment in Nos. 2 and 4 turns out to
be considerably lower than the true value. The deviations are 10%,
1324, 625 for the three molecules repectively, and may well be con-
sidered to exceed the experimental errors.

The agreement could certainly be improved by approximating
the case of a spherical cavity. This method, however, is not realistic
and should be abandoned, thus leaving us with too low values of g
in all cases. As a consequence of this we have to assume that the
experimental value of ¢ is lower than the value needed to lead to
the correct dipole moment g, The physical reason for this must be
sought in clustered molecules which form aggregates having a finite
lifetime so that the average effective dipole moment s, of the
molecules in the liquid state is smaller than pz,. A further investi-
gation of this problem is intended by the author.

b) The Kerr constant.

The corrected value for the Kerr constant derived here (eq. (3-19))
and by RAO® has been examined by the latter author who compared
the theoretically derived Kerr constant with the experimental value
for several organic liquids. Although some improvement is gained
compared with the results derived with the uncorrected formula, the
method seems not stringent enough for a test of the validity of the
new formula, Quite similar to the situation pointed out in section
a), the errors of experimental data*) and the uncertainty of the model
parameters may disguise the improvement expected by a particular
‘model or may even lead into the wrong direction. At present, we

*) The accuracy of the experimentally determined Kerr constant is even
worse than that of & P and puy.
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omit therefore a critical interpretation of the previous results found
in the literature. We merely discuss here some aspects of the new
Kerr formula in connection with related problems.

1. In the old theory of the Kerr constant, the anisotropy term
can be simply written as ‘

1 nm— 1

O4= 45kT n*—1 Z (ai—ar)®, (see STUARTO®)

which uses Gans’ relation (4-4) with

P.D i’loo"—l

(4-6) R~ #*—1

where 5., i1s the refractive index including the infrared contribution
extrapolated to infinite wavelength, and # is the optical refractive
index. The “optical anisotropy” is defined by

(4-7) 0= 3 (as—ap)®/( X ar)?
<k

t

and is connected with the depolarization ratio A of scattere_d light
through the relation

66*

1072765 ° T=RT{S’§A—, (see, e.g. STUARTU®),

(4-8) A=

There exists therefore a relation between 84 and A which was first
discovered by GANSY® and which may be written as

R L =
where ¢ is the ratio of the effective field divided by the external
field (in the most simple case assumed to be the Lorentz-field), and
K, means that part of the Kerr constant given by 64 With the
corrected formula of the Kerr constant, it is obvious that this simple
relation can no longer be established.*)
2. A dispersion law of the depolarization ratio of scattered light
in liquids has been derived stating that
n*—1.
w42’
*) This has also been pointed out by STUART® who does not give a
definite reason for this suggestion.

(410) 2 =const - (see CABANNES®),
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This is easily derived from Gans’ formula (4-9) with his assumption

(22+2) (e+2)
9 H

(4-11) =

and using the HAVELOCK—Jaw®Y of the dispersion of the Kerr
constant:

2 )
-—?T-Ig)—g- =const.

(4-12) n

It should be recognized that eq. (4-10) does not take into account
the corrections introduced into the Kerr constant and therefore needs
also to be corrected. A new careful examination of the disperson
of the depolarization of scattered light could be a useful supplement
in the investigation of the theory of the Kerr constant outlined

above.

5. SUMMARY

The results of the present investigation can be summarized as
follows:

1. If we take into account the interaction of the induced dipole
moment with the effective field, the correction of the Onsager formulas
for anisotropic molecules leads to new formulas for the polarization
and the Kerr constant, For non-polar molecules, the polarization is
not affected by the new interaction term but, for polar molecules the
factor of the dipole moment is modified.

2. For a number of pure organic liquids the molar refracticn
has been investigated by systematic model calculations, varying the
different model parameters within reasonable limits. It turned out
that for the molar refraction and, in case of non-polar molecules, for
the molar polarization the predictions are the same no matter if
spherical or ellipsoidal cavities are assumed. For the aromatic com-
pounds the theoretical values of the molar refraction are always
larger than the experimental ones.

3. For three polar molecules the dipole moment has been investi-
gated by systematic model calculations similar to those described
before, All sets of parameters chosen lead to predicted values of .
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smaller than the dipole moment of the free molecule. This disagree-
ment can probably be explained by interactions of clustered molecules
in the liquid state.

4, As a consequence of the corrected formula of the Kerr cons-
tant, the formulas of the older theory connecting the Kerr constant
with the depolarization ratio of scattered light are considered to he
inadequate from the present point of view.
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“The scholar must keep himself free from stain, He does not
go among the low to make himself high. He does not seek out the
foolish to make himself seem wise. He does not praise those who

think as he does, or condemn those who differ.”

CONFUCIUS: The Book of Rites, 500 B. C.
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UNDERGROUND WATER RESEARCH IN TAIWAN

H. W. ScHARPENSEEL*, I, PieTIC*, E. KRUSE* and
H. HESSELFELD svD** K. SPRCHT SVD***

INTRODUCTION

The island of Taiwan, having an area of 35,834 km? is 395 km
long (N to S), and 123 km wide (E to W). It was named Formosa,
“the beautiful”, by 16th century Portuguese discoverers, like the
district “Formosa” in the Gran Chaco of North Argentine which
bears the same name but has an area of 74,535 km® and is more than
twice as big. The inhabitants of the island, now numbering more
than 15 million, prefer the name “Taiwan”.

The distance between Taiwan and the Chinese mainland is 170 km.
Taiwan looks like a tilted block, where 2/3 of the area is covered
by mountainous landscape rising up to 4,000 meters, (Mount Morrison
3,950 m).

.The N-S watershed divide is in the eastern part of the island
and descends steeply towards the Pacific Ocean. In the westerly
direction, from the dividing ridge a sequence of terraces leads to the
coastal plain. This plain is stretched out extensively towards the
Taiwan Strait of the Chinese Sea. Between the high mountain ridge
and the prominent range of mountains along the western shore, a
tr_oﬁgh about 140 km long and 9 to 18 km broad forms the “Taitung
Rift Valley”.

Much of the surface of Taiwan is wooded, forests covering about
502 of the area, and contains great amounts of commercial timber,
like. the much-demanded camphor tree. This timber cover provides an
excellent protection against erdsion from mountain slopes and hillsides.
Of the remaining agricultural surface aréa, about 682 is used for
growing rice, sweet potatoes, and sugar cane, and to a smaller extent

* Institut fiir Bodenkunde.- der Universitdt Bonn, 53 Bonn, Nussallee 13,
- West-Germany

** Department of Physics, Fu Jen University

**% Department of Chemistry, Fu Jen University
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for growing wheat, soy beans, peanuts, fruit and tobacco.

The climate is subtropical with a long summer, somewhat softened
by the surrounding ocean, and with a short and mild winter. Prac-
tically there is no interruption of growth of crops, and in some areas
there are two or even three harvests each year.

Like the whole South-East Asiatic island territory, Taiwan is also
of cenozoic origin. Almost all of its population lives in the coastal
plains. High mountain territories form the backward areas inhabited
by aborigines of Malaysian origin. |

PROBLEM

Because of the intensive agricultural usage, the colluvial and
alluvial lands of the coastal plains have been deprived of carbonates
and plant nutrient elements. In order to keep up crop yields and
agricultural productivity, a high amount of fertilizing is needed every
year. Also, in spite of the annual rainfall, which in most areas is ‘
more than 1,000 mm, an extra amount of irrigation is necessary for
rice fields and sugar cane. One reason for this is that the western
coastal regions are partly lying in the region of rain shadow against
the N—E monsoons.

Figure 1 shows the climate zones of Taiwan according to Walter
and Lieth®. The lower regions are influenced by the Koppen-climate
types I and II, and to a lesser extent by climate type V, whereas the
central highlands are dominated by the mountain-climate type X.

Although the coastal areas are rich in underground water due to
the high rainfall and due to the extensive downflow from the central
mountains, the measurements dﬁring the last two decades report a
marked lowering of the surface level in the coastal districts. This
is due to heavy water consumption by industry and agricultural
watering systems. Similarly alarming is the decrease of the ground
water level observed in wells and piezometric tubes. |

These coastal areas are covered by blankets of recent, pIeistdcene,-
plio-pleistocene, and mio-pliozene sediments (Fig. 2), stretched out
in front of the old-tertiary, mesozoic and paleozoic rock formations
of the central highlands®, The mountain range north of Taipei
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Fig. 1. Chart of climates in Taiwan according to Walter and Lieth, as well
as precipitation—temperature diagrams of the three sampling regions.

consists of basic andesitic volcanites. Limited amounts of granite
and gneiss are found to the north of Hualien, along the eastern coast.

The sediments of the coastal plains show a great variety of
litho-facial differences. In the main rice district of northern Taiwan,
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Fig. 2. Geological Sketch Map of Taiwan

nearly the whole surface is flooded for the two rice harvests until
the blossoming time. This causes an additional enormous water
consumption by evaporation (evapotranspiration). In southern parts
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of the coastal plains, the growth of sugar cane, which requires an
extensive irrigation system, also strains the water reserves' of the
island.

As a small contribution to studies of the hydro-geological and
water-economy situation of Taiwan, the authors examined three speci-
fically important areas of the coastal region of Taiwan, where the
water consumption is very intensive. Altogether 84 ground water
samples were taken from sufficiently accurately described springs
and wells. These samples were tested for their natural C* and H?®
concentrations™®, The three sampling regions are as follows: first
the basin of Taipei (predominantly growing rice), secondly the region
between Taichung and Chiayi, bordered by the river Wu in the north
and the pleistocene and plio-pleistocene sediments in the east (grow-
ing rice, peanuts, and other products), and thirdly the southern
wedge-shaped coastal region between Tainan and south of Pingtung,
between the northern Tsengwen river and the southern Kaoping
. river (sugar cane region) (Fig. 3).

The ground water samples were mixed with NaOH, some FeSO,,
BaCl,, and a precipitating accelerator for collecting CO, and the
carbonate as BaCQO; (Fig. 4).

By inverting the 60 liter water flask and by inserting it in a ring,
the precipitate could be coliected into a smaller 1 liter screw cap
flask without intermediate contact with the atmosphere. For mea-
suring the tritium, 500 ml PVC flasks were adequate as sample
containers if filled with water up to the rim and immediately screwed
tightly in order to avoid exchange with the atmosphere.

Natural radiocarbon and tritium were integrated in synthetic
benzene®™. The specific activity of the carbon and tritium was
measured in the liquid scintillation spectrometer and was expressed
in radiocarbon-age, or tritium units (1 T.U.=10- T/H).

RESULTS

Table 1 shows the Cl*—ages, tritium-concentrations, coordinates
of the sampling spots, statements about the depth and static level of
the ground water at the sampling stations, and the perforation depth
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60 liter plastic bottle —*

Connective part with tap

1 liter flask
Precipitatey

Fig. 4. Precipitation of carbonates from ground water sample for C! dating

of the wells at the sampling points. Figures 5 to 9 show the sampling
stations on a large-scale map. They also show the measured carbon-
ages of the three individual sampling regions. An attempt has been
made to connect the sampling points by isochronic lines, wherever
it was possible, due to concordance with the piezometrical lines and
their direction. The flow velocity per year of the groundwater is
found from the km-distance of the isochrones, divided by the time
difference of the age thresholds represented by them. Short term
changes, usually increasing flow velocities, occurring by formation
of sink cones and by increased flow slopes due to a “sudden” increase
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IKE%%E
Unconsolidated formations

E]mT*%&E%E

Extensive and rich aquifers.

A ] T K E 2, ﬁﬁ@%%

Extensive and local rich aquifers.

A2 ﬂﬁ—Fﬁ(jMJ}Emrh

Local rich aquifers.

Ar E‘%Kﬁi&_ﬁ‘7k

Local aquifers.
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Consolidated formations

T K B

Rich aquifers.

o] KA BT kR

Local rich aquifers, often in great depth.

Bo | M P OKE Y E &L F R K

Local rich aquifers, u|t|I|zat10n mainly by springs.

(| T K B R T K

Without or only with very local groundwater.

Bo f‘?éﬂﬁ_ﬁ.ﬂ(

Without groundwater.

T K fir

Groundwater table {El. in meter)
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Flow direction of groundwater.
Fig. 5. Legend for regional maps
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Fig. 6. Area around Taipel

of ground water consumption, are often obscured for a while and are
measured only with a certain retardation.

An aging of the ground water by carbon from lethogenic car-
bonate species is in Taiwan less relevant than in more arid sampling
regions. This is because of the lack of carbonate in most sediments
of Taiwan with her high pluviometry. Therefore, the data were not
corrected for carbonate—C contribution. Anyway, the present cor-
rection methods are still of questionable value®~9,

1. The basin of Taipei

Figure 7 shows the sampling stations 1-24 in the basin of Taipei,

which are seen in Figure 6 as closely concentrated spots. The arrows
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Fig. 7. The Taipei region

in Figure 6 point to the direction of ground water flow down from
the mountains and hills into the basin of Taipei. This flow direction
is confirmed by the centripetal increase of radio-carbon ages, which
means an increase of C! age as the center of the basin is approached
from the remoter recharge areas of the ground water table. In this
basin of Taipei, we found the oldest ground water deposits of this
study having more than 13,000 years B.P,

Isochrones of 4,000; 6,000: 12,000; and 9,000 years (E—W) permit
calculating the flow velocity of the ground water, by dividing the
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isochrone distances in meters by the time intervals of the same
isochrones in years.

For the Taipei basin, the following flow velocities were found:
between -isochrones -9,000 and 12,000 about 0.28 m/year, between
isochrones 6,000 and 12,000 about 0.15 m/year, and between isochrones
4,000 and 6,000 about 0.40 m/year. This indicates an almost immobile
and static collection of ground water in the depression of the Taipei
basin. A higher flow velocity may occur if sink cones are formed
by increasing water consumption, such that a greater flow gradient is
created, and in the scope of the “Darcy k-value relation” a quicker
water transport is made possible.

The degree to which the presently observed subsidence is
connected to the formation of such sink cones (which are due to
increased ground water consumption), is best determined by measure-
ments in piezometric tubes.

_ . Atomic-bomb H? contents in the ground water samples (except
sample 23, paper mill) hint also at a vertical water movement, since
the flow velocity from the more elevated ground water recharge
areas is much slower. It must be assumed, however, that a direct
intrusion of young water from rainfall into the wells is excluded.
‘This assumption may be true for the vast majority of wells in the
%basin of Taipei.

2. The coastal plane between the river Wu and Chiayi (the Choshui

__ River Alluvial Fan) _

This is the area (see Fig. 8) where the recent alluvial and
colluvial sediments attain their biggest E-W extension. The flow
direction of the ground water is clearly from the rain-rich heights
of the central mountains sloping down towards NW and SW. Isochrone
connections of the sample points 25 to 33 with age-steps 2,250 to 5,250
years a'low calculation of a flow velocity of about 5m/year. The
young age of the westernmost sampling point 31 is probably influenced
by the closeness of the well to the river, where modern water of the
river’s ground water brink might have infiltrated the well. All these
~samples contain tritium. Also the samples of the relatively deep wells
~in the area of Touliu indicate an H? concentration of 20 to 40 T.U.
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Since with the low flow velocity of about 5m/year this water
containing tritium cannot have drifted to the present sampling
position from the ground water recharge regions in the mountains,
(thermo-nuclear tests, freeing H?, only started around 1956), it must
be assumed that also a vertical importation to the present ground
water exists. This means a rejuvenation and demands an originally
higher age of the unblended depth ground water. In addition, such
a vertical infiltration of modern, tritium-containing water into the
ground water, can also originate from intrusion of water close to
the surface into the well tube, especially if all available water is
unselectively included (see Table 1).

In that case, the tritium measurements can not be interpreted
with respect to ground water recharge, and the C* data must be
taken as minimum ages. Unfortunately in this area, just as in the
Taipei basin, no data could be obtained about the depth of perforation
of the filtering system of the well tubes, At single sampling stations,
a faulty intrusion of surface water into the capture region of the
well might be recognized by a decrease of the radiocarbon age, and
therefore an inconsistency with the isochrone. The possibility of
mixing between ground water and young water from the phreatic
table must finally be decided by a control of correct performance as
well as building plans of the wells.

3. The sugar cane region in the coastal plain between the river

Tsengwen and the southeasterly river Kaoping

In this southern part of the coastal region, 51 sampling stations
were selected, making it the most densely sampled area. In prin-
ciple the flow direction of the ground water is from N.E. to N. W,
In the southern part of the syncline between the river Kaoping and
the eo-oligocene mountainous region of the southern tip of Taiwan,
this flow direction is also confirmed by the direction of flow. From
the distance of isochrones in meters, divided by the time difference
in years, the flow velocity of the water is found to be about 2-3
m/year (Fig. 9).

However, in the northern part, which is south of Tainan and
around the Akungtien reservoir, the measured isochrones of 1,000 to
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3,000 years, are very closely spaced. This points to an accumulation
of ground water in a shallow depression. Exceptionally low ages
and low measurements of C* concentrations (eg. 34, 35, 42) are due
to samples from the vicinity of rivers and apparently are influenced
by the rim of the river ground water. _ _

Also in districts of the southern coastal plain, where sugar
cane is grown, all the examined ground.water samples contain tritium.

Most of the wells are only moderately deep with a perforation
that makes use of the greatest part of the drilling depth. From
data obtained by bomb-tritium measurements it might be necessary
to conclude that a recharge with modern rain water took place,
which is more probable for shallow wells. In general, however, the
measurement data are valid only under the assumption that the
wells have water-tight walls and even under heavy rainfall will not
allow modern water to infiltrate the shaft of the well.

The higher age of samples 74-76 is influenced by enrichment of
the water with fossil CO.. '

SUMMARY

In the basin of Taipei as well as in two regions along the western
coastal plain of Taiwan, which are important for domestic economy
and water consumption, a total number of 84 springs and wells were
examined as to the natural C* and H® content of their waters. A
reported strong subsidence of ground water level in these areas of
Taiwan was the main incentive for these experiments. The high
pluviometry of Taiwan increases the danger of intrusion of young
rain-water into the shaft or the perforation volume of the column
of the well, which had to be accepted as a risk factor.

1) The basin of Taipei experiences a strong topographical
subsidence of the surface and a decrease of the ground water level.
Here the oldest waters of the region are found, converging from
the Andesit heights of the North, the pleistocene sediments of the
West, and the young tertiary sediments of the South and North.
The flow velocity inside the basin is calculated by means of isochrone
distances and is found to be very small (less than 1m/year). From
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the tritium contents of the samples a substantial horizontal and also
vertical renewal of ground water is concluded, originating from the
phreatic level. During the last years, a sharp increase of water
consumption took place. This might presently lead to formations of
sink-cones, of stronger slope declines, of increased flow velocities,
and hence of a resulting new, lower-lying ground water level.

2) In the coastal area of the “Choshui River Alluvial Fan”, the
experimental data allow the construction of two isochrone ground
water thresholds with C't ages of 2,250 and 5,250 yvears. The north-
westerly and north-easterly directed water drainage shows a flow
velocity of about 5m/year. Tritium concentrations hint at a coms-
plementary vertical infusion of recent waters down to ground water
layers of more than 200 meters depth.

3) In the southern tip of the coastal plain of Chianan, Tainan,
and Pingtung, two regions have to he distinguished, First the region
of rather stagnant ground water of the depression in the area of the
Akungtien Reservoir with C* ages around 1,000-3,000 B.P., and
secondly the Pingtung plain, where the south-westerly flowing waters
have a velocity of about 3 m/year, and where from N. E. to S.W.
the C isochrones of about 3,300 and 7,300 years can be distinguished,
In this southern area, the depth of ground water is without exception
lower than in the area of the Taipei basin and the “Choshui River
Alluvial Fan”. Tritium contents in water with its small flow velocity
hint also to vertical infiltration into the ground water.
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COMPARATIVE STUDY OF OSTEOLOGY ON THE
HOUSE GECKOS, HEMIDACTYLUS
BOWRINGI¥ (GRAY) AND
HEMIDACTYLUS FRENATUS
DUMERIL & BIBRON
FROM TAIWAN

YUNG-SHENG LIANG & CHIN-SHIANG WANG

INTRODUCTION

Two kinds of house-geckos, Hemidactylus bowringii and Hemi-
dactylus frenatus, are abundant and widely distributed in Taiwan.
The taxonomic studies based on the external features were made by
many herpetologists. However, the osteological features of these two
species are still dnexp]ored. The differences and the similarities of
skeletal structure between these two species are not only for ana-
tomical interest but also for providing help to taxonomic study
because the osteological characteristics are always more constant.
In the present paper, we intend to deal with the osteological studies
of H. bowringii and H. frematus. Every part of their skeletons and
each piece of bone are observed in detail. A comparison of the
characteristics of each, whether similarities or differences, will be
made. By means of this comparison, these two species can be
distinguished much more clearly.

The lizards, H. bowringii and H. frenatus were collected from
Taipei and Puri, Taichung. Five specimens of the former and thirty
specimens of the latter were used in this study. They were treated
by cleaning and staining methods. The skeletons were examined
under a binocular microscope., The drawings were made by using

camera lucida.
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DESCRIPTION OF THE SKELETON OF H. BOWRINGII (GRAY)
1. Skull

A. General Characteristics

The skull of H. bowringii is depressed and flattened in general.
The ventral surface and the caudal surface of the skull are flattened
but the two dorso-lateral sides of the preorbital region are curved
convexly and pass insensibly into each other in the middorsal line.
The convexity of the dorsal surface is slight. The snout of the
skull is rounded. All hones of the skull are loosely articulate with

each other.
B. The Cranium

(1) Occipital region

The occipital region is completely ossified and surrounds the big,
rounded aperture, foramen magnum, It consists of four bones, (a)
the basioccipital, (b) the paired exoccipitals and (c) the supraoccipital,
Except the exoccipitals which are cossified with the opisthotic, the
remaining bones remain distinct throughout life. The single occipital
condyle is crescentic in outline; the median basioccipital piece of the
condyle (pars condyloidea) is as lafge as the lateral pieces which are
formed by the posterior end of the exoccipitals. The supraoccipital
houses the roof and internal postero-superior side of the auditory
capsule. _ '

Basioceipital: The median basioccipital forms the posterior
portion of the ossious cranial floor, which is more or less triangular
in shape, broad in front but narrow behind. Its anterior border
forming the base of a triangle is slightly curved backward and
articulates with the basisphenoid. The antero-lateral border forming
the side of the triangle is curved outwards. It articulates with the
prootic in front and the opisthotic behind, and the outer side of it
projects ventro-laterally and forms the antero-inner borders of a
rather deep concave cavity called the recessus scalae tympani. It
houses three foramina. The apertura medialis recessus scalae tympani,
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Fig. 1. Dorsal view of the skull of H bowringii.
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Fig. 2. Ventral view of the skull of H. bowringii.
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one of these three foramina, is surrounded by the basioccipital
ventrally, by the opisthotic dorsally and by the exoccipital caudally,
On the outer side of the lateral border of basioccipital is a kidney-
shaped tubercle which is called the spheno-occipital tubercle or fubercii-
Ium spheno-occipital. The postero-lateral border forming the side of
the triangle is slightly curved inward and fuses with the exoccipital.

The narrowed posterior end of the basioccipital forms the median
piece of the occipital condyle (pars condyloidea) and also a very small
part of the ventral median boundary of the foramen magnum, which
is slightly raised.

The dorsal surface of the basioccipital is concave for the ac-
commodation of the medula oblongata. The lateral eminenses project
dorsally to form the dorsal portion of the antero-inner wall of the
recessus scalae tympant.

| | %7
p.con. 0.C.ex.0. . H.b

Fig. 3. Posterior view of the skull of H buvwringii, parietals removed.

Exoccipital: The paired exoccipitals of the adult are inverse T
in shape and recurved bones. When it is viewed from lateral side,
it fuses with the opisthotic bone and can hardly be distinguished
from each other in the adult (Fig. 8). The ventral rami of the ex-
occipitals form a part of th2 caudal and ventral wall of the cranium
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and the lateral pieces of the occipital condyle on each side, while the
dorsal rami form the lateral sides of the foramen magnum (Fig. 3).

The exoccipital lies ventro-dorsally on each side of the basi-
occipital. It articulates along its ventromedial border with the basi-
occipital, fuses completely with the opisthotic laterally and articulates
with the supraoccipital dorsally.

The ventral ramus of the exoccipital is pierced by three small
foramina in linear series (Fig. 7). These foramina permit the branch
of the hypoglosal nerve (XII) to leave the skull (Fig. 8).

The boundary between the exoccipital and opisthotic bone is
clearly indicated by a distinct furrow on the inner surface of the
cranium. This furrow is pierced by five foramina. The exoccipitals
also form the posterior border of the apertura medialis recessus
scalae tympani. As viewed from the ventral side, the exoccipital
forms the small portion of the posteromedial wall of the recessus
scalae tympani.

Supraoceipital: The median butterfly-shaped supraoccipital bone
forms the dorsal roof of the occipital complex, the roof and the inner
superior portion of the auditory bulla on each side (Fig. 8), and the
dorsal border of the foramen magnum. Dorsally, it lies at a lower
level behind the parietal. The anterior border is crescentic in outline
and provided with a smooth area which is overlapped by the parietal,
the two bones being movable with respect to each other on a limited
range. The posterior border is notched. The supraoccipital articulates
with the prootic antero-laterally and with the opisthotic and exocci-
pitals posterolaterally. The portion forming the roof of the auditory
capsule is triangular in shape, the remaining region of the bone is
fan-shaped and lies at a lower level behind the dorsal roof of the
auditorylcapsule. The fan-shaped area is more raised medially and
slopes in an antero-posterior direction as well as laterally on each
side.

On the inner surface, the supraoccipital gives rise ventrally to a
large triangular eminence which articulates with prootic anteriorly
and with the opisthotic and exoccipitals posteriorly (Fig. 8). This
eminence houses the superior portion of the auditory bulla. Between
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the union of the prootic, opisthotic and supraoccipital, there is a small
endolymphatic foramen. The supraoccipital, housing the auditory
capsule, is perforated by a part of the anferior and posterior vertical
semictrcular canals which surround the semicircular ducts,

(2) Parietal region

The parietal region lies in front of the occipital complex and
consists of a pair of the parietals above and a single basisphenoid
below. The side wall of this region is formed by the prootic behind
and by a thick membranous wall in front.

Basisphenoid: The basisphenoid articulates loosely with the
basioccipital by the posterior border whose corner is overlapped by
the basioccipital on the dorsal aspect. There are two lateral borders
on each side, i.e. a dorsal lateral border and a ventral lateral border
which are separated by a longitudinal furrow, sulcus venae jugularis.
Between the two, the dorsal lateral border articulates along its entire
length with the prootic, while the ventral lateral border is free (Fig.
2). The basisphenoid articulates with the pterygoid, through the
pterygoid meniscus, by the ligament (Fig. 15A). This articulation is
movable like that between supraoccipital and parietal and forming
another essential factor in the kinetism of the skull,

On the dorsal surface, the single cyista sellaris forms a transverse
high ridge separating the anterior deep depression called the Zypo-
physial fossa (sella turcica) from the posterior basicranial depression
(Fig. 4). The hypophysial fossa lodges the recessus infundibularis and
the hypophysis of the diencephalon. The anterior border of the hypo-
physial fossa gives off a short and stumpy medial bified process,
parasphenoid process, with which the parasphenoid articulates in front.
On each side of this process, the bone is produced antero-laterally
into a thick stout process, the basitrabecular process (basipierygoid
process), which is expanded at the distal portion. A thin sheet of
bone continues laterally from the floor of the hypophysial fossa over
the dorsal surface of the base of the basitrabecular process to form
the lateral wing of the basisphenoid (or dorsal lateral border of the
basisphenoid).
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H.b

Fig. 4. Basisphenoid of A bowringii. A. dorsal view; B. anterior view.

On the dorsal surface, there is a foramen, posterior foramen for

- the abducens nerve, on each anterior corner of the basicranial de-
pression for the exit of the abducens nerve (VI). This nerve per-

forates the crista sellaris at right angle, then runs through a very

short canal and comes out through the lateral wing at the base of the

basitrabecular process on the dorsal side, wherefrom it runs outwards

 to inervate the external rectus muscle of the eye. The large posterior
vidian canal (canalis vidianus) penetrates through the posterior side

of the sulcus venae jugularis and bifurcates anteriorly into two

canals: (1) the posterior internal carotid foramen (foramen caroticum
internum) opening into the posterior lateral side of the hypophysial

fossa and (2) the anterior opening of the vidian canal lying at the

‘base. of the basitrabecular process on each side, which is visible from
the anterior side. Through the vidian canal, the pazlatine branch of
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the internal carotid artery and the palatine branch of the facial nerve
pass out. Through the internal carotid foramen, the cranial branch
of the internal carotid artery enters the hypophysial fossa from the
vidian canal and becomes completely intro-cranial. |

Parietals: The parietals are a pair of more or less quadrangular
bones. They articulate with each other in a middle line, with the
frontal through a more or less outwardly curved suture in front, and
overlap the supraoccipital with their obliquous posterior border. The
“antero-lateral border of each parietal articulates with the posterior
ramus of the postfrontal,

A
Fig. 5. Ventral view of the left parietal. A. H bowringii and B. H. frenatus.

The pariental foramen is covered by a piece of bone in original
position, FEach parietal is produced behind into a supratemporal
process which runs outward and backward to articulate with the
tubular and the proximal region of the distal end of the paroccipital
process of opisthotic, and thereby bounds the post-femporal fossa
dorsally and laterally. The lateral border together with the proximal
portion of the supratemporal process are produced into a crest. A
short frontal process extends forward from the anterolateral corner
of the parietal and articulates with the frontal and postfrontal,

Ventrally, there is a slender longitudinal lateral ridge near the
‘outer border in continuation with the supratemporal process.,  Just
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anterior to the base of the supratemporal process the lateral ridge is
shallowly notched. Through this notch and the depression hetween
the anterior and posterior process of prootic bone, the temporal region
of the skull is fenestrated. The anterior process of prootic articulates
movably with the outer surface of the lateral ridge of the parietal
just in front of the notch. The dorsal head of the epipterygoid
articulates with the lateral ridge of the parietal just in front of the
anterior process of prootic.

(3) Frontal Region

Anterior to the parietal region is the frontal region. It consists
of a single frontal above and parasphenoid below.

Beside these bones there are membranous tracts which complete
the wall of the cranial cavity., The brain cavity is confined to the
dorsal part of the skull and lodges only the anterior part of the
cerebral hemisphere and the olfactory stalk.

Frontal: The frontal is a single median element forming the
dorsal border of the orbit and the anteriormost ring of the brain
case; it lies in front of the parietals. It is an elongated bone, wide
in front, broadest behind and narrow in the middle. The anterior
border is slightly curved outward and is produced anterolaterally
into a short maxillary process. The antero-lateral side of the bone is
overlayed by the frontal process of the maxilla and fits into the
groove of the lateral frontal process of prefrontal. Its outer borders
behind the lateral frontal process of prefrontal are raised, on the
dorsal surface, into the thin supraorbital crest, the posterior portion of
which articulates with the anterior ramus of the postfrontal, while
the inwardly curved posterior border of the frontal bone loosely
articulates with the parietals (Fig. 1).

On the ventral surface, the borders are inflected downward and
inward to form a pair of wventro-lateral processes, which fuse with
each other to form a round ridge and enclose a canal, olfactory canal
(canalis olfactorius), in order to lodge the olfactory stalks. The
fusion of the processes is incomplete anteriorly in young specimen.
Each side of the anterior border of the round ridge is produced into
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Fig. 6. Veatral view of the frenizal. A. part of the frontal of H. bowringii:
above, adult; below, young. B. H. frenatus.

an antero-lateral alar proceés which articulates with the medial frontal
process of prefrontal anteriorly and prevomerine process of palatine,
ventrally. The mid-posterior end of the round ridge is produced
posteriorly into a short pointed process (Fig. 2 & 6).

Parasphenoid: The parasphenoid is a long, narrow, conical
cartilage, partially calcified in its posterior part, but the posterior
end is bifid and flattened dorso-ventrally. It underlies the ventral
border of the interorbital septum in the mid-ventral line, articulating
behind with the median parasphenoid process of the basisphenoid and
terminating in front between the septomaxilla. The major portion of
its length forms the support of the interorbital septum (Fig. 1).

C. The Sensory Capsules

The olfactory or nasal capsule and auditory capsule are closely
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connected with the skull, but the optic capsule is free and is protected
by several bones of the skull.

(1) The Auditory Capsules

The auditory capsules are situated on each side of the occipital
and parietal regions. They are formed on each side by the prootic,
opisthotic of exoccipital and supraoccipital. A well developed auditory
bulla formed by each of the above bones is bulbed inward into the
cranial cavity and can easily be seen from the foramen magnum
(Fig. 7 & 8).

Opisthotic: The opisthotic is indistinguishably fused with the
exoccipital and houses the posterior portion of the membranous
labyrinth of the inner ear. A stout horizontal process, the paroccipital
process, is directed outward and slightly backward. This process
supports the supratemporal process of parietal and squamosal, above
and quadrate, below. |

As viewed from the outer side, the opisthotic articulates
anteriorly, with the nrootic, ventrally, with the basioccipital and

H.b

‘Fig. 7. Auditory capsules viewed from outer side,
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H.b

Fig. 8. Auditory capsule viewed from inner side.

dorsally, with the supraoccipital, while it fuses caudally, with the
exoccipital,

On the internal side, the superior half of the anterior border of
the opisthotic articulates with the supraoccipital, and the inferior
half of it articulates with the prootic, while the posterior border
fuses with the exoccipital.

On the ventral side, the opisthotic forms the ventral boundary
of the auditory capsule, The recessus scalae tympani is widely open
ventrally, The margin of the recessus scalae tympani is enclosed
medially by the basioccipital and the remaining part is enclosed by
the opisthotic and exoccipital. Within the recessus scalae tympani
there are three large foramina: (1) the perilymphatic foramen (foramen
perilymphaticum) which is the supérior one of these three foramina,
surrounded by the opisthotic and leading into the lagenar recess; (2)
the antero-ventral apertura medialis recessus scalae tympani which is
surrounded by the opisthotic, basioccipital and exoccipital; (3) the
postero-ventral glossopharyngeal foramine which is surrounded on its
ventral half by the basioccipital and dorsally by the opisthotic.
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On the outer side, the prominent paroccipital process extends
perpendicular to the auditory capsule. This process projects much
beyond the side of the occipital complex; the height is greater than
the width. Just anterior to and below the base of the paroccipital
nrocess there lies a large ovally shaped foramen oval (fenestra ovalis)
which is enclosed on its anterior half by the prootic and on its
posterior half by the opisthotic.

On the inner side, the opisthotic bone houses the posterior lower
portion of the swollen auditory bulla. Opisthotic and exoccipital are
co-ossified into a single bone. There is no suture between fhem, but
there is a prominent furrow between opisthotic and exoccipital on
the inner side of the cranium. This furrow forms the boundary
between the opisthotic and exoccipital and is perforated by four
foramina. On the ventral termination of the furrow there is a large
foramen which is enclosed dorsally by the opisthotic and ventrally
by the exoccipital; it opens into the recessus scalae tympani. This
large foramen is the glossopharyngeal foramen and permits the
glossopharyngeal nerve to pass out of the skull. Approximately on
the middle portion of the furrow there are two foramina, of which
the lower one, vagus nerve foramen, transmits the wvagus nerve (X)
and the dorsal one, spinal accessory nerve foramen, transmits the
spinal accessory nerve (XI). Both of these two nerves come out of
the skull through a single linearly shaped jugular foramen which is
enclosed laterally by the opisthotic and medially by the exoccipital.
On the dorsal termination of the furrow, there is an opening leading
into the posterior vertical semicircular canal of the internal ear.
‘Opposite to this opening, on the outer side of the skull, there is a
small foramen leading into the posterior vertical semicircular canal
(Fig. 3 a. ch.). Immediately anterior to the glossopharyngeal foramen,
there is a large foramen, ‘apertura recessus scalae tympani, which is
enclosed by the opisthotic, basioccipital, and exoccipital.

The opisthotic is perforated by the posterior half of the horizontal

semicircular canal and the lower major part of the posterior vertical
semicircular canal.



Fu Jen Studies 77

Prootics: The prootic is a 4 shaped bone, antero-dorsally pro-
jecting stout, flat processes, and forming the anterior section of the
auditory capsule. |
There are three processes on the prootics. The anterior process
is stout and flat and projects antero-dorsally. It is perforated on its
root by the anterior wvertical semicircular canal of the internal ear
and articulates movably against the outer surface of the lateral ridge
of the parietal ridge of the parietal. The bulged anterior vertical
semicircular canal houses the external ampzf,la% recess on the outer
side and the internal auditory recess on the inner side of auditory
capsule. The posterior process is flat and projects postero-dorsally.
It articulates with the supraoccipital and opisthotic on the upper side
of the skull. This process is perforated by the anterior vertical
semicircular canal, and on its root by the horizontal semicircular
canal of the inner ear. On the ventral side, the third process, alar
process, which projects antero-ventrally beneath the base of the
anterior and posterior process, is a flat wing-like process and articu-
lates with the basisphenoid by its medial border. The ventral border
of the prootic articulates, from the anterior to posterior, with the
basisphenoid and basioccipital bones. On the ventro-lateral side,
below the anterior vertical semicircular canal, there is a deep outer
auditory recess which is bordered anteriorly by the alar process. On
the postero-dorsal corner of the bottom of the recess and just below
the ampula of the anterior vertical semicircular canal, there is a
small foramen, anferior facial foramen, which provides for the exit
of the palaiine branch of the facial nerve. Near the base of the
paroccipital process of the opisthotic, there is an ovally shaped foramen,
foramen oval (fenestra ovalis), for the insertion of the inner end of
the columella awuris, which is margined anteriorly by the prootic and
posteriorly by the opisthotic. While the slit-like foramen, posfeyior
Jfacial foramen, lies immediately anterior to the anterior border of
the recessus scale tympani, it is surrounded by the prootic, opisthotic,
and basioccipital bones and lets through the hyomandibular branch of
the facial nerve.
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On the internal side of the cranjum, the posterior border of the
prootic articulates with the supraoccipital and opisthotic, and the
ventral border articulates with the basioccipital and basisphenoid.
The bulged anterior vertical semicircular canal and auditory bulla
houses the internal ampula recess. Immediately below the anterior
vertical semicircular canal there is a deep concave cavity, called
internal auditory recess, which is perforated by two foramina. The
postero-dorsal corner of the bottom of internal auditory recess is
pierced by the anferior facial foramer through which the palatine
branch of the VIIth nerve leaves the skull. Enclosing the anterior
portion of the internal auditory recess is the perpendicular Dars
trigeminalis, which is pierced by the large, round #rigeminal nerve
foramen (V). Two auditory foramina pierce the under surface of the
overhanging roof formed by the bulge of anterior vertical semicircular
canal at the posterior margin of prootic. The posterior auditory
foramen is much larger than the anterior auditory foramen, which is
bordered posteriorly by the opisthotic and anteriorly by the prootic
and lets through the posterior division of the auditory nerve. A
very small anterior auditory foramen lies immediately on the antero-
dorsal side of the posterior auditory foramen, which lets through the
anterior division of the auditory nerve. Just anterior to the auditory
foramina there is a channel tunneled into the anterior vertical semi-
circular canal. A slit like posferior facial foramen lies immediately
anterior to the apertura'medialis scalae tympani, which is surrounded
by the prootic, opisthotic and basioccipital and permits the hyomandi-
bular branch of the VIIth nerve to leave the skull.

(2) The Bones in Relation with the Optic Capsule

The optic capsule is not connected to the skull. The depression
in which it is situated is called the orbit. The orbit is surrounded
partly by bones and partly by membrane. It is roofed over by the
prefrontal, frontal, and postfrontal. The anterior side of the orbit
‘is bounded by the prefrontal. The floor is formed partly by the
jugal, ectopterygoid, palatine and pterygoide and partly by the
thickened palatal membrane. The posterior side of the orbit is
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bounded by the membranous ventro-lateral wall of the cranial cavity
enclosing the forebrain. The orbit is separated from its fellow by
the cartilagenous membrane which is suported by the cartilagenous
parasphenoid that extends anteriorly into the nasal septum. The
lacrimal is absent in this species (Fig. 1).

Prefrontals: The prefrontal is a large cup-shaped bone, forming
the anterior angle of the orbit (Fig. 9). It is composed of two portions.
Pars maxillaris forms a part of the hind wall and lateral wall of the
olfactory chamber, and the anterior wall of the orbits., Pars frontalis
consists of two processes: (1) lateral frontal process and (2) medial
Sfrontal process. The cup-shaped lateral frontal process is a continu-
ation of the pars maxillaris; it runs dorsoposteriorly and articulates
with the lateral edge of the frontal by its grooved inner surface. A
short, pointed and flattened medial frontal process of pars frontalis
arises from the grooved inner side of the dorsal margin of the pars
maxillaris and turns medially, creating a gently rounded corner at
its base which is overlapped by the frontal. It articulates with the

H.b

Fig. 9. Postero-lateral view of the prefrontal of H. bowringii.
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antero-lateral alar process of the frontal, and it also articulates with
the base of the prevomerine process and maxillary process of the
palatine. The portion of the prefrontal forming the lateral wall of
the olfactory chamber is thin and is overlapped by the maxilla. The
infraorbital foramen is formed by the moderate notch in the ventral
margin of the anterior wall of the orbit. The foramen is bounded
by the downwardly projecting infraorbital processes, of which the
lateral infraorbital process is much smaller than the medial one and
articulates with the palatal shelf of the maxilla, while the medial
infraorbital process articulates with the jugal, ectopterygeid, and
paratal shelf of the maxilla. The roof of the infraorbital foramen
is the rounded corner which is perforated by a foramen.

Postfrontal: The postfrontal is a crescentic shaped bone articu-
lating along its grooved margin with the frontal and parietal. Both
the anterior and posterior ends of the bone are pointed (Fig. 1).

Fig. 10. Dorszl view of the right postfrontal of H. frenatus.

Jugal: The paired jugals are slender, flat, and slightly curved
bones forming the outer ventral boundary of the.orbits, which lie
on the palatal shelf of the maxilla between the posterior maxillary
process of maxilla and ectopterygoid. Anteriorly, each of these is
broad and pointed at the tip but posteriorly, it becomes slender and
pointed. The anterior end of the jugal projects 'slightly beyond the
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infraorbital foramen, while its posterior end is beyond the extreme
of the posterior maxillary process of the maxilla. The jugal articu-
lates with the maxilla, prefrontal, and ectopterygoid (Fig. 1).

(3) Bones in Relation with the Olfactory Capsules

The olfactory capsules occupy the greater portion of the facial
portion of the skull. They lie in front of the cranial cavity and are
separated from each other by the nasal septum. Each is bounded
behind by the prefrontal, and laterally by the prefrontal and maxilla.
Its roof is covered by the nasal and its floor is formed by the palatal
shelf of the maxilla laterally, of the prevomer frontally, and of the
maxillary process and prevomerine process of palatine and cartilage-
nous membrane, dorsally. Each olfactory capsule has the shape of
a modified horse shoe and consists of two parts: (1) the wvestibule, is
a short outer limb of the horse shoe, which begins behind with the
external narial aperture and leads forward right up to the junction
of the pre-maxilla and maxilla; and (2) the olfactory chamber is the
inner limb of the horse shoe, which is parallel and internal to the
vestibule, and leads backward to open into the buccal cavity through

Fig. 11.. Right side of the anterior portion of the head of . frenatus.
The nasal is removed to reveal the olfactory chamber.
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the internal nares or choana. The vestibule and olfactory chamber
are communicated with each other at the extreme anterior end just
behind the premaxilla but are separated from each other by the
lateral border of the body and the base of the lateral posterior process
of septomaxilla (Fig. 11).

Nasals: The paired nasals are the thin bones lying in front of
the {rontal, forming the roof of the nasal capsule and the posterior
boundary of the external nares. Anteriorly and posteriorly along
the midline, the nasals overlap with its counter part from the opposite
side or articulate with each other. They overlap the frontal posteri-
orly and articulate more or less on its whole lateral length with the
maxilla, The anterior -end of the nasal is produced into the pre-
maxillary process which provides the shallow socket into which the
nasal process of the premaxilla lodges.

Septomaxilla: The septomaxilla is a pair of convex bones lying
inside of the nasal capsule and is best exposed by the removal of
nasals and prevomers., The hones form bo.th the floor of the nasal
capsule and the roof of the Jacobson’s organ (Fig. 1). The extreme
anterior end of the bone is produced into a small, short, and pointed

S tianp,
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Fig. 12. Ventral views of the left septomaxilla. A. H. bowringii
and B. H. frenatus.
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anterior process. The outer border of the anterior process of the
septomaxilla articulates with the rostral portion of the palatal shelf
of the maxilla and the transverse inferior alar process articulates
transversely across the anterior third of the_ prevomer, while the
medial borders bound the parasphenoid. The medial border of the
bone is raised into the superior and inferior ledges which continue to
the posteriorly projecting flat septal process. The superior and
inferior ledges are separated by a deep sulcus which permits the
cartilaginous parasphenoid to run through. The posterior portion of
the bone forms an inferiorly projecting transverse inferior alar
process which forms the posterior borders of the Jacobson’s organ.
The lateral border is curved upward and is produced posteriorly into
a long, laterally grooved posterior process.

D. The Suspensoritm

The lower jaw is supported, on each side, by a pillar-like bone,
the quadrate.

The only remnants of the palatopterygoid cartilage are the
epipterygoid, the basitrabecular process of the basisphenoid, and the
quadrate.

Quadrate: The quadrate is a comparatively massive bone lying
on the outer side of the occipital complex; it forms the bridge for
the lower jaw and cranium. It lies in an obliquely dorso-ventral
direction in such a way that the ventral end is anterior to the dorsal
end. Its dorsal end is directed backward and the ventral end is
directed forward.

This bone is composed of three parts, the dorsal head, the body,
and the ventral head. The dorsal head, condylus cephalicus, is elliptical.
It articulates above with the squamosal and below with the paroccipital
process of the opisthotic. ‘The body of the quadrate consists of an
inner rod-like portion and an outer expanded wing-like portion. The
latter is convex and thin, with a marked concavity facing backward
and downward. The ventral head of the quadrate, condylus mandibu-
laris, bears a medial and a lateral condylar facet for the articulation
with the mandible. The medial and lateral condylar facet are sepa-
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rated from each other by an antero-posteriorly directed sulcus.
Between the articular surface and the mandible, there is a meniscus
of intercalary cartilage which provides the movement of the mandible.
Close to the ventral head, along its internal border, the quadrate bears
a facet for articulation with the pterygoid (Fig. 13).

H.b

Fig. 13. Ventral view of the right quadrates. A. H. bowringii
and B. H. frenatus.

Between the condylus cephalicus of the quadrate, the paroccipital
process, and squamosal, there is a small meniscus of partially ossified
cartilage called the énfercalary cartilage. The cartilage provides the
movement of the quadrate on the paroccipital process.

Squamosal:' The squamosal is a small bone, its rounded ventral
end articulating with the anterior surface of the paroccipital process
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and with thé condylus cephalicus of the quadrate. It curves slightly
upward and forward to articulate with the outer margin of the
supra-temporal process of the parietals along its grooved inner surface.
The dorsal end of the bone is pointed; its lateral surface is also
grooved more or less along its whole length (Fig. 1).

Epipterygoid: The paired epipterygoid (columella cranii) are
slender and rod-shaped bones which are disposed in an obliquely
dorso-ventral direction, the ventral end lying distinétly anterior to
the dorsal end. The expanded calcified, cartilaginous, knob-like end
fits against the lateral edge of the parietal and is also articulated to
the anterior process of the prootic by a ligament, while the wventral
end fits into a large socket (fossa columellae) at the medial edge of
the dorsal surface of the quadrate process of the pterygoid.

E. The Upper Jaw and Palates

The upper jaw is formed by the maxilla and premaxilla, while
the palate is formed by the maxilla, premaxilla, prevomer, pterygoid,
palatine, ectopterygoid, and a small jugal on the posterior parts of
each maxilla.

Pterygoid: The pterygoid is a Y shaped bone, uniting the palatine
and ectopterygoid with the quadrates. It forms a more or less flat
plate in front and a long outwardly directed rod-like process behind.
The flat plate is produced in front into a palatal process medially,

Fig. 14. Dorsal view of the left side of tabular bone of the H. frenatus.
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which is overlapped by the pferygoid process of the palatine in dorsal
view, and laterally into an ectopterygoid process which is overlapped
by the ectopterygoid in dorsal view.

The raised ridge on the veniral side of the ectopterygoid process
continues to the outer border of the flat plate. The ectopterygoid
process and the lateral part of the anterior margin of the flat plate
form the posterior border ‘of the suborbital fenestra. The rod-like
quadrate process is the longest one and rests posteriorly against the
inner border of the quadrate, close to its lower end, in such a way
that the articulation is movable with the pterygoid sliding on the
quadrate.

Fig. 15. Right pterygoid. A. Dorsal view of right pterygoeid of young
H. bowringii. B. Ventral view of right pterygoid of adult
H, frenatus.

An inner border of the anterior part of the quadrate process of
the pterygoid is deeply grooved. Its dorsal border extends medially
into a large, thin cartilaginous wing in young specimens but not in
the adult. This groove provides the surface for the attachment of
the ligament that unites the pterygoid with the hasitrabecular process
of the basisphenoid. On the dorsal surface, immediately above the
groove, there lies a round depression, the fossa columellae, into which
fits the lower end of the epiterygoid (Fig. 15).
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Ectopterygoid: The ectopterygoid is a small, flat and outwardly
curved bone connecting the pterygoid to the posterior process of the
maxilla. It is pointed at both ends and encloses nearly all of the
lateral border of the sub-orbital fenestra. The lateral margin of the
anterior ramus articulates with the palatal shelf of the maxilla, and
the pointed anterior end articulates with the palatine and prefrontal.
The posterior ramus overlaps the ectopterygoid process of the ptery-
goid on dorsal aspect.

Palatine: The palatine is a more or less quédrangular bone lying
in front of the pterygoid. It is greatly concave on the ventral surface
and is produced in front into a prevomerine process, medially, and
into a maxillary process, laterally. The prevomerine process fits into
the palatine notch of the prevomer and its base articulates dorsally
with the medial frontal process of the prefrontal. The maxillary
process articulates laterally with the palatal shelf of the maxilla by
means of its lateral shallowed groove and at its base with the medial
frontal process of the prefrontal and ectopterygoid. These two
processes and the anterior border of the palatine form the posterior
boundary of the internal nares. The posterior portion of the palatine
is flat and is perforated by the palatine foramen. It is produced
postero-medially into a short ptervgoid process which overlaps the
palatine process of the pterygoid at the dorsal side. The more or
less straight posterior border of the palatine articulates with the
pterygoid, while its lateral border forms the inner border of the
sub-orbital fenestra.

Prevomer: The paired prevomers lie in front of the palatine
which forms the floor of the olfactory capsule and Jacobson’s organ,
and the anterior part of the roof of the mouth cavity. When viewed
from the ventral side, the medial border is shallowly depressed and
forms the mid-longitudinal shallow furrow with the counter part of
the opposite prevomer. The remaining part of the bone is divided
by the transverse shallow groove into anterior and posterior and
posterior convex portions, the transverse shallow groove is pierced
by a prevomerine foramen. The incisive foramen 1s enclosed'by the
anterior medial borders of the prevomers. The anterior one-third
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of the prevomer overlaps along the midline with its counterparts
from the opposite side (Fig. 2). The antero-lateral edge of the pre-
vomer is produced dorsally and ventrally into slender ridges which
are separated by the transverse sulcus or articular groove to accomo-
date the palatal shelf of the maxilla. Immediately posterior to the
large antero-lateral articulation with the palatal shelf there is an
indentation for the inner opening of the Jacobsow's organ. Further
caudate, the prevomer gradually widens, to form the medial border
of the internal nares. The posterior margin is greatly indented; it
is called the palatine notch which accomodates the prévomerine process
of the palatine. This notch divides the posterior portion of the
prevomer into the postero-lateral and postero-medial processes. The
postero-lateral process is pointed and descends slightly caudally. It
extends more caudate than the postero-medial process which is broad
and plate-like in appearance.

When viewed from the dorsal side, the medial border is higher
than the remaining portion which is divided into anterior and posterior
concave portions, of which the anterior one forms the floor of the

f.n.c.-- .
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A B
Fig. 16. Dorsal view of prevomer. A. left prevomer of H. bowringii
and B. right prevomer of H. frenatus.
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nasal capsule. The lateral corner of the dorsal ridge of the antero-
lateral edgé of the prevomer is more highly developed in the adult,
which projects into the ventral concavity of the septomaxilla (Fig. 16).
The septomaxilla articulates with the prevomer by means of a
transverse inferior alar process.

Maxilla: The paired maxillae are the large bones which occupy
a major portion of the sides of the snout. They form the lateral
and ventral borders of the external nares and the lateral borders of
both the inner opening of the Jacobson’s organ and internal nares.
The outer surface is smooth, dorsally curving slightly toward the
midline. The maxilla is composed of two portions: (1) the vertical
lateral portion and (2) the palatal shelf portion.
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Fig. 17. Maxilla of Hemidactylus. A. Lateral view and B. Inner view of
the meaxilla of H. bowringii. C. Lateral view and D. Inner view
of the maxilla of H. frenatus.

The vertical lateral portion of maxilla is composed of two parts:
(1) the triangular dorsal pars nasalis and (2) the ventral pars dentalis.
Pars nasalis gives off a pointed frontal process dorsally which
overlaps the frontal and prefrontal and articulates with the nasal

dorsally and overlaps the prefrontal along its posterior margin; its
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anterior border forms the lateral boundary of the external nares.
The portion forming the lateral wall of the vestibule of the nasal
passage is shallowly grooved internally. The ventral pars dentalis,
which bears a number of conical teeth ankylosed to its inner aspect,
articulates anteriorly with the premaxilla and posteriorly with the,
jugal.

The palatal shelf is wide and perpendicular to the almost vertical
lateral portion of the maxilla, at a level with the ventral margin of
the external nares. The shelf runs almost the whole length of the
maxilla. Its inner margin is waved and its width decreases only

Fig. 1. Premaxilla. A. Dorszl view and B. Ventral view of H. bowringii.
C. Dorsal view and D. Ventral view of H. frenatus.



Fu Jen Studies . o1

gradually along the large posterior maxillary process (Fig. 2). Antero-
ventrally, it is 6verlapped by the maxillary process of the premaxilla.
Antero-medially, it fits into the articular groove of the anterior edge
of the prevomer. Antero-dorsally, it articulates with the septomaxilla;
postero-medially, with the maxillary process of the palatine and
ectopterygoid; and postero-dorsally along the posterior maxillary
process, with the prefrontal and jugal.

The pars dentalis of the maxilla is tunnelled through by several
maxillary foramina (nasalis alveolaris superior).

Premaxilla: The premaxillae of the two sides are united to form
a single medial premaxilla which lies at the anterior end of the skull
and gives off a moderate medial convex, pointed process, the nasal
process (processus nasalis). This process forms the median boundary
of the external nares, and its distal half overlaps the premaxillary
process of the nasal. Its distal end is wedged in between the nasals.
The body of the premaxilla consists of the parts; (1) the teeth
bearing pars dentalis and (2) the palatal shelf which is perpendicular
to the pars dentalis and forms the ventral border of the external
nares. The pars dentalis bears eleven conical teeth ankylosed to its
inner side. The palatal shelf is produced posterolaterally into a pair
of the short triangular maxillary processes. From the ventral aspect,
the maxillary processes overlap the palatal shelves of the right
and left maxilla. The mid-posterior edge of the palatal shelf of the
premaxilla is notched and elevated ventrally to form a socket for
conical median teeth.

The premaxilla articulates with the septomaxilla, maxilla, and

nasal;
F. Lower jaw

Each ramus of the lower jaw consists of the following 5 separate
elements: (1) dentary, (2) splenial, (3) coronoid, {4) surangular and
(5) articular (with a fused prearticular and angular).

Dentary: The dentary is a tubular bone bearing teeth on the
inner dorsal margin. It forms the anterior half of the mandible.
When viewed medially, it increases from the symphysis to a maximum
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at the posterior margin. Laterally, the posterior :margin- of the
dentary is produced posteriorly into three large pointed processes:
the superior one overlaps the anterior outer process of the coronoid;
the middle one overlaps the surangular; and the inferior one overlaps
the surangular and splenial. The teeth are ankylosed to the labial
wall and grow upwards from the crista dentalis. Medially, the
posterior margin of the dentary also protrudes into three pointed
processes. The superior one is overlapped by the coronoid; the
medial one overlaps the coronoid but is overlapped by the splenial;
and the inferior one is overlapped only by the splenial. There is a
foramen between the dentary and splenial on the inner side of the
ramus, through which the mnervous alveolaris inferior passes out.
Laterally, the dentary bears 4 mental foramina which para}lel the
level of the medially located crista dentalis. The bone is canalized
along its whole length by the nervous alveolaris inferior which give
off several branches, each coming out of one of the 4 mental foramina.
The inner surface of the anterior end of the dentary is slightly
flattened and fits against a similar surface of the dentary from the
other side to form the mandibular symphysis (symphysis mandibularis).

Splenial: The splenial occupies the medial, ventral, and lateral
aspect of the mandible. The majority of the body of the splenial
occupies the ventral middle third of the inner surface of the mandible.
Medially it overlaps the dentary, coronoid, and prearticular portion

of the articular. It bears two foramina for the passage of the nervous
alveolaris inferior. ' '

Coronoid: The coronoid is a triangular element straddling the
dorsal central third of the mandible by means of its inner anterior
process, outer anterior process, and inner posterior process. The ventral
edge of the thin inner anterior process is overlapped by the inner
middle process of the dentary and splenial, and at the same time it
overlaps the inner superior process of the dentary. The short outer
anterior process overlaps the outer superior process of the dentary -
on the outer side. The inner posterior process overlaps the surangular
and prearticular on the inner side. The coronoid projects upwards
in the form of a processus messetericus. '
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Surangular: The surangular forms the lateral wall of the major
posterior part of the mandible and is overlapped by the posterior
margin of the dentary and the splenial. Ventrally, it articulates
with the angular. It is sword-shaped because its anterior part is
pointed. The surangular forms the anterior, lateral, and posterior
margins of the mandibular fossa (fosseus mechelli). The interior and
lateral edge of the articular condyle completes the roof and lateral
wall of the Meckel’s canal. There are two foramina on the inner
side of the bone. The mandibular foramen is located dorsally to the
anterior margin of the mandibular fossa. Passing through this
foramen, the main trunk of the mandibular division of the 5th cranial
nerve and mandibular artery enter the lower law, while the man-
dibular vein comes out from this foramen. The other foramen lies
just superior to the closed posterior end of the mandibular fossa and
into which enter, from the inner surface, the nervous cutaneous
recurrence maxillae inferior branch of the mandibular division of the
5th cranial nerve. This nerve comes out to the outer surface through
one or more foramina, posterior surangular foramen, near the opposite
side of the leading-in foramen and innervates the skin of this region.
One branch of the mandibular nerve comes out through a foramen,
anterior surangular foramen, on the outer surface of the surangular
near the coracoid. The other branch of the mandibular nerve comes
out through a series of slit-like foramina, posterior myelophygoid
foramen. These foramina are located just anterior and ventral to the
posterior surangular foramen.

Articular: The articular forms the posterior portion of the
mandible. It consists of the prearticular and the ossified Meckel’s
cartilage. The Meckel’s cartilage consists of the large dorsal promi-
nence (articular condyle) which contains the articular facet anteriorly
and the posterior retroarticular process which is ankylosed by the
articular cartilage on its posterior margin, The retroarticular process
forms the point of attachment for the venfral terminal projection of
the epihyal and serves to form the ventral boundary of the tympanic
membrane. The prearticular is a piece of the elongated, pointed bone
visible on the inner side of the mandible, which projects from the
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Meckel’s cartilage. Its anterior border is overlapped by the splenial.
The prearticular forms the inner wall and floor of the mandibular
fossa and supports the Meckel’s canal. Near the base of the articular
facet, on the inner side of mandible, there is an aperture for the
“entrance of the chorda tympani branch of the 5th cranial nerve.
This nerve comes out through two foramina just on the opposite
side of the leading-in foramen.

Angular: The angular is represented by a strip of bone on the
ventral side of the surangular, which articulates with the articular.
The anterior half length of the bone is overlapped by the ventral
margin of the splenial when it is seen from the outside.

G. Teeth

The teeth are of the undifferentiated conical pleurodont type, and
are ankylosed to the inner wall of the mandible, premaxilla, and
maxilla. The teeth are replaced successively. The replacements of
the teeth are beneath the older teeth, So, on the same area suc-
cessional teeth may be seen in varying sizes and stages of replace-
ment of the adult teeth.

The premaxillary teeth are 11-12, the maxillary teeth vary from
22 to 29. The mandibular teeth are 31 in one specimen.

H. The Temporal Fossa and other Large Vacuitics

On the temporal region, there are two vacuities: (1) lateral
occipital fenesiva (post-temporal forra) which is bordered by the
parietal, squamosal, prootic, and paroccipital process of the opisthotic,
and (2) the posterior cranio-pierygoid vacuity which is incompletely
bordered anteriorly by the basipterygoid process of the sphenoid,
laterally by the pterygoid and quadrate, posteriorly by the paroc-
cipital process of opisthotic, and medially by the opisthotic, prootic,
and basisphenoid. The superior temporal fossa and inferior temporal
fossa has not been examined due to the missing jugal-'quadratojugal
bar and the postorbital-squamosal bar.

On the frontal region there are one fossa and two vacuities: (1)
the supraorbital fossa which is bordered by the prefrontal in front
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and the frontal and postfrontal behind, but incomplete laterally, (2)
the sub-orbital fenesira which are two elongated oval apertures lying
beneath the optic capsule, one on each side, surrounded by the
pterygoid, ectopterygoid, and palatine bones, and (3) the interpterygoid
vacuity (incisura piviformis) which is bounded by the prevomer,
anteriorly, palatine and pterygoid, laterally, and basisphenoid, pos-
teriorly. In front of the interpterygoid vacuities there is a pair
of elongated openings, the posterior portions of which form the
choana or internal nares.

1. Hyoid Apparatus

The hyoid apparatus of the H. bowringii is formed by the 2nd
and 3rd wvisceral arches. The 1st ceratobranchial is heavily ossified
and the glossohyal and basihyal are ossified to a slightly lesser extent.
The remainder of the apparatus is unossified, but the anterior border

. Fig. 20.  Ventral view of the hyoid apparatus of H. bowringii. .
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of the middle portion of the hypohyal and the lateral border of the
middle portion of the ceratohyal are ossified.

The thread-like glossohyal extends anteriorly from the basihyal
into approximately half the length of the tongue. Dorsal to the
proximal portion of the glossohyal, there lie the cricoid and arytenoid
cartilages. '

The 2nd visceral arch forms the hypohyal, the lateral descending
ceratohyal, and the terminal projection, the epihyal. The epihyal
attaches to the lateral end of the paroccipital process by the short
ligament and the posterior margin of the crest of the retroarticular
process of the articular.

The 3rd visceral arch forms the heavily ossified cerato-branchial
and epibranchial. This superficially located visceral arch has ho
direct attachment to the skull. The terminal dorsal projection of
the epibranchial parallels the epihyal and terminates far back of the

paroccipital process.

2. Vertebral Column

The vertebral column of the genus Hemidactylus consists of six
regions: (1) the cervical or presternal which consists of eight verte-
brae, of which the posterior five bear ribs, (2) the anterior thoracic,
which consists of three vertebrae with ribs connected to the sternum,
(3) the posterior thoracic, which consists of the successive fourteen
vertebrae with free ribs, (4) a lumbar which bears no rib, (5) the
sarrals, consisting of two vertebrae giving attachment to the pelvic
girdle and (6) the caudal vertebrae, consisting of five pre-caudals
(pygals) and a variable number of posicaudal vertebrae. The first 4
regions are sometimes called presacrals.

Atlas: The atlas is a ring shaped bone and consists of three
separate parts: the ventral, smallest Zypocentrum (first intercentrum),
and the dorso-lateral neurapophyses on each side. The centrum of
the atlas has been transferred to the axis. The hypocentrum is the
smallest of these three pieces and bears a process projecting down-
ward and slightly forward. The neurapophyses are rather large.
They are curved upward and mediaward to house the neural canal
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Fig. 21. Vertebrae of H. bowringii. A. anterior view of the atlas. B. lateral
view of the axis. C. cervical vertebrae 4, frontal view. D, dorsal

view of the sacral vertebrae. T. lateral view of the postcaudal
vertebrae.

and they articulate to the dorso-lateral surface of the hypocentrum
by-ligament. The neurapophyses are divisible into a ventral massive
‘part (neural arch pedicel) and the dorsal thin plate part. The anterior
surface of the ventral massive part of neurapophyses, together with
that of the hypocentrum, form the semicircular articular facet to
articulate with the occipital condyle of the skull. On the posterior
surface of the same region, they develop an arficular facet to articu-
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late with the odontoid process of the axis. The dorsal plates of the
neurapophyses curve mediaward to form the side and the roof of the
neural canal but are separated from each other on the middorsal line,
The neurapophyses bhear a small process projecting dorso-laterally
and backward, which means in opposition to the prezygapophyses of
the axis, though not in contact with each other. The process is
homologous to the postzygapophyses of the following vertebrae.

The space enclosed by the bones of the atlas is divided into two
parts by the transverse ligament connecting the neurapophyses. The
dorsal one is a neural canal and the ventral one serves to accomodate
the odontoid process of the axis.

Axis: The second cervical vertebra differs from the other
vertebrae. The centrum of the axis is amphicoelous. The posterior
surface is concave and the anterior surface fuses indistinguishably
with the base of the odontoid process (the centrum of the atlas) in
the adult. The neurapophyses on each side meet middorsally to form
a prominent longitudinal neural spine (neural crest). The prezygapo-
physes are non-functional and the postzygapophyses articulate with the
prezygapophyses of the third cervical vertebra.

There are two intercentra bearing hvpapophysis. The anterior
one (2nd intercentrum) articulates with both the base of the odontoid
process and the base of the axis centrum and these bones tend to
fuse in the adult. The posterior one (3rd intercentrum) articulates
with the base of the axis centrum in the young, but tends to fuse
with the base of the axis centrum in the adult. The anterior
hypapophysis is directed backward while the posterior one is directed
forward.

QOther Presacrals: These vertebrae are amphicoelous throughout.
The neural spines increase in height posteriorly. On the other hand,
the vertebrae increase in length and width caudally but the posterior
three segments of the posterior thoracics decrease in width caudally.

The third cervical vertebrae is shorter than the following ones.
Although it bears no ribs, it has the obscure condyle (parapophysis)
on each side. The last presacrals bearing no ribs has no condyle for
the ribs; it is shorter _and broader than the preceding presacrals.
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The neurapophysis on each vertebra is notched both in front and
behind. The large nicrvertebral foramen is enclosed on each side
between the neural arches of any two continuous vertebrae for the
exit of the spinal nerve. They articulate by means of the centra
and also through the prezygapophysis and postzygapophysis. The
anteriorly directed prezygapophysis is large and cup-shaped and with
a dorso-medially directed articular facet which articulates with the
ventro-externally directed articular facet of the posteriorly directed
postzygapophysis of the preceding vertebra, A pair of small sub-
central foramina, lying on the ventral aspect of the centrum for the
passage of the blood vessels, occurs in all presacral vertebrae except
the atlas.

The intercentra are small bones, lying interventrally between the
centra. They fuse with the axis and sacrum but are free on the
remaining vertebrae, The intercentra between the third and fourth,
fourth and fifth, fifth and sixth, and sixth and seventh cervical
vertebrae bear hypapophysis directed downward and forward to
articulate with the ventral surface of the proceeding vertebrae.

The ribs of the fourth, fifth, and sixth cervical vertebrae consist
of a short bony portion and a distal forked cartilaginous portion.
The bony portion is flat and expanded both on their proximal and
distal ends. The ventral ramus of the forked cartilaginous portion
is longer than the dorsal ramus. The ribs of the seventh and eighth
cervical vertebrae are broader, proximally and slender distally. The
cartilaginous portion on the distal end of the bony portion is single
and pointed. The ribs of the following vertebrae are normal. The
ribs of the vertebrae IX-XI are connected to the sternum and
xiphisternum by the cartilaginous sternal ribs. The first two pairs
of these articulate directly with the postero-lateral borders of the
sternum, while the remaining pair connects to the xiphisternum,
The ribs of the twelfth to the twentieth vertebrae are free ventrally
and shorter posteriorly. They are also composed of the proximal
bony and distal cartilaginous portions. The last presacral vertebrae
has no ribs and may be classified as the lumber vertebrae.

Saerals: There are only two sacral vertebrae in these animals.
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They are characterized by the presence of the large, expanded
transverse process which is directed outward. The anterior precess
is greatly expanded distally into a tough articular facet for the ilium.
The posterior process is curved forward to meet the distal end of
the anterior process and houses a large foramen hetween them which
bears a thin projecting plate along its caudal border. The distal
extremities of the processes are broad and each bears a small articular
facet for the ilium. Like the presacral vertebrae, the subcentral
foramina are present on the sacrum.

Caudals: The caudal vertebrae are divided into two groups:
the pre-caudal vertebrae (or pygal) are five in number and located
immediately behind the sacral vertebrae; the post-caudal vertebrae
lie in the autotomous part of the tail.

The precaudal vertebrae have no autotomy segments. The
transverse processes are present in all precaudals, which are dorso-
ventrally flattened and shorter posteriorly. The chevron bones are
present between the third and fourth, and fourth and fifth precaudals
and are Y-shaped. These chevron bones contain the haemal canal
for the passage of the caudal artery and vein. The postcaudal
vertebrae is divided into the anterior half and posterior half sections
by an auiotemy zone. The transverse process of the postcaudals is
present in the first seven but is very short. The Y-shaped chevron
bones are also present in the first seven postcaudals and they also
contain the haemal canal for the passage of the caudal artery and
vein and are attached to the ventral aspect of the intervertebral
joint. The remaining caudal vertebrae decrease gradually in size
and become rod-like in the distal end of the tail.

3. The Sternum

The sternum is a calcified cartilaginous rhomboidal plate with
flanges on the anterior border to receive the epicoracoid. The
posterior border is attached to two pairs of sternal ribs which
articulate with the first and second pair of the thoracic ribs. The
xiphisternum, attached to the posterior tip of the sternum, is a
calcified cartilage which gives rise to two posterior cornua, of which
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the outer one articulates with the third pair of the thoracic ribs and
the inner one is short and free.

4, Appendicular Skeleton

A. The Pectoral Givdle

The peactoral girdle is formed of the median unpaired interclavicle,
paired clavicles, epicoracoidzs, scapulo-coracoides and partially calcified
suprascapulae. The cruciform interclavicle connects to the sternum
with the clavicles. Portion of the interclavicle lying attached to the
ventral surface of the antero-median part of the sternum is covered
ventrally by the clavicle at the anterior tip. Of its four arms, the
posterior one is the stoutest, while the anterior and lateral ones are
rather slender. The two lateral arms are obliquely curved forward
and articulate with the posterior border of the clavicle., All of the
arms are obtusely pointed.

The epicoracoids are calcified cartilaginous flat plates. They are
movably articulated to the flange of each side of the anterior border
of the sternum but immovably articulated to the coracoid by their
outer border. The medial border .of each side of the epicoracoids do
not meet in the mid-longitudinal line on the dorsal side of the inter-
clavicle. They are broad in front and narrow behind. Each epi-
coracoid has, at its anterior outer end, a recurved prolongation which
unites with the primary coracoid ray of the coracoid and becomes the
anterior border of the primary coracoid fenestra.

The clavicles are flat and curved bones with their medial part
dilated and perforated by a large ovoid clavicular fenestra. The
medial ends are attached to the ventral surface of the anterior area
of the interclavicle and nearly in contact with each other, but the
distal ends are connected to the notch on the ventro-anterior part of
the suprascapula

The coracoids are a pair of thin convex bones with the curved
inner border which articulates with the epicoracoid. Its dorsal end
unites to the scapula and bears a small supracoracoid foramen for the
passage of the nerve going to the forearm. Two rays project
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Fig. 22. A and B. Ventral view of the sternum and the pectoral arch of A
bowringii and H. frenatus respectively. C. and D. Lateral view of the
pectoral arch of H. bowringii and H. frenatus respectively.

forward from the coracoid: (1) the dorsal primary coracoid ray and
(2) the ventral secondary coracoid ray. There is a large primary
coracoid fenestra between the primary and secondary coracoid ray,
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and it is bordered anteriorly by the epicoracoid. A small secondary
coracoid fenestra lies between the secondary coracoid ray and the
epicoracoid. The coracoid forms the posterior half of the glenoid
fossa, the anterior half of which is formed by the scapula.

The scapula situates dorsal to the glenoid fossa and is fused to
the coracoid with its proximal end. It is a flat and bar-like bone
lying in a vertical plane and participating in a formation of the
glenoid fossa. It bears a triangulariy shaped process on its anterior
surface. This process represents the scapula ray (mesocoracoid or
acromial lobe).

The suprascapula is a broad and flattened plate; it is mainly
cartilaginous but partially ossified. It is directed obliquely inward
from the scapula and covers the fifth to seventh cervical ribs. Its
dorsal region is quife broad and thin but the ventral region is narrow
and bears a facet for the articulation of the clavicle.

B. Fore Limbs

Humerus: The shaft of the humerus is cylindrical and expands
at its extremities. The proximal end is a rounded head which fits
into the glenoid fossa of the scapulocoracoid. There are two crests
near the head for the attachment of the muscles. On the preaxial
surface the delfoid crest is less developed than the pectoral crest on
the postaxial surface. There is a deep depression, the bicipital fossa,
between the head and the pectoral crest. The distal end of the
humerus forms the areas of articulation with the radius and ulna.
The capitulum or radial condyle is preaxial in position and articulates
with the radius. The irochlear or ulnar condyle is postaxial in position
and articulates with the ulna. A linearly shaped ectepicondylar foramen
lies beside the wing-like expansion on the preaxial border near the
capitulum. ,

Radius: The radius and ulna lie nearly parallel with each other.
The preaxial radius is shorter and more slender than the postaxial
ulna.

The radius is a rod shaped bone; it bears the concavity at its
proximal end to articulate with the capitulum of the humerus. The
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straight shaft terminates in pseudepiphysis which articulates with the
shallow groove of the radiale.

Ulna: The oleclanon process at the proximal end of the ulna
projects postaxially and bears the concave fossa (sigmoid fossa) for
the articulation of the trochlea of the humerus. On the preaxial
surface of the head of the ulna at the level of pseudepiphysial plate
there is a shallow articular facet for the articulation of the head of
the radius. The opposing facet of the radius is also obscure. It
expands distally to the pseudepiphysis which articulates with the
shallow depression of the ulnare. On the postaxial surface the
pseudepiphysis articulates with the pisciform. There is a small
ossification, the drachial patella (patella ulnaris) between the olecranon
process and the humerus.

Carpus: The carpus consists of three rows of indistinct bones.
The proximal row is formed of three bones, i.e. radiale, ulnare and
pisciform; the middle row is represented only by a centrale, and the
distal row consists of carpals I-V. The intermedium is absent, The
radiale articulates proximally with the radius, postaxially with the
centrale, and distally with the first carpals and first metacarpal
through the small articular facet. There is a small protuberance on
the distal region of the preaxial surface of the radiale. The wlnare
provides a concavity on the postaxial surface for the articulation
with the ulna. Preaxially, it articulates with the centrale and distally,
provides a concavity for the articulation with the fourth and fifth
carpals. The cenirale is an elongated bone, a compressed preaxial-
postaxial axis between the ulnare and radiale. Distally and postaxially
it articulates with the first to the fourth carpals. The pisciform
bone is a small ovoidal bone articulating independently with the ulna.
A small rounded first carpal articulates proximally with the radiale
and centrale, distally with the first metacarpal and postaxially with
the second carpal. The second and third carpals are larger than
the first carpal and articulate proximally with the centrale. The
fourth carpal is largest and articulates proximally with the centrale
and ulnare. The fifth carpal articulates proximally with the wulnare.
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L
Fig. 23. Ventral view of the left anterior limb of H. bowringii. A. the

humerus. B. the radius, ulna and bones of manus.
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A . B
Fig. 24. Ventral view of the pelvic girdle. A. H. bowringii. B. H. frenatus.
H. frenatus. Dotted area represents the cartilage. -

The manus consists of 5 mefacarpals, each followed by the
phalanges. The phalangeal formula of the H. bowringii is 2-3-3-4-3,

C. Pelvic girdle

The pelvic girdle is composed of two halves of a triradiate bone
which is formed by the dorsal ilium, ventro-anterior pubis, and the
ventro-posterior ischium. All these bones take part in the formation
of the shallow depression, the acetabulum. These bones are distinct
from each other in young specimen but they are fused into a single
bone in the adult. _

The ilium is a flat, rod-shaped bone, which directs upward and
backward and articulates with the articular surface of the transverse
process of the sacral vertebrae by means of the inner surface of the
ilium,

The pubis is a dorso-ventrally flattened bone. It is almost hori-
zontally directed from the acetabulum forward and inward to fuse
with the rhomboidal cartilagenous epipubis which is wedged in
between the anterior end of the pubis. There is a small foramen
near the acetabular fossa in each pubis. This is the obturator foramen.
The prepubic or pactineal process is moderately developed.

The ischium is also dorso-ventrally flattened and horizontally
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projects to the medial direction from the acetablum to fuse with a
slender, rod-shaped cartilagenous Aypoischium in the mid-line. The
bone is broader medially. It bears a metischial process at the posterior
border. There is a slender rod-shaped hypoischium which projects
from the ischiatic symphysis backward to support the ventral wall of
the cloaca.

The pubis and ischia bound the heart-shaped space, the ischicpubic
fenestra or foramen cordiforme.

D. Hind Limb

Femur: The column-like femur is a slightly curved bone. It
has an ovoidal head which articulates with the acetabulum of the
pelvic girdle, and a massive infernal trochanter on the ventral side
of the head. On the postaxial surface between the head and internal
trochanter of the femur there is a deep infertrochanteric fossa. The
expanded end of the femur has a large articular surface on the
preaxial side of the condyle for the articulation with the tubia and
a smaller articular surface on the postaxial margin of the condyle
for the articulation with the fibula.

There are four small pafella bones on the knee joint. The largest
one is on the upper side of the condyle of the femur, the other two
patella tibialis are wedged between the femur and the tibia. The
parafibula is wedged between the femur, fibula, and tibia.

Tibia: The tibia is a stout compressed bone. The triangular
head is greatly expanded, with pseudepiphysis and gradually narrow
to the rounded distal end, the flat surface of the proximal end of
the tibia articulates with the femur and the distal end articulates
with the preaxial side of the tibio-fibulale.

Fibula: The flat fibula is more slender than the tibia., The
slender head articulates with the femur but not with the tibia, and
gradually expands to the distal end which articulates with the
proxima} part of the tibio-fibulale.

Tarsus: The tarsus consists of five bones arranged in proximal,
middle, and distal rows. The proximal row is represented by a large
tibio-fibulale in the adult. It is a fused tibiale and fibulale. The tibio-
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B

Fig. 25. A. Anterior-ventral view of the left femur. B. Dorsal view of left foot.
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fibulale articulates with the tibia and fibula proximally and with the
first, second, and third tarsals and cuboid bones distally, The middle
row is only represented by a small node-like centrale. The distal
row of the farsus consists of three bones: (a) a small flat first tarsal
in contact with the tibio-fibulale and the first metatarsals, (b) the
triangular shaped second and third tarsal articulate with the tibio-
fibulale, cuboid, the 2nd, and the 3rd metatarsals, (c) the cuboid bone
is a fairly large bone which articulates with the tibio-fibulale, third
tarsal, fourth, and fifth metatarsals. The fifth metatarsal is the last
bone on the distal row of the tarsus.

Of the five metatarsals the fifth is shortest, it is probably the
fused bone of the fifth tarsal and fifth metatarsal. The first and
the fourth metatarsals are the next shorter ones. Each metatarsal
is followed by phalanges. The phalangeal formula of the hind limbs
of the H. bowringii is 2-3-3-4-3.

E. The Cloacal Bones

The cloacal bones of the male are subcutaneous elements which
lie posterior to the anal vent. They are L-shaped, and their medial
ends are pointed and slightly hocked, but their lateral ends are blunt
and directed to the medial posterior side in the adult. In young
specimens, the medial end of the cloacal bone is not hocked.

(:\x e

Fig. 26. Cloacal bones. A, H. frenatus B. H. bowringii,
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" THE COMPARISON OF THE SKELETON OF H. BOWRINGII
- ' AND H. FRENATUS IN SUMMARY

Skull: In general the skulls of both species are much alike.
They are depressed, broad, and flattened.

The comparisons of the skeletal structures of both species are
chiefly based on the details of the structure of each bone. The diffe-
rences in the structures of each bone between both species are given
below:

Parietals: The width of crest is broader in H. frematus than
H. bowringii (The width of the crest of parietal to the width of the

remainder portion of the parietal is about 2:5 in H. bowringii but is

about 3:5 in H. frenatus) (Fig. 8).

Frontals: The greatest width of the supraorbital crest of the
frontal is nearely equal to, or smaller than the smallest diameter of
the olfactory canal in H. bowringii but it is about two times the
diameter of the olfactory in H. frenatus. The ratio of the narrowest
width to the length of the frontal is 0.21 in H. bowringii, but is 0.33
in the H. frentatus (Fig. 1 and Fig. 6).

Prootic: The alar process (Fig. 2, al.p.) of the prootic forms
only the anterior boundary of the external auditory recess in H.
bowringii but forms the anterior and incompletely the lateral boundary
of the external auditory recess in H. frenatus (Fig. 2). The alar
process of the prootic extends outwardly beyond the lateral margin

of the parietal in H. frematus, but it does not in H. bowringii. The

superior border connecting the anterior and posterior process of the
prootic is largely concave in H. bowringii but is slightly concave in
H. frenatus. (Fig. 7).

Postfrontal: Both the anterior and posterior rami of the post-
frontals are slender and of equal width, and the anterior and posterior
tips are pointed in H. bowringii, while in H. frenatus, the anterior
ramus is narrower than the posterior ramus, both the anterior and
posterior tips are blunt (Figs. 1 and 10).

Septomaxilla: The posterior process is nearly parallel to the
septal process and is straight in A. bowringii but is slightly curved
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inward in H. frenaius. The groove on the posterior process is
directed toward the lateral side in H, bowringii but directed in the
dorso-lateral direction in H. frenatus. The septomaxilla is wider in
H, bowringii than in H. frenatus (excluding posterior process and
septal process) (Fig. 12).

Quadrate: The concha of quadrates are more highly developed
in H. bowringii than in H. frenatus (Fig. 13). The candylus cephalius
is elliptical in H. bowringii but is spherical in H. frenatus.

Squamosal: The posterior end of the squamosal is pointed in
H. frenatus but it is blunt in H. bowringii.

Pterygoid: The ectopterygoid process of the pterygoid gives
rise dorsally and ventrally into high ridges in H. frenatus, while the
dorsal ridge is absent in H. bowringii. The quadrate process of the
pterygoids is short in H. frematus as compared with the long quadrate
process of H. bowringii (Fig. 15).

Palatine: The anterjor end of the lateral border of the palatine
is notched in H. frematus but it is without notch in H. bowringii.

Prevomer: The postero-medial process of prevomer is slender
in H. frenatus but it is broad and plate-like in H. bowringii. The
lateral corner of the dorsal ridge of the antero-lateral edge of the
prevonier is highly developed in the adult specimen of H. bowringii,
but is not in H. frenatus (Fig. 16).

Parasphenoid: The round, rod-like parasphenoid of H. bowringii
is calcified on the posterior half of the bone. While in H. frenatus
the major part of the parasphenoid is calcified, except the portion
entering the nasal capsules.

Maxilla: The anterior part of the dorsal margin of the pars
nasalis of the maxilla develops a longitudinal, narrow articular surface
to articulate with the antero-lateral margin of the nasal in H.
Jrenatus, while this articular surface is absent in H. bowringii (Fig.
17).

Premaxilla: The nasal process of the premaxilla is longer than
the width of the pars dentalis in H. frenatus but it is shorter than
the width of the pars dentalis in H. bowringii. The maxillary process
touches the line connecting the anterior margin of the aperture of
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Jacobson’s organ of each side in H. frematus, but it only reaches a
short distance in front of the anterior margin of the aperture of
the Jacobson’s organ in H. bowringii (Fig. 18).

Teeth: The maxillary teeth on one side of the maxilla varies
from 30 to 40 in H. frenatus but varies from 22-34 in H. bowringii.
The mandibular teeth range from 34-37 in H. frenatus, but 31 (one
specimen) in H. bowringii.

Vertebral column: The number of vertebrae in each region of
both species is listed below:

H. bowringii H. frenatus
Cervical 8 8
Anterior thoracics 3 35
Posterjor thoracics 14 12-14
Lumber 1 1
Sacral 2 -2
Precaudal 5 5

Atlas: The postzygapophysis of atlas is blunt in H. frenatus
but it is pointed in H. bowringii. On the neural arch pedicel, a
postero-laterally projecting tuberosity is not present in H. frenatus.

Axis: In H. frenatus, the hypapophysis of the second inter-
centrum have three processes, of which the medial hypapophysis
directs ventro-anteriorly and the two lateral ones direct ventro-
posteriorly, while in H. bowringii there is only one process on the
2nd hypapophysis. It is directed ventro-posteriorly in young specimens
but is directed to the back in the adult specimens. The neural crest
of the axis is long in H. frenatus but is short in A. bowringii. The
third intercentrum bears hypapophysis (3rd hp.), which articulates
with the centrum of the axis in the young and fuses with the
centrum in the adult of H. bowringii.

Intercentrum: The intercentrum between the 7th and 8th verte-
brae in H. frenatus bears hypapophysis but it is absent in H. bowringii.
The hypapophyses of the intercentrum are longer in H. frenatus.

Chevron bones: The chevron bhones are present in the first 16
postcaudals in H. frenatus but they are present only in the first 7
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postcaudals in H. bowringii, The transverse processes are present in
numerous post-caudals except the caudal ring of the distal ones in
H. frenatus, but they are present only in the first seven post-caudals
in H. bowringii.

Cloacal hones: The an.gle formed by the anterior and posterior
rami of cloacal bones is less than 90° in H. bowringii and is bigger
than 90° in H. frenatus (Fig. 26). .

Pectoral girdle: The medial end of the clavicles is broadest in
H, bowringii but the central portion of the clavicle is broadest in H.
Sfrenatus. The scapular ray of the scapula is slightly pointed in H.
frenatus but it is cut edged in H. bowringii. The major portion
between the secondary coracoid ray and the epicoracoid is cartilagi-
nous in H. frenatus but is calcified in H. bowringii (Fig. 22). The
suprascapula of H. frenatus is completely calcified, but it is partially
calcified in H. bowringii (Fig. 22).

Sternal and mesosternal or xiphisternal ribs: The first two
(in 3 specimens) or three (in 14 specimens) of the thoracic ribs are
tied to the sternum by slender true sternal ribs. The next one (in
15 specimens) or two (in 3 specimens) bear similar long mesosternal
or xiphistefnai ribs, of which the last one may or may not join with
the xXiphisternum.

The variations of the numbers of sternal and mesosternal ribs
appear to be due to the variable attachment of the ribs of the 11th,
12th, and 13th vertebrae with the sternum and xiphisternum. The
11th may lose its attachment to the sternum and shift to the xiphi-
sternum. The 12th and 13th may lose its attachment to the xiphi-
sternum and thus end free (Fig. 22). The model formulas are: H.
bowringii (2--1)/5 specimens; H. frenatus (3+1)/25 specimens, (Z—i—Z))’Z
specimens, (2--1)/1 specimens and (342)/1 specimens.

Pelvic girdle: The pelvic girdle of both species are much alike
in structure. The anterior end of the pubis of each side is com-
pletely separated from the epipubis in H. bowringii, but it is partially
separated from the epipubis in H. frenatus. The posterior hoof of
the hypoischium of H. bowringii is simple spinous in structure but
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is Y-shaped in H. frenatus. A small spine beside the metischial
process is present in H, frenalus but it is absent in H. bowringii. -

Table. Variation in the number of sternal and mesosternal ribs
in individuals of these two species of Hemidactylus
H. bown‘ngii_ ‘ H. frenatus
No. of sternal ribs
2 5 ' 2
3 . ] ' 24
2/3 1} 2
No. of mesosternal ribs
1 5 25
2 0 2
1/2 0
ABBREVIATIONS

a.a.p.
a.b.
a.c.
a.c.t.n,

a.C.v.
a.ch.

a.e.ept.p.

a.g.

a.i.pa.p.

a.j.o.
a.m.
a.na.
a.p.
a.p.s.
a.s.f.
a.v.s.C.

antero-lateral alar process.

auditory bulla.

articular condyle.

aperture for the entrance of the chorda tympani branch
of the VIIth nerve.

anterior opening of vidian canal.

aperture for the channel of posterior vertical semicircular
canal.

ectopterygoid process.

~ articular groove.

paratal process.

aperture for the Jacobson’s organ.
aperture medialis recessus scalae tympani.
neurapophysis of atlas.

anterior process of prootic.
antero-posterior sulcus..

anterior surangular foramen.

anterior vertical semicircular canal.
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a.z. autotomizing zone.

a.c. acetabulum.

al.p. alar process of prootic.

an.p. anterior process of septomaxilla.
ang. angular.

art. articular.

b. body of quadrate.

b.d. basicranial depression.

b.f. bicipital fossa,

b.p. brachial patella (patella ulnaris).
b.pty. basipterygoid process.

b.h. basihyal.

b.c. basioccipital.

b.s. basisphenoid.

C. ceratohyal.

cl. first ceratobranchial.

c.a.v.s.C. channel for the anterior vertical semicircular canal.
c.C. dorsal head (condylus cephalicus).
c.d. crista dentalis,

c.m, cartilagenous pterygoid meniscus.
C.S. crista sellaris.

C.v. chevron bone,

ce. centrale.

cen, centrum.

cl. clavicle.

clf. clavicular fenestra.

co.1m. ventral head of quadrate (condylus mandibularis).
cor. coronoid.

cp. carpals (1-5).

co. coracoid.

Cr. crest,

cu. cuboid.

d.a.c. dorsal roof of auditory capsule.
d.c. deltoid crest.

dent, dentary.
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drb. distal cartilagenous rih.

e. epihyal.

el. first epibaranchial.

e.a.r. external ampula recess.

e.aur. external auditory recess.

e.e.f. ectepicondylar foramen.

e.f. endolymphatic foramen.

e.n, external nares,

ec, ectopterygoid.

ep. epipubis.

ep.c. epicoracoid.

ept. epipterygoid.

ex.o. exoccipital.

f.a. articular facet.

f.a.i. foramina for the passage of the nervous alveolaris inferior.
f.c. ischio-pubic fenestra (foramen cordiforme).

f.cor.m.i, foramen for the nervous cutaneous recurrens mamllae
inferior branch of the mandibular division of the 5th

nerve.

f.col. fossa columellae.

f.j.o. floor of the Jacobson’s organ.
f.m. foramen magnum,

f.n.c. floor of the nasal capsule.
f.o. foramen ovale.

f.p.mx. frontal process of maxilla.
f.p.p. frontal process of parietal.
fi. fibula.

fr. frontal.

g. glossohyal.

g.f. glenoid forra.

h. hypophyal.

h.d. head.

h.f. hypophysial fossa (sella turucica).
h.i. hypoischium.

h.s.c. horizontal semicircular canal,
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he.
hp.

ia.p.
La.r.
iaur.
i.c.
ict.
i.cen,
i1
in.
ior.f.
s.or.fo.
1.p.p.
itr.
itr.f.
1.v.
ie.

is.

La.s.
La.f,
Lef,
Li.p.
Li.p.
LLr.
Lp.p.
L.p.p.vo.
m,c.1.

m.f.p.
m.i.p.

m.p.p.vo,
m.p.pmx.
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hypocentrum.

hypapophysis.

interclavicle.

inner anterior process of coronoid.,
internal ampular recess.

internal auditory recess.
intercalary cartilage.

internal carotid foramen,
intercentrum.

incisive foramen,

internal nares.

infra-orbital foramen.

sub-orbital fenestra,

inner posterjor process of coronoid.
internal trochanter,
inter-trochanteric fossa,
interpterygoid vacuity.

illium.

ischium.

jugal.

jugular foramen (X, XI)

large articular surface.

lateral occipital fenestra.

lateral condylar facet.

lateral frontal process.

lateral infraorbital process.

lateral longitudinal ridge.

lateral posterior process of septomaxilla.
postero-lateral process of the prevomer.
medial condylar facet.

maxillary foramina.

medial frontal process.

medial infraorbital process.
medial plate of prevomer.
maxillary process of premaxilla.



m.p.t.
m.s.
ma.f.
ma.fo.

me.f.
mp.
mt,
mx,
mxp.f.

mxp.pmx.

n.

n.c.
n.Cr.
n.pmx.
n.s.
na.a.
nap.
nas.
o.cC.
0.C.eX.
od.
o.f.

ol.
ol.c.
olf.
op.

p.a.
p.c.
p.c.i.
p.c.r.
p.C.v.
p.con.
p.d.pmx.
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mid-posterior premaxillary teeth,
surface of the mandibular symphysis.
mandibular foramen,

mandibular fossa.

metacarpals (1-5).

mental foramina.

metischial process.

metatarsals.

maxilla.

maxillary process of frontal.
maxillary process of premaxilla.
notch.

neural canal.

neural crest.

nasal process of premaxilla.
neural spine,

neurapophysis of axis.

neural arch pedicle.

nasal.

occipital condyle.

occipital condyle of exoccipital.
odontoid process (centrum of atlas)
obturator foramen.

oleclanon. |

olfactory canal.

olfactory chamber,

opisthotic.

pubis.

pre-articular.

pectoral crest.

primary coracoid fenestra.
primary coracoid ray.

posterior craniopterygoid vacuity.
pars condyloidea of basioccipital.
pars dentalis of premaxilla.
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p.f.
p.fr.
p.m.
p.m.f.
p.mxp.
p.n.
p.p.
p.p.op.
D.s.
p.s.p.
p.s.f,
pP.S.mX.

p.S.pmx,

p.t.
p.ti.
p.V.S.C.
p.t.f.
p.vo.
p.vo.f.
D.Z.
pal.
pal.n.
par.
pas.
ph.
pi.
pmx,
po.a.
po.fr.
PP.
pr.a.
pr.r.
pr.z.
pro.
ps.
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parafibula.

prefrontal.

processus messetericus.
posterior myelohyoid foramen.
posterior maxillary process.
pars nasalis.

posterior process of prootic.
paroccipital process of the opisthotic.
parasphenoid.

parasphenoid process.
posterior surangular foramen.
palatal shelf of maxilla.
palatal shelf of premaxilla.
pars trigeminalis.

patella tibialis.

posterior ventical semicircular canal.
post-temporal fossa.
prevomer.

prevomerine foramen,
postzygapophysis.

palatine.

palatine notch.

parietal.

parapophysis.

phalanges.

pisciform.

premaxilla.

postaxial,

postfrontal.

pectineal or prepubic process.
preaxial.

proximal rib,
prezygapophysis.

prootic.

pseudepiphysial plate,



pty.
q.pty.

r.art.p.
r.c.
r.r.ir.
r.s.t.
ra,

s.a.s.
s.ang.
s.C.
s.c.f.
s.c.fe.
S.C.I.
s.f.
S.mx.
S.0.
$.0.C.
s.o.f.
S.0.D.
s.0.t.

8.p.

s.pmx.t.

S.I.
s.t.p.
sh.
si.f.
ss.
st.
st.r.

f.ia.p.
t.lw.
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pterygoid.

quadrate,

quadrate process of the pterygoid.
radius.

retroarticular process.

radial condyle (capitulum).
round ridge of frontal.

recessus scalae tympani.
radiale.

sulcus.

small articular surface.
surangular.

scapulo-coracoid.

supra-coracoid foramen.
secondary coracoid fenestra
secondary coracoid ray.
scapular fenestra.

septomaxilla.

supi‘aoccipital.

supra-orbital crest.

supra-orbital fossa.

space for odontoid process.
spheno-occipital tubercle.

septal process,

socket for mid-posterior premaxillary teeth.
scapular ray.

supra-temporal process of parietal.
shaft.

sigmoid fossa.

supra-scapula.

sternum.

sternal rib.

squamosal.

transverse interior alar process.
thin lateral wing.

121
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t.p.s. thin process projected into the ventral concavity of the
septomaxilla.

ti. tibia.

tf. tibio-fibulale,

tl transverse ligament.

tp. transverse process.

tps. transverse plate of sacrum.

u. ulna,

ul.c. ulnar condyle (trochlea).

V. vestibule.

v.L.p ventro-lateral process.

X. xiphisternum.

V. trigeminal nerve foramen.

Vlia. anterior foramen for abducence nerve.

Vip. posterior foramen for abducence nerve.

VIIhm. anterior facial nerve foramen.

VIlpal. anterior facial foramzn through which the palatine branch
of the VIIth nerve leaves the skull.

Vlilla, anterior auditory foramen.

VIIIp. posterior auditory foramen.

IX. glossopharyngeal nerve foramen.

X. vagus nerve foramen.

XI. spinal accessary nerve foramen.

XII. hypoglossal foramen,

1, 2+3 distal row of tarsals.

(1)

(2)
(3)

(4)

(5)
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