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SUMMARY. Azimutha of croas-bedding forescts having senso and magnitude can bo treated
s voctarial quantities. Convontional statistical tosts being not applicabls to thess circularly distributed
voctorial dats, thoso azimuth roadings have boon analysed with the help of specinl tests doveloped for the
purpose.

Resultant voctars of 1001 cross-bodding ozinuths from tho Uppar Permian (or Lowor Trivsio)
Kamthi rocka, belioved to bo of fluviatilo origin, indicate & genoral northerly palea.direction of sediment
tranaport.  Yligh consintonry ratio vahscs fot tho cross-bedding readingn from the point.bar and channcl-bar
dopowits which conatitute the Middle and Upper Kamthi unita, indicato that the flow of 1he Kamthi river
was prodominantly unidireetional during tho later phaso of Kamthi sedimentation. In the Lowor Kamthi,
crom-bedding measurementa wore mndo in the sand lensen interpreted to bo the eut-off meander channels
of the river, which were presorved within the intorchannel flood plain deposits. Compnrtively higher
disporsion of cram-bodding azimuths noted in this unit is apparently the result of river moandor.

Voetor rosultants of crosa-hodding atimeths in tho Lawer, Middlo and Upper Kamthi unite ara
30°08%, 0°53” and M2°27" reapectivoly, Statiatical analysis revoals that the paleocurrents in tho thros
Kamthi unite woro vory aignficantly difforont.  This lcads 1o the conclusion that Tho northwesterly shift
of the Kamthi paleocurrent with timo, is a significant ono.

1. IxTRODUCTION

It is a common experienco that a sand bed underlying a flowing sheet of
water is often thrown into a scries of ripples. Continuous erosion of materials on
the troughs of these ripples and deposition of theso materials on the steeper, lee-sides,
cnuso the ripple patterns to migrato in tho direction of the flowing water. Move-
ments of theso ripples in turn, transport the whola sheet of sand in the direction of
tho current. In ancient sandstones, records of such succeasive ripples aro often found
to bo preserved in the form of laycrings lying oblique to the principal surface of accu-
mulation. These oblique layerings aro commonly known as eross-beddings and the

v This work fua part of an i of study of the k basin of the Pranhita—
Qcdavari valley by the Qeologiral Studies Unit of the Indinn Stetisticol Inatitute.
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directions (azimuthsY) of inclinations of these cross-bedding forescta provide clues to
the paleo-direction of scdimont transport.

Many local fluctuations in current directions are known to occur during
sedimentation in a flowing river. Becauso of theso fluctuations, it is felt that statia-
tical averages of cross-bedding azimuths rather than the individual dips themsclves
aro better representatives of the overall paleocurrent dircetion. Azimuths of crosa-
bedding foresets have senso as well as magnitudo and can bo treated as vectorial
quantitics. Analysia of theso vectorial data, circularly distributed on all quadrants
of compass dml prov ido challenging problems to the atatisticians sinco conventional
tatistical ¢ lesigned primarily for linearly distributed data, are not
applicablo to lho circularly distributed measuroments.

Tho present paper di the techni dopted for analysis and inter-
pretation of eross-bedding data from tho Upper Pcrmmn (possibly extending to Lower
Trinssic) Kamthi formation around Bheemaram, in the Pranhita-Godavari valley,
Andhira Pradesh. The pal Tent system reaponsible for sedimentation in the
ancient Kamthi river system has been worked out from this analysis.

Depositional environment of the Kamthi sediments, as deduced from a study
of tho lithology and primary sedimentary structures of these rocks, has been dis-
cussed clsowhere (Sengupta, 1966). The Kamthi formation of the arca has been
divided into threo units on lithological basis. Profuscly cross-bedded, coarse sands
and gravels of the Upper and Middle Kamthi units mainly represent deposits of the
point-bars and channel-bars of tho Kamthi river. Massive, and generally structure-
less, sandy siltstones and fine grained eandstones of the Lower Kamthi represent inter-

1 1 flood plain deposits. Lenses of cross-bedded sandstono found interbedded
with the Lowor Kamthi siltstones are interpreted to bo remnants of the cut-off meander
channels of the Kamthi river within the flood basin deposits.

2. Savprrso

In an arca of about 60 squaro miles covering tho Kamthi outcrop near
Bh 1052 cross-bedding azimuths have been measured (Sengupta, 1066).
Of theso measuremonts, only 1001 measurcments have been used for statistical analysis,
Readings lying within highly faulted areas have not been taken into consideration,
sinco the original cross-hedding directions in these places were disturbed by later
movements,

In this typo of data collection, it is difficult to follow a rigid sampling pro-
cedure in the field, sinco sampling is guided mostly by the availability of suitablo

ps. The ps were P ag ¢ tered, and at tho same time efforts

tAzimuths In this work rofor ta dip-diroctions of borlding foresots d clockwis
from north (0°).
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were mado to collect a good number of samples within ench squaro milo of the arca
covered. The Survey of India ilo grids on topographic sheet 56 N0 (scalo :
1 inch to 1 mile) wero used for this purposo and a pattern of grids was sclected 80 a8
to cover tho wholo Kamthi outcrop. Within each square milo the cross-bedding

hs wero grouped and rop 1in tho form of a circular histogram at the
centro of the grid. It was lator pointed out by Profossor P. C. Mahalanobis that for
propor statistical investigation, it is imporative to record the original {ungrouped)
data within each grid.

It is known from statistical studics (Potter and Olson, 1054) that the
variability of cross-bedding direction is usually greater betweon than within the
sedimontation units, Pollowing this observation, generally only one azimuth waa

d from cach cross-bedding st to obtain a statistically representative sample.
Sampling was dono in three stages. [Initially, the wholo area was covered by o fow,
widely spaced traverses. This was followed, during successive ficld scasons, by
filling of gaps and collection of additional information in arcas which proved to be
of particular interest during reconnaissanco survey.

3. COMPUTATION OF RESULTANT DIRECTIONS

It is well known that for cross-bedding azimuths circularly distributed on
o compass-dial on either side of truo north (360°), tho usual method of arithmetic
averaging leads to erroncous conclusions, Various graphical and mathematical
techniques have been doveloped for obtalning the resultant dircetion of circularly
gistributed data (Reiche, 1938; Curray, 1956 and Pincus, 1050 in Potter and Petti-
john, 1063, p. 264). In tho present work, following tho proceduro recommended by

Potter and Pettijohn (1063) for grouped data, azimuths of tho resultant vectors (¥)
have been determined by algobraio summation of tho sines and cosines of the
individual azimuths ns follows :

V=‘:‘:ln, cosz;; We=Ynsinzg 9 =tan WV,
! =

whero, z; = mid point azimuth of the i-th clnss intorval,
n; = number of obgorvations in each class,
n = total number of observations in each aquare milo grid,

¥ = azimuth of tha resultant vector.
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Tablo Y and Figuro 1 give tho froquenocy distribution of the cross-bedding szimuths
for the threo Kamthi units (Upper, Middle and Lower).

TABLE 1. FREQUENCY DISTRIBUTIONS AND VECTOR RESULTANTS OF
CROSS.BEDDING AZDM(UTHS IN TIE THREE KAMTIII UNITS

axirauth mid-point Lowar Middle Uppor
clnas interval aximuth Kamthi Kamthi Kamthi
=) (%) ) (n)
0°— 19° 9.58° u 50 [
20°~ 35° 20.5% 14 62 ]
00— 59* .5* n 3 |1
60— 70° 09.8° 13 ] 23
50°— 99* 40.8° [ 1 7
100°—118* 100.8° 12 E) 3
120°—139° 120.8° - - 3
10— 159* 149.5° . - -
160°—179* 160.5° - - -
180°—199* 180.6° 3 - -
00"—219° 200.5° 4 2 21
220°—230° 220.5% - a 8
240°—250* 249.5° - - 2
200°—279* 269.5° - 1 10
280°—200* 289.5° ] 3 an
00°—319° 309.5° 1 20 5]
320°—139* 320.3° 1 a3 00
340°—139" 249.5° 21 i1 107
total N = 100} Ny =123 Ny =208 Ny = 380
w ':;: ng 6in x; Wy m 3000025 IVy = 354024 Ty = — 11500271
=
V= 2 oot V, = 50.6OGSA ¥y = 220.20380 ¥y m 365.35602
=1
Rm JWiEVi R, = 03.200 Ry = 220218 R, = 383.217
¥ = tan-1 WV $1 = 3600 Yi = 065 Js = 342027

Variability or seatter within cach grid can bo represented as tho magnitude
or length of tho resultant vector (R), where, R = /¥4 1%, A uscful measuro
of concentration of azimaths is the consistency ratio (Rf» of Reicho, 1938, p. 913),
expressed in terms of pereent, i.e., L = (R/n)%100. *L” haa been termed “vector
magnitude” by Curray and, ‘‘vector strangth’ by Pincus (both quoted by Pelletier,
1058, p. 1044).

Length of tho veetor resultant (R), and consistency ratio in percent (L)
for cach squaro milo area of tho Kamthi outerop have been worked out and the results
for tho 60 squaro mila area covored are summarisod in Tablo 2.
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TABLE 2. RESULTS OF CROS$.BEDDING ANALYSIS

dlepositional environment R
. rock wnits (O B 7] (R) L= x100)
anid rletive ago N
youngor point-bans nnd chunncl-bars  Upper Kamthi 680 342°27°  383.21  66.01%
older point-bara nad clannel-burs Miditlo Kamthi 208 ®RY 920,26 13.00%
cut-off meandor channcls within
oldest Mood plaia depoeite Lowor Kamthi 123 300w 6321 51.30%
N = eninplo number ¥ = aximuth of tho resultant vector
R = length (nsugnitude) of tho resaltant veetor L == convistency rotio in poreeat

Upper Kamthi
N = 380
g =3

Middlo Kamthi
N = 208

3 = 0%

a Lower Kamthi
Nwl23

¥ = 36°06"

Figuo ). Distribution of cross-bodding azimuthe in the threa
Kamthi unita roprosented aa circular histograms with 20°
clnss-intorvels. Dot indicatus north, Arrow indicates
diroction of rosultant voctor,

4. PALEOCURRENT INTERPRETATION

The resultant vectors tabulated above indicato & general northerly direction
of flow during Kamthi sedimentation. Within cach Kamthi unit, however, certain
amount of dispersion of current direction ia noted around the grand vector resultant
(Fig. 1). Thia dispersion is attributed to (i) local meandera in the stream channel,
and (i) variations in the direction of aediment transport within the meander bars.
L-values for the Middle and Upper Kamthi units are fairly high (73.00% and 66.07%,
reapectively), and it is concluded that tho flow of tho Kemthi river was essentially
unidirectional during the later phase of Kamthi sedimentation.
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In the Lower Kamthi sandstone lonses, which ara belioved to bo remnants
of meander cut-offs; a comparatively higher dispersion of curront dircetion is indicated
by tho lower L-value (51.30%). Presumably, tho arcuate currcnt patterna of Lower
Kamthi which show fairly larger dispersions, are the results of divergent dircctions
of sedimentation on meander bars,

Statistical problem : Largo dispersions of current directions and overlapping
spreads of cross-bedding azimuths of the thrco Kamthi units lead to on interest-
ing question, namely, whether the diroctions recorded from tho three units actually
belong to three significantly different populations. Confirmation of such a difference
would obvioualy indicate that in spito of the overall portherly flow of the Kamthi
river, the direction of sedi t 1y ificantly changed with time.

» 81g

The problem of comparison of circularly distributed data belonging to two
or moro populations have led to many interesting discussions (Court, 1052, p. 75;
Stoinmetz, 1962; Potter and Pettijohn, 1003, p. 262; Krumbein and Graybill, 1005,
p. 130), since Student's-t and similar conventional statistical tests are not valid for
data having circular distribution. Under very specific conditions again, when the
range of the angular data does not exceed 57° on cither sido of the veetor mean, it
has been shown that tho normal approximation to cireular distribution ean be satis-
factorily applied (Agterberg and Briggs, 1963, quoted by Krumbein and Graybill,
1065, p. 130), Spreads of azimuths of the Kamthi cross-beddings preatly exceed
57° on either 8ide of the vector mean. Therefore normal approximation to circular
distribution cannot bo applicd in the present case.

Statistical analysis: Under the hypothesis that tho Kamthi data follow
cicculat normal distribution, maximum likelilhood estimates of y and & {whore y is
tho azimuth of tho resultant voctor and ¥ is a paramote: msasuring concontration
in the circular norma! distribution, sce Appendix) wore obtained as follows:

TABLE 3. ESTIMATES OF THE PARAMETERS OF
THE CIRCULAR NORMAL DISTRIBUTION

rock units sample sizo ¥ H
Upper Kamthi 580 342027 1.7893
iddlo Kamthi 208 0°55* 2.2803
Lower Kamthi 123 30%06° 1.1010

Using theso estimates, circular normal distributions wero fitted to the respective
samples. Tho x? goodness of fit, comparing the observed frequencies with oxpeeted,
gave significant valucs in a)l the threo eascs, indicating that cireular normal dixtribu-
tion docs not adequately fit theso datn. For the Kamtli data, thoreforo, maximum
likolihood catimatonand the standard errors computed from the inverse of tho informa-
tion matrix and likelihood tests of homogoneity of parallol eatimates ave not applicablo.
For theso data thereforo, specinl largo samplo tests (sco Appendix by J, 8. Rao) which
are applicablo to any distribution, woro used. Estimates of mensures of location and
concontration and their standard errors valid for any distribution aro given.io Tablo 4.
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TADLE 4. ESTDMATES OF LOCATION AND DISPERSION
MEASURES WITH STANDARD ERRORS

- . Rin) 100
. Wiy Vid e LY (Rin
- Ue — srimuth of consisteacy
ek wnite T viN i reaultant veoctor tio in poreent
Upper Kamthi —0.3104£0.0323  0.4305£0.0322 U LY 66.07+£4.74%
Middlo Kamthi 0.016110.0040  0.518230.0318 0°557.£ 231" 73.0042.15%
Lower Kamthi V.7524£0.1863  0.264030.0187 36%00° £ 141 81.3942.44%

Note: T and I respectively refer ta the sums of cos and sin values from the samplo sud X and ¥ of

the Appendix relot to corresponding means ke. X m—tr and ¥ = 1 -

For testing equality of azimuths of resultant vectors and concentration ratios
of the rock units, tho homogeneity test M, as developed by Rao (1965) and explained
in tho appendix to this paper, was used. The etatistic //, when computed separately
for T and U valucs of tho samples, gavo significant results in both cases, showing
that the populstion directi of cross-beddings as well as their dispersions aro
significantly different in the threo Kamthi units,

5. CoxcLUsIONS
Overall direction of sedimentation throughout the Kamthi time was northerly.
During Middle Kamthi sedimentation, the gross direction of flow was essentinlly

towards due north ( = 0°55' for 208 obscrvations) and during Upper Kamthi, this

direction changed to north-northwest (¥ = 342°27’ for 680 observations). High
consistency ratio values for the Middle and Upper Kamthi (73.00% and 60.07%
respectively) indicato that the flow of the Kamthi river was predominantly unidirec-
tional Quring tho later phaso of Kamthi sedimontation.

In tho Lower Kamthi, 123 measurements were mado in the sand lenses inferred
to be the cut-off meander channcls of the Kamthi river. These mecasurements

indicato & northeasterly direction of flow ( = 36°08"). Comparatively higher d.ls-
persion (L = 51.30%) noted in the Lower Kamthi ts are p

the results of arcuate dircctions of flow at the river meanders and repeated oscllln-
tions of the river channel. It has been statistically proved that in spito of tho repeated
oscillations and many local changes, the westerly shift of the direction of scdimonta-
tion with time, within the Kamthi river (from northeasterly dircction in Lower
Kamthi to north-northwesterly direction during Upper Kamthi), ia a significant one.
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Appendix

LARGE SAMPLE TESTS FOR HOMOGENEITY OF ANGULAR DATA
By J. 8. RAO
Indien Statistieal Inetiluta

1. IxTROBUCTION

Duite on angles o1 random varinblos neel apocial connideration ainco the waal lincar distributions
like the *normal’, do not, in general, provido the approprinte atatiatical modrls. 8o, certain apocinl die.
tributions havo been develapod for the purposs. One such important distribution i known ax the ' cirrular
normal distribution”, whirh is cssentinlly duo to Fider (1053), who developod the threo-dimensional
analogue of this. A mndom englo a, with roference to any arbitrary vector in two dimensions, Is waid
10 have a circulur narmal diatribution, if it haa the density

_'_up [x eon (a—y)) w

Zalolx}
whore y is the population mean anglo or Lho anglo made by the pelar veetor, x is A messurs of concen-
trolion (a largo vatue of x moans moro concontention around tho true ditection, y) and Jo(x) in & Dearol

function of purcly imagi A ical model which gives rise to tho circular normal
distribution is discunsod in Reo (1003).

Supposo we havo n obasevations a). @s. ... aa belonging to the circular normal dislribmtion.
Donoting by

1 i R
X=—_ Tcosay, Y= —Tsing and —=y/X77VT,
n g "y n
it is known thet tho maxi likelihood esti of the two pi y and . denoted by ¥ and

%, aro given by the oquationa

3 = ton=r

Lx) R
Io(&)

Tables for obtaining &, for given .:;, nro available in Gumbel, Greonwood and Durand (1053).

The quadeant in schich ¥ of aquation (2) liex is detormined by tho signe of X and Y.

Up to now, no aati adi have boon doveloped for tha annlysie of sample
obiorvations from & circular mormal popnlnlwn. owover, & numbor of approximato teata have been
tovelopod for difforent hymotheses the of thie distribution by Watson {1050},

Watson and Williama (1930) and Stephena {1002).  Somo furthor tosta dorived by the proasnt author will
sppenr cleowhoro. In porticulor, testa for o given polar vector, for onunlily of dixperaions or polar
vactors In difforont populations ars developed. Thewo tenta aro not of genomt validity and the purposs
of tho prosont noto in to show haw a largo samplo teat, called the /-1omt (hamagencity tost 3 aco Rao, 1003)
esn ba appliod for teating tha oquality of disporzinna or polar veclam, eren if tha obeesrations do nod
exacily eonform 1o a oircular narmal distribution.
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2. TFSTING YOR EQUALITY OF TOLAR VECTORS
Supposs wo hinve k populutions on angulnr variablen. Lot X; and ¥ dlenote tho means of *cox’
valucs and ‘sin’ values from o ramplo of #izo n; from the i-th population, Furthor let 510, 54 Lo the
samplo variances of the "cos’ and 'sin' vulucs and S1), the samplo covarianco betwoen the “cos’ and *sin®
values, from the i-th sampla, A consintent cstimator of 1an y;. where y; is tho polar angla in tha i:th

population, ia provided by

¥
Tgm e (4)
t X
with the asymptotic eatimated varianco
s yxsth 2y, s
SEIE AR She et -

It Is casily scen that tho aaympiotio distribution of J/my(Ti—tan yi) ia normal. Now let ua conider the
hypothesis

Hei tany =tany, ... ~tany, = tany (yunknown). )
8ineo Ty, Ty, «.., Ti aro independent, conwistent estimators of tho rame quantity viz,, ten y,

under tha hypothesis, based on samples of aires my, ny, ..., ny Rxpretivaly, wo can weo the statiatic (given
on p. 321 of Rno, 1905)

w45 - (3

‘This statistic can bo used to teat the hypotheais /, sinco if each T, doea not estimato the same quantily,
the difforencos aro roflocted in H.  Under cortain very gonernl oonditions, thin statistic 1 hasa x? diatribu-
tion with (k—1) degroes of froedom, under tho hypotheaia Hy (Rao, 1068).

Rejection of 1y loacds ua to concludo that the polar vectors are different.  But on the other hand,
oven if Hj is not rejocted, it ia pomiblo that the truo directions aro differeat becauso our hypothesis does
not distinguizh hetween tho polo and the antipole, ainco tan y = tan (z+y). Mut this in not a dewe.
back sinco much wido differonces ean oatily bo found ot by a simplo examination of (ha data. Tho pro-
caduro for applying this teat Ja vory simplo and consista in gotting tho values of T from (4), !,‘ from (5)
and thoa computing H from (7).

3. TRSTING FOR KQUALITY OF DIAPENSIONY

Tat us considor again tho same eot-up a4 in tho orlier acction, i.c., we have & populatione with
X; and ¥; denoting the means of *cos’ valuos and 'ain’ values from tho i-th sumplo, Lat 510, S0 and

sgl also have the snmo rignificanco as in Soction 2. Wo dofine tho statintic

U, =X} + ¥} w (8)
which s omily s00n to bo & moamiro of concentration (the reciprocal of Uy would mensuro tho dixperion)
from tha {.th popul with tha it g variance

2 4
A (R e T s anm s ). - )

Under the hypothoain of equal dispomiony, all theso statistics Uy, Uy, ... Up arc indlependent and con.
shatent oatimators of tho samo quantity 5o thnt wo can uso Lho tost eritorion I for homegenoity. Computo

- (S )

which is distributod as & x3 with (k=1) W.1. under tho hypothosis of equolity of dispersions.

‘Thoso toata aro applicd to the data on the dircotions of palescurronts and tho results are given in
the main papor,
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