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INTRODUCTION TO SEDIMENTARY ROCKS

sedimentary tocks cover some 80 percent of the earth's arust. All owr knowledge
of stratigraphy, and the bulk of o knowledge of structural geoclogy are bosed on
studies of sedimentary rocks. An overwhelming percentage of the world's economic
minergl depasits, in monetary value, come from sadimentary rocks: oil, notural gas,
coal, salt, sulfur, potash, gypsum, limestone, phosphate, uranium, iron, mongonese, not
to mention sych prosoic things as construction sand, building stone, cement rock, or
ceromic clays. Studies of the composition and properties of sedimentary rocks are vital
in interpreting stratigraphy: it is the job of the sedimentary petrologist fo determine
location, lithology, relief, climate, and tectonic activity of the source areq; to deduce
the charocter of the environment of deposition; to determine the cause for chonges in
thickness or lithology; and to correlate beds precisely by mineral work., Sedimentary
studies are also vital in prospecting for economic mineral reserves, especially & new
deposits become harder to tocate, Study of sediments is being pursued intensely by oil
companies, phosphate, uranium, and iron mining companies In order to locate new
depostts and explain the origin of those already known.

Fundamental Classification of Sedimentary Rocks. Sedimants consist fundarnen-
tally of three components, which may be mixed in rearly all proportions: (1) Terrige-
nous components, (2) Allochemical components, and (3} Orthochemical components,

a.  Terrigenous components are those subst ances derived from erosion of a land
area ouiside the bosin of deposition, and corried into the basin as solids;
exomples: quartz or feldspar sond, heavy minerals, clay minerals, chert or
limestone pebbles derived from erosion of older rock outcrops.

b, Allochemical constituenis {Greek: "Yallo" meaning different from normal)
are those substances precipitated from solution within the basin of deposi-
tion but which are "abnormal® chemical precipitates becouse in general they
nave been later moved os solids within the basing they have o higher degree
of arganization than simple precipitates. Examples: broken or whole shells,
oolites, calcareous fecal pellets, o fragments of penecontemporaneous
rarbonate sediment torn up ond reworked to form pebbles.

c.  Orthochemical constiteents (Greek: “ortho" medning proper or true) are
"normal™ chemical precipitates in the customary sense of the word, They
are produced chemically within the basin and show little or no evidence of
signi ficam! transportation or aggregation into more complex entities. Exam-
ples: micrecrystalline calcite or dolomite ooze, probably some evaporites,
caleite or quartz porefillings in sandstones, replacement minerals.

Classes (b} and {¢) are collectively referred 1o as "Chemical® constituents; classes
{a) andd (b) con be collectively termed "Fragmental. Seme people use “detrital” or
"clastic" as equivalent to "terrigenous"; other people use "detrital® or "clastic" as a
collective term including both "terrigenous" and "allochemical" above.

Sedimentary rocks are divided into five basic classes based on the proportions of
these three fundomental end rembers, as shown in the triangular diogrom:
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Terrigenous Rocks, Exomple; most mudrocks, sandstones, and con-
glemerates, Comprise 65% to /3% of the stratigraphic section, Most
terrigencus rocks occur in the shaded area,

Impure Allechemical Bocks. Exomple: very fossilifercus shales; sandy
fossilifercus or oolitic limestores, Comprise 10-15% of the strati-
graphic section,

Impure Orthachemical Rocks. Example: clayey microcrystalline lime-
stones, Comprise 2-5% of the stratigraphic section,

Allochemical Rocks. Example: fossiliferous, oolitic, pellet or intra-
clastic limestores of dolomites. Comprise 8-15% af the stratigraphic
section.

Crthochemical Rocks. Example: microcrystalline iimestone or dolo-
mi te; anhydrite; chert. Comprise 2-8% of the stratigraphic section.

Collectively, "IA" and "I0" are classed a5 Impure Chemical Rocks, and "A"
ard "O" as Pure Chemical Rocks,



PROPERTIES OF SEDIMENTARY ROCKS

Grain Size

Quontitative measurement of such grain size parameters as size ond sorting is
required for precise work. T¢ measure grain size, ore must first choose a scole.
Inasmuch as nature apparently favers ratio scales over arithmetic scales, the grain size
scale, devised by Udden, is based on a constant ratio of 2 between successive classes;
names for the closs intervals were modified by Wentworth. Krumbein devised the phi
(¢) scale as a legarithmic transformation of the Weniworth scale, and rmodern datg is

?Eurl}r glways stated in ¢ terms because mathematical computations are much simpli-
jed.

Grain size of particles larger than several centimeters is usually determined by
direct measurement with colipers or meter sticks; particles down to obout 44
(0.062 mm) are analyzed by screening; and silts and clays (fine than 44) are analyzed by
pipette or hydrorneter, utilizing differential settiing rates in water. Sands can alsa be
measured by petrographic microscope or by various settling devices.

Results of grain-size analysis may be plotted os histograms, curnuiative curves or
frequency curves. Curve data is summarized by meons of mathematical parameters
allowing ready comparison between sarmples., As measures of average size the median,
rmode, and mean are frequently used; as a measure of sorting the standard deviation is
best, Skewness and kurtosis are alse uvseful parameters for sorme work,

Geological significance of the measures is not fully known. Many generalizations
have been made on far too little evidence, but significant studies are now going on, As
of cur present state of knowledge, we can moke a few educoted guesses chout the
meaning of graoin-size statistics.

The significance of mean grain size is not yet well enough known to rmoke any
positive statements; volumes of dota on recent sediments must be collected before we
can say anvthing really meaingful. To be sure there is a cerfain correlation of grain
size with environments {(see page |07)--e.g. you usuvally do not find conglomerates in
swamps or silts on beaches--but there is a great deal of overlapping. These questions
can only be solved by integration of size analysis results with shape study, detailed field
mapping, study of sedimentary structures, fossils, thickness pattern changes, etc. 1t is
extremely risky to postulate anything based on size analysis from one sample or one
thin section, unless that sample is known to be representative of a large thickness of
section. One thing that is an especially cornmon error is the idea that if a sediment is
fime it must be far from the scurce, while if it is coarse it must be near to a source,
Many studies of individual environments show sediments getting finer away from the
source but these changes are so varied that they can be deciphered only by extensive
field and laboratory work. For example, strong rivers may carry large pebbles «
thousarwl or so miles gwny from their source, while on the other hand the finest clays
and silts are found in ploya lokes a matter of a few miles from encireling rugged
mountains, Grain size depends largely on the current strength of the local envirenment
(Yogether with size of agvailable particles), not on distance. Fload plain clays may lie
immediately adjocent to course fluvial gravels, both being the very same distance from
their source. One must work up o large number of samples before anything mueh con be



said about the signiticance of grain size. 54ill, it is an importont descriptive property,
and only by collecting data on grain size will we be able 1o learn the meaning of it.

Mean size is a function of (1) the size renge of available materials and {2) amount
of energy imparted to the sediment which depends on current velocity or turbulence of
the fransporting medivm, If a coastiine is made up of out-crops of soft, fine—grained
sands, then no matter how powerful the waves are no sediments coarser than the fine
sawds will ever be found on the beach. If a coastline is made up of well=jointed, hard
rocks which cccasionaily tumble dewn during rains, then the beoach sediment will be
coarse no matter how gentle the waves of the water body. Once the limitations of
saurce material are understoond, though, one can apply the rule that sediments generally
becorne finer in the direction of fransport; this is the case with most river sands, beach
sonds, spiis and bars. This is largely the resul? not of abrasion, but of selective sorting
whereby the smaller grains outrun the lorger and heavier ones in g downcurrent
direction. Pettijohn and students have made excellent use of maximum pebble size in
predicting distance of transport quontitatively, Sediments usually become finer with
decrease in energy of the transporting medium; thus, where wave oction is dominant
sediments become finer in deeper water becouse in deep water the action of waves on
the sea bottom is slight, whereas this turbulence is at o maximum in shallow waters at
the breaker zone. Where current oction dominates, particularly in tidal channels,
coarses sediments occur in deeper waters, largely because of scour. Research is needed
to quantify these chonges so that the rate of grain-size change with depth can be
correlated with wave energy expenditure or other environmental factors.

Sorting is another measure which is poorly understood. It depends on at least
three major facters: {1} Size range of the material supplied to the environment--
obwvigusly, if waves are attacking a coastline composed of glacial #ill with everything
from clay te room-sized boulders, the beach sediments here will not be very well
sorted; or if a turbulent river is runing theough outcrops of o fridble well-sorted
Tertiary sard then the river bars will be well sorted. {2) Tvpe of deposition--"bean
sprecding”, with currents working aver thin sheets of grains continuously (as in the
swash and bockwash of a beach) will give better serting than the "city-dump" deposition
in which sediments are durmped down the front of an advancing series of crossbeds and
then ropidly buried by more sediment. (3} Current characteristics--currents of
relatively constant strength whether low or high, will give better sorting than currents
which fluctuate rapidly from almost slack to violent., Also very weok currents do not
sort grains well, neither do very strong currents. There is an optimurn current velocity
or degree of turbulence which produced best sorting. For best sarting, then, currents
must be of intermediate strength and alse be of constant strength. (4) Time--rate of
supply of detritfus compared with efficiency of the sorting agent. Beach sediments
where waves are attacking continually caving cliffs, ar are battling great loods of
detritus brought %o the shore by vigorous rivers, will be generally more poorly sorted
than beaches on o flat, stable coast receiving little sedirment influx.

It is probable that in every environment, sorting is strongly dependent on grain
size., This con be evaluated by making a scatter plot of mean size versus sorting
(standard deviation). In making many of these plots, o master trend seems to stand
revealed: the best sorted sediments are usually those with mean sizes of aobout 2 to 3
(fire sand) {Griffiths; Inman). As one measures coarser sediments, sorting worsens until
those sediments with a mean size of 0 to -1¢ {| to 2 mm) show the poorest sorting
values, From here sorting improves again into the gravel ranges (-3 to -54), and some
gravels are as well sorted as the hest-sorted sands (Falk and Ward), Followed from fine
sad info finer sediments, the sorting worsens so that sediments with a mean size of &
to 8¢ (fine silts) have the poorest sarting values, then sorting gradually improves into



the pure clay range {i04). Thus the general size vs. sorting trend is a distorted sine
curve of two cycles. Work so for indicates thot the apparent reason for this is that
Mature produces three basic populations of defrital greins to rivers ond beaches
{Wentworth). {l) A pebble population, resulting from massive rocks that undergo blocky
breakage along joint or bedding planes, e.g. fresh gronite or metaguartzite outcrops,
limestone or chert heds, vein quirtz masses. The initinl size of the pebbles prabably
depends on spocing of the joint or bedding planes. (2) A sond-coarse silt population,
representing the stable residual products liberated from weathering of gronular rocks
tike gronite, schist, phvllite, metaguartzite or colder sondstores whose grains were
derived ultimately from one of these sources, The initial size of the sand or silt graiss
corresponds roughly to the origimal size of the gquartz or feldspar crystal units in the
disintegrating parent rocks. (3} A clay population, representing the reaction products of
chemionl decay of instnble minerals in soil, hence very fine grnined. Clays may alsa be
derived from erosion of alder shales cor slates whose qrain size was fixed by the same
soil-forming process in their ultimate source areas. Under this hypathesis, a qranite
undergeing erosion in a humid climate and with moderate relief should produce (1}
pebbles of granite or vein quariz from vigorous erosion ond plucking of joint bloces
along the stream bonks, (Z) sond-size quartz grains, and (3} clay particles, both as
products formed in the soils during weathering.

Because of the relative scarcity in nature of granule-coarse sond {0 fo -24)
particles, and fire silt [& to Bd crains, sediments with mean sizes in these rancdes must
be a mixture of either {1) sand with pebbles, or {?) sand or coarse silt with clay, hence
will be mare poorly sorted thon the pure end-members (pure gravel, sand, or clay)}. This
i5 believed 1o be the axplanotion of the sinusoidal sorting vs. size trend, OFf course
exceptions to this exist, e. g. in disintegration of g coorse-grained granite or q very fine
phyllite which might liberate abundani quartz grains in these normally-rare sizes. | a
source areq liberates grains abundantly over a wide range of sizes, sortirg will remain

near ly constant over that size range (Blatt) and no sinusoidal relation will be produced.
Sheo (1974 JSP) denies existence of "gaps" in matural particle sizes.

Although it appeors that all sediments (except glacid tills) foliow this sinusoidal
relation, there is some differentiation between environments. It is believed that given
the saome sourcc material, a beach will produce better sorting volues for each size than
will a river; both will produce sirusoajdal trends, but the beach somples will have better
sorting values all along the trend because of the "bean spreading” type of deposition.
Considering onily the range of sands with_mean sizes between |¢ and 34., most beach
sands so far measured here have sorting D) values between .25-,508, while most river
sands have values of 33-1.00¢, Thus there is some overlap, and of course there are
some notable exceptions: beach sands formed off caving cliffs are more poorly sorted
because the continual supply of poorly sorted delritus is more than the waves can take
care of, and rivers whose source is a well-serted ancient beach ar marine sand will have
wall-zorted sediments. Coostal dune =zands tend to be slightly better sorted than
associated beaches, though the difference is very slight, but inland desert dunes are
more poorly sorted than beaches. Mear shore marine sands are sometimes more poorly
sorted thon corresponding beoches, but sometfimes are better soried it longshore
currents are effective. Flood-plain, alluvial fon, and offshore marine sediments are
still more poorly sorted although this subject is very poorly known and nzeds a greot
deal more dota. Beach gravels between G b and - 8 ¢, whether made of granite, coral,
etc., have characteristic sorting values of 0.4 -0.6 ¢ (if they are composed mainly of one
type of pebble); there seems 1o be no differsnce in sorting between beaches with gentle
wave o tion vs. those with vigorous surf. (Folk).
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Skewness and hurtosis tell how closely the grain-size distribution approaches the
normal Gaussian probability curve, and the more extreme the volues the maore nan-
narmal the size curve, [t has been found that single-source sediments (e.g. most beach
sands, ceolian sands, etc.) tend to howe fairly normal curves, while sediments from
multiple sources (such as mixtures of beoch sands with tagoonal clays, or river sands
with locaily-derived pebbles) show pronouned skewness and kurtosis. Bimodal sediments
exhibit extreme skewness and kurtosis valves; although the pure end-members of such
mixtures have nearly normal curves, sediments consisting dominontly of one end
member with only a small amount of the other end member are extremely leptokurtic
and skewed, the sign of the skewness depending on which end member dominates;
sediments consisting of subequal omounts of the two end-members are extremely
platykurtic. {Folk and Ward). Plots of skewness ogainst kurtosis are g promising clue to
environmental differentiation, for example on Mustang Islond {Mason) beaches give
nearly normal curves, dunes are positively-skewed mesokurtic, and oeclion flafts are
positively-skewed leptokurtic. Friedman showed that dunes tend to be positive skewed
and beaches regative skewed for many areas all over the Earth, but Hayes showed on
Podre {slard that this is often modified by seurce of supply. Eolion deflation sediments
are commonly bimadal,

Flovial environments consisting chiefly of fraction leod (coarse) with some
infiltrated suspension load {finer grains) are commonly positive-skewed leptokurtics
glacial rmarine cloys with ice-ratified pebbles ore neqotive-skewed, etc, It would be
emphasized that foulty sampling may also couse erroneous skewness and kurtosis values,
it a worker samples two adjoining layers of different size - i, e., a gravel streak in the
sand. Each layer should be sampled separately.

Size analysis has been used practically in correlation of formationsy in deter-
mining If a sand will contain oil, gas or water {(Griffithsk in determining direction of
sediment transport; and an intensive study is being made to determine if characteristic
grain size distributions are associated with certain modemn environments of sedimenta-
tion, sa that such deposits may be idertified by analysis of ancient sediments in the
stratigraphic column, Furthermore many physical properties of sediments such os
porosity, permeability, or firmness (Krumbein) are dependent on the grain size.

Particle fharphology

Under the bread term "particle morphology" are included at least four concepts.
Listed approximately in decreasing order of magnitude, these are {1} form, (2)
sphericity, {(3) roundness, and (4) surface Features,

Form is a measure of the relation between the three dimensions of on object, and
thus particles may be classed quantitatively as compoct {or equidimensional), elongated
(or rodlike) and platy {or disclike), with several infermediate categories, by plotting the
dimensicns on o friangular graph (Sneed and Folk: see p. 9.

sphericity is a property whose definition {s simpte, but which can be measured in
nunerous very different ways, 1t states quantitatively how nearly equal the three
dimensions of on ocbject are. C. K. Wentworth made the first quantitative study of
shapes. Later, Waddell defined sphericity as

3
Vp

Ves



where ‘H"p is the actual volume of the particle {measured by immersion in water} and
Vcsis the volume of the circumscribing sphere (the smallest sphere that will just enclose

the particle)s actually the diameter of this sphere is considered as equal to the longest
dimension of the particle. A sphers has a sphericity of 1.00; most pebbles or sand
grains have a sphericity of about 8.6-0.7 when measured by this system. Une can get an
approximation of this megsure by the formula,

31s
3

where 1, | and 5 represent the long, intermediate and short dimensions respectively
(Krumbein).

The above formula, although in common use today, does not indicate how the
particle behaves upon settling in a fluid medium ond is thus rather unsatisfactory.
Actually, a rod settles faster than a disk of the same volume, but Waddell's formula
would have us believe the opposite. A sphericity value which shows better the behavior
of o particle during transport is the Maximum Projection Sphericity (Sneed and Folk, J.
Geol. 1958), given by the forrmwula

Particles tend fo settle with the maximum projection area (the plane of the L and |
axes) perpendiculer to the direction of mation and hence resisting the movement of the
particle, This formula compares the maoximum projection areq of a given particle with
the maximum projection area of a sphere of the same volume; thus if a pebble has a
sphericity of 0.6 it means that a sphere of the some valume would have g Max HMUm
projection area only 0.4 as large as that of the pebble. Consequently the pebble would
settle about 0.6 as fast as the sphere because of the increased surfoce area resisting
downward motion. The derivation follows: assuming the particle to be a triaxial
ellipsoid, the maximum projection area of the particle is #/4 {LIL The volume of the
particle is n/é ([LIS)., Hence the wolume of the equivalent sphere will also be

7/6 (LIS}, The general formula for the volume of a sphere is 7/6 d. Therefore, in
this example, d° = LIS and the diameter of the equivalent sphere, d, will equal

The maximum projection area of this sphere will equal

3 2

e VI.IS .
a4

The maximum projection sphericity then equals

10m)
17: (L)
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which reduces to
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Form trzangle. Shapes of particles falling at various peints on the triangle are illustrated by a
series of blocks with axes of the correcl ratio; ail biocks have the same volume, Independence of the concepts

of spiwricity and form may be demonstrated by following an isesphericity contour from the disklike extreme
at the keft 10 the rodlike extreme at the right.

For two-dimensional purpeses (as in thin sections) two other "sphericity™ measure-
ments have been apphied. Riley Sphericity is given as

where Dc is the diameter of the smallest circumscribing circle ond Di 15 the diameter

of the largest inscribed circie. These can be easily measured by a celluloid scale ruled
off in a series of closely-spoced concentric circles of known diemeter, which can then
be placed over the sand grain image. Another measure is Elongation which is simply
width {actually least projection width) over length measured by rectangular grid. This
is probably the most satisfactory two dimensicnal measure (Griffiths; Dapples and
Rominger). |

Althcugh individual grains may have widely varying W/L velues, sample means
tabtained by counting |00 quartz grains in one thin section, for exampie) show a much
more resiricted range, Measurement of many sandstones has suggested the following



scaler  under .60, very elongate; .60-.53, elongate: .63-.66, subelengate; .66-.62,
intermediate shape; .69-72, subequant; .72-.75, equant; and over .75, very equant.
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{not used)

least
projection
length

RILEY SPHERICITY

LEAST PROJECTEON ELCNGAT ION

Rourndness was first quantitatively measured by Wentweorth, who used the curva-
ture of the sharpest correr. Later, it was defired by Waddell as the average radius of
curvature of all the corners divided by the radius of the largest inscribed circle, This is
improctical to measure, though, and now roundness values ore obtained by comparison
with photographic charts for sand grains {Powers). A perfect baoll has a roundness of
|.0; most sand grains have roundnesses about .3-0.4 on the Waddell scale. Use of the
Powers rourdness images for sand grains is focilitated by a logarithmic (rho, gY scale in
which the limits of the very angular class are tcken as 0.0-1.0, of angular 1.0-2.0,
subangular 2.0-3.0, subreund 3.0-4,0, round #.0-5.0, and very round 5.0-6.0p (Folk). On
this scale, perfect balls have a roundness of 6.0p and most sand grains have average
roundness about 2,50 {subangular).

largest
inscribed
circle

radii

J"’ af
COrners

The concept af roundness sorting {uniformity of roundness) rmay be expressed by
the roundness standard deviation, op. This can be determined by plotting the roundness
data as a cumulative curve and determine op by the intercept methed, ns is done in
grain size curves. Plotting of these values for many samples gives the following limits
far Toundness standard deviation: under 0.60, very good roundness sorting; 0.60-0.80,
good; 0.80-1.00, moderate; 1.00-i.20, poor; over |.20, very poor roundness sorting, 5t.
Peter sund, uniformly well rounded, has dp under 0.60; the average value for Recent



sands is about 0.90; and the Colorodo River at Austin, with its mixture of well-rounded,

Cambrion ond Cretoceous quartz with freshly broken Llano granitic gquartz has aop of
1.30.

Febble mundness can be measured more quantitatively by dividing the rudivs of
curvature of the sharpest single cormer, by the radivs of the lorgest inscribed circle {(see
Dloblkings and falk, 1970 1. 5. P.)

surface Feotures. As yet no woy has been developed to measure these
quartitatively, Frasted surfoces are noticeable chiefly on round grains, although not all
round grains are frosted, Frosting moy be caused by chemical etching (as by dolemite
replacerment), by incipient tiny quartz overgrowths, or by aeclian abrasien (where the
frosting is due to minute crescentic percussion marks coused by the greater impact and
velocity in ait). These rmay be distinguished by exgmining the grain with petrographic
micrascope in woter. Polished surfoces are coused by o fine smoothing of the tiny
irregularities ond are ascribed to rubbing of the grains in water; thus they are the first
stfage in rounding of aqueaus sands. They are supposedly common on beaches but much
less 50 in neritic ar river sands where the grains are not rolled back and forth so much;
but there is considerable question as te the validity of this criterion, ond sorme polish
may form chernically (Kuenen). Much woleonic phenocryst quartz has naturally polished
foces. Unpolished surfoces hove neither frosting or polish, and are duli or jagged
because of tiny angular irreqularities or fresh fracture surfoces. They are chiefly found
in river of reritic sonds and indicate lock of muck abrasive oction. Percussion marks
are found on pebbles (especially chert or quartzite) and Indicate high-velocity impact.
Glacial action sometimes produces seratches or strice on soft pebbles like limestone.
Tke entire subject of surface feotures needs muech more research to find out what
happens in waricus environments and to what extent the observed surface features are a
function of grain size.

As a possible explanation for the conflicting data on surfoce fentures and
environment, the following completely untested wild idea s put forth: all abrasicnal
environments produce all types of surfoce features, but on different sizes of particles.
In each environment the coorsest grains ore frasted (probably by percussion rmarks),
intermediate grains ore polished, and the finest grains are dull {(unmodified). The size
ranges over which these surface features develop on guartz varies with the enviran-
ment, perhaops as belows:

size -4 -2 { z 4
Neritic D U L L
River Frosted Pol.shed D 1 1 1
Beach Fr ¢ 5 = e d Polished Dutl |
Fune F r 0 5 t 2 d Felished Dull

The most common size inspected for surfuce fealures is about medium sand,
which would explain the feeling that most dunes are frosted, most beoch sands polished,
and river sands dull, Of course, rate of deposition, time available, ond rate of supply
add complications, and seme surface features are farmed chemicully. Mature desert
quartz often has a greasy luster caused by o minutely pimply deposition of quartz
"furtle-tkin" overgrowths.



As a rule, it is difficult fo study surfoce features in ancient sediments because of
cementation. An attempt may be made by cleaning the graing thoroughly in warm HC
to remove carbonates and iron stains, They should be studied wunder highest power of
the binccular microscepe, on a black surfece and under strong light. After this, the
grain should be mounted in woter and examined with petrographic microscope. Electron
microscopy s made great contributions o study of grain surfoce features {Krinsley),
ard intimate details of grain history con be stoudied.

Graphic and Statistical Analysis of Shape Data. Graphic o statistical analysis is
necessary to show () the wariation of grain marphology with size, which is nearly
always present, and (2} environmental, spatial, or stratigrephic differences between
samples. Ih comparing a set of samples, one should choose the same size interval
throughout far his analyses, becouse coarser grains are usually better reunded, and show
different surfoce features. Howewver on some of the samples, shape study should be
made on all sizes. This is called an H pottern of sampling.

I a significant difference In morpholegy is found, (for example if beach sands in
an area ore more angular than dune sands), you must always consider whether it is due
to (1) an actual difference in the processes going on (that the dunes ore rounding more
effectively) or whether (2} it is simply the result of selective sorting, where e.q.
rounded and mote spherical grains are left behind by wind currents which selectively
sweep away the more angular and less spherical grains.

To determire if a difference in Form is present between two sets of samples, cne
can {1) using a moving circular mask, contour the points on the triangular diagram as is

done in contouring joint or petrofabric diagrams; (2) use the XZ test by counting the
number of particles in eoch shape "cell” and comparing the results; (3} obtain by
counting a median shape for each set of data; (4) superimpose o sheet of fransparent
friongular-ruled graph paper over the data, and assign each point a "percent elongation"
and a "percent platiness" by measuring its distance from the base line of the triangle;
this data may be treated by finding its meon and standard deviation and comparing by
the t test,

Sphericity differences between samples can be evaluated by finding a mean and
standard deviation for each set of particles and comparing by means of the t test.

Roundness is analyzed by counting a targe number of particles using comparison
charts; then, use the log transfarmations of the roundness values {p scale} and compute
means (average roundness) and standard deviations (roundness sorting), then compare by
the t test. The roundness data may alsc be plotted by means of cumulative curves if
probability poper is used. In doing a set of samples from two or more environments,
formations, or localities, it is well fo have an asseciate mix the samples up so that you
de netl know which set you are working on when you count a sample; thus vou avoid a
bias and the data is more "henest

Surfoce features may be compared by counting the number of frosted, polished

grains etg, and comparing by the x 2 test, Again, an associate should mix the samples
up 50 you do not know which sets you are counting, in order to avoid bias.

Significance of Grain Morphology

Form and Sphericity are the result of (I) Structure {internal properties, inherited
from the source; (2) Process (work of the depositional environment e.q. glacier, river or
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beach: and (3} Stoge (jength of time avoilable for modifying the particle), This is the
concept drawn from W, M. Davis, who vsed it for landscape interpretation. Concerning
Structure, bedding, schistosity ond cleavage tend o make particles wear to discoids;
di rectional hardmess may have some effect in minerals like quartz and kyanite. Originat
shape of the particle may be semewhat retained, as in shapes of joint blocks, or in platy
quartz derived from some schists,

The effects of Process and Stoge are complex, and there is insufficient data on
this aspect. In studying pebble shapes, moest workers have used a yrand rmixlvre of
rocks, including schists, sandstones, thin-bedded limestones, etc, Of course such data is
useless; to get vaiid environmental data one must yse isotropic wearing rocks such as
granite, basalt, or quartz. Further, the some geologic process (e.g. surf action) may
work to different ends with different sized pebbles, so pehbble size must be carefully
controlled (i.e. use the same size pebbles for the entire study).

A stidy of pebbles in the Colorado River was made by Sneed., He found that the
main control on sphericity is pebble [ithology, with cherl and quartz having much higher
gphericity thon limestone. Smaller pebbles develop highar gphericity than larger anes
with long transport. Going downstreamn, sphericity of quartz increased slightly,
limestone stayed constant, and chart decreased. He found g weak tendency for the
Colorado River to preduce rod-lTke pebbles in the larger sizes,

Dobkins and Folk (1970 J. 5. P.) found on Tahiti beaches, using uniformly-wearing
kasalt, that beoch pebble roudness averaged .52 while river pebbles were .38, Beoch
pebble were oblata with very low sphericity (.60}, while fluvial pebbles overaged much
higher sphericity, .68. Relations are complicaled by wave height, substrate character
(sarndy vs. pebbly), and petble size: nevertheless, a sphericity line of .65 appears to be
an excellent splitter between beach ond fluvial pebble suites, providing isotropic rocks
are wsed, Apparently this is caused by the sliding action of the surf,

Roundness probobly results from the chipping or rubbing of very minute particles
from projecting areas of the sand grdins or pebbles. Solution is not heid to be an
important factor in producing rourdness, though some dispute this (Crook, 968}
Impact fracturing of grains (i.e. breaking them into several subequally-sized chunks) is
not an irmportant process except possibly in mountain torrents; “mermal™ rivers carry
few fractured pebbles, and beach or river sands only rerely contain rounded and
refroctured grains. Rounded pebbles may break alony hidklen juints if expoused fo long
weathering, The “roundability” of a particular mineral or rock fragmeni depends upon
its hardness (softer grains rounding faster), and the cleavage or toughness {lorge grdins
with good cleavage tend fo frocture rather than round; brittle pebhles like chert also
iend to frocture readily whereas quartz pebbles will round)l On the Colordado Riwver,
limestone pebbles attain their maximum roundress in only a few miles of transport and
ihereafter do not get any more rounded. Quartz alse becomes well rounded but at a
much slower rate, equalling tme roundness of |imestone ofter ebout 150 miles; chert
shows only a slight increagse in roundness in over 200 miles of transpory. Coorser grains
round easier than finer ones, becouse they hit with greater impart ond olso tend ta roll
along the surfoce while finer ones may be corried in suspension. Aeolian sands round
faster than aqueous sands beeauvse the graing have a greater differential density in air,
therefore hit harder; glso they are not cushioned by a water film, In experiments by
Kuenen, wind-biown yuorte rounded muoch maore rapidly than woter-transported grains.
Beach sands aiso round faster than river sands because on a beach the grains are rolled
back and farth repeatedly, 11 is thought that little or no rounding of sardd yruins takes
place in rivers; pebbles get rounded rapidly in rivers, however, To get rounded graing
takes a tremendous time ond a very large ependiture ot energy. For example, the beqch
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sands of the Gulf Coast show wery little rounding taking ploce simply because the
shoreline fluctuates 5o rapidly that time is not adequate. Balasz ond Klein report rapid
rounding in a "merry-go-round" tidal bar.

In studying roundness watch for two things: {1} en abrmormal relation between
roundress and mineral hardness, e.g. if tourmaline is round and softer hornblende is
angular it means there is @ multiple source areo; and (2) an abnormal relation between
gize and reunding, e.g. if coarse grains are angular ard fine ones are round it again
usually means a multiple source with the angular grains being primary, the rounder ones
coming from reworked sediments. Also, poar roundness sarting {i.e. within the same
grade size there are both very rounded ond very angular grains) indicates a rmultiple
source, To determine how much rounding s taking place in the last site of deposition,
look far the rmost angular grains; for exomple a sond consisting of 70% well rounded
grains and 30% ongular groins indicates little or no rounded grains have simply been
inherited from older sediments. Perhaps the (6 percentile of roundness is the best
parameter to evaivate the present rate of rounding,

Effect of transportation on grain size ond morphology. Transportation does
reduce fhe size of pebbles Through chipping or Tubbing ond occasionally through
fracturing; but it is teﬁugﬁ‘l that very little size reduction of sand-sized quartz is
effected through transport. The differences in size between depaosits are chiefly due to
selective soerting {(where the finer particles, which travei in almost all currents, cutrun
the coarser particles, which can travel only in the strong currents), rother thon to
abrasion, Thus one cannot say that a very fine sand has been abraded longer than a fine
sand: simply it has been carried farther or deposited by weaker curents. The effect of
abrasion on sphericity of sond is slight but noticeable, Crushed quartz ond many
angular sands have W/L values of abaut (80-.64; very well rounded sands have W/L of
over ,70. Selective sorting will clso produce form and sphericity differences between
samples,

It con be certainly stated that abrasion does couse rounding of sand grains lalbeit
very slowly), and that it even imore rapidly will produce polish, Thus the smallest arder
features are offected first: considering sond grains in waoter, storting initially with
crushed gquartz, the first thing that happens is that the grains become polished; after
much rmore abrasion, they become rounded; after an extreme length of time they begin
1o attain higher sphericity valuess and still later their size is reduced, Really these
processes are all taking place at once, and the above list simply gives the rates at which
these changes are being effected, Surface features and, secondarily, roundness are the
important clues fo the latest environment in which the sand woas deposited; sphericity
and form are the clues to the earliest environment in which the sand was formed,
namely source rock.
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COLLECTYN ANL PREPARATION OF SAMPLES FOR ANAL VSIS

Sampling

There are two methods of sampling, the channel sample ond the spot sample. The
channel sample is useful when you are irving to get average properties over g large
stratigraphic interval. For exomple, if you are making a channel sample of a sond
gxposed in a A-foot cliff, you can dig e trench the full height of the cliff ond take ¢
continuous sample all the way vp, mix it up thoreoghly ond analyze the whole thing
together, or you can take small samples every faot, mix them up thoroughly and analyze
the mixture, This method is good for determining economic valuve, for example if yvou
would like to find sut how much iron or bow much clay mineral is present in the whole
chtiff. But it is absolutely useless for determining origin or sedimentational conditions,
since you dre analyzing o mixture of many lavers deposited under varying conditions.
We will therefore use spot sampling. To fake a spot sample, one selects a representa-
tive small area and takes a sample of just one bed that appears homogeneous--i.e., you
sample just one "sedimentation unit For exomple, if an outcrop consists of two-inch
beds of coarse sand alternating with one-inch beds of fine sond, your spet sample will
include only one of these beds, trying to get it pure without any admixture of the
olternate bed. The smaller your sample is, the more nearly will it represent
sedimentational conditions; for sonds, 50-i00 grams is probobly odequate (this is a
volume of 2 to 4 cubic inches); for gravels, a larger sample is required 1o get @
representagtive amount of pebbles, thus usvally 1000 grams or more is needed (50 to 100
cubic inches): for silts and clays, you may sample as small as 20 1o 90 grams, Just
remember to sample only one laver of sediment if possible, excluding any coarser or
finer layers that lie adjacent.

It vou have the problem of sampling o sedimentory body, be it a recent sond bar or
a Cambrian shale, first decide on the extent of the unit 1o be sampled {which may be
either area, linear distance aleng an outcrop, or stratigraphic thickness) and then on the
number of samples you want fo take. Dividing these two numbers gives you the spacing
of the somples. If you are going to toke only a few samples, it 15 a general rule to take
representative ones [i.e., sample the most common or typical beds exposed). If you are
going to take a large number of somples, the ideal way to approach it is as follows: {I)
after dividing the extent of the unit by the number of samples, set vp an equispaced
grid of sampling stations through the unit. For exarmple if the cliff is 20 feet high and
you wont ta taoke about 7 samples, then 20/7 = 3 aond you space vour main sample
locations at (.5, 4,5, 7.5, 1,5, 13.5, 16.5, 19.5 feet and sample the material at those
precise points, By doing this according 1o @ rigid grid spocing, you ore prefty sure to get
representative somples of the typical reck. In aoddition to the samples spaced on the
grid, you should take extra samples of different or peculiar layers that may have been
missed ont the gridy in the example above, if a conglomerate laver had occurred at 12
feet you would take an &xtro somple of that even if you did not land en the grid, and
vou'd end up with B samples of the outcrop, These extra samples should be especially
labeled imasmuch as they are somewhat unique and not representative of the outcrop.
The whole purpese of the grid sampling methad is to awoid the error of non-
representative samples: if one were to sample a batholith, for example, one would not
collect 40 samples of pegmatites ond only 5 samples of legitimate granite o matter
how maonotenous and similar the granite appeared; one would collect chiefly granite

samples with onty a few pegmatites, Above all, use your head and in the samples you
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collect try to end up with the number of somnples of each rock type in proportion with
the amount of that rock type in the exposure.

In detailed work on sedimentary wnils it is necessary to obtain samples showing
the compiete range of grain size present in the unit--i.e. you should search for and
sample the coarsest and finest beds obtainable as well as getting samples typical of the
unit, for only in this way can the interrelation between size, sorting, shape, and mineral
composition be studied.

Preparation of Samples for Grain-5ize Anolysis

The purpose of grain size analysis is to obtain the grain size of the clastic
particles as they were deposited. This is often difficuit because {i} clastic sand grains
may gcquire overgrowths, or be cemented info tough aggregates 4o foren hard
sandstones; (2} chemically-precipitated materials may be introduced into the rock
which, if not removed, give erroneous size values becouse we are trying to measure size
of the clastic particles, not size of the cementing material; and (3) clay minerals
because of their flaky character and surfoce electrical charges tend te cluster in lumps.
The idea of disaggregation and dispersion is to separate all of the individual grains
without smashing any of them, and to remove all chemically-precipitated substances.
Te aveid smashing grains as much as possible, one should start with gentle treatments
and gradually work up to the more severe treasments only if the gentle ones fail.

a. Disoggreqation of Sands ond Sandstones.

.  Unconsolidated Sediments, The sample should be dried, then placed on
a large sheet of glazed paper and crushed with the fingers. Spread the
sand out ond examine with hand lens ar binecular microscope 1o ses
that all aggregates are crushed. Then gyently rub these aggregates
with the fingers or run over the sond with a small rolling-pin.
Alternately, the sand moay be poured inte a mortar and gently pounded
with o rubber cork. If there are o good mony aggregates, it is often
helpful to select a screen just larger than the size of most of the
individual grains of the sediment, then run the whole sample through
it; nearly all the grains possing through will then represent single
grains and most of the particles remalning on the screen will be
aggregates. Inm this way you con concentrate your efforts on crushing
the aggregates without wasting your energy on the single grains.

2, Weakiy Consolidated Sediments. Place the sample in o mortar, and
place a large sheet of paper under the mortar, First, try crushing with
a rubber cork; if this doesn't work, try gentle pounding with an iron aor
porcelain mortar.  Always use an up-and-down motion; never use Q
grinding motion as wou will break the individual grains. Exarmine with
binocular to check that aggregates are completely destroyed. Be
careful not to splatter any sond out of the mortar.

3 Carbonate-cemented Rocks, With a mortar and pestle crush the
sample to pea-size chunks or smaller. Place it in dilute hydrochloric
acid until effervescence ceases (be sure the acid is still potent when
effervescence ceoses), |f the sample is dolomite, it may be heated
gentiy to hasten sclution, Pour off the acid ond wash the sample. 1f
any fine clays are suspended in the acid after this treatment, pour the
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acid and the wash water through a filter paper that you previously
weighed, and ploce in an oven to dry. The welght of this dried
material then should be added to the "pan™ fraction of the sieve
analysis. After the sand sample has been washed, dry it in the oven.

4. Ferruginous-cemented Rocks., Crush the sample to pea size and place
irn 50% HC |, warmed over a hot plate. Continue heating until the sand
turns white. Pour off the acid {through a fiiter paper if "fines" are
suspended in the liquid), Dry in an oven, and if it is necessary to do
any more crushing, follow (1) or (2) above.

5. Siliceous-cemented Rocks. If the cement is opal or chalcedonic or
microcrystalline quartz {i.e., chert), then worm concentrated KOH
may work., | the cement is crystalline quartz there is no known
chermical way to remove it and still leave the quartz grains. For rocks
rat too strongly cemented with quartz, try the pounding routine of (2}
above, Far quartzites, there is no satisfectory mechaonical method of
grain-size analysis, ond it must be done in thin-section with o petro-
graphic microscope.

£, Sonds Bonded With a Little Clay. Ploce the sample in a wide dish with
some water and rub with a cork until the clay is in suspension and
grains are separated. The clay may then be removed by decantation or
wet-sieving, and either weighed or analyzed by pipette or hydrometer.
NEVER WASH THE CLAY DOWN THE DRAIN--ALWAYS WEIGH IT.

(Nate: after you have done your sieve analysis, if you find an abnermally high
percentage of aggregates (say over 25%) on any screen, that size fraction may be
removed, recrushed, and rescreened. Otherwise the grain-size analysis is valve-
less),

If these methods fail, or for special types of cement, see Krumbein ond
Fettijohn (1938}, Carver (1971), or Royse (1970).

. Dispersion of Muds and Clays

Grain-size analysis of fine-grained matericls is not very satisfactory
and there are a great many unsolved prokblems. In the first place we are
frying to measure the size of the individual particles, and to separate clay
lumps into individual grains is very difficult. As you may see, the grain-size
distribution we obtain on analysis may not really be a measure of the true
size of the particles, but only tells how efficient our disaggregation has
been. In general, one can rely on these analyses as giving a fairly true
picture of the size-distribution down to diameters of 6 or 7 ¢ (016 1o 008
rom) but for sizes finer than this the analyses are often invalid. Below this
size the analysis no longer measures true size of the particles, because the
settling velocity is now affected greatly by the flaky shapes of the particles,
degree of dispersion, electrical charges on the particles, etec. Two clay
flakes of the same size but different compositions (e.g. koolinite vs.
montmoaorillonite) may settie at different rates becouse of these factors,

l. Dispersants. Clay flakes in distilled water are usually electrically charged.

Most clays have a negatively-charged jonic laftice, which to attein electric
neutrality must take up positively charged fons from the surrounding
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solution (usuatly H+, but sometimes Na+, Ca++ or others). This leaves the
surrounding selution swarming with unsatisfied negative ions (OH-, etel) in
the vicinity of the clay flakes. Thus when o clay flalke with its surrounding
“"fog" of negative ions approaches arnother clay flake, alse with o negative
fog of ions around it, the two flokes repel each other. This is the stote we
try to maintgin, because if the flakes repel each other then they will not
aggregate into clumps, and we can then make a grain-size analysis on the
individual grains. 1f however we add a strong electrolyte like HCI or NaC't
to the solution, then the solution becomes a conductor ond the regative
swarm of 1ons leaves the clay crystal, and left unprotected the clay flakes
attract each other and flocculate into chains and large clumps. Grain-size
analysis ts thereby made impossible, Therefore we must always use distilled
water, never tap water, in these analyses, becauvse tap water always
contains small amounts of fons which cause flocculation. The best way to
insure a good analysis is to add a small amount of certain dispersing
chemicals (called peptisers) which prevent flocculation. These chemicals
either build up the charges on the clay particles so that they repel each
other more strongly, or else "plate’ the particles with a protective and
repulsive coating. The gquantity of peptiser or dispersant used must be
pretty exact because too little peptser can result in flocculation, and too
much may also cause flocculation. To a large extent the grain size obtained
by analysis depends on the type of dispersont, efficiency of stirring, etc.
Some disperants are the following: {l) a few drops of conc. NHEPDH per

liter of suspension; (2} .02N NayCO4; {3) 0.01 N sodium oxalate; (4) 2.55gm/]

sodium hexametaphosphate, The lotter (Calgon) is best for most purposes,
In all your operations using dispersants, keep the water you are using to
mash or wash or suspend the particles in, always at the exoet concentration
of dispersant. This can be done by using g solution of the proper strength in
your wash bottle ond never using any water unless it has the right
concentration of dispersant in it. You must always know exactly how much
dispersant is in the water hecause it is an important foactor in computation
of the results, Keep in mind that you should adlways try several dispersants
and use the one that works best; one of thern may work on ohe sediment, and
fail completely on another one. This is just a matter of trial and error.

Procedure for Dispersion. This technique is usable only if the sample is an
unconsalidated or semi-consolidated sediment, Grain size analysis of hard
shales s pointless as one can never break the material into individual grains;
these can only be analyzed in thin-section. Ulirasenic treatment can
disaggregate softer shales.

Piace the material in a wide mouthed evaporating dish, add a small amount
of water to which the praper concentration of dispersant has been added,
and crush fo pea-size lumps. Don a rubber glove and muddle the sample
with the rubber-gloved finger until alt the lumps, even the tiniest ones, have
been crushed. Be careful not to lose any of the material that ¢clings to the
glove. Pour into a small bottle, again MAKING SURE THAT NONE IS5 LOST,
screw a cap on the bottle, shake vigorously for a few minutes, and let stand
over-night. [f it is necessary to remove sand by wet-sieving, see page 20.
Pour the suspension from the bottle into the dispersing cup (simply a drink
mixer} and fill up about half way with water which has the proper concentra-
tion of dispersant, 5tir with the mixer for about 5 minutes. Rinse it out
carefully into a liter cylinder, MAKING SURE THAT NONE IS LOST, and fill
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the cylinder up to exoctly 1000 ml with water which has the proper
concentration of dispersant. Now stir the material in the cylinder vigor-
ously ond let stand a day to check completeness of dispersion. Flocculation
can be recognized by a curdling and rapid settling of clumps of particles, or
by the presence of a thick soupy layer on the hottormn of the eylinder passing
ubruptly into relatively clear water above. Or you may suck out a drop and
ploce on a slide and examine with high power of petrographic mizroscope; if
the particles appear as individuals and show Brownian movement, then
dispersion is good; if they ferm clumps, chairns or strings then dispersion is
unsatisfactory.

To fird the best dispersing agent, try several concentrations of several
differant dispersants with equal quantities of mud, and choose the one which
makes the mod stond up lengast or best without signs of flococulation, A
frequent cause of flacculation is the use of toc much sediment; fry to use |5
gm or less,

IM ALL THESE PROCESSES, REMEMBER NEVER TG OVEN DRY THE MUD
IF YOU EVER EXPECT TO MAKE A GRAIN SIZE AMNALYSIS. HAVE YOU
EVER TRIED TO DISAGGREGATE A BRICK OR A CHUNK OF ADOBE
INTO ITS INDIVIDUAL GRAINS?  THIS IS WHAT YOWLL BE DOING IF
YOU OVENDRY THE MUC OR. CLAY BEFORE YOU ANMALYZE IT.

Separation of Sand From Mud

If the sample contains more thon a few percent of material finer than 44,
(0.0625 mm, the limit of silt and clay), it is usvally necessary to separate the sediment
into two fractions at this diameter value. The coarser material {sand) is then analyzed
by sieving and the finer material {silt and clay) by pipette or hydrometer. The most
critical part of the operulion is getting the weight of each fraction. If neorly all the
material finer than &% consists of sikt, then the entire sediment may be dried,
disaggregated ami dry-sieved; then the material cought in the pon is weighed and
pipetted directly.

If there is much clay-size material, however, dry-sieving will not work because
the clay will gum up the screens; recourse must then be had to wet-sieving {some prefer
to use this decantation though).  Most operators use wet-sieving although it is
admittedly slow and messy. It is prakably the most accurate way.

l. Ploce the sample in a small bottle, fill approximatrely half fuil with water 1o
which the proper concentration of dispersant has been added, and muddle with a
rubber-gloved finger until all lumps are crushed (see vnder "2" on page 18). Screw
the cap on the bottle ard shake vigorously, Be sure net to lose any of the
meaterial,

2. Cbtain a pan at least ten inches in width, ond o wash bottle filled with no more
than one-half liter of water to which the proper concentration of dispersant has
been added (see pages 18, 19). (NOTE: If you are going to obtain the grain size
distribution of the fines, you must use a bottle with dispersant added; if you are
et going to pipette the fines, but simply weigh them to get the quantity present
in the sediment, then use a bottle of distilled water because when you evaporate
the fines to dryness you will be also weighing any dispersont you may hove odded).
Now take the 62 micron (230 mesh} screen that is reserved for wet-sieving, and
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dip it in distilled water or dispersant to get the mesh thoroughly wet on both
sides, atherwise the sludge will net run through easily. Pour the sample from the
battle onto the screen while holding it over the large pan, and rinse out every
grain from the botlle. Now rock tha sadiment in the screen back and forth while
playing a fire jet of water on it, 10 wash the muwd through the screen. Periodically
wash dewn the under side of the screen with vour water jet. Cantinue washing the
sediment back and forth over the screen untll the water runs through clear {this
takes g [ittle time}, Use as little water aos possible, because you should end up
with g volume of water small encugh to fit into the dispersing cup [page 20% by ail
means end up with less than a liter or else you will have too much te fit into the
pipetting cylinder,

Pour the muddy water collected in the pan, inte the dispersing cup, stir for 5
minutes, then peur into a liter cylinder and make it vp to exactly 1000 ml.
Continue as under "2" on page |9,

Take the sand remaining on the screen, dry it, disaggregate i1, and sieve according
te the standard method. Any material that passes the &4 (230 mesh) screen on this
sieving, retain and dump into the liter eylinder of mud, as it is material that
showld have gone through when you wet-sieved 0f,

Pipette the fine fraction accarding to instructions starting poge 34.

In working with samples that contain more than a few percent of clay (i.e.,
those that hove to be dispersed and then wet-sieved), it is impossible ta get the
total weight of "fines" {silt plus cloy, material finer than 4¢ or 0.0625 mm}
directly; yet you must somehow obtain this figure in order to determine the
percentage of fines In the sampie. Here's the difficulty. Let us say you have @
meist sample of sandy mud {or else a dry sample which you have to moisten in
order to disperse it). It might appear egsy to weigh the moist somple, then wet-
sieve it ard weigh the amount of sand retained on the sieve, which would he a
certain percent of the total sample, But this is not frue, since the total sample
weight we determined was that of the sample plus @ large amount of water, A
sacond method would be to wet-sieve the sample and weigh the gmount of sand;
then evaparate the muddy water passed through the screen to dryness, and weigh
that. This would be satisfociory were it not that further size analysis of the fine
fraction is made impossible by over-drying. You can never analyze the fines once
they have been baked,

There are three ways to solve this dilemma, and all involve an indirect
determination of the mud content. in Method t (the pipette method), the sample
i5 wet-sieved ond the amount of sand weighed. The mud Fraction, after
dispersion, is placed in ¢ cylinder and diluted vp to exoctly | liter, and stirred
thoroughly. Twenty seconds after stirring, a pipette is inserted to 20cm depth and
exactly 20 ml. of suspension withdrawn and put in a beaker., The suspension is
evopardted, and the dried mud is weighed. The weight of mud multiplied by 50
gives the weight of mud in the total sample (since you hove withdrown exactly
1/50 of the muddy water in the cylimder). This assumes (1) that there has been ne
loss of fines in the varicus operations, {2) that during stirring all the particles
have been perfectly uniformly suspended threughout the column of water, and
that exactly 1/50 of a liter has been withdrawn, and (3) that there is negligible
errar in the weighing operation, especially in regard to gbsorption of moisture
during weighing, Despite its drowbacks, this is probably the most accurate
methed and the one we will use, Results obtdined by this method may be checked
by using either of the two methods below,
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Methods 2 and 3 split the sample into two portiens with the mud-sand ratio
being determined on one portion, ard the analysis of the individual fractions being
performed on the other portion. Both of these assume that both sub-samples have
exactly equal proportion of constituents. This can be approached by very careful
mixing. In Method 2 (wet-sieve replicate method) the sediment sample is spread
out ard thoroughly mixed, Then by repeated quartering or simly scooping portions
from every part of the pile, one divides it into two subsamples. The first
subsampie is then wet-sieved, and the amount of sand weighed; the mud passing
through is evaporated to dryness, ollowed to come to equilibrium with room
temperature and moisture content, and weighed. The percentage of sand versus
mud is then computed for the first subsample and assumed to hold true for the
second subsample. The second subsample is also wet-sieved, and the amount of
sard weighed, Knowing the percentage of sand (from the first subsample), and the
weight of sond in the second subsample, it is then possible to compute what the
weight of mud in the second subsamplie should be. Then the rmud in the second
subsample can be dispersed and pipetted to obtain its size-distribution, because it
has not been oven-dried.

If the sample contains over 40% mud, Method 3 {moisture-replicate methad)
may be used, Again the sediment is spread ocut and carefully divided into two
subsamples. In this procedure the sediment is regarded as being mode of three
constituents:  sand, mud, and water, and It is assumed that each subsample
contains an equal proportion of these. Both samples are weighed moist. Then the
first subsample is evaporated 1o dryness in an aven gnd weighed again. The loss in
weight represents the water content, and is regarded as equalling the water
content of the second subsample. The second subsample is then wet-steved and
the weight of sand obiained. MNow, the moist total weight of the second subsaomple
15 krnown; the weight of sand in the second subsample is known; and the weight of
water in the second subsample can be computed from the known percent of water
in the first subsarnple, Subtraction thus gives the weight of mud in the second
subsample, and the mud may then be pipetted to obtain its size-distribution. THIS
PROCEDURE CANNOT BE USED IF THE SAMPLE CONTAINS LESS THAMN 30-
50% MLUID, as the error is 100 great. The advantage of this methad is speed.

These various methods may be summarized as follows:
l. The sample Is dry

A. It contains little ar no clay: Dry sieve, weigh the sand fraction,
welgh the pan fraction, and pipette the pan fraction,

B, It contains considerable clay: Disperse and frect as a moist
sample,
1. The sample is maoist, or must be moistened fo disperse it
A, It contains little or ne clay: Disperse, wet-slave; use pipette or

set-sieve replicate method to obtain percent of mud, then
pipette the mud l(or the sample may be cir-dried, then freat as

LA).
B. It contains under 43% mud: Disperse, wet-sieve, vse pipette or

wet-sieve replicate method to obtain percent of mud; then
pipette the mud,
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C. It contains more than 40% mud: Disperse, wet-sieve, use pipette, wet-
sieve replicate or moisture-replicate method to get percent of mud,
then pipette the mud,

Decantation. Another way to get rid of small quantities of mud from the

sediment sarrple is by decantation., Decantation is not recommended if the sediment
containg more than 20-30% mud. Fssentially, the sediment is stirred with water in g
beoker, and after allewing a certain time for the coarser particies to settle to the
bottorn, the finer material remaining in suspension is siphoned off. This process is
repeated until the water is clear. The advantoge of this method is that it is somewhat
easier than wet-sieving where only small quantities of mud are involved; alse it can be
used when no wet-sieve is availoble. The disadvantages are the tremendous valumes of
water required and the necessity ta evaporate all this water to dryness.

Decide what size material is 10 be decanted. If decantation is done in connection
with sieving, then either 8% or .54 {62.5 or &4 microns) is chosen. Determine the
settling time of particles of this size ond density at the given temperature by
means of Stokes' Law. For particles of 4.5¢ diameter (44 microns}, the settling
velocity at 20°C is 0.} ¥4 em/fsec.

Set a [000 m| beaker or cylinder on a small stand about 6" gbove the table. Fili it
about one-third of the way with distilled water. Introduce the sample inte the
cylinder and stir vigorously, distributing all the sediment evenly throughout the
colurnn. Mow, when the time comes for siphoning, you are to insert the sucking
end af the siphon to o distance cbout one inch above the layer of sediment that
has settled to the bottom of the cylinder. Measure the distance from the top of
the water to the point where the siphon will be. Let us say that this is 50 cm.
Then, particles of 4.5¢ diometer will take 50/0.174 seconds, or 287 secands, fo
settle that distance. In proctice this meons that at the end of 287 seconds ali
parficles coarser than 4,54 will have settled to the bottorn and that anly particles
finer than this size remecin suspended. After computing the desired time, str
vigorously and start timing the moment stiring stops. Fifteen seconds before
withdrawal time, insert the siphon intoe the bottorm of the cylinder, keeping the
siphon |" above the depeosited sfudge on the bottom. At the propet time, start
siphoning the material off into an extra 1000 ml becker. DO NOT SUCK ANY
SEDIMENT OFF THE BO [ TOM OF THE CYLINDER.

Now, place the beaker in the oven and start evaporoting it (this assurmes that WO
are not going to analyze the size-distribution of the fines themselves, but only
weigh them--remember never 1o oven dry the fines if you ever cxpect to obtain
their grain sizel. Fill the cylirder with water, stir ogain, wait the same length of
time, and siphon off onother liter of muddy water into another beaker, Repeat
this process until the water in the cylinder stands clear {you see this takes a great
deal of water, and you connot use this melhod for obtaining fines for pipeiting
becayse you end up with some 3 to 5 liters of water, ond you can only have | [iter
for pipetting).

Evaporate all the beakers to dryness, ond odd their weights {subtracting the
weight of any dispersant you may hove used), The sand in the bottern of the
cylinder is also dried urnl weighed, Then the sand is sieved, and THE AMCUNT OF
MATERIAL THAT PASSES THE FINEST SCREEN {say &.5¢) MUST BE ADDED TO
THE WEICHT OF THE MUD IN THE EVAPORATED BEAKERS. The percentages
of each can then be computed.
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Grain Size Scales and Conversion Tables

The grade scale mast commonly used for sediments is the Wentwaorth (1922) scole
which is a logarithmic scale in that each grade limit is twice as large s the next
smaller grade limit. The scale starting af lmm and changing by a fixed ratio of 2 was
intfroduced by J. A, Udden {I1898), whoe alse named the sand grades we use today,
However, Udden drew the gravelfsand boundary at Imm and used different t2rms in the
gravel and rmud divisions. For more detqiled work, sieves have been constructed at

intervals 2? ard QE. The & {phi) scala, devised by Krembein, is o much more
convenient way of presenting data than if the values are axpressed in millimetars, and
is used olmost entirely in recent work,

L. 5. Standard Millimeters Microns I*hi (4] ‘Wentworth Size Class
Cieve Mesh # {l Kilometer}
=20
e -2
1024 -10 Boulder (-8 1o -12¢)
Use 256 -8 el
wire Al -6 Caobble {-& to —B4) —
squares & =4 Pebble {-2 to —&4) ﬁ
5 & -2 ac
é 1.34 -1.75 T
7 Z2.83 =1 .5 Granule
2 2.38 -1.25
m— () 2.00 -1.0
12 | . 68 -0.75
14 | &1 -0.5 Very coarse sand
& 1.19 -0.25
—_— |8 | . O} 0.0
20 .84 0.25
25 0.71 0.5 Coarse sand
30 0.59 0.75
35 |2 0.50 = 500 ——— .0
Lt} 0.42 v b .25 o
45 0.35 350 1.5 Medium sand
50 0.30 300 .75 £
&l | {1t 0.25 — 250 2.0 o
70 0.210 210 2.2% wn
B0 0.177 |77 2.5 Fine sand
100 0.142 14% 2.75
— 12— 1/ —0.125 —= |25 oo 3.0
140 0.105 105 3.2%
170 0.088 ae 1.5 Yery fine sand
204} 0.074 4 1.75
— DY | [ | e () G 2G e 2.5 4.0 -
270 0.053 53 4.25
325 0.044 4 4.5 {oarse silt
0.037 37 4.75
— 1 f 32,03 31l 5.0 P
Analyzed |feh 0.0156 I15.€ &.0 Medivm silt -
1126 0.0378 7.8 7.0 Fine silt
by _ /256 0.0039 3.9 8.0 Very fine silt -3
{.0020 2.0 .0
Fipette 0.00028 0.98 10.0 Clay
0.00042 0.49 1(.0 {Some use 24 or
or 0.00024 0.24 12,0 9% as the clay
0.00012 0.12 13.0 bound ry)
Hydrometer 0.00)06 0.06 14.0 v
23



PH|-MILLIWETER
LCHYERSION

CEAPH 1] : R S

i hmetpr - o fina thﬁ El'}rrEEHC+'IdII'I;_' -
"R diﬂgunLl Tlm:| f]r‘- v-hll: ‘rﬂL_.... A i
..Ira:'llsl |. .I ; P EERTT LR N e

¥R 0 o uer'-qlual 5::.&1 P (L] F ;
""ivaﬂknt||s ﬂaad bnlthe vti"j' o

"'E 1 ;"?f :n Hq@hﬁrﬁ dftom of LB :J-T';if}-.-ii' .
e ve| haﬂiqv cand- ghe am|[ P T L AT LA !

' .:'=: e iom| . lunﬂs *411 brdiicamd [ ol '

":'.I -in' !I I . .'.l 1 1




Grain Size Nomenclature

The basis of the classification i= a tfriongular diagrarn on which are plotted the
proportions of gravel {material ceoarser than 2mm), sand (moterial between 0.0624 und
2mm), and mod (defined as oll material finer than 00625mm, i.e., silt plus clay), as
shown In the frianqular diagram. Depending on the relative proportions of these three
constituents, fifteen rmajor textural groups are defined--for example, sandy conglom-
erate, slightly conglomeratic mudstone, or sandstone. This classification is presented in
detail by Folk {(Jour. Geel. 1954): and alsa Follk, Andrews & Lewis (NwZd),

Ta ploce a specimen in one of the fifteen major groups, only two properties need
to he determined: (1) how much gravel (material cearser than 2mm.} it contains—-
baundaries at 80, 30, 5 per cent, and a trace; and (2) the ratio of sand to mud {silt plus
clay) with boundaries at 911, 1:1, and 1:9.

The proportion of gravel Is in part a function of the highest current velocity at
the time of depesition, together with the maximum grain size of the detritus that is
available; hence even a minute amount of gravel is highly significant, For this reason
the gravel content i3 given major emphasis, and 1t is the first thing to determine in
deseribing the specimen, This is best done on the osutcrap by maked-eye examination,
perhaps aided by a percenfoge comparison chart: thin sections and hand specimens
commeanly give teo small a sample fo be representative of the gravel content. Using
this scheme, a specimen containing more than 80 per cent grove!l is termed "conglom-
erate”; from 30 {o BU per cent gravel, "sondy conglomerate” or "muddy conglomerate';
frormm 5 te 30 per cent grovel, "conglomeratic sandstone” or "congiomeratic mudstone';
from a troce [say 0.01 per cent) wp to 5 per cent gravel, "siightly conglomeratic
sandstone” or "slightly conglomeratic mudstone"; and a specimen containing no gravel
at all may range from sondstone through mudstone, depending on the sand:mud ratio.

The proportion of sard ta mud Is the next property to be determined, reflecting
the amount of winnowing at the site of deposition. Four ranks are defined on the basis
of the sandimud ratio; In the nonconglomeratic tier, these are sandstone (ratio of sand
to mud over 2:1), muddy sopdstone {ratio |:| to 9:1), sandy mudstone (ratio 1:% to 1:1),
orid finally, mudstone (rotio under 1:%), The ratio lines rerngin at the some value
throughout the friangle: e.g. sondy conglomerote is also divided from muddy sandy
conglormergle by a sandimed ratie of 2:1. This division is fairly easy to make with a
hand lens, unless a large amount of coarse silt and very fine sand is present.

Thesa two simple daterminations are sufficiant to place a specimen in one of the
fifteen major textural groups shown in Table |. Ore might simply stop ar this point and
say no more about the grain size: yet a great deal of information is gained by
specifying, whenever practicable, the median diometer of eoch of the fractions present.
Thus two specimens belonging o the conglomeratic sandstone group have quite
different significance if one is a bouldery fine sardstone and the other is a pebbly very
coarse sandstone. The detailed breakdown will be used in all cur class work.

These fire subdivisions are determined by specifyving the median digmeter of
each froction congidered independently of any other fraction that may be present. For
some specirnens this s, of course, not possible; but in most Tt can be accomplished
sufficiently well for field purposes, especially if the material is bimodal. The size
terms of Wentworth {|922) are uysed for the varicus classes, Thus, if gravel is present,
one determires whether the medion of the gravel fraction considered alone falls in the
granvle, pebble, cobble, or boulder class; for example, the major group of sondy
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GRAVEL
{>2 mm)

G, gqravel; g, gravelly;
{g}, slightly gravel ly
3, Sand; &, sandy

M, mud; m, rmuddy 803

Specify median size of gravel
wherever present. e
Specify medlan size of sand only A
Tm the stippled area, &F-
Specify composition of mud &
{whether silty, muddy, or &F
elaysy) wheréever present, "l

a7
Examples: &”
G, sandy cobble gravel

fglsm, slightiy granular 102
fine sandy silt
m&, clayey medium sand

. Sand; s, sandy
 SilE; 2, silty
g mud; m, mueddy

» Glay; c, clayey

Specify median
size of sand
throughout.

CLAY Z:1 1:2 SILT

(For samples Tacking Gravel)

Unindyrated |ndurated Fissila
Silt Siltstone Liit-shale
Mud Mudstone Mud=-shale
Clay Liaystone Clay-shale

For details, see Folk,
Jour, Geal, wol. 62, p. 345=
351, July 1354,

MUD

{Sile + Clay, SAHD: MUR RATI(
« D625 mm)

SAMD
{.DE2532 mm)



TABLE I+

Terms Applied to Mixtures of Gravel, Sond, and Mud
Delimited in the triongular diogram page

Major Textural Class

Examples of Usage

G, Gravel ., . . . . .. e« + 2+ « Cubble gravel
Conglomerate . . . . . . . . . . Granule conglomerate
sG. Sandygravel L . L L L L L L L Sandy pebble gravel
Sandy conglomerate . . . . . . . Sorxly bouider conglomerate
msG,  Muddy sandy gravel . . . . . . . Wuddy sandy granule gravel
Muddy sandy conglomerate . Clayey sandy pebble eonglomerate
mG., Myddygravel . . . . ., . . .. Silty boulder gravel
Muddy conglomerate ., . . . . . . Muddy pebble conglomerate
g3, Gravellysand . . . . . . . . . . P=bbly coarse sand
{_onglomeratic sondstone . . . . Granvlar very fine sandstone
gm5. Gravelly muddysand . . . . . . Pebbly silty fine sand
Conglomeratic muddy sandstone . . Bouldery muddy coarse sandstone
gh. Gravelly mod . . . . . e v o« o . Tobbly clay
Conglomeratic mudstone . Pebbly siltstone
{g)s. Slightly gravellysend. . . . . . Slightly granvlar medium sand
Slightly conglomeratic sondstone Slighily pebbly coarse sandstene
(@)mS. Slightty gravelly muddy sand. . . . Slightly pebbly rnuddy medium sand
Slightly conglomeratic muddy
sandstane . . . . . . . . . . . Slightly cobbly silty fine sandstone
(ghst. Slightly gravelly sandy mud . . . . Slightly granutar fine sandy mud
Slightly conglormneratic sandy
mudstone . . . . . . . . . s slightly pebbly coarse sandy claystone
(g)M. Slightly gravelly mud. . . . , . . Slightly pebbly clay
Slightly conglomeratic mudstone , . $lightly cobbly mudstone
S. Sand {specify sorting). . . . . . . Well-sorted fine sand
Sandstone (specify sorting) . . . . Poorly sorted medium sandstone
mS. Muddy Sand . . . . . . . . » + » Well-sorted silty very fine sand
Muddy sondstone . . . . . . . . . Muddy coarse sandstone
sM. Sandymud . . . . .0 0. L. Fine sandy clay
Sondy mudstone (specify structure) . Coarse sondy  siltstone {if fissile,
coarse sandy silt-shale)
M" M-Id L] L] L] L] L | ¥ w =m = I ® 4 Sli"

Mudstone (specify structure). . . . Mudstore (if fissile, mud-shape)

*Both unconselidated ond consolidated equivalents are shown in this table. The
underlined terms are further specified as ta their grain size, as shown in the examples,
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conglemerate can be svbdivided inte sendy gronule conglomerate, sandy pebhle con-
glomerate, sandy cobble conglomerate, adn sardy boulder coenglomerate. For the sand
fraction, the median is also estimated separately, using the standord Wentworth grades
of very cearse sand, coarse sand, medium sand, firne sand, ond very fine sand, This can
be done very easily by reference t0 a comparison set of sand grains of the several sizes.

For muds a somewhat different procedure is used, the nome depending on the
reiative proportion of silt versus clay. This proportion is usually very difficult to
determine with a hand |lens, and the oniy really satisfactory way is to make a thin-
seciton (preferable) or a grain-size analysis by pipette or hydrometer. I many samples
it might be best just to use the brood term "mud" and not attempt to split it any
further. But the mud fraction of many sediments is obviously composed dominantty of
sift, while the mud froction of others is just as certainly composed largely of clay;
therefare, it is considered worthwhile to make an attempt, if ot all practicable, to
estimate this ratie, A threefcid division is suggested: if the mud fraction contains
more than 67 per cent silt (i.e., sili-to clay ratioc greater tYhan 2:l), the material shouid
be calied "silt" or silty"; if more than &7 per cent clay is present, it shouid be called
Pclay" or "clayey" ond for intermediate mixtures, the term "mud" or "muddy" {used in a
restricted sense) is proposed. Thus the major group of muddy sandstone may be divided
into clayey fine sandstone, silty very fine zandstone, muddy coarse sandstone, and 50 on,
since both the grain size of the sond froction ond the mud composition are to be
specifiad.

The complete series of major textural groups iz presented in the table, Beth
unconsolidoted ard conselidated equivalents are given for each group, At the right of
the group name is given an example of how the terms are Yo be further specified,
depending on the median grain size of each fraction present. 5Sand, silty sand, and
stightly conglomeratic sand may be further described by mentioning the degree of
sorting.

The major textoral grouves of "mudstone” and "sandy mudstone” shauld be modified
according to their structure, specimens with a well-developed closely spoced parting
parallel with the beds being termed "“shale," regardiess of whether they are composed of
clay, silt, sandy clay, mud, or ony other mixture of materials. This additional
modification is presented in table 2,

TABLE 2

Classification of Fine-Grained Racks Based on
CGrain Size, Induration, and Structure

Textural Indurated, Indurated ond
Class Unindurated Mot Fissile Fissile

Z Silt (> 67 per cent sil$) Siltstone Silt-shale
M Mud {intermediate) Mudstone Mud-shale
- Clay ¢~ 67 per cent clay) Claystone Clay-shale
LY Sandy silt Sandy siltstone Sandy silt-shale
shi sandy miwd Sandy mudstone Sandy mud-shale
s Sandy clay Sandy clavstone Sandy clay-shale
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Suggested Cutline for Detailed
Study of Texture

In routine field examination the determination of a grain-size rome is probably
sufficient; but for detailed work the following model for textural description is offered.
Follewing the specimen npumber, strotigraphic ond geographic position, and ather
pertinent information, the method of study is recerded, whether it be by hand-fens,
binocular-microscope, thin-section, or mechanical analysis. A spoce is left for the
grain-size name, which, of course, is filled in after the description has been made,
MNext, the size characteristics of the sediment as a whole and then of each of the three
size fractions are reported. For the entire sediment, the range between the sixteenth
and eighty-fourth percentiles of the size distribution should be given, as this gives a
much truer picture of the nature of the sediment than simply mentioning the extreme
range, Fossible discontinuities in the distribution {bimodality) are very important ond
should be described in detail. Following this information appears a discussion of the
relation of the three texturcl end-members of one onother, including the following
characteristics: (1) homogeneity (Daes the rock have coarse and fine layers, or are the
size fractlons thorcughly intermixed?); (2] thickness and type of badding {is it massive,
randomn, of cyclic parallel, hummocky, graded-bedded, or cross-bedded? Is the bedding
caused by a physical parting or a change in composition, texture, or color?) (3)
orientation of grains; and, finally, (4) particle shopes. Mention is then made of the
correlation of size with composition {for exarmple, the grovel fraction might consist
entirely of shell frogments, whereas the sand froction was entirely quartz). An example
of this method Follows:

[ Sample number and location: (Give pertinent date)
1. Method of study: Haond lens, in outcrop
1. Grain-zsize name: Pebbly muddy fine sandstone
V. Detailed size description

A. Entire sediment
l. Medion: 0.2-0,3 mm.
2. sorting: Poor
3. | 6-84 per cent range: Clay size to about 5 mm.
4. Extreme ronge: Clay size to 20 mm,

£. Gravel froction
. Per cent; |5
2. Median: About 6 mm,
3. Range: 3-20 mm., in itself pooriy sorted

C.  Sond froction
. Per cent: 55-65
2.  Median: Probably in fine-sond class, about 0.2 mm.
3. Range: Up to 6.5 mm., rather well sorted

3.  Mud fraction
. Per cent: About 20-30
2. Silt versus clay: About half clay(?)
3.  Medion of silt portion: Net determined in the field
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E. Chemical precipitates
|. Per cent: Probably under 5
2. Type: Mostly calcite, a little quartz

v, Textural relations

A.  Grovel tending to be segregated in wvogue bands parallel with the
bedding, whereas sand and maxd ore intimately intermixed; bedding 3
feet thick, randem parallel to hummeocky, a response fo grain-size
variotion; grovel shows weak imbrication, dip southeast; pebbles
subiround, sand grains subangular

B. Distritwtion strongly bimodal, with little material between 0.5 and 3
mm.; separate modes in pebble and fine sand size

C. Gravel froction composed entirely of chert, dull white; sord is chiefly
quartz: mud not identi fiable in the field

Every terminology has its weak points, and this one is certainly no exception. For
example, a vnimodal specimen consisting of a well-sorted mixture of coarse silt and
very fire sand should, according to the temary diagrom, be placed in one of the fifteen
textural groups by determining the ratio of sand to mud {the latter in this case
consisting entirely of silt, with no clay); yet this proportion would be exceedingly
difficult to determine, and the rock might be termesd anything from a "well-sorted
siltstorne" to a "well-sorted silty very fine sondstone The difficulty in plocing sueh
boundary specimens is present in every classification but should not be considered a
serjous handicap.

It may be argued that by far the greatest bulk of sediments ond sedimentary rochs
lies in the bottom, nongravelly tier of the diagram, which includes only four major
closses; nevertheless, by virtue of the fact that the grain size of the sand fraction (five
grades) and the silticlay ratio (three divisions} must be determined, a very large number
of subclasses is available (fig. Ib)--ond this does not even include the mention of
sorting within groups and fissility, which should be apart of the rock nome, Thus the
grain-size classlfication is capable of consideroble "lumping," if one wishes ¢ confing
himself to major grouvp names, of 1 9 much more intricate subdivision, if one wishes to
study a series of rocls that are clasely related in grain-size distribution.

Making Distribution Maps Showing Grain Size of Sediments

A very useful way 1o summarize data from recent sediments studies that involve
sampling large areas {(bays, offshore areas, deltas, etec.) is to make o0 mop of the
geographic distribution of grain size classes. This can be done very easily using the
grain size triangle nomenclature for sand-silt—clay mixtures. One takes his sampling
points ond records for each one the percent of sand in the sediment, This data is
contoured using wvoluves of 10%, 50%, and 90% sand as contour lines {(these are the
boundary lires of the four "sondiness" classes of the grain size ftriongle). Next, one
records at each sampling point the percent silt in the mud fraction (i.e. percent silt
divided by percent silt plus clay}), These values gre contoured at the 33% and 67% lines.
The map is now covered with two indeperdent, intersection contour systems, ond each
"cell" bounded by these contours is a grain size class {e.g. the sector bounded by the 50
and 0% sandiness confours and the 33 gnd 67% siltiness contours is termed "muddy
sand"). These different otlls may not be labeled, colored or shaded to bring out the
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areal distribution of the gitferent grain size classes. If the area has gravel, gravel
porpertions can be contoured In a simikar fashion.

Size Analysis by Sieving
It is assumed that the sand hos already been disoggregated arnd that cley or mud,

if present in considerable amounts, hove been removed. These methods have been
described in previous sections.

b

[

Using a sample splitter, obtgin dbout 30 to 70 grams of sample. If there are
numergus screens o be used in the anabysis, use the larger weight; if only 4 to 6
screens, use the smaller weight (this is to prevent clogging the screens with too
much sand, a frequent couse of poor results). If there is any gravel (matericl
coarser thon 2 mm), see note ot end. Spread the sand Evenl}.rﬁlﬁ“sg the hopper ond
stir it well to mix it thoroughly {do not shake as this will make the finer grains
travel 1o one end).

Weigh the split sample to 0,0 gram,

Setect the screens 1o be used. For accurate work, use the % ¢ set; for raugh work,
use the % b set, If vou are doing any research, it is senseless to use the |¢ interval
as this is too brood an interval to get useful data. The student sets are |4, but
these are just for proctice. Clean the screens thoroughly using the procedure
below. This is especially important if you are going to make mineral studies on
the samples af ter screening.

MNest the screens In order, coarsest gt the fop, pon on the bottom, |If the stock is
too kig to fit into the Ro-Tap, it wil] have to be sieved in several stacks, starting
with the coarsest sizes. Pour the sample n to the fop sieve and shake gently by
hand. Remove all the screens that are too coarse to catch any grains. Ploce
caver an the stock.

Place the screen: in the Ro-Tap, FASTEN VERY TIGHTLY, ond sieve for 15
minutes. For all scientific work, the Ro-Tap machine mwst be used, B inch
diameter screens must be used, and the sieving time should be constant for all
samples (15 minutes is the accepted time). For the small 3" student sets, sieving
must he done by hand, using a rotary motion with a bump.

If the analysis must be sieved in two stacks, remove the first stack from the Ro-
Tap; take the maoterial caught in the pan, and dump it carefully into the top of the
second stock {be sure there is another pon on the botiom of the second stack).
Place the first stock on its now empty pan ogain,

Take a large sheet of brown paper {at least 18" X 18", crease it in the middle, and
lay it on the table, Then take g sheet of glozed notebook paper (or larger), crease
it and lay it in the center of the large sheet. MNow hold the coarsest screen over
the small sheet of poper ond carefuly pour out the sand. Then invert the screen
and tap it gently with the heel of the hand. YO MUST TAP IT DIAGONAL TO
THE MESH OR THE SCREEN WILL BE DAMAGED.

On a spare piece of glazed, creased paper, place the bolance pan. Carefully pour
the sand fram the pile on your two papers, inte the balance pan.
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8. Replace the iwe creased papers as before and now hold the sieve upside down and
pound it sharply on the paper, STRIKIMNG THE TABLE EVENLY WITH THE RIM
(otherwise you will dent the screen). Add the sand thus jarred loose to the
balance pan. foke sure that all grains end up inside the balance pan by repeating
this process. Weigh the sample in the balance pan to 0.01 gm. (if you have less
than 1.0 grains in any sieve froction, 1t should be weighed on the chemical balance
to 0.001).

3. Lxamine each sieve fraction (after it Is weighed) under the binocular microse
and estimate the percent of oggregates in ench froction. THES 15 ABSOLUTELY
NECESSARY FOR VALID WORK! The best way to do this is by spreading grains
on a micropalec grid and counting |00 of them. This takes onty a very little tima,
Start estimating at the coarsest sizes and work down until NO MORE aggregates
appear. If any froction over 25% agqregates, it should be re-diseggregated and
rurt through the screens ogain, Record the percentuge of oggregates in each
size--these must be subtrocted frem the sample weight as shown in the sample
computation.

0. Gtore the sample in corked vials, paper envelopes, or folded poper packets. Label
each fraction as to bath coarser and finer limits, and sample number.

DATA FORM

Heild on: Raw % Aggre- Corrected Curmulative Coumulative Indiv.
Mesh Mm & Weight gales Weight Weight Fci. Pct.
18 1.0 0.0 3.5gm A 2.8 2.H 3.1 9.1
5 0.5 1.0 10.7 10 9.6 | 2.4 40.3 3.2
60 0.25 2.0 8.3 5 1.9 20.3 65.9 25 .6
B 0D.1% 2.5 5.6 - 3.6 5.9 84.0 18,1
120 0212 3.0 2.9 - 2.9 28 _H 93.5 2.5
230 D.06 4.0 1.3 1.3 3G, 1 7.7 .2
Pan — Q.7 0.7 3.8 10G.0 2.3

Te get cumulative percent, divide each figure by the last number in the Cumulative
Weight colomn. Do not obtain cumulative percent by adding up individunl percentages
(last column) as "rovnding-off" errer will distort the cumulative percentages.

This analysis [lustrates another trick: if you are sieving ot o coarse screen interval, 1t
is wise to insert an additional screen at ahout the modal diameter (the most adbondant
grade size). This mokes curve plotting much easier.

IF the sample contains any grovel {Material coarser than 2.0 rmm):

To get a representative somple of the gravel froction, it is necessury to have a
much larger sample, say 0.5 to 2 or even more kilograms. In this cose, place the total
sample on the 2 mm. sereen arnd sieve by hand, Weigh the totol amount of grovel
retained, aond the total amount of sond passing through. This enables you to cbtain the
percentage of gravel in the sample,

Sieve the entire amount of gravel by hard through aos coarse screens os are
avagiloble. For pebbles too large, a set of wire sgpoores of proper diometer is
constructed, ardd the pebbles passed through endwise and counted. The number of
pebhles unable to pass through ench screen is then weighed. Screen ond weigh all the
pebbles in this manner.
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Split the total amourdt of sond to 30 to 70 groms and sieve as customary. Mow, we
have sieved only a small fraction of the total amount of sand in the somple. To
campute the analysis, it is nrecessary then to multiply each sieved sand fraction by a
"splitting factor", which is (1) the total weight of sand in the sample (obtained in the
first operation where gravel was separated out} divided by (2) the weight of the sand
split that was actually sieved.

Say we start with a somple of 1500 grams, and 860G grams is gravel and 300 grams
is sand, Then we screen all of the gravel froction, and a |05-gram split of the sand
fraoction. The splitting foctor is then 900/105, or 8.57). Eoch sand froction is
multiplied by £,57) to give the weight of that fraction in the entire original sample.
These weights are then cumulated with the gravel weights and percentages computed as
usual.

Held on: Wi, X Splitting Curn, WH, Cum, %
Foctor (8.571)
Gravel: & mm | 50 - 150 10.0%
8 mm 80 - 230 15.3%
4 mm 140 - 370 7%
2 mm 230 - 600 40.0%
Sand: I Mmm 52 44 | D46 859.8%
0.5 mm 30 257 1303 87.0%
0.25 mm 18 50 1458 27.3%
0.125 mm 5 a2 | 500 100 . 0%,

Size Analysis by Settling Tube

For rapid, generally less occurate work, grain size of sond may be measured by
settling the grains through a water column. Foncy devices are availoble to make sure ail
the grains start settling together. Best results are obtained with water columns at least
|G em. in diometer, and with a small nomber of grains. Results are recorded by
continuous weighing of grains accurmulating at the bottorn, or by automatic recording of
pressute differences. Both "sievers” gnd "settlers" are strongly opinionated as fo which
is the best method of measuring grain size--one may just as well ask, "Which is the best
way of doing carpentry--a saw or a hammer?"

Pipette Analysis by 5ilt and Clay

There are several methods of analysis of silts aond clovs (finer than 44 or 62
microns diameter} in common use, The most common rmethod is by pipette. Hydro—
meter and decantation methods ore more difficult and less occurate, and many
electronic sediment-analysis devices are now available {ond expensive). All are based
on the settling velocity of the particles, usually computed on the bases of Stokes' law:
in the pipette method, one sucks off o small volume of suspension, evaporates ond
weighs the residue remaining suspended ot the given time; in the hydrometer method
one measures the density of the suspension, which depends on the graing still suspended
after a given time, dries and weighs them. Electronic devices measure the density of
the suspension., Mo settling method is very apropos for particles finer than |14 or 124,
where Brownian motion interferes with settling.
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For pipette analysis, all material coarser than 44 (62 microns) must be removed
from the sample, either by wet or dry sieving; the best amount of sample to work with
is approximately 15 grams, although analyses can be run on somples as small as 5-10
grams. With more sample the grains interfere wth each other too much in settling and
may flaccutate; with iess sample, the experimental error in weighing becomes lorge
with respect to the sample.

I is assumed thot yoau start with a somple already dispersed (see page 22}, Pour
the dispersed sample in the liter cylinder, add dispersant and water to bring it wp
exactiy to 1000 ml. 5tir vigorously and let the cylinder stand for a day; if it shows no
signs of flocculation, it 5 ready for analysis; if it starts to flocculate {see page 74)
dispersion will have 1o be redone or the somple discarded.

Prepare a datg sheet giving diameters, depths and times of withdrawal iisted on
it. Obtain on accurate timer {(watch with second hand will do), a stirring red, pipette,
ardl on array of 50 ml beakers,

Stir the cylinder vigorously, starting at the bottom axl working up until all the
material (even the coarsest) is distributed unifermly throughout the column, End up
with long, smooth strokes the full length of the column, from the very tottom until the
rod breaks surfoce. THIS IS EXCEEDINGLY IMPORTANT. As soon as the stirring rod
emerges for the last time, start the time. At the end of 20 seconds, insert the pipette to
a depth of 20 em and withdraw exactly 20 ml. This is the most important single step, os
on it the subsequent amalyses are bused, so make it as ciose 1o 20b0 mil as vou possibly
can.

Continue withdraowals at the specified time intervals. It is unnecessary to stir the
suspension at any time after the first stirring; however if you need to you can stir over
again and start timing from the new stimring; for example if you forget to take the 2-
hour sample, you can stir the cylinder again and wait another twe hours. In general this
is not desirable and should be aveided if possible,

Years of experience hgve shown that this is the best procedure for making
withdrawals: fifteen seconds before the time of withdrawal, grasp the rubber tube of
the pipette with the left hand and convey it to the mouth. With the right hand, insert
the glass part of the pipette to the proper depth, and steady it by resting the right hand
on the rim of the cylinder, With your left hand grasp the pipette at the place where the
rubber tube is attached to the glass, s6 you will be able to get an exact welume in the
pipette by using your left index finger to ciamp the rubber tube shut ogainst the end of
the glass tube. When the time arrives, begin sucking very rapidly and draw the
suspension Up about an inch above the valumetric mark, and clomp with the left finger.
Then let the suspension down very slowly by slowly unclamping the finger, until the
liquid surface hits the volumetric mark, If you are off by po imore than /8" either way
it is sufficiently accurate. Remowve the pipette, expe! the suspension into a weighed 50
mi. beaker, suck up 20 mi of distilled water to rinse out the pipette, and expel the rinse
water info the some beaker,

Place the beakers in an oven with cover glass on top, and evaporate them to
dryness (they should be dried at least 25 hours at [00-130° Cl. Remove them from the
oven and let them cool to room temperature. Let them remain open in the roem where
weighing is to take ploce for several hours, until they come fo equilibrium with the
meisture content of the atmosphere {the thin clay films in the beakers wil! begin to
absorb water very rapidly when they first come out of the oven, consequently gain
ropidly in weight at first), Weigh them to 0.001 gm. on a chemical balance; if possible
weigh all beakers at nearly the same time.
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MOTE: Some very careful analysts boke their clean beakers, keep them at
dbsolute dryness in o desicoator, and maintain a desiceating chemical (caleium chloride)
in the scales to keep everything as dry as possible, If it were possible $o keep
everything perfectly dry, this would be the best method; but in actual fact there is
probably more error in this procedure becavse of the initial rapid weight goin of the
samples when exposed, even for a few seconds, to ordinary room air, Obviously you
cannot weigh all the samnples with the same speed, therefore some will gain more
moisture than others so you will never be sure of the real weights. On the other hand,
if you freat them all equally by letting them come to equilibriurmm with the room
atmosphere, you will get mare consistent results. After gll, in the natura! sediment
there is considerable moisture absorbed in the clay particles. But remember: if you
weigh each beaker in the "room-moisture” state, you must do all your other weighings in
the same way.

Computation. Tabulate the data as shown on the next page. Subtract the weight
of the cieaned, air-dried beaker from the weight of the beaker plus sample. Now,
figure the weight of dispersent in the entire liter of water (computed by using
maelecular weight and normality), and divide this value by 50; this gives the weight of
dispersant in eoch of the small beakers. This weight must be subtraocted from the
weight of the sample,

The principle behind the computation is this: if the fine sediment is uniformly
distributed throughout the entire 1000 ml. column by stirring, and we drow off exactly
20 ml. at stated times, then the amount of mud in each withdrowal is equal to 1/50 of
the total amount of mud remaining suspended in the column at that given time and at
that given depth {i.e., the amount of mud firer than the given diameter; all particles
coarser than the given diometer will have settled past the point of withdrawal). The
first withdrawal is made s0 quickly alfter stirring {20 secorwds) and ot such a depth that
particles of all sizes are present in suspension; therefore if we multiply the weight of
this first withdrawal by 50 {after subtracting dispersant weight), we will obtain the
weight of the entire arneunt of mud in the cylinder. Then if we withdrow o sample at a
sefttling time corresporkding to a diometer of &4, and multiply it by 50, then we know
that the product represents the number of grams of mud stitl in suspension at this new
time, therefore the grams of mud finer than 6. Similarly we can compute the number
of grams present at ony size, and obtain the cumulative percentages as shown below:

First, we wet-sieved the sample. Let the weight of sand caught on the 44 (&2
micron) screen be catled 5. Then, 50 times the Tirst pipette somple {the 20-second
sample) equals the total amownt of mud in the cylinder, hence the amount of fines
passing throwgh the screen; call this amount F. The percentage of sand in the sample is
then 1005/{5+F). Let us now dencte by "P" the quantity obtained By muttiplying each
later pipette sample by 50; then to obtain the cumulative percentages of the total
sample directly from the pipetting data, we substitute the proper values in the
equation,

CUMULATIVE PERCENT COARSER = 006+ 2 )

ard these values may be plotted directly on the cumulotive curve.
An example of the computation is given on the following page.

Graphing. Results for gravel (if ony), sand, and rud shouvld be combined in a
smooth, continuous comulative curve. Normally, the amalysis stops at abowt 104, and
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there still may be a large amount of sediment finer thon that. To obtain grain-size
parameters (mean, o, etc) the cumulative curve s extended in a straight lire on

ardinary arithmetic (squared) graph paper from the last date point {usually 104} to l4d
at T00 percent, This assumed that essentially all clay particles are larger than 144 {006
mir:rﬂni and thot the clay mode is somewhere near 12¢ (.24 micron). Grain size data

may then be obtained from this extrapelated curve.
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in general you should take samples

You reed not stick religiously to the times obove; you

the depth, you cut the waiting time in half, This s because the settling
rnd compute the dicmeter for that time,

it you withdraw from half

tirmes as leng; but
velocity is proportional to the square of the particle diameter.,

can always make withdrawals at odd times 1
at &4 intervals from 4 to & 4, and at fuil ¢ intervals from then on,

The times and depths of withdrawals for
particles of any size are qiven by:

Depth in cm.
Tmin: ]
1500 A« d* {mm)

in which T is the time in minutes, dzis the
square of the particle diameter in mm, and
A is a constant which depends upon viscosity
of the water (o function of temperature),
the force of gravitation, and the density of
the particles. The toble giving values of A
for various temperaiures ond particle densi-
ties is given balow.

A values
DENSITY

Clays, Amphi-

Termp. Quartz bholes
*C 2.65 3.00 3.35
& 3.23 3.92 4 .60
20 .57 .33 5.08
24 3.93 4.76 .60
28 4.30 5.21 6.2
3¢ h.63 9.67 4.60

For quartz or cloy minerals at 24°C,
these times worlk cut oz foliows:

Depth ¢ Mm  Times of
cm withdrawal

20 4.0 0825 20 seconds
20 4.5 044 | méghs \
0 5.0 .031 Imiss 3y oS
10 5.5 0221 3Im28s These
10 4.0 0156 &mSBs times
¢ 7.0 0078  28m *counted
0 8.0 0032 |hSIm | from
190 2.0 D02 Th24m | the
5 10.¢ 00098 [4h30m |restirring
5 1.0 DOOLT 532h20m
5 12,0 00024 237h20m
S 12,0 00012 949K

(If you use Waddeli's sedimentation formula,
multiply all the "A" values by (.64 and use
this instead).
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Graphic Presentation of Size Dato

The dota ohtained from grain-size onalysis may be plotted in many different ways.
For some purpeses, one method s best; For other purposes, other methods are best, Get
familiar with oll metheds, so that you da not become so blindly used 1o using one
method that you ignore other ways which may be more suitable for a given problem,

All the methods use grain size as the abscissa (horizontal scale) and some measure
of percentage frequency as the ordinate (vertical scale). Grain size analyses may either
be plotted directly in millimeters, using o logarithmic-base paper; or they may be
plotted in phi units {$), in which case arithmeticbase paper is used. The latter is much
mare convenient and accurate ta read.

. Histogram. A histogram is essentially o bar graph in which the percentoges
for each grode size are plotted as a colunn. It is very easy to prepare and one can
easily interpret general features of the sediment, However, it is a pictorial method, no
more, ond cannot be used for determinotion of ony statistical porameters such as
median, sorting, etc. Furthermore its shoape is greatty offected by the sieve interval
chosen; the same sample may look entirely different if it is analyzad on o different set
of screens ond onother histogram prepared, MNevertheless it proves of value in plotting
distribution of sediments an a map or stratigraphic section, as the hejghis of the
colwmns may be more easily compared by eye than if the data were plotted as
curnulative curves, For pictures, yes; otherwise, na,

2. Curmulative Curve, Arithmetic Ordinate, This is the most commonly used
method. As the abscissa, one may use either millimeters {in which case he must use
semi-log paper} or phi units {ordinary “squared" arithmetic paper}). The ordinate is an
arithrmetic scale running from 0 to 100%; grain size is plotted on the abscissa with
coarser particles to the left (this is customary in all size analysis plots). Cumulative
percentages of the sedirment are plotted on this graphy for example, if 37% of the
material is coarser than 24 {cauvght on the 24 screen) then 32 is plotted as the ordinate
against 2.0 as abscissa. Draw a curve through al! the resulting points. YOUR CURVE
MUST PASS THROUGH AlLL THE PLOTTED POINTS -- NEVER USE A FHEMNCH
CURVE TO "SMOOTH" OUT THE GRAPH. The sample analysis normally ferms an 5-
shaped curve, The advantage of this curve is that oll statisticol parometers may be
read from it exactly, thus one con compare samples quantitatively as to median,
skewness, etc. The shape of the curve Iz independent of the sieves used. !ts only
disadvontage is that it is difficult for the untrained eye to look ot the curve ond
interpret it ot a glance; it is not "pictorid”. Alse if the sieve interval is wide,
sketching the curve between dato points is subject ta considerable error.

3. Cumulative Curve, Probability Ordinute. Mest sediments tend o appreach
the "normal probability curve” in thelr size trequency distribution--in other words,
most of the particles are clustered about a given size, with less ond less material on
each side of this size, If the cumulative curve of a sediment following the normol,
symmeitrical probability distribution is plotted on probability poper, the result is a
perfectly straight line whose position depends on the average particle size and whose
slope depends on the sorting. This happens because the probability scale is wery
condensed in the rmiddie of the scale (30 to 70%) and very much expanded at the ends
(under |0 er over 90%), thereby straightening out the S-shaped curve which would result
if arithmetic ordinotes were used. Thus it is very valuable for studying the departure of
sediments from the normal probability law. Moreover, since the "tails" are straightened
out and the sample terds to plot as a straight line, it is possible to read the statistical
parameters with much greater accurccy becauvse of the ease of interpolation and
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extrapolation. HENCE, THIS |§ THE CURVE THAT MUST BE USED FOR ALL
DETERMINATION OF PARAMETERS. The only disadvantoge is that it is even Jess
pictorial than the arithmetic cumulative curve,

b, Frequency Curve. The frequency curve represents in essence a smoothed
histogram in which a continvous belf-shaped curve takes the ploce of the discontirvous
bar grapt.  Again, it is chiefly of pictorial value because no statistical parameters con
be read for it. Although strictly pictorial, it gives a much better picture than this
histogram because it is independent of the sieve Interval used ard is the best method to
wse in dissecting mixed populations into their separate normal distributions. Mathemat-
ically, i is the first derivative of the cumulative curve, and is thus ocbiained by
measuring the slopes of the tangents to the cumulative curve. To construct it, one
plots a cumulative curve with arithmetic {(not probability) ardinates. Now one measures
the slopes of tongents jo this curve at various graln-size values, For exomple, If you
want to find the frquency at a digmeter of 2.83p, lay a stroight-edge tangent to the
curve at the peint where the 2,834 line intersects it. Measure the slope af this tangent
by noting how much the tangent rises over a horizontul distance of % phi unit. This
value then 15 pletted at 2.834 on the frequency curve, whose vertical seale is stated os
"so many percent per half phi unit” (or half Wentworth grode--both being identical). As
many points are plotted as needed, spoced anywhere along the curve (not necessarily at
the analysis points). Be sure to get all points of inflection {steeper ploces on
cumulative curve) and all "sags" (flatter places); thus you will accurately determine all
the modes and minimums on the frequency curve, The mode may be fixed accurately by
repeated approximation {page 42},

For very accurate work, o cumulative probability curve should be plotted first,
then from this probability ourve, data points may be token to construct a much more
accurate curmwlative curve on the arithmetic graph paper,

Statisticat Porameters of GQrain Size

For evaluation of sets of somples it 8 probably best to compare the curves
directly by eye as only in that way can the entire character of the sediment curves be
revegled, But this is inconvenient and furthermore not very quantitative: it is often
difficult to decide whether curve A represents a better sorted or finer sample than
curve B, or how great the differences are. To solve this problem one resorts to various
statistical measures which describe quantitatively certain features of the curves; these
values can then be tabulated and, it is hoped, certain combinations of vglues may be
indicative of different sedimentary environments.

There gre two basic methods of abtaining statistical parameters. The most
commonly used method involves plotting the cumulative curve of the sample and
reading the diameter represented by various cumulative percentages f(as, what groin
size valve corresponds to the 25% mark of the sediment--meaning 25% of the material
is coarser than that diometer). In this method, much mere occurate results are
obtained if one plots the cumulative curve on probability poper, because of the supertor
accuracy of extrapolation and interpalation. The second methad, called the method of
maments, is far more complicated and probably of ne greater value. [t is explained at
the end of this section.

The significance of most of the measures here described is shown graphically on
page 51, Refer to it continually.



Measures of Average Size

It is desirable to have a measure which will say, "™ample A is so much coarser
thon sample B." This is not nearly as easy as it looks, though, because there are many
different measures of average size. Using one measure, sample A might be "coarser™;
using another rmeasure, sample B might be coarser. There is no consensus yet as to
which is hest. Until then, become familiar with all of them.

Mode (Mo) is the most frequenthy-occurring particle diometer, [t is the diometer
corresponding to the steepest point {point of inflection) on the cumulative curve {only if
the curve has an arithmetic frequency scalel. |t corresponds to the highest point on the
frequency curve. Several formulae have been developed for determination of the mode,
but none of them are satisfoctory. The only way the mode con be determined is by
successive frials. Using the graph of the somple plotted on probability paper, one
selecis a point where the mode ought to be, and measures the percentage of the sample
that occurs within the diometer range from %¢ coarser than that peint to %¢ finer thon
that point (i.e., within %¢ interval centered on the presumed meodal point). Then he
magves over a smalt distonce (say 0.1 or 0.2} 1o a new presumed mode and measures the
percentage occurring in the %¢ interval centered on that new point. This is done
repeatedly until the highest value is obtoined which then corresponds to the modal
diameter. 1t is often difficult to fix the mode more accurately thon 04 or 0.24.
dediments not uncormmonly have two or more modes, located by finding other points of
inflection on the cumulative curve or other pedks on the frequency curve, Advantages:
the mode is quite valuable in sediment genesis and transpert studies, especially when
two or more sources are confributing. The modal diameter often stays fairly constant
in an area while the other, more "synthetic” measures tend to vary more erratically. It
deserves more common use, The disadvantages are its lock of common usage, and in
the fact that it is difficult o determine. Also, it is independent of the grain size of the
rest of the sediment, therefore is not a good measure of overall average size.

Median (Md), Half of the particles by weight are coarser than the median, and
half are Tirer. It is the cdiameter corresponding to the 50% mark on the cumulative
curve and may be expressed either in ¢ or mm, {Md¢ ar Mdmm}. The advantage s that

it is by far the most commonly used measure and the easiest to determine. The
disadvantage is that it is not affected by the extremes of the curve, therefore does not
reflect the owverall size of sediments {especially dtewed anes} well, For bimodal
sediments it is almost worthless. |ts use is not recommended,

Graphic Mean [Mz} {Folk), The best graphic meusure for deterrnining overall size
is the Graphic Mean, given by the farmuia M, ={16 + $50 + $ B4}3. It corresponds

very closely to the meon as cormputed by the methed of moments, vet is much easier to
fird. It is much superior to the median becquse it is based on three points and gives a
better overall picture. This will be the standard measure of size used. Inman has used
(476 + ¢B4}/2 as a measure of mean size but this is not satisfactory in skewed curves,

Measures of Uniformity

Several measures are available for measuring the uniformity or sorting of
sediments. As a general ruvle, the more of the curve that enters inta the sorting
coefficient, the better the measure.
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Trask's Sorting Coefficient (S} is used only with millimeter values, and is given
by Y Mm25/Mm75. Mos beach surds have S_ = 1.3-1.5. In the past, it has been almost

the only measure of sorting used, but its use is declining because it measures only the
sorting in the centrail part of the curve, It should be abandoned.

Phi_Guartile Deviation {GD4) is the exact analogue of 5 but odapted for the ¢
scale; Tt is given hy (¢75-025)/2. This mensure, like Sn’ fails o give a good indication of

sorting because they indicute only the sorting in the middle of the curve and ignore the
ends, where the differences between samples are most marked. For example, a beach
sand consisting of nothing else but fine and medium send might have the same GD4¢ and
SQ as a sediment consisting of sand with 5% pebbles and 10% clay!

Therefore these measures should be o longer used,

Graphic Standard Deviation {UG} s {pB4-g16}2. 1t is very close to the standard

deviation of the statistician {see the method of moments) but is obtained by reading two
vajues on the cumulative curve instead of by lengthy computation. This sorting
measure embraces the central 68% of the distribution, thus is better than QD¢ but not
as good as A If a sediment has e of 0.5p, it means that two thirds (68%) of the grains

fall within 14 unit or | Wentworth grode centered on the mean - i.e., the mean + one
standard deviation.

Inciusive Grophic Standurd Deviation [EFT} (Folk}. The Graphic Standard Deviation,
Tcs is a good measure of sorting and is computed as {$84-$16)f2. However, this takes in

only the central two-thirds of the curve and a better measure is the Inclusive Graphic
Standard Deviation, =F given by the formula

9Bl 99545
i 3
This forrwia includes 95% of the distribution and is the besl overall measure of soriing.
1t is simply the aoverage of (i) the standard deviation computed from ¢16 ond ¢854, and
(2) the standard deviation as computed from ¢5 and ¢95-- since this interval (from 5 to

95%) embroces 3,300, the standard deviotion is found as (#95-45)/3.30. The two are
simply averaged together {which explaing why the denominators are both multiplied by

MNote that the stondard deviation here is measure of the spread in phi units of the
sample, therefore the symboel ¢ must always be cttoched 1o the value for 4,

Measurement sorting wvatues for a large number of sedimeants has suggested the
following verbal classification scale for sorting:

o under 354, very well sorted }.0-2.04, poorly sorted
-35-.504, well sarted 2.0-404, wery poorly sorted
50-.7 1k, moderately wel!l sorted aver &.0¢, extremely poorly sorted
71-1.04, moderately sorted

The best sorting attained by natural sediments is about .20-253, and Texas dure and

beach sgrds run about 25-.354. Texas river sediments so far measured range between
A0-2.54, and pipetted flood plain or neritic siks and clays average cbout 2.0-3.54. The
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poorest sorted sediments, soch as glocial tills, mudflows, afe., have q values in the
neighberbocd of 54 to 8 or even 104.

Meosures of Skewness or Asymmeltry

Curves may be similar in owerage size and in sorting but one may be symmetrical,
the other dsymmeitrical. Skewness meosures the degree of asymrmetry as well oz the
"sign™-=-i,e,, whethar a curve has an asymmetrical tail on the left or right,

Phi Guartile Skewness (Skasl, This is foord by (325 + $75 - 2(Md40/2. A {+) value
indicates that the sediment has an excess cmount of fines (the frequency curve shows a
tail on e right} ond a {-] volue indicates a taoil in the coarse (left). The disodvantage
of this measwre is that it measures only the skewness in the central part of the curve,
thus is very insensitive; alse, it is greatly affected by sorting se is not a "pure" measure
of skewness. In two curves with the same amount of asymmetry, one with poor sorting
will have o much higher quartile skewness than a well-sorted sample,

Craphic Skewress, As a measure of zkewness, the Grophic Skhewness {SL{G] qiven
by the formula 316+ 480-2050
(pEs-& 18]

may be used (Inman), This measures the displocerment of the median from the averoge
of the 18 ond {84 points (see figure helow), expressed as a fraction of the standard
deviation, thus the measore is gecmetrically independent of sorting. The derivation
tollows:

Let "s" be the midpaint of the pie and $BS
values, found by (§16 + $84) /2--in this case

{1+3} /2 or 2.04. Then the distance "A" is
the displocement af the Medion ($50) from

the xAmidp-:rinL The skewness measore is
then =
a

But A = B1E61#8% _ ycn

and = M,

zo clearing froctions gives

¢l E+EE#-E$5IJ

tn this case, 1+3-2{1.5)
s

of Sk- = +0.50. MNote thot the medich is
displaged 0.50 of the way from the "™
midpoint to the plé or standord deviation
rmark.

Inclusive Graphic Skewness iﬁkl} {Folkl, The skewness measure discussed dbove

covers only the central &3% of the curve. Inosmuch as megt skewness occurs in the
"tails” of the curve, this is mat a sensitive enough measure. A much better statistle,
one that includes 90% of the curve, is the Inciusive Graphic Skewness given by the

formula 16 + 484 — 2450 + 5o 695 - 2350
ﬂ%@-q}iﬁi 253;55-1?% i
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This formula simply averages the skewness obtained using the 16 and 484 points with
the skewness obtained by using the $5 and $95 points, both determined by exactly the
same principle. This is the best skewness measure to use because it determines the
skewness of the "™Mails" of the curve, not just the centrai portion, and the “tajis" are jusi
where the most critical differences between samples lie. Furthermore it is geometri-
cally indcpendent of the sorting of the sample. Because in the skewness formula g
measure of phi spread occurs both in numerator and denominutar, the Skl value is J pure

number and should not be written with ¢ attoched., Skewness values should always be
recorded with a + or - sign to avoid possible confusion.

symmetrical curves have 5k| = .00; those with excess fine maoterial (o tail to the

right) have positive skewness and those with excess coarse material (a tail 1o the left)
have negative skewness. The more the skewness value departs from .00, the greater the
degree of asymmetry. The foliowing verbal limits on skewness are suggested: 51{] from

+L.00 to +.30, strongly fine-skewed; +.30 to +.10, fireskewed: 10 to - 10, near-
symmetrical, -.10 to -.30, coarse-skewed; and -.30 to -1.00, strongly coarse-skewed.
The absolute mathematical limits of the measure are +1.00 1o -1.00, and few curves
have Skl values beyond +.80 and -.80.

Measures of Kurtosis or Peakedness

In the normal probability curve, defined by the Gavssian forrmula, the phi diameter
interval between the $5 ond 495 points should be exactly 2.44 times the phi diameter
interval betwesn the ¢$25 ond 475 points. If the sample curve plets as a straight line on
probabi lity paper (i.e., if it follows the normal curve), this ratio will be obeyed and we
say it has normal kurtesis (1.00). Departure from u straight line will alter this ratio,
andd kur tosis is the quantitative measure used to describe this departure from normality.
It measures the ratio between the sorting in the "tails" of the curve and the sorting in
the central portion. If the central pertion is better sorted thon the talis, the curve is
said to be excessively peaked or leptokurticy if the tails are better sorted than the
central portion, the curve is deficiently or flotpeaked ard platvkurtic.  Strongly
platykurtic curves are often himodaol with subequal amounts of the two modes: these
plot out us a two-pedked frequency curve, with the 509 in the middie of the two peaks
uccounting for its platykurtic charocter. The kurtosis measure used here js the Graphic
Kurtosis, K., (Felk) given by the formula

K - Pas — PS5

G 244 (75— p25)

This wvalue answers the question, "for a given spread between the $25 and $75 points,
how rmuch is the $5 1o 95 spread deficient {or in excess)?" For normal curves, I-{G =

1.00; leptokurtic curves have K~ over .00 (for exomple a curve with K = 200 has

exactly twice as large a spread in the tails as it should have for its $25-475 spread,
hence is much poarer sorted In the tails than in the central portion); and platykurtic
curves have K¢ urder 1.00 {in a curve with K = 0.70, the tails have only 0.7 the spread

they should have with a given $25-¢75 spread). Kurtosis, like skewness, invelves a ratio
of spreads hence is o pure number and should not be written with § attached.



The following verbal limits are suggested: I{G under 0.67, very platykurtic; 0.57-
0.90, platylkurtic; 0.90-1.11, mesokurtic; 1.1 1-1.50, leptakurtic; KG over |.50-3.00, very
leptokurtics !{G over 3.00, extremely Yeptokurtic. The absolute mathematical limits of
the rmeasure are from (L4 1 to virtually infinity; few anaolyzed somples fall bevond the
range from 0.80 to 5.0, however,

The distribution of I{G values in natyral sediments is itself strongly skewed, since

most sediments are around .85 to 1.4, yet some vaolues as high a8 3 or & are not

vncemmeon. Thus for all graphic and statistical onaiysis {computation of mean or
standard deviation of kurtosis, running of 1 tests, etc.) the kurtosis distribution must be
narmalized by using the transformation I{Gf{l + I{G}. Using transformed kurtosis

{written KG] a normal curve has a valve of .50, and most sediments fall between
A-,65,

Characterization of Frequency Distribution

For characterization of the size frequency distributions of sediments, the limits
suggested above should be followed. For size terms use the grain-size iriangle
{poge 28), Here are some examples:

Fine sand, well-sorted, fine-skewed mesokurtic,

Sandy pebble gravel, moderately sorted, strongly fine skewed leptokurtic.
Granular medium sond, very poorly sorted, coarse-skewed very platykurtic.
VYery fine sandy mud, very poorly sorted, near-symmetrical platykurtic.

These warious statistical measures may be plotted agoinst each other to see
how, for example, skewness values may be related to mean size {although geometrically
independent, in any given set of samples the two values may show some correlafien),
They may be plotted on recent sediment maps and contoured to show the regional
variation of the measures, and provide a clue to identification of ancient environments.

Frequency distributions of other sets of data may be statistically analyzed in
exactly the some way as grain size., The measures of mean size, standard deviation,
skewness and kurtosis used here moay be used for ony type of data at all, in any field of
science, The verbal limits for skewness and kurtosis suggested here may also be used
for data in any other field, but the verbal limits on size and stondord deviotion are of
course inapplicable.

The Method of Moments

The second method of obtaining statistical parameters is calied the method of
moiments. It is a computationa! {not graphical) method of obtaining values, in which
evary grain in the sediment affects the measure. Thus it probably gives a truer picture
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than the graphic methods, which rely on only a few selected percentoge lines. For
example, the median is cbtained graphically by merely reading the diameter at the 50%
mark of the comulative curve, and is not at all affected by the character of the rest of
the curve; but the mean, computed by the method of moments, is affected by the
distribution over every part of the curve {see sheet at the end giving graophic
significance of measures). Details on the computations invalved are given in Krumbein
and Pettijohn, and many computer programs are available for caleulation of these valves
very rapidly. 11 is possible to obtoin skewness and kurtosis olso by means of maments,
but we will confine curselves to determination of the mean and standard deviation. Teo
begin with, one sets up the following form, using the 4 scale, A midpoint of esch ¢
class is selected (usually 2.5, 1.54) but in some cases (as in Pan fraction} o different
midpoint must be selected. In this "open-ended" distribution, where there is a lot of
material in the pan fraction of unknown grain size, the method of moments is severely
handicapped and probably its use is not justified.

¢ class & mid-  Weight, Prodect Midpeint Mid. Dev. Prodoct
interval point grarms Beviation squared
() W) DW) (MeD)  (Me-D? wWimMp-DI

0.0- 1.0 0.5 5.0 2.5 2.18 o.74 23.7
1.0- 2.0 1.5 [G.0 15.0 .18 .39 3.9
2.0- 2.0 2.5 30.0 5.0 0.18 .03 0.2
3.0 - 4.0 3.5 0.0 70.0 0.82 .67 13.4
4.0 - pan 5% 5.0 25 .0 2.32 5.39 27.0
um {E} - ?[}t{} IB?-S -_!'IB ‘Ef

* arbitrary assurmption,

The phi arithmetic mean of the sample {(M¢) is then

2 E;:" _ 187.5 _ 5 ead.
;Y

- 70,0

The "midpoint deviation" column is then obtained by subtracting this mean {2.63) from
each of the phi midpoints of eoch of the classes. These deviations are then squared,
multiplied by the weights, and the grand total obtgined. Then the standard deviation
{o ¢) is obtained by the following formula:

- Yelwimg-02] _ 180 _ —
dﬁ =) zpw Ll = VB2 V1127 = 1,08 ¢

Special Measures

This whaole problem may be gpproached fruitfully in another way, [|nstead of
asking, "what diameter corresponds to the 50% mark of a sample” we can ask "what
percent of the sample is coarser than a given diameter. This is on especially valuable
method of analysis if one is platting contour maps of sediment distribution in terms of
percent mud, percent grovel, percent of material between 3¢ and 44, ete. It works
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better than any other method if the sediment is birnodal. OUr, one may plot as a contour
map the diameter of the largest particle in the sampie. Try new methods all the time,

Measures of Averoge Size ond Stondord Deviation

loo

cumyulLakiveE PPICENE

loo
2yl

A//‘J
Median | __-~F

Meoce, Medion and Mean. In the left-hand figure, both curves have o mode ot about 24,

but 5 has a much finer mecian.

The Graphic WMean (which is the average of the three

heavy dots at the 16, 50, and 84 percentiles) is about 2.2¢ for A ond about 4.2b For B. In
ihe rignt-hand figure, B has a much coarser median and made, bot octuatly is Finer if
you consider the entire sedimenty the Graphic Mean for A would be adbhout (0.7 + 2.4 -
2683, wr LSy urnd [or curve B would be cbout {4+ 1.7 - 4.1)/3, or 2.46. The Meon
gives the hast overnll indication of avernge size; the mode iz of real value, but the
maedian i3 net a geod meosure,

Primary Made

Secondary Mode

IMedian f
an ‘i: {-ﬁ Mean ¥
- 13%
2 e Wl C EE v M G
¢ 1 z 3 4 5 E 7 88 ip
¢
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100 | ’é;:l-—:
B4 | TR AT s T
- LB
50 | —
: A (frea.)
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This histogram illustrates the difference between
the several measvres of overage size. Note there
are two modes, ot about 2.5p and 8.34. The
medikan has half thve sample finer amd half the
sample coarser than itself: the left four columns
total 50% of the sample 3¢ the medion is 4.0¢.
The ¢ Mean, computed by the method of me-
ments, iz bosed oh the entire curve {5 x 056
+10x 0.5 +25 x25p. . . . . '3 285 + 6 x
954}/ 100 the ¢ Mean is thus 4.74. The Graphic
Mean, which iz g ropid od close approximation te
the ¢ Mean, is also 4.73 but this must be tound ob
the comulative curve, Changing the 8-7¢ grode to
16% and the B8-%¢ grade to 2%, will affect the
means but will not at all affect the primary mode
or medlan {prave this for yourself).

Cumulative od Mrequency (dashed) curves for
well-sorted sediment (A) and poarly sorted sedi-
ment {B). In the well-sorted sediment, the cumu-
latlve curve is much steeper, the frequency curve
is much higher and much less spread out, and the
range between |6 and 84 percentiles (which equals
20} 15 much smaller, hence the standard deviation
ia much smnoller.

47



Measures of Skewness ond Kurtosis

Skewed with excess Symmetrical, Mode Skewed with excess
coarse material (tail equals median, fine material {tail
in the coarse, or left Sk = .00 in the fine, or
side}. X is the midpoint right gide}); also
of the 16 and 84 marks; bimodal.
EI-:G= A = - 8D EkE}= A = +,15
5 -
A A A
]
B
N
: kY i

Kurtosis. All the cumulative curves are drawn on probability paper. The corresponding
frequency curves are shown obove. Each graph has a straight line {B)Y which represents
a normal probability curve with the same mean and standard deviation os the sample
curve (A). In a normal curve, the ratio rfq (¢ is the 5-95 spread, q the 25-75 spread)
must be exactly 2.84. The left-hand figure is extremely leptokurtic, because r/g is
much greater than 2.44. Note the frequency curve which is excessively peaked at the
middle, is deficient in the “"shoulders” of the curve, and the 1ails are extremely long (to
get the same everall spread as the corresponding normal curve, the tails must be spread
wider to compensate for the condensation of the center.). The middie figure is
extrernely platykurtic, with r/q much less than 2.44; it is also Simodal, although mot all
plotykurtic curves are bimodal. The right-hand figure is a curve that is highly
leptokurtic and also has strong positive skewness; r/q is much gregter than 2.i4,



A FEW STATISTICAL MEASURES FOR USE IN SEDIMENTARY PETROLOGY

infroduction. A good knowledge of statistics is becoming essentlial for anyone who
wishes to work in any of the sciences, because the whole ef scientific work from laying
out the experiment to interpretation of data is based on statistics. Trying to use
numerical data without a knowledge of statistics is like trying to drive without a brake.
You never know where you will end up and the odds are you will end up in the wrong
place and get the wrong conclusion,

In sedimentary petrography, stotistics are used in laying out the sompling
prograrm; in determining the best experimental technique for analysiss in collecting the
analytical data; and in drawing correct geological conclusions, such as: what is the
content of feldspar in X formation? Within what limits am | certain this value is
coerrect? What is the spread of values to be expected? Does X formation have more
feldspar than Y formation, and how confident am | of this? Does its heovy mineral
content differ significantly from that of formation Y? What is the relation between
grain size and zircon content, expressed mathematically?

This gutline is not intended to make you an expert in statistics. It merely shows
examples of the use of statistics in petrography, with the hepe that it will stimulate you
to take several courses or reod up on your own, It is super-simplified and condensed,
therefere omits a lot of material that should really be covered. For further information
refer to ony standord textbook, especidlly for geologisis: Miller and Kahn, 1962;
Krumbein and Graybill, 1 965: Griffiths, § 967; Kech & Link, 1972; Davis, 1973,

The Normai Probabiiity Curve, In order to understand some of the assumption ond
underlying principles, it is essenfia! to study the statisticians' most fundamental
concept, that of the normal probability curve, This is the basis for study of
experimental data of all kinds.

As a first step In the analysis of data from any field of science, one ysually
constructs a frequency distribution. For example, if one is studying the batting
averages of bdaseball players, he would select convenient class Tntervals to divide the
entire range of data inte about 10 to 20 closses and proceed to find how many batters
bad averages between .200 and .210, how many between .210 and .220, and sc on; here
the class interval would be ,010. Or if an anthropologist were studyving the lengths of
human thigh bones, he would first ascertain the spread between the largest and smal lest
bone [say for example 12" o 31"), and divide this into g convenient rumber of classes.
Here a convenient class interval would be |*, and he would proceed to find how many
thighbones were between 12" and 13", how mony between 13" and 14", and 50 on. When
data of this type is plotted up In the form of a histogram or frequency curve, it is
usvally found that most of the items are clustered around the central part of the
distribution with o rapid "tailing of ™ in the extremes. For example, far more baseball
players hit between 260 and .280 than hit between .320 and 340, or between .180 and
.200. Even less hit between .100 and .120, or between .380 and .800. A great many
types of data foliow this distribution, and the type of frequency curve resulting is called
the "probability curve,” or the "normal curve,” or often o "Gaussian curve” after Gauss
who was a pioneer in the field, The curve is defined as the kind of distribution resulting
if one had [0 weli-balanced coins ond tossed them all repeatedly ta count the number
of heads appearing. Naturglly, the most frequent occurrence would be 50 heads and 50
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toils: 40 heads or &0 heads would be less likely, ond 50 on down to occurrences of [0
heads and 920 tails, which would be very few; a throw of | head ond 99 tails would be
exceedingly rare, By tedious computations, one could figure the chances of throwing
any combingtion of heads and tails, and this is the useful feature of the normal
probability curve: the probabilities fall off at a definite, predictable rate which is fixed
by o mathermnaticat equation, Furthermore, the curve is syrmmetrical obout the mean--g
throw of 34 heads (5)-18} is exacily as likely as a throw of 66 heads (50 + |8} and a
throw of |8 heads is just as likely as 82 heads.

Many types of data follow clesely this curve which Is defined by coin-tessing
experiments ard rigidly fixed by on equation. Baseball batting averages; weights of
bolts turned cut by o factory life spans of electric light bulbs; mean daily temperatures
for any month if records are kept over some years; heights of people; densities of
granite samples; widtha of brachiopod valves; slope angles of geomaorphic features and
many others often follow this normal probability curve, providing enocugh data is
collected. For example if one chose ten people and weighed them his curve would be
rather irregutars by the time he weighed 1000 people it would be much smocther, and if
he weighed 10,000 the distribution would hew wvery closely to the nermal curve,

Many distributions do not follow the theoretical normal distribution, however.
Ore of the most common ways that a distribution departs from normality is in iis lack
of symmetry. The graph of a normal distribution is a perfectly symmetrical bell-shaped
curve, with equal frequencies on both sides of the most common value {i.e. in the 100-
coin - toss, 25 heods are just as common as 75 heads). Many kinds of data are
asymmeirical, though. Consider the prices of houses in an average American city. The
most common price might be somewhere around 510,000 In this city thers might be
many 525,000 homes; in order to have g symmetrical frequency distribution, this would
demand that there be many homes that cost minus 55000! This curve, then would be
highly asymmetrical with the lowest valuve being perhops $3000, the peck Trequency ot
about 510,000, and a long "tail” in the high values going out to perhaps $100,008 or even
more. The distribution of the length of time of long-distance telephene calls is alse a
distribution of this type, since most calls last between two and three minutes, very few
are less thar one minute but there are some long distance calls lasting as long as 15
minuvtes or even an howr. The frequency distribution of percentage of insoluble
materials in limestone samples iz also a highly asymmetrical or skewed distribution,
with most limestones in one formation having, for example, between 5 and 10 percent
insaluble, but some samples having as rmuch as 30 or 75% insoluble, with 0% as the
obvious minimuwn percentage.

A further way in which distributions depart from mormality is that they rmay have
two or more peak frequencies (termed modes). If ane took q large college building and
obtained the frequency distribution of ages of all people in the building at a given time,
he would find a curve that had two peaks {bimodal) instead of one. The highest peak
would be between |19 and 20 (the average aoge of students whe would make up most ot
the population), and ancther peak might occur at around 40 (the average age of the
professars), with a minimum at perhaps 30 (too young for most professers, and toc old
for most students), This distribution would be distinctly non-normal; technically, it
wauld be said to have deficient kurtasis. In geclogy we would obtain a similarly non-
normal, bimodal distribution if we meosured the sizes of crystals in a porphyritic
granite, or if we measured the percentage of quartz in a sand-shale sequence (sand beds
might be almeost pure quartz, while the shale beds might have 20% or less).

In analyzing frequency distributions, the most common measures used are the

arithmetic meon { or average) and the stondard deviation { or degree of scatter about
the mean). Skewness ond kurtosis are also used for special purposes (see pages 45-46).
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Arithmetic Mean: The mast common ond uvseful fype of average for ordinary
purposes is the arithmetic meon, symbolized ¥ . To obtain this value, simply gdd up the
values and divide the result by the number (n) of valses, This is symbolized as

i':&.
n

There are a number of ather averages {median, mode, geometric mean, etc.) which ore
useful in special coses--aspecially when the data is skewed, a8 when you gre taking an
average consisting of a lot of small values ond a few very large valuves, which would
tend to distort the simple arithmetic mean,

Stondord Deviation: For most data we are interested in determining the spread or
scctter of the valves. For example, a set of reading 4, &, 7, &, 5, 4, vhviously is less
scottered than a set such os 2, 5, |4, 1. 9, 3, although both have the same mean. The
standard deviation (s or ¢} is a precise meaaure of this scatter and, next to the mean, is
the most useful value in statistics. 1t is the only measure of spread that has wide use,
The starwdard deviation is computed such thot, on an averoge, 68% of the samples will
fall within plus or minvs one stondard deviation {+ g) from the reon; 5% wil] fall
within plus or rinus twe standard deviations {2 20) and 97% of the samples will fail
within £ 3. For exarnple, if we bave 100 porosi ty values on a sandstone formation and
the mean poresity is 15.0% with a stondard deviation of 3.0%, we know thot
aporeximately 68 of these 100 samples will Fave porosities ranging between [2 and 8%
& ta), that 95 sumples will ronye between 9 and 21% (x z 2g), and that 99 samples will
range between A ond 24% (x £30). Of course fhis assurmes that we have a sufficient
nunber of valves, and that the valves fellow the normal bell-shaped probability curve
{in which most of the values cluster about the mean, and "tail of f" symmetrically to
each side). This is tacitly essumed for most statistical work, A complete table of the
percent of values included in o number of standard deviations 15 given on page 6.

To obtain the standard deviotion there are two different methods which give
Identical answers, In the long method, one finds the aelthmetlc mean of his values, then
finds the deviation of each valuve from this meon, and squares these deviations: then
adds o these squared values, divides by the nomber of values and tokes the square root
of this quotient. In the short method, which we will vse, one substitutes values in The

following formula:
-
$(x2) = (2 x)?

s = 2
n-1

For example, let us say that we have five thin sections of a formation and wanted to
know the feldspar content, By point counter we obtain the following percentages on
each slide: 8, I, &, 15, 10. What is the mean ond stondard deviation? We set up the
fallowing table:

2 n, the number of samples, is 5 Ex (the sum of the x values--in

; :ﬂ this case the percentages of feldspar) equals 50, therefare the
Il 121 arithmetic maan, X, is
& &
15 225 _2x = 350 o 10.0%
10 (00 n [
L= 50 5ba
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Te find the standard deviation, we substitute values in the equation above,

?
{xz}, the sum of the sguared values of x, equals 546; {(Ex)"/n is 5(]2}’5 or 5003 ond
n-1is 5-1 or 4. Substituting,

§ = V545:5m V /M5 = 3.4%

If our samples are representative and the feldspar content foliews the mormal bell-
shaped probability curve, then, if we collected |00 samples of the some foarmation, we
would expect &3 of therm to have feldspar contents between 6.6 and 13.4%. [f someone
asles vou, "what are the odds of finding a sample with over 17% feldspor, you can
immediately answer "only 2 or 3 out of 100" Why? Well, |7% 1s about equal to x + 2s,
or 0.0+ 2(3.4); we know thal 95% of te sanples will fall In the range of x £ 25,
therefore only 5% of the samples will fall cutside this range; of these, half will be higher
and half lower, so 2.5% of the samples will have less than 3% feldspar, and 2.5% will
hawve over | 7%. Again, this assumes a normal distribution symmetrical about the mean,

Confidence Limits on a single mean. In the exomple dbowe, we got o mean of 10.00
percent feldspar based on Five samples of the formation. This is our estimate, based on
five samples, of the feldspar content of the entire formation. MNow the frue feldspar
content could not be determined unless we analyzed every one of the millions of sand
grains in the entire formation. This we cannot do, so we have to estimate the mean by
taking a small number of representative samples. But by the test to be described, we
can tell how close our estimated mean is likely to be to the true meon of the
formotion--in other wards, we con assign confidence limits to the mean. We can say, "l
am ?3% sure that the true formation mean lies between 2.0 and | .0%,"--which means
we will be wrong only 5% of the time--or one time in twenty.

We realize immediately that 1f we take 100 samples we will be more confident of
our mean, than if we took only five samples. Also, we will be more canfident of the
mean if the waloes show o smatl spread (stondard deviation} than it they show o large
spread (Example: if we have values of 4.2, 3.5, 8.0, &8, 3.3 we are more confident thot
our nean 15 rearly 4.0 than if we Twve valees 1.2, &8, 7.6, 3.0, 3.3% The formuela for
computing the confidence |imits appropriately then takes these two factors inte
accaunt.

4 = iIs where n is the number of observations or walues, s is the standard
oy deviation, and 1 is explained belaw.

The factor t is put into the equation so that we can choose o "confidence level."
Assumne o fermation with a mean paresity of 12.0%, standard devigtion 3.0%. If we
want 1o be only 50% sure of our mean, we look vp in a table the value of t af the 50%
level, and insert this in the fornula. Let as say this makes "L" come out to £ 1.5, lhis
means that we would be only 53% sure that our true formation mean lay between 0.5
and 13.5%, and there is one chance in two that the tree meeon lies either above or below
these limits. However, if we chose the 95% level, we insert this value of t in the
formula. Say that L then comes out te 3.0%; then we would be 95% sure thot the true
formation mean |lay between 2.0 and 150%, ond there would be only ore chance in

twenty of our being wrong. Most statisticions use tie 95% level all the time. (P = 0,05
column, page &2},



The value t is fournd in a table with the levels 1o be sefected (5%, 10%, 20%, atc.)
plotted against the "degrees of freedam" {which in thiz case simply means the number
of valuves minus |3 the value of t 1o be used lies at the intersection of our chosen
confiderce |avel and the degrees of freedom. [For exomple, with 2] values, at the 5%
(.03) level, t = 2.09, gs shown in t table on page 59,

Populations and Probability

In the tests that follow it is essential that we understond the two concepts of
"papulations” and "probabtlity ™

Paopulation i3 the term wed for the data we are sampling if we are measuring
porosities, the “population" that we are sampling is the wvast number of porosities
present i every cubic inch of that formation, of which we test what we assume are a
representative few if we are measuring the mica centent of a bed, the "population is
the percent of mica in each minute part of that bed; if we fill a jar with 500 black and
1,000 red beans and proceed blindfalded to pull out 50 beans, then we hope that our
sample of 5] is representative of the true "population™-=i.e., ’rh& 1,500 tatal beans. The
population is the vast amount of numerical data available, of whh:h we toke anly o
small sample.

In many siafisticol tests, we try "o cnswer the question, "what are the odds ot we
could have obtained as great a difference or greater by chonce sompling of the same
population? This gives us an insight whether or not there is g real difference in the
vroperties of the two farmations we have sampled, or whether we could have gotten
just a5 large a difference in, say chert content, by chonee sampling of a single
formation {a "homogenous” population), Lets think about it this way. We have a square
jar and a round jar, sach filled with o cartain mixture of 1,000 Black and white beans,
The round jar has a population with a certain number of blocks, the souare jar has a
different proportion of blacks, You are now Blimdfelded und asked to pull 50 beans from
one of the jars; |et's say you gor 30 blacks and 20 whites. MNow, still biTndfolded, you are
asked to reach again inte a jar {you still don't know which one you are reaching into) and
pick 30 rore beans. This fime you get 2¥ blacks ond 28 whites. Statistics emables us to
anwer the gquestion, "on the second drowing, did i take from the same jar as | did the
first time; what is the probability that | drew both sets of begns from the same jor?"
Or phrased differently, "what are the odds that | drew both samples of 530 from the
same population {i_a., the sane jar?H)" This is essentially what we do when we obtain
numerical data from rocks. We take only a small sample of the numericol dota
available in the formation, then sample another formation ond see it there is any
difference between the two formotions--gnd difference in the population of beans in
the jar, so to speak,

Probability, Maony statistical tables have a critical valve called "P™ as an
important part. P stands for probability--in mast coses, P, represented as a percent,
stands for the probability of o certain event happening. In the jar experiment above,
ofter running through the computations of the statistical test, we enter a table and
come out with g certain value for P, In this case et us say P came out 1o be .10 {[0%),
This means that if we had repeotedly sanpled the same jor, only once in every ten
rimes would we have gotten as large, or larger, a difference as we did an the twe draws.
Or, there is only one chance in ten that we hove sampled the same population.
Adthough it is not technically correct to say it this way, we may state the corollary that
there is a 0% chance that we have sompled two different jars. Meost statisticians do
not accept an experiment as significant unless P reaches the 5% leve! (.05 on the table,
pages 59 and £0}.
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Comparison of two means. We hove studied the heavy mineral suites of two formations.
We examine 50 samples of the Abner forrmation and find that within the heavy minerals,
of the garnet content overages |5.0% with a standard deviation of 5%; ond 30 samples
of the Benjamin formation show a garnet content of 10.0 with o standard deviation of
4.0%. The guestion rises, does the Abner really bave mere garnet than the Benjamin,
or could such differences have arisen by chance sampling ef a homogenecus papulation?
The so-called "t test! has been devised to answer this question and is one of the most
useful statistical devices, We substitute our values in the following equation, where 2 is
our meon garnet content, and n equals the number of samples (subscript _ refers to
values from the Abner formation, | fo the Benjamin formation). N

dh—

t = Iu—ib nﬂ-hh
5 "n"'"b

where s approximately equals the average standard deviation of the two sets of vaolues,

and is found by the following equation (which 5 merely an expansion of our regular
formula for the standard deviation):

2y — (z“u]'z + IT— (Z!blz
g = || ECaUT = T IM) TS5
Ny + I"Ib -

We come out with a certain value for 1. From here we enfer a table (p. 59) showing t
values as a function of the nurmber of "degrees of freedom” and of P {probability}, To
find the degree of freedom in this case, we add up the mumber of valves in hoth sets of
data and subtract 2 from the resuit (in the example, 50 + 30-2 = 78 d.£.} Entering the
table with 78 degrees of freedom, we read across the horizontal row af this volve until
we encaunter the correct 1 value, From this 1 value we read straight uvp to see what P
corresponds to our t. If P lies between .05 and .10, then we know that there s
something between a 5% and 10% chance of our obtaining such differences {or larger)
by chance sampling of a homegeneous population. This may be colioguially stated as
saying "our experiment has shown that there are only 5 to 10 chonces in 100 that the
garret cortent of the two formations is the same," or the reverss, "there is a %0 to 95%.
chance that the Abner really does contain more garnet than the Benjamin," Both these
staternents are technically not exactly preclse, but may be considered as pretty close to
the truth,

As stated before, statisticions ordinarily consider that in ony experiment that
fails to reach the 5% level, the data do not warrant making a conclusion.  In other
words if yaur P cames out to the (0% level, it means that you have failed to find a
really significant difference between the two formations, either because the difference
in means is too srmall, or the standard deviction is too lurge, or you took too few
samples, The only way tc remedy this situation is to toke enough samples 1o push the
resul ts bevond the 5% level.

The }{2 {Chi square) test. The t test is used when you are comparing means of
measurements liike grain size, percentages, porosities, densities, etc.) between two
farmations and can generally be done on only one property at a time.
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The :{2 test is used when you are comparing counts of discrete objects between
formations (like the number of grains larger than a gqrven size in formation; or the
number of grains of a certain heavy mineral; or in ordinary |ife, the number of
accidents in a given city each month; or the number of home runs hit by o team eoch

week), In some cases it is possible to use both the %2 rest or the { test, as in hcavy

mineral counts {which may be converted te percentagesk but the }(E test has this
advantege, that more than one iterm or property can be compared at a time. For
instance, I we count the number of tourmealine, rutile and zircon grains in fwo

formations, we can use this whole slaock of data ot once with }{2 test ond see if the
formations are significantiy different., If we used the t test we'd hgve to make o
seporate test For the tourmallne, another one for the zircon, another cne for the rutile
arkl there would be no simiple way to combine them.

To use the XZ test we must in some way arrive at a predicted or expected
frequency or occurrence, based on a prior reasoning or else on long experience. We
then compare our observed frequency with the given freguency, For example, if we roll
a dice 600 times, we would expect that if the dice is well balanced eoch number {!
through &} would appear equally and our expected frequency would therefore be 00,
‘When we cctually do toll the dice, we may find that we got only 25 I's, 123 ', B2 g,

etc. The purpose of the }f."! fest is to compare the observed with the expected
frequency and see how likely it is that the deviations are duve to chonce, or whether the
dice realty is loaded. As another example, say that daota collected over a period of 20
years shows that American Leggue Yearns hit a grand total of 1,035 homers per secason,
on the average; thus we would expect themn 1o hit abowt 1,033 hoemers this season, Well,
this segson they actually slammed 1,230 round frippers; is this "deviation" just due to

chance, or to a new "lively" ball? The xZ test helps us to onswer this question.

There are a number of different ways to set up the X2 test. The one we'll use
most is called a "2 by n" table--uvsually we are comparing two formations based on
counts of "n" types of heavy minercls, where "n" may be anything from | to 20 or mere,
For example, let vs say that we count varieties of tourmdine in the Eli and Mineteenten
formations and want to know if o significant difference exists between them in this
respect. We tabulate the number of grains thus:

MNineteenten Total

EL fm. fr.
Green tourmalines 5 25 i {This is @ 2 by n table
Brown tourmalires 19 |2 22 where n, the number of
different mineral types
Cther colors 20 {4 gl equals 3)
Total 45 51 26

Daes this data indicate that there is o real difference in the types of touwrmaline
batween the two formaetions? Or could we hove gotten counts os different as this by
chance sampling of formations that were identical in tfourmaline varieties?

2

Please remember, to use the X" test, dala must be stated in terms of octual numbers of

grains counted--you cannot convert 1o percentoges and then use the J{E test,
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We start out with the assumption that both have the sarme heavy mineral confent
ard proceed to compute our expected frequencies on this bosis, To figure the number
of green tourmalines expected in o count of 45 grains of the Eli formation, we decide
(from looking at the totals) 1hai 460/26 of the grains should be greem; thus we expect 45
times 41/98 green grains in the Eli, or 18.7. Since there were a tota of 40 green grains
counted, then we'd expect 40-18,7 ar 2),3 green groing to occut in the Ninetesnten,

The expected number of browns is 45 times 22/96 or 10.3 for Eli, and 22-]0.3 or
1.7 for Nineteenten, For "others" we expect 45 times 38/96 or 15.2 for EIl, and 34-
15.9 or [8.] for Nineteenten, Now we set up the followlng table, subtrecting 0.5 from
each of the differences, giving our corrected differences {the reason we subtraect (0.5
from each difference is o “eorrection for conftinuity' because obwvicusly you connot
count fractional grains, and 10 grains is a8 clese as vou can possibly get to an expected
frequency of 10,3 grains).

Eli Mineteenten
Obserwed 15 25 For each of the six "cells
{areen Expected IB.7 21.3 {three tourrdaline warieties in
Difference 3.7 1.7 each of two formations) we
Corr. Diff. 3.2 3.2 square the corrected differ-
ence and divide 7t by the ex-
Chserved 10 |2 pected frequency for that one
Brawn Expected (0.3 1.7 cell. Then we odd up these
Difference 0.3 0.3 values for the entire six cells
Corr. Ditf. 0.3 1] and the total gives us the val-
2 . . -
ue of X7, in this exaomple 2.56,
Other E’Eﬁfﬂ“ﬁ_ﬂ A a Symbolically, this aperation is
Difference i, 4.1 D2
Corr. Diff. 1.6 3.6 %2 = Z(E )
1 _In.2h 1024 0 ] 12.95  12.95 _
=Tt It Tt 59 iRy %

We enter a X2 table (p. 60) and must know two things: our volue for x% and the degrees
of freedom (d.f.}. This time the d.f. is obtained by multiplying these two quantities:
{number of horizontal data columns minus one} times humber of vertical data colvmns
minus onek in this case (3-1X2-1), or two degrees of freedn. Agoin, we reod ocross
the horizantal row correspanding with the proper number of degrees of freedem until

we find our valug of %2 in the body of the table, Then we read directly up to the top of
the table to find the corresponding "P". This will answer the question, what are the
chances {out of 100} that such differences—-or larger--would be obiaired in random
sampling of twe uniform farmations {or in sompling a hemogeneous population?) Qur
result came out P = opproximately .20, in other words there is one chance in five that
we have sarmpled a homogeneous population, or conversely, four chances in five that the

formations hove o differing tourmaline content--though this last statement is nat
strictly true,

For owther example, consider a tire compony that far yeors has qweraged 31
blowouts per million tire miles. After switching te a new type rubber, they find 44
blowouts cccur in the next million miles. s the new rubber inferiar, or is this merely on

expectable chance fluctuation? Using the }{2 test, the expected fregquency would have
been 3 blowouts for the new tires. (0-FE) is 4431 or I3, ond correcting for
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discontinuity gives 12.5. }{2 = {12.5)2/31 = 156/3} = 5.0. In the taoble, for X2 = 5.0 and
d.f. = |, P =.03; hence it is 97% certain that the new rubber is inferior.

There iz one serious caution aboul using the %2 test. In case the expected
freguency in any cell is less than 5, this cell must be combined with another to bring the
to¥al expected frequency for the combined cells over 5. In the sample above, let's sav |
alse counted 4 crange tourmalines ond 3 vellow ones; in order thal no expected cell
frequency be under 5, | would have to lump these with other rare types in the cell
labeled "others,”

Other Techhiques. Any stotistical text will tist many other valuable tests and
techriques. Some of these, of more interest to geclogists, are simply mentiomned here;
for details, go to the texds, e.g. Miller and Kahn, Snedecar, etc.

Much geologic dota coan be presented in the form of scatter plots, wherein we wish
fo see how cne property is related to another, Examples are plots of roundness versus
distance; rmeon grain size versus sorting; feldspar percentage versus stratigraphic
position; for a collection of dinosour bones, langth of thigh bone versus thickness of the
bores; zirconftourmaline ratio versus grain size; percent carbonate mud versus round-
ncss of shell froagments, ete. To analyze such associations, two main procedures are
applied: (|} the perfection of the association is tested, and {2) the egquation of the
relationship is determined.

If the two praperties are wvery closely reluted, they give a long narrow ™rain® of
points on w scatter diagram. [ the two praperties are nmot associoted, a random
"buckshot" pattern emerges. The correlation coeffictent, r, computes the perfection of
carrelation. For perfect correlation r = 1.00, which means that, knowing one property,
we can predict the other property esmctly, ard that both increase together. An 1 of
- 1.00 means perfect negative correlation, d correlation just as exoct except that as one
property Incredses the other decreases. If the two properties are not correlated, r may
be .00; weak correlation would be +.25 or -.15, etc, Coefficients beyond .50 are
considered "good" for most geotegical work, The normal correlation coefficient s valid
chly for straightline trends. Other methods must be used for hvperbolic, parabolic,
sinusoidal, etc., trends.

H a small aumber of data points are aveilable, it is possible for "good-looking”
correlations to arise purely by chance. Thus one should always refer to tables which
show whether the given value of r shows g significant correlation; this depends of

course on the nember of samples gnd the value of r, thus is similar in principle to the t
fest.

Squaring the correlation coefficient, r, gives the coefficient of causation rz; this
tells one how much of the variation in one property is explained by the variation in the
other property., For example, it we find that in a series of pebbles, the roundness shows

o correlation coefficlent of r = +,60 with grain size, then r2 = .30, and we can say that
Je% of the wvariation in roundness is coused by changes in grain size (thus 4% of the
roundress variation would be doe to other causes: differences in lithology, distances of
travel, "chance", etc.). Further anaiyses may be carried out, such as partial or multiple
correlations, analysis of variance, etc.--see stondard texts,

A frend line may be fitted to a scctter dlagram, and an equation may be fitted to
this line so that, given a valve of ore property, the other property may be predicted.
Trend lines can be drawn in by eye, but this process is usuvally sneered aty a
mathematical way of doing it is the "l=ast squares™ method. It is important to realize
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that, unless the two properties ore almost perfectly correlated, two trends lines con be
computed: let's say we have a graph of feldspor content versus roundness, with o
correlation coefficient of +.45 (good, but far from perfect correlation). We can either
{1} cormpute the line to predict most occurately the roundress, given the feldspar
content; or {2)a line to predict maost accurately the Feldspar content given the
rovnwdness. The two lines maoy eosily form a cross with as much as 3P or more
difference in angle. Again, these work only for straight-line trends; norelinear frends
require more complicated arithmetic,

To the trend line is uswally attached a "standard error of estimate" band,
essentiaily equal to the stondard devigtion, This band runs parallel to the computed

trend and includes two-thirds of all the peints in the scatter diagram. Its purpose is to
show the accurocy of the retationship. For example, in a certgin brachiopad the length
and width of the shell are related by the equation L = 2W -| * (.5, The last figure is
the standard error of estimate; if a given specimen has a width of 3.5 cm, the length is
most likely 8 em, but we con expect two-thirds of the specimens to range between 7.5
and 8.5 em. {one-sixth of them will be over 8.5 cm, and one-sixth under 7.5cm).

Abridged Table of +

This table con be vsed only when the data is in the form of means of continuous variables.

Cegrees of _ P
Freedom | 0.50 0.20 0.10 @.05 .02 Q.41 G001
| 1.0 3.0 6.3 12.7 3.5 63.7 636.6
2 0. 84 1.89 2,92 .30 6.97 2.93 31.60
3 0.79 1.62 2.35 3.18 & .54 5. Bl 12,94
4 0.78 |.52 2,13 2.78 3.75 4.6G B.61
7 0.73 | .42 | .50 2.37 3.00 3. 50 5.4]
L 0.0 [.36 1.8l 2.23 2.7¢ 3.17 4.59
| 20 0.&2 1.30 1.73. 2.09 2.53 2,85 3.85
I 3 - 0.68 1.28 1.85 1.% 2.33 2,58 3.29 .

Enter the table with the proper degrees of freedom and read right until vou reach
the {interpalated} value of t you cbtained by calculation, Then read up 1o the top of the
table the corresponding P. Example: for 10 d.f., t = 3.0; therefore P -abouwt 013, i.e.,
there is a little mare than | chance in 100 that the differences are due to chance. As a
general rule, if P is 05 or less, the differences are considered as real: it P is between
05 and 20, there may be real differences present, and further investigations are
warranted with the collection of more samples if possible; if P is over .20 differences
are insignificant,

Xy = ib Ng N,
b= s Ng+ny
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Extended values for t for d.f>30, based on Fisher and Yates, Statistical Tobles, with
linear extrapolations,

P-10t toa9
= 107, 1= b4

-7

. T=3.3

-3

1078 +-5.7

1078, + = 4.9 {miltion)

, T = 6.1 (Billion)

10 b2 42 7.2 Griliion)

10713, 1= 8.2 tquadrillion)
16718, + = 9.3 (quintillion}

1072, 1 = 10.3 (sextillion)

I U—ET

Abridged Table of }{2

. 1= 11.3 (septillion)

. 1=12.3 loctilliont

This table can be used only when the data is in the form of discrete counts of individuals.

S
p

Cegrees of

Freedom 0.50  0.20 0.0  0.05 .02  0.00 0.0l
| 0.5 | 165 ] 2.7l 3| sa | s.es ] 10.83
2 139 | 326 ] 4.6l sl 72| 921 | 1382
3 2390 465 | es | 72| vsm | 103 | 162
4 3.3 | 5.1 ] 7.7 au | 1.6 | 13.2 | 184
6 5351 B.60 | 0.6 | 12,5 | 5.0 | 168 | 22,4
8 7y 110 | o132 { iss | e o w0 | 260
10 9.3 | 13.4 | 15,9 | ea | 2z | 232 | 298
(5 4.3 | 19.3 | 2.3 F 2.0 { 282 | 30.5 | 37.7
20 19.3 | 2501 | 28.6 | 3.6 o 3s.0 | 37.5 | as.3
25 243 | 30.7 | 3.3 b 376 b om.s | aas | s2.6
30 22,3 ) 362 | a0z | w37 | 479 | s0.s | s9.7

A —l

Enter the table with the proper degrees of freedom ond read right until you reach
the (interpolated) value of }(2 you obtained by calculation, Then read up to the top of
= 14.|3 therefore P = obout .08,

the table the carresponding P. Example: for 8 d.f., X
i.e., there are 8 chances in 100 that the differerces are 1o chance. As a general rule, if
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P is .05 or less the differences are considered as real; if P is between .05 and .20, there
may be real differences present and further investigations are warranted with the
collection of more somples, if possible; if P is over, .20 differences are insignificant,

%2 _22)
E
Table of Areas of the Normal Probability Curve

The following table gives the percentage of values included within a range of the
mean plus or minus the number of standard deviations listed in the left-harnd columnn.
More complete tables can be found In textbooks,

Number of Percentage of Percentages of
Storxdard Samples Sarmples
Deviations ncheded in Range {Qutside the Range
d x*d xtd
0.1 £% 92 %
.2 | 6% 84 %
0.3 24 % 6%
.4 3% £9%
0.5 38% £2%
L 45% ' 5%
.68 50% 0%
0.7 5% 48 %
(.8 58% 52 %
0.9 53% 37 %
1.0 68.3% 31.7%
.2 7% 23%
| .% B4 % 16%
|.6 8% % 1%
| .8 3% 7%
2.0 95.5% h.5%
2.2 F¥.22% 2.78%
2.4 38.36% 1.64%
2.6 759.06% 0.94%
2.8 99.48% 0.52%
1.0 F39.73% 0.27%
3.5 79.954% 0.066%
4.0 F9.9947% 0.0063 %
5.0 39,930943% 0.000057%
6.0 30.9999998% 0. 000G20 %

The table is used in solving the following types of problems:

(1) Chert pebbles on a beach have a mean sphericity of 0.71, standard deviation of
0.08. What percentage of the pebbles will have sphericities between 0.68 and 0.74,
assurming the distribution is normal? The stated limits are 0.02 on cither side of the
mean; 03 is in this example 0,375 stondard deviations, and approximately 22% of the
pebbles will fall within this range. (b) Out of 500 pebbles, how may will be expected to
have sphericities higher than 907 This value, .90 is .19 higher than the mean, i.e.,
2.375 stondard deviations; 2% of samples fall outside the range of x t 2.375 o, and of
these half will be above, half below; therefore the answer is 1%, or 5 pebhbles,
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(2} A coin weighs o0 average of 15,0 gm os minted. Due to irregularities in the
minting process, the standard deviation is 0.6 gn. Ten percent of the colns will be
heavier than what weight? The taoble is constructed to give us the percentoge of
samples falling outside the given roange, both above gnd below; we need only the ones
higher, therefare we look in column 2 for twice 10%, or 20%; the corresponding value is
1.3 standard deviatiens. In other words, 20% of the samples will fal! outside the range
of x £ |.3a, 10% being below ond 10% above. 1.3 stondard deviations in this cose is
about 0,8 gm; therefore the answer is 15.8 gm.
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MINERAL COMPOSITION OF SEDIMENTARY ROCKS

In ignecus rocks, mony mirerals occur commenly and are important rock-
formers. In sedimentary rocks, however, only o few minerals are importont rock-
formers, but those few minerals may be present in o bewildering number of varieties.
For example in one piece of limestone the mineral calcite may be present oz oolites,
reworked pebbles, fossils, pellets, microcrystalline coze, several generations of pore-
filling cement, ond veinlets. Furtharmore, in normal ignecus rocks essentially all the
minerals are direct chemical precipitates with no tramsported or obraded particles and
little replacement; but in sediments ene must distinguish between (1) terrigenous
minerals, and {2) chemical minerals, divided inte {2a) allochemicai mirercls (frans-
ported) and (2b) orthochemical minerals {forming in place). Orthochemical minerals
furthermare may be formed either by repiacement of previous minerals or by direct
precipitation, A given mineral species may be present in all of these categories even
within the sarme rock.

The abundance of a terrigenous mineral in a sedimentary rock depends on three
factors Kryninek

(1) Awvailability, The mireral must be present in sufficient cbundance in the
source ared. One canmot get on arkose by eroding kimestone, or chert
pebbles by eroding granite, Similorly lack of feldspor may be due not to g
humid climate but to the fact that the source was an older sundstone, or a
low-rank phylite or schist.

(2} Mechanical durability, favored by lack of ar poor cleavage, and high
hardness. Long abrasion selectively eliminctes soft or easlly cleaved
minerals,

(3} Chemical stability, Minerals that form lae in igneous rocks, when those
bodies are crystatlizing under cooler und more hydrous conditions, are most
stable in sediments because they are more nearly adjusted to the relatively
cold ard wet sedimentary environment. The order of chemicot stability is
approximately the reverse of Bawen's reaction series, but local chemical
conditions can alter the order {e.qg, Todd, | 968 JSP).

Stability Series for Terrigenous Minerals

Quartz, Zircon, Tourmaline

Chert

Muscovite

Microcline

Orthociase

AIPI‘IE

Hornblende, Biotite
Pyroxene Anorthite
Qlivine
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Minerals dbove the dashed line con alse form by chemical
precipitation in sediments. When they do form in place, they
are often termed "authigenic." |
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RELATIVE ARBLRDANCE OF MINERALS N THE SEDIMENTARY ROCKS

TERRIGENDOUS MINERALS, derived from
arosion of source |lgnds; comprize 0% o
BO% of the stratigraphic column.

QUARTZ, #*35_50%

CHEMICAL  MINERALS, oprecipitated
from solution within the basin of
deposition; comprise 20% to )% of
the stratigraphic eotumn.

CLAY MINERALS 25-35% (Authigenic al-
terotion common). Main types:

"Serici tels limpure fire
grained ' muscovite,
HEA 1S,

llite group* (HKA1S5i0}

Montmorillonite group®
(HMgALSIO)

Chlorite group®* (HMgFe& 150
with 51 low, FeMg highl.

Kaolin group® (HAISIO)

Bauxite graup* (HAIOY (hot
strictly a ciay)

METAMORPHIC ROCK FREAGMENTS  5-
15%
(nat a mineral; includes detrital par-
ticles of slote, phvllite, schists,
metaquartzite)

FELDSPAR*® 5-] 4%

(K feldspar considerahly mare abun-
dant than plaginelase)

CHERT** | 4%
{mosily reworked from older cherty
limestones)

COARSE MICAS#* D] -0,4%
(Muscovite HKAISIO by far maost

COMMmMon; sarme Gictite
HEMgF e AL S0 and Chlorite
HiagF eA L SI0))

CAHRBOMATES L.2-1%

{reworked frogments of older lime-
stores)

ACCESSORY {(HEAVY) MINERALS O.1-
1.0%
Upagques**:
Magnetite, llmenite, Hema-
tite, Limonite and Leaucoxenc
iJltrastable group
Zircon**, Tourmaline, Rutile
Less stable group:
Garnet,  Apotite, Kyonite,
Staurolite, Epidote, Horn-
Blende, Pyroxene ond abeout

L) others of minor impor-
tance volumetrically.

CARBOMATES, #* 70%-H5%
Calcite 2f3 to 3/t dolomite 1/3 1o

I/4; aragonite, siderite, onketite
minoe

SILICA 10-15%
{mostly gquartz and chert; a little
apal)

SULFATES AND SALTS** 2-7%,
[Chiefly gypsurmn, arhydrite, halites
some s¥lvite and other K osalts; a
litthe barite, etc,)

MISCELILLAMNECGUS 2-7%
{Feldspar, hematite, limenite, |eu-
coxene, pyrite,** phosphates, glau-
conite, monganese, tourmal ine, zir-
con, rutile, anatase, zeolites and o
gaod many others),

You are required to know the exact

chermical formulae of the minerals
marked **, and of all the minerals
nomed onder the grouvps morked #K,

Know the chief elements listed for each
mireral marked *. A good knowledge of
the chemisity of earth minerals is vital
to vnderstanding their behavior in the
sedimentary environment.
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Quartz

Composi tion, SEDE, essentially constant with no isomorphous substitution, Hexag-
onal (rhombohedral}. Hardness 7, cleavage for practical purposes lacking Ht} I.544,
N 1.553 (both almast constant), both indices slightly higher than Balsam.

Bn 0.00% {quite constant), giving gray to white or cream colors. Extinction in crystals
paraliet {or symmetrical to rhomb faces), lengthslow. Often shows undulcse extinction
or "strain shadows", usvally as the result of strass af fer crystallization, cccasionatly the
resvlt of the method of growth {even unstrained quartz crystals in geodes and veins

sometimes show undulose extinction--partially this may represent a transition to
chalcedony),

Strain shadows usually ocur in bands subparallel to the ¢ axis, and in strongly
strained grains the ¢ axes may deviate as much as 30° {rue angle). Intense strain may
result in the formation of warped, subparallel tines mode of minute bubblas {Hdm
larmellae), Quariz is uniaxial positive, but becomes slightly biaxial when strained, with
2V of 5° or more. Please get a few interference figures on quartz grains showing higher
interference colors (pale yetlow), so that you will become familiar with the quartz flash
figure md not confuse it with the truly biaxial feldspar figure. Luminescence
Petrography (Sippel) reveals much oceult strain, fracturing and growth zanes,

The vast majority of quartz graing contain inclusions {see publications by
Roedder). Most commeonly a few isalated vecuoles or frains of vacucles are Found;
these are wsually filled with liquid alone, but often include a tiny spherical, "dancing”
gas bubble, and rarely are filled with gos alone. Liquid-filled vacuoles appear bHrowaish
(0 complex dispersion effect), and have a high reliel with index below auartz: in
reflected light they appear silvery. Gas-filled bubbles have such a tremendous negative
relief (.00 vs. 1.544) that they appear black and opagse; but they are silvery in
reflected light. Sometimes the vacucles have the external shape of a guartz crystal
("negative crystals®), but usually they are highly irrequiar with rounded protuberances,
Most quartz grains have only a few vacuoles or bubble trainsg some, however, are 5o
crowded with bubbles that they appear milky in reflected light. These excessively
bubbly types come from hydrothermal weins. Mineral inclusions are fairly cormmon;
tourmaline, mica, magnetite, hair-like rutile needles (sometimes in sets intersecting at
4F angles), chlorite, feldspar or zircon. A zonal arrangement of fluid or mineral Inclu-
sions, parollal with quartz crystal faces, indicates that the quartz grew in on open
cavity as a vein o geode filling.

Avdilability, Guartz forms 35-50% of the terrigenous froction of sedimentary
rocks, Most quartz, especially that in Mesozoic and later rocks comes from rewarking
of older sondstones or sandy limestones. This can be recognized by aromalous
size-rournciness relations, high roundness standord deviation within the same grain size
(i.e., association of well-rounded with angular grains of the same size}, or mare rarely
presence of abraded quartz overgrowths. See Syllabus on Crain Shape for details. Also,
"side evidence™ may be used such as the presence within the same specimen of
considerable cherd, shale or limestone frogments, or the character of the heavy
minerals. A considerable amount of quartz comes from metaguartzites or schists, and g
small amount from hydrothermal veins or woleanic maoterial; however, the ultimote
source of most quertz is to be found in the aranites and granite-gneisses, Criteria ore
given below far distinguishing these types.
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Durability. Guartz is the mest durable of the abundent minerals because of its
hardness, Tﬂugﬁness, and lack of cleavage. To round @ quartz grain takes a tremendous
amount of time; thus quartz is usually subangular in sediments {see section on shape).
Grains are vsuully subequant, but those derived frorm schists are usually slightly more
elongated or platy. o silts it [s fairly common to find the grains elongated parallel 1o
the c axis, probably the result of abscure prismatic gnd rhombohedral fracture.
Terrigenous quartz grains as fine as 3 microns or even less accur, but (01 0-.020 mm is
abeut the practical lower |imit of quartz in most mudrocks, Frﬂc1ured quartz breaks
easily on transport {Mass, 72 JSP), as does poly—crystalline (Harrell and Blatt 178 JSP).

stability. Quartz is ultra-stable under necarly all surfoce conditions, and it is
probable that very little quartz is ever dissolved by weathering; but some solution of
quurie in trapical greos has been reported with corrosion of groins {Croak, 1248} and
corrosion (by organics) can even occur in soils of S.E. USA (Cleary and Canolly '72 JSP},
producing skeletal grains by solution dlang fractures {microgriking). Folk {778 J5P)
reviews quartz solution. However, on burial in the sub-surfoce, even under only
moderate pressures ared temperatures, quartz moy occosionglly dissolve; thus, some
sandstones show sutured quortz graing along styolites, and even styolites in limestone
often cut through and disselve quortz graing, Delomite or calcite rarely replace the
edges of quartz grains, to farm etched or pitted contocts (quartz in limestenes or
dolomites is often thought to be replaoced when it is really just an optical illusion caused
bv "overlap" of carbonate around the curving edge of the gquartz graim). It can also be
replaced by pyrite. On the other hand, quartz grains commonly have authigenic quartz
avergrowths, showing that the mineral may either grow or be destroyed depending on
condi tons.

Depositional Characteristics. Quartz in sandstones is ovhiformly distributed, in
mudrocks vspally ecours as lominoe or clots, and in limestones moay occur as laminoe or
as scattered grains or rests, Grains often show physical orientation parallel with the
bedding, in addition, they alse more rarely show an optical oriepfation with the slow ray
(c axis) parallel with the bedding. Check this by inserting 1he gypsum plate; o
dominance of Blue graoins in one direction and yellow grains in a direction of 9(F
indicates optical orientation, This is partially due to differential abrasion, with the "c"
axis direction being harder so the grains fend to becorme elongated parallel to e, and
partially due to a weaok tendency to fracture into chips parallel to "c" rather than
perpendicuiar to it,

Quartz Varieties, The study of quartz types is ohe of the most fascingating and
valodble aspects of sedimentary petrography, I is of great value in palsogeographic
interpretation, and is incredasingly used in the correlotion of formations. H.C, Serby
(1858, 1877, 1880} first studied inclusions and extinction in quartz grains as a clue to
their source, [Later work along this line was done by Mackie in the 1820's, and the
subject ochieved great height under Krynine in the |24f's, Blatt (1260's) has made an
intensive guantitative study of quartz in source rocks and sediments, and Basu, Suttner
and others have mode further advances in the '"70's., Guartz is an ideal mineral fo use
because there are so many possible varieties, and because many of them can be assigned
to a definite type of source area. Each environment of quartz formation--batholith,
vilcana, schist, pegmatite, foult zone--lends its characteristic impress to the proper-
ties of the quartz grains, and these properties remain when the grain is deposited in
sedimenis derived from these areas, as first shown by Sorby.

There are two systems of classification of quartz ftypes. In the genetic
classification, developed by P.D. Krynine, an atternpt is made to allot each quartz grain
to a specific environment of formation:  plutonic, wvolcaonic, schistose, stretched
metaquartzite, recrystallized metaquartzite, hydrotherrmal, etc., based on type of
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extinction, inclusions, and grain shape. This is always highly subjective, often difficult
and requires considerable experience, However it is the ultimate aim of the study of
quartz types amdd the most valuable systern of claossification becouse through it the
character of the source area con be determined, and much valuable paleogeographic
interpretation can be maode. I the empirical classification, a binomial series of
pigeonholes is set up based on & different types of extinction and 4 types of inclusions,
giving ¢ total of 24 arbitrary classes. These classes tie up gpproximaotely with the
genetic classification, but there is considerable overlapping (for example, straight
extinction quartz with few bubble inclusions may come from plutenic, recrystallized
metaquartzite, or vein environments). This is an objective classification, is easily
learned and hence, is amendable to statistical techniques and the comparison of sets of

samples by means of the K;z test. Statistical tests are difficuvlt o apply to the genetic
classification because of its subjectivity, The best procedure is fo count a tundred or
50 grains using the empirical classification, Then based on this, and with the genetic
classification in mind, conclude about the provenance of the grains.



Geretic Classification of Guartz Types
(afrer P, LY, Krynine)

COMAON (PLUTONIL)

C axis

D

Perfect crystal
I 3-0 view,

TT_Effaight'tﬂ ?Iightly undL - 4] Mo priam faces.
lose axtinct.on.
2, Scme vacieles: may be a VOLCANIC

tew nicro-ites 1.

3. Suhequant, xXenomorphic
h., Typica® of grasites: but
al=o furnished by many
other sources, 2

VE Ik "
Abordant vacucles: sometimnes wermi-
cular chlor te (e}, rarely, zored
phanlen crystals [(ph).

. Semi-composite to straight ar

undelpse extincrion, some may be
badly sheared. Often shows

camt ST ructure,

Lften farms large grains and

SCHISTOSE METAMORPHIC

Elonuate, compasite with straight
barders.

. Mica incluslars ém}.

- straigkt to slightly undulose
exlincrian.

ik

tdiomprphic hexagonal-oipyramidal shape
wikth perfectly stralght sides and rounded
corners.
Ersayments common .

- Almost no inclusions; water-clear.  May
have negative ¢rystals [n}.

Straigyt extinctiuan,

Prism faces wery small or lacking.

TS
RECRYSTALL | ZED METAMORPHIC
I. 5traight boundaries between
ua?t inter!uchihg graing,

;urmlng mesdic.

d. May be sorme microlites & vacugles,

3. Straight to slightly unduloce
extinction.

(Do not confuse with gquartz=-cemented
sands!}

STRETCHED METAMDRPHILC
1. 5trong undulo=e extinction, bor-
ders may be smooth (sm), crenulated
{er} or granulatad {gr).
2. Elongate, lenticular shape of
crystal units.
1. Some micralites and vacuonles,
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Cenetic Classification (modified from Krynine}

lgreous (Auart>

A.

Plutonic Quartz, from granite batheliths or grantte-gnelsses, thus the most
abundant type. Shape xenomorphic, irreqular subeguant, sometirnes with
re-entrant angles, Single crystals average about (.5 mm. Offen haos
straight ta slightly undulose extinction in sond-size grains, but muy be
strongly undulose if the batholith has been stressed after salidification, or if
the rock is gneissic. A few grains may be composites. Wsually contains no
inclusions other thon o small amount of scottered vacuoles; if these are
random|y scdttered they were probably trapped during crystallization, but if
arranged in lines (octually planes) they probably formed upon stressing of
the parent rack and represent incipient, healed fractures, Mirneral inclusions
sometimes occur but are not common; rutile, zircon, micas, feldspar,
bictite, hornbiende, tourmaline, ete. are moest frequent. Because much
quartz from other envirgnments {metamorphic, vein, etc.) has the same
characteristics as "plutonic” dguartz, a better name for this type is "com-
mon'' quartz.

VYolcanic Quartz, as phenocrysts derived from erosion of volcanic rocks such
a5 rhyalites, latites, darites, ete. or as direct contributions from ash falls, is
not abundant in gencral but some stratigraphic sequences contain numercus
grains of it, and it s an excellent stratigraphic marker. Resognition is
based rmainly on shope--whole or frogmental bipyramidal crystals locking
prism faces, hexagonal with geometrically straight edges (compare with
hairline microscope), but usuvally with rounded corners. They often have
large rounded corrosion embayments. Extinction nearly always straight,
usually contain ne inclusions and thus are water-clear, There are rarely any
bubble inclusions but occasionally bits of voleanic glass or aphanitic velcanic
ground-mass may be tropped, sometimes in the form of negative hexogenal
crystals. On abrasion, the diagnostic features of voleanic guortz are lost.
Be on the conservative side when identifying quartz as volconic, In recent
sands, volcanic phenacrysts are easily recognizable by their highly polished
surfaces and water—clear appearance, together with the typical hexagonal
bipyramid shape and embayments.

Vein Quartz, derived from pegmatites, hydrethermal and much more rarely
sedimentary vein fillings. It is wery common but not uvsually abundont
except in certaln stratigraphic horizons; it is pessibly the most comon Type
of quartz occurring in pebbles, Shape is not diagnestic. Extinction is most
commonly semi-composite with parallel arrangement of indlviduals almost
but not quite in optical continuity, partly o reflection of the comb structure
produced gs the crystals grow out all nearly perpendicular to the walls of
velns, Many grains have straight extinction, however, and sometimes the
extinction may be slighily undulese, because the formation of veins is often
accompanied by stressesy Intense stress and shearing causes vein quariz in
some cases Yo take on a metamorphic appearance with intense stroin
shadows amnd crenvlations, but this is then arbitrarily classed stretched
metamorphic quartz, Grains contain no rmicrolites os a rule {occasionaily
mica of tourmalime or feldspar may occur if it is from a pegmatite, or
carbonate if o cooler wein) but in maost cases vacuoles are very ghundant,
giving the typical milky appearance to pebbles and even sand grains, because
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the mireral formed in a very hydrous environment, However, seme grains
centain few wacuoles. Vermicular chlorite is very diagnostic of hydrother-
mal guartz, and the presence of zoned inclusions (parallel o old crystal
faces us lhe crystal grew) is alse diagnostic,

Any type of quartz grain that has been slightly deformed may readjust
by develeping a mosaic of almost porollel-oriented sub-grains; this process is
ardilogous to the process of "polygonization" in strained metals, which also
results in semi-composite extinction mimicking the appearance of a comb-
structuored vein, Guartz should not be referred to as "polygonized" unless
the formative process is known: "sermni-composite” is befter a3 a purely
descriptive, non-genetic term.

K, Metamaor phic Guartz

A.

Recrystaollized Metamearphic Guartz. Formed wnder intense but non-shearing
stresses when gquartz recrystallizes, or eise by recrystallization ofter stress
has passed, In the lab, recrystallization cccurs at &00-B00PC (Tullis, 73
GSA). Occurs in many recrystallized metaquartzites, highly metamorphosed
and gneissic rocks. Shape subequont, Extinction is straight (recrystalliza-
tion destroys any previous strain), and grains may be either single individuals
or composites made vp of o mosai¢ of equidimensional grains with rather
straight boundories, and widely different optic orientotion. Contains few
inclusions, mostly wvacuoles; appears to have less wvacucles than plutonic
quartz. May have mineral inclusions in small amounts, feldspar, micos,
tourmaline, etc, Usuwally it is quite difficelt to tell from plutonic quartz
{oftern impossible), but despite its lack of recognition probably is an
impartant contributor to sands. Caution: the chief diagnostic feature is the
presence of composite grainsg naturally these will be less evident if the
sandstone is firer, s¢ in comparing samples you should work with ones of
about the same grain size: also on prolanged abrasion ar chermical weather-
ing composite grains will break apart into their sub-individuals and look like
single grains of plutonic quartz.

Schistose Quartz farms during lit-par-lit injection of schists, also on
recrystallization of schistose rocks., Quartz grows in between parallel mica
flokes, hence (s often elongated or platy, with sub-paraltel straight edges;
since it forms by recrystallization or growth from solution after stress has
passed, (1 seldom has stroin shodows and vsyully shows straight extinction,
Composite grains are cormmon. |1 sometimes has o inclusions armd vacuoles
are vncommon, but micaceous inclusions or other metamorphic minerals are
frequent. It is a commen type of quartz but difficult te recognize if there
has been prelonged abrasion, because the chief diagnostic featyre is the
shape, 115 presence can be shown by a stahistical count of the length-width
ratios of grains In a slide (Bokmon), an idea first proposed by Sorby,

Stretched Metamor phic Quartz (or Sheared Duortz) is very ensy to recegnize
ard is quite important in sediments. It forms when a quartz-bearing rock
{be it older sandstone, gromite, schist, or quartz vein} is sheared or stroined
in the absence of recrystatlization. Groins are generally elongated or platy.
Extinction is moderately to strongly undulose, and grains may be single but
are usially made wp of sub-individuals of lensoid or "smeared-out' shape.
Often boundories between sub-individuals are intensely crenviated or su-
tured, sometimes finely gronulated. Sometimes metamorphic inclusions- -
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micas, sillimanite, garnet, ete,-—oare present, This type of guartz is cornmon
in groywockes. Coautions: (1) do not confuse fine-grained stretched
metamarphic quartz with chert, Microcrystals of chert seidom are over 10
microms, ard are randomly oriented as a rule; the component individuals of
stretched retamorphic quartz are uswally efongated, coarser thon 20
micrans, ard are in sub-porallel orientation {(test with gypsum plate). (2} On
prolonged abrasion metamorphic quartz may possibly ubrode or frocture
faster than piutonic quartz, 5o in very well-rounded sands the percentage of
meataquartz may be abnormally low. (3) Be careful not to be confused by
post-depositional strain-shadows when studying guartz types; sandstones
made entirely of straight-extinction guartz develop strain shadews where
strongly folded or faulted, with most sitrain occurring where a grain 15
"pinched” by corners of a neighboring delrital grain.

. Reworked Sedimentary Quartz,

Sedimentary authigenic quartiz iz sometimes found as reworked detrital grains.
The most common kind is as guortz grains with reworked overgrowths, formed in an
older sandstone or limestone, Overgrowths survive river transport, and probably most
beach transport, with very little sign of abraston; so do not try to identify o reworked
evergrowth by its so-called "abrasion", becouse this cannot be seen in thin section
{unless the grain iz broken right slap in twol, If, in a sandstone, scattered grains have
good avergrowths and others have none, and particularly if the nuclei of the overgrowth
grains have a uniform shape (e.q. oll are well rounded), then they are probably
reworked. Indigenous overgrowths usually interlock with long or sinuous contacts, and
accur ot mest of the grains in the slide regardless of the shape of the nucleus,
Oceasionall y quartz nodules are reworked from older corbonate rocks, where they ocour
associated with cheri nodules. These consist of flambeyont quartz and are quite scarce;
they of ten origimite throwah replocement of evaporites. '

Empiricat Classification (Folk). Six extinction types are recognized for counting
purposes; (1 straight, the grain extinguishes uniformiy all aver at once. (2) Slightly
undulose, the grain is o single individual and the extinction shadow sweeps smoothiy and
without breaks ocross the graimy however the sweep is ococcomplished on very slight
roration of the stage. {3 Strongly wndulose, the grain is a single individual and the
extinction shadow sweeps smoothly across, but o large rotation of the stage is required
betwen the time one part of the grain is extinguished $o the time another part is
extinguished. (11 is difficult fo establish objective boundaries between the three
classes, but experience hag shown that in groins of .15-35mrn, "straight” grains
extinguish with a stage rotation of less than 19, "slightly undulose™ grains require a
rotation of 1® to 5° before the deepest part of the extinction shadow swecps from one
side of the grain to the other, and "strongly undulose™ grains require a rofation of over
5 often as much as 20° or more. Blott says that this measurement is uvseless if made
wn o flat stage because we do not see the wrue axtinction angle). (4) Sermicomposite, the
grain is made up of twa or meore sub-individuals with very close opticai orientation, but
there is a distinet break between individuals and the extinction shodow does not sweep
smoothly across; the individsals may however have straight to slightly undulese
extinction. The presence of cremulated borders or strong undulose extinction throws
this into class "6." {5) Cormposite, the grain in mode up of two or more sub-individuals,
with widely differing orientation, but these same individuals have normal (rod crenu-
lated} boundaries and straight fo slightly undulose extinction, (£) Composite metarmor-
phic, the grain is made up of two or more sub-individuals with strongly unduiose
extinction, and may or may not have crenutated boundaries.
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There is of course some degree of fie-up between the genetic gnd empiricol
classifications. As shown on page 71, types | and 2 come moestly from gronites ond
greisses, 10 o smoller extent fram recrystollized metamorphic rocks, amd to some
extent from weins. Types 3 and & come chiefly from gneisses ond shrotched
metamerphic sources, but type 1 is in some strained granites. Type &4 is typical of
hydrothermal veins (but olso oceurs in lesser amaunts in other racke), ond type % occurs
chiefly in schists or recryslaollized metarmwrphic loci, but to a small extent in granites.

The second basis for the empirical classification is the type of inclusion present,
Here some leeway is present and for each problem a different classification right be
set ups for example, in some areos vermicular chlorite inclusions might he diagnostic
and would be set uvp o a separate class for counting or, the presence of negative
crystals or of tourmaline incivsions might be of value and would be counted separoteiy.
For general porposes, the following classification is suggested, opercted under the
principle that if a grain does not fit in the firsyr category, one goes on down 1he line
utid i} he finds the first ootegory that applies (far exomple, o grain with abundart bubbles
and rutile necdles would be pioced in closs "o"k The types are o8 followss {0} Aburdont
vacuoles {grain maoy even oppear milky In refiecied light; (h) Rutile needles or other
hairlike inclusions; (&) Microlites (inclusions of minerals other than rutilel; () Sparse
vacuoles, no microlites. For defailed work, micrelites should ke identified and counted
separately. O these classes, type "o is diagnostic of hydrothermal weinsy "b" is an
excellent stratigraphic awd regional marker, but its genetic significonce is characteris-
tic of metomarphic terrares, bot dso occurs in pleionic emarohiments; and "d" 15 the
commonest type, derived from all sources.

Ermpirical Classification of Quartz Types
{After R. L. Foll)

A. BY EXTINCTION (ALL SHOWN AS UNDER CROSSED M|COLS)

1. Single grain, straight 2. Single grain, slightty 3. Single grain, strongly
extinctlon, andulons axplnation. undulpse extinction.

1

k. Serieamposita geain, 5. Composite grain, b. Composite gralm,
ctrafght to slightly stralght tn stlghtiy strongly undulpse
ondulose extinction. undulose extinction. axtinction.

B. BY INCLUSIONS

a. Abundant b. RuLile c. Hicrolites d. Few vacugles
yacuoles need lax ne microl ites
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in praoctice, one examines a series of slides o set vp the diagnostic quartz types
present, patterning it after the above classes. |f necessary he erects additional classes
to take care of types he thinks might be significant, Then he proceeds to count |00 or
more grains {always under high power), and clossifies esch grain os "B, 3", etc.,
recerding them in o binary table. If special types, such as velcanic quartz or rewerked
abraded grains are present, they may be counted in a separate class. After this has
been done, he re-examines the slide with the genetic classification in mind, refers to
the graph, and decides the probable lithology of the source grea. To da this he alse
takes into account the associated mirnerals, and the effects of grain size ond abrasion on
his eaunt {less composite groins will be found if the material is fine-grained, etc.).
Criteria for on older sedimentary source have already been indicated. In general grains
from a sedimeantary source area are of diverse types; if quartztypes are few the source
is probably a primary Igreous rock.

An Opposing Yiew on Quartz Extinction. H. Blatt (1263-1967) has recently made
study of quartz in igneous and metamorphic rocks, in the immediate disintegration
products of such rocks (grus), and in consolidated sedimentary rocks from moany areas.
His results do not support the "classical” interpretation given above. (1) Blatt megsured
the frue degree of undulatory extinction in 586 medium sond-sized guartz grains from
Freshiy disintegrated granites, schists, and gneisses. He found (a) that 21% of these
grains have less than seven degrees of undulose extinctions (b} there 15 no correlation
between rock type and amount of strain of the grains; {c) no grain had undulose
extinction greater than eighteen degrees. From these data, Blatt concluded the
strength of the quartz sfructure does ot generally ailow the development of mare than
ten degrees of undulose extinctiorr.  This result is consistent with the results of
experimental defarmation of gquartz. The importent point is that Blatt ¢laims that no
real difference exists in degree of undujose extinciion in quartz groins among ignecus
and mefomnorphic rocks, and therefore that ony "averaging” method of determiring
amount of undulose extinction ot a flat stage is at least os useless as attempts at
differentiation with universal-stage measurements. (2) Blatt further says that if one
defines "strongly"™ undulatery as greater than five degrees of unduleose extinchion, as
Folk does, there are very few fruiy strongly undulatory grairs, ond most grains that
appear to be "strongly" undulatory appear that way only os a result of the relationship
betweern the plane of the thin-section and the plane containing the optic oxes in o
strained grain. (3} Blatt's data indicates ihat, based on universal-stage measurements,
the percentage of grains with greater thon one degree of undulase extinction (Folk's
slightly and strongly undulatory grains) is statistically identical among granites, schists,
ard gneisses. Therefare, there appears to be o way of distinguishing between quartz
grains from esoch of these three rock groups on the basiz of either the unstrainedf.-
strained ratio or on the basis of the slightly strained/strongly strained ratio. {4} Blatt
feels that medium sized polycrystalline quartz grains composed of ten or more sub-
grains are on excellent indicator of metamaorphic source (composite quartz of Folk},
However, he considers that medivm sized grains composed of fess than five sub-grains
are as commanly derived from granites as from schists and gneisses. (5) Blatt's data
shows that weli-rounded, pure quartz sondstones (i.e. supermoture orthogquartzites) have
o very high percentage of "straight™ gquartz, much higher thon ony conceivable source
rock., He interprets this as being due to selective desiruction of undulatory quartz,
while the unstrained quaortz survives. This had been suspected for some time by many
workers, Basri et al, (1975 JSP} and Young (1976 J5P) have come to a practical middle
grourdd in o detailed re-evaluation of undulesity and polycrysiallinity.

A key point to the Cambro-Ordovicion sandstones of the central L.5., which
consist almost enticely of well-rounded cormmon {straight to slightly undulose) quartz;
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Mote: Twa geolegic realms whetre straight extinction occurs, at oppos[te
ends of the scale: [i) crystallization from magma or solution, (2) FeCrYys—
tallizotion of a sclid, In between is the realm of undulose quartz. Undulesity
Ts @ function of size as well as strain. Thus schists have so much straight
quartz because they are the fipest-grained, having been formed from fine-
grained source rocks, e.g., shales and siltstonas. This diagram is a fusion

of ideas of H..E. Blatt and the writer -- December 1961,
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MNote: Two geologic realms where straight extinetion occurs, ot opposite ends of the
scaler (1) crystallization from magma or selution, {2) recrystallization of a solid. In
between is the realm of undulose quartz. Urndulesity is a function of size as well as
sirain, Thus schists have 3o rmuch straight quartz because they are the Tinest-groined,
having been formed from fine-grained source rocks, e.g. shales and siltstones. This
diagraom is a fusion of ideas of H. E. Blatt and the writer--{ecember 1963,

Explanation of page 76, Quartz is more diagnostic of farmative condifions rather
than specific lithologic types of source rock, but the two gre somewhat associated,
which fed to the original confusion. The following are recognizable quartz types in
terrigenous sediments:

A, Special Varieties

l. Volcanic quartz, mainly recognized by shape.
2. Vein quartz, mainly recognized by abundance of vacuoles.
3. Reworled sedimentary quartz, reworked overgrowths,

B. Definile Metaomorphic Types

l. Fire polyerystalline auartz, crystals finer than .1-,2 mm, usually with
siroight extinction becouse of their small size; stroight borders.
Origin: recrystallization probably in the solid state. Source: schists,
recrystallized siltstones and sandstone, recrystallized chert or sheored
vein quartz, etc,

2. Sheared guwartz, undulose with crenulate boundaries and two or more
elongate individuals. Origin: intense deformation witheut recrystalli-
zation. Source: gneisses, metaguartzites, shear zones in graonites,
crushed veins, sheared sandstone, etc.

C. Eguivocal Types, indicative only of the lotest structural event, not indica-
tive of any particular source rock.

.  Single arystal units with straight te slightly vndulese extinction (under
2° on \U-stage?). Any relatively unsirained or recrystallized source
rock: granite, vein, coarse metaguarizite or schist, etc. This is the
dominant quartz type in most sandstones, and becomes much more
abundart in the finer grain sizes, On prolonged abrasion all other
quartz types except this are probably selectively eliminated.

2, Single crystal umits with stronger undulose extinction. Any relatively
straired rock: granite, vein, coarse metaquartzite, coarse restrained
schist, ete,

3. aemi-composite guartz. Any source rock that has been wealkly
strained and subsequently polygonized; or a comb-structured vein,

h. Coarsely polyerystalline aquartz with non-sutured boundaries.  Most

ikely from metaquartzites, but con also come from finer-grained
granites, coarser schists, ete.
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V., Authigenic Quartz

These varieties of quartz generally appear to form from sofutions at low
ternpergtures and pressures: either in sea water at the time of deposition, from
cannate water, subsurface water, or ground water, They generally have no conhection
with magmatic or hydrothermal waters {although such waters can form vein quart z},

Overgrowths form on the quartz grains of sandstones or limestones, especially
those of Palenzoic age. They are in optical continuity with the sond grain nucteus, and
are separated From it usually by vacuoles, sometimes by clay or hematite; sometimes
there is no visible demarcatien line and the presence of quartz overgrowths must be
inferred by the apparent interlocking of adjoining quartz grains. If pore spaces are
large and Ihere is little quartz precipitated, the overgrowths are idiomorphic with nice
crystal faces; if too much silica is precipitated so that the pore spaces are cemplefely
filled, the overgrowths have irreqular boundaries. Owergrowths must be searched for
under high power and are often missed becouse they are difficult 1o see. Luminescence
Petrography reveals them in some exomples. Overgrowths formed by direct precipita-
tion usually lack inclusions; those that form by replacement of carbonate always have
carbonate inclusions.  Zoned quartz overgrowths are semmon in silcretes and gy
indicate vadose conditions with alternate wetting und drying.

ldiernorphic_crystals averaging .05-.15 mm are comman in limestonas, where they
grow by replacement of the calcite, hence are often loaded with rmicrocrystalline
caleite inclusions and have pitted surfaces. They may or may not have sand grain
nuelel, and frequently replace fossil or colite grains.

MNedular Masses of quartz are found occasionally in dolomites. They may form
caulifiower—shaped bodies from 0.5 mm to g foot or so in diameter, or even thin beds,
They are rmode up of flambovant, crudely radiating quartz, and forem chiefly by
replacement of evaporite nodules. Many have pseudo-cubic zoned quartz (McBride and
Falk, 1977, 5P}, and associates are tength-slow chalcedony. See Milliken {1973 JSPY.

Vein ond Geode quartz occur as cavity fillings., Crystals are often idiomerphic
(mosaic It many are crowded together), and have straight extinction or sometimes
develop undulose extinction even without the application of stress.

The time of origin of these sedimentary quartz types has not yet been solved ard
is a very difficult and economically important problem. Obvieusly the movement of
fluids through a formation will be affected by how tightly that formation s wemented;
thus it is essentiol to determime when cementation occurred as that will impede
migration of fluids. Furthermore If one could determine why certain parts of a
formation become cemented while others remain porous, one would have a valuvable
prospecting tool.

These are severo! possible stages in the history of o sediment wherein cementa-
tion might occur. 13 is not known yet which stages are most important; all stages
probably occur in one formation or another. The following classification s based on
that of Krynine.

. Syngenetic Stoge
A.  Early Syngenetic (Contemporansous). Cement develops by precipita-

tion from freely migrating, essentially normal sea water while the
sediment is at the sea bottom or at mast buried a few fest,
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B. Late Syngeretic {(Shallow Burial). Cement develops while the sediment
is buried anywhere from a few feet to perbaps several hundred feet or
more bereath the sea floor. Precipitotion occurs from connate
(trapped) sea water, which is essentially stationary or ot mast moved o
short distonce,

2. Epiaensatic Stage

A. Deep Burial. Cement develops while the sediment s buried a thousond
feet or much more beneath the sea floor, bul prier ke any structural
deformation of the beds. Precipitation occurs from subsurfoce water
which may have moved long distonces through the formation or
adjoining Formations, and which may be a mixture of fresh water with
connate water. Some silica may be supplied by waters pressed out of
shales on compaction. Source of silica con be the 5i liberated when
mortmoritlonite changes to illite, or from solution of buried opaline
skeletons.

B. Post-Structural Deformation. Cement develops during or after uplift
or structural deformation of the depositional basin,  "Deformation
here includes anything from gentle warping to intense folding and
fauiting: the essential point is that now sediments are no longer being
laid down in the same basin. Source of the silica may be far-travelled
subsurface waters; selution of detrital quartz graing wnder pressure
provides a small amount of silicu (the so-called Riecke principle,
actually first described by H. C. Sorby in 1863; see Sibley and Blatt
1976 JSPL

.  Hwdrathermal. Oecurs generally during or after stroctural deforrma-
tion, from waters heated by magmatic activity ond carrying in solution
pre<ducts sweated off from igneous bodies. These may penetrate g
formation and be carried along with the migrating subsurface waters.

D. Weathering. Occurs when the sediment is nearing the present ground
surface; sillca may be carried by ground {(inetecric) wuters.

For any given formation, deciding when it became cemented with quartz is a very
difficult problem, Petrographic work must be supplemented with extensive field work;
im fact field work is probably the best method of atiack, The microscope must be used
however to determine how the cement Formed (by replocement ar direct precipitation);
the nature of diognostic inclusions which might indicote temperature or composition of
the precipitating solutions; whether the cement has spread the sand grains apart by
pressure of its growth; the relation of the cement to joints, stains, alteration or other
time markers. Bui field work combined with intelligent sampling is generally required
to obtain the areai and stratigrophic distribution of cement, which is generally the key
to the problem. For example, if a formation is cemented unifarmly over tens of
thouvsands of square miles, the cement is probably syngenetic, formed from sea water ot
the same time as or just after the sand groins were being deposited. Hydrothermal
sources are rather easy to establish or elirminate by noting f the formation is cemented
gnly in the vicinity of known hydrothermal octivity; widespread cernents connot be
caused by this process. Whether or not the cement has formed on deep burial can be
determined by reconstructing the structural history of the area in which the formation
occurs; parts of the formation never deeply buried then should laock cement. Cements
quite frequently are related to the structural geolegy of a formation; many are
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cemented tightly in the vicinity of foults {where shattering has aided migration of
silica-precipitating flvids), erd some are cemented in tightly folded areas but loose in
non-folded anes. In lorge scale folds a thermal gradient may be established (because of
the general increcse of temperature with depth), and this offects tha solobillty of
minerals and may couse selective cementation ot anticlinal crests or synclinal trauoghs.
Badly jointed areas (o8 at the crests of folds) may also become tightly cemented
because of easier fluid migration. Weathering may be easily determined as the cause by
noting correlation of cementation with the actual outerop of the formation versus its
condition in deep cores or spots inaccessible o weathering. [f one sets out to selve o
praoblem of this type, sampling is the chief concern. He should take weathered outcrop
somples and deep cores; sample folded areas, jointed areas, foulted areas, ard flot-lying
areas, ebtain samples rear and far from hydrothermal activity; study the correlation of
grain size of the sand with cermentation; the relotion of cemented zones to overlying
ard underlying formations, etfc.

In generat, older formations are mare likely to be cemented with quartz than
younger ones; yet there are mahy uncemented Cambrian or Ordovician sands, and some
Cretaceous or Terfiary ones are tightly cemented with quartz. In general, deeply
buried or strongly folded sands are more apt o be cemented, but many horizontal,
unfaulted beds that have never been buried over a few hwndred feet are also cemented
tightly. The problem is an irteresting ard difficult one.

Chert and Opal

Sedimentary quartz assumes three forms: {1} megaoguartz, o general term for
quartz overgrowths, crystals, geode and vein fillings, composad of equant o elongated
grains larger than 20 microns; and (2) microquartz, divided inte (2ZA) microcrystalline
guartz, ferming a pinpoint-birefringent aqgregate of equidimensional grains usually
ranging from -5 microns in diameter (but ranging from a fraction of a micren--in the
apparently isotropic cherts--to 20 microns, the arbritrary uvpper limitl and (2B)
chalcedonic quartz, forming sheaf-like bundles of radiating extremely thin fibers, which
average about 0.1 mom long but may ronge from 20 micrens to a millimeter long.  All
three types are transitiomal in some degree. Both forms of microquartz consist of
nothing but finely crystalline guartz cantaining variable amaunts of very minute {iquid-
filled spherical bubbies, averaging 0.1 micron in diameter, which look brownish in
transmitted light and silvery in reflected light {Folk and Weaver})., These bubbles are
responsible for lowering the index of chalcedony so thet it varies from 1.535 in most
bubbly specimens up to 1.544 in these with few bubbles. They also decrease the density
of microquartz and provide a sponge-like character so that solution is quicker, and this
type of quartz consequently weathers faster than megaquartz.

Two |length-slow varieties of fibrous silica, quartzire and lutecite, apparent|y
occur as a replacement of evaporites or in sulfate-rich, alkaline environments such as
semi-arid palensoils (Folk & Pittman, 1971, JS5.P; Milliken, 1979, L5.P.). Always
check ontical elongotion of fibrous silica 1o determine this.  Zebraoic chalcedany
(hilliken) is also a common evaporite associ ate,

Chert is detined as a chemically-precipitated sedimentary rock, essentially mono-
mineratic and composed chiefly of microcrystalline andfor chalcedonic quariz, with
subordinate megaquartr and minor amouwnts of impurities. Commeon impurities are clay
minerals, silt, carbonate, pyrite, and organic matter,

S0me cherts contain opal. Chert nodules consist very largely of micro-crystaliine
quartz, while chalcedenic and megoquartz uvsually form as cavity-fillings within the
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chert nodule, In hand specimens, the following varieties of chert are recognized:
(1) flint, black due to arganic matter inclusions; {2) green jasper, green because of chlorite
inclusions; (3) red jasper, red because of hematite inclusions; () navaculite, a pure,
massive white chert occurring in thick beds, the color dee 1o abundant water inclusions;
(5} agate, simply banded chert with different colors, uvsovally a cavity-filling: (&)
chalcedony, celorless to pale gray or white, translucent, usually a cavity-filling and
wsually composed of chalcedonic quartz; (7} moss agate, which is usually chaleedony
permeated by manganese oxides in dendritic form.

Chert may form beds hundreds of feet thick: nodules; sporadic replacemenis of
fossils within a carbonate motrix gzode and vein fillings; os a cement in sandstones;
and as tiny disseminated specks and dolomolds in corbonate rocks. The latter
occurrence is volumetrically far more important than all the others put together.

The origin of badded cheris is diverse, some are prebobly carbonate replocernents
ard some are siliceous oozes mode of radiolaria or spicules {McBride & Folk, "77-72
JSP). Mearly oll rodular cherts result from replacement of carbonate rock while the
carborate ooze was still soft., LCviderwe for this is the presarvation of allechem
limestone structures such as fossiis, colites or fecal pellets and bedding laminae in the
chert nadule, and disruption of chert by muderacking and soft-sediment slumping.

Replocement vswally results in the formation of microcrystalline guartz, while chalce-
donic and megaguartz are wsuaily cavity fillings; however the luter two oceasionally
form by replacement and the foermer even more rarely as a cavity filling. A little chert
forms by hydrothermal activity and some by weathering.

Cpal is isotropic, hydrous silica gel with index varying from 1.40 to 147, It has a
very strong relief, often thus appears brownish, and sometimes shows weadk onisciro-
pism. X-Ray study shows that it contains a little high-cristobalite. [t is rore in
sediments, and allegedly none has been found in rocks older thon the Parmian. it may
form biogenically as diatorn ocoze, radiclarions, or spicules; and may Torm inorganically
a3 cements in sandstones, nodules, weathering crusts, and geode and vein fillings, 11 is
supposed to recrystallize to chert with time. It is often associated with continental
volcanic sediments, derived from the decomposition of velcanic ash,

Heworked Detrital Chert

Chert may be eroded out of older limestones and chert beds, and the clastic
particles contributed to form a terrigenous constituent of sondstones. Chert may be in
turn reworked from these older chert-bearing sandstones. Such reworked chert forms
|-4% of the terrigenous fraction of seditnents. It is olways diagnostic of an older
sadimentary source, hence should be searched for diligently in determining the source
area of a given sandstone. |t is slightly less durable than quartz (slightly softer, a little
mare brittle), but despite this, usually oocurs in pebbles hecause the nodules simply
started out so big. E. Smeed (ULT.M.A, 1955} has shown that chert pebbles are more
difficult to round than quortz because they tend to chip and split; but send-sized chert
rourds faster than quartz because it is softer. It s also somewhat less stable than
quartz, because the fine grain size and bubble content presenis o large surfoce area o
chemicdl attock. Weathered cherts develop a whitish outer band or patina due to
solution of corbonate or organic Inclusions and sometimes spongy solution of the chert
itself.
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it is possible to set up a classification of chert types for detailed work, bosed on
internal structure (i.e., pellets, oolites, fassils, etc.), grain size of the microcrystalline
quartz, color or inclusions. Chert types have been split in great detail by workers in
insoluble residues, wha find it an invaluable aid in correlation.

Chert, when metamorphosed, arades into fine-grained metaquartzite, Unfortu-
rately, many fine-groined and/or silicified volcanic rocks resemble chert when broken
to sand-sized grains, and these must be distinguished carefully. Often the veolcanic
grains may have a few surviving feldspars with lower index, or may show some froce of

pharnactrvsts.

Feldspar

Feldspar is o impartant mineral of sediments, and o good clue to the interpreto-
tion of paleoclimate. The fallowing feldspars are the ones found in sedimentary rocks
{see also LY. Smith, 3 vol. set, and Yan der Plas (1964) on ident!fication).

Orthoclose, I{AISE3DE, menaclinic.  The name adularia is often applied to low-

temperature, vein-filling orthoclase but both are identical in ali properties.
Both may contain same NaAl Sijﬂﬂ.
Sanidine, I{A15i3ﬂ8, monoclinic. Differs orly from orthoclase in that it hos a

small 2V and different optical orientation, qrains are clear and are usually
free of bubble inclusions, in contrast with orthoclase., Sanidine is the high-
temperature form, found in lavas. [t may also contain considerable

Ma, ISiEUB'
Microcline, KAI 5i31}5, triclinic, grid twinning vsually with tapering twin larnelloe,
Often contqins considerable NuAISiaﬂa, thus grades into anorthoclase,

Anarthoclase, NGAISIEUB and thus grading into micrecline. Trictinic with very
close grid twinning, distinguished from microcline by optic orientation;
found in soda-rich voleanic rocks.

Plagioclase, a continuous series ranging from Albite {HEIAIS'IE{]E} throwgh Olige-
clase, Andesine, Labradorite, and Bytownite, to Anorthite {CGAIESEEDE].
May contain a little I{AISiaﬂB. Triclinic with albite twinning, and twin
lamelloe are straight and parallel, Metameorphic plagioclase s untwinned.,

Perthite is o wormy or patchy intergrowth of albite in orthaclase ar microcline.
it is common in granites aond pegmatites,

The feldspars have a hardness of &, and three cleavages. All the K-feldspors bave
slight relief with alt indices below balsam, Extremely sodic albite (limit Anz} has all
Indices below balsam; between An, ond sodic oligoclase [An”} the three indices
straddle balsam; and plagioclases more caleic than An 4 have all indices above balsom.
Plogiocliases more calcic than Anm even have indices higher than quariz. DBirefringence

of the common Feldspars is notably lower than quartz, so that interference colors are
gray-white to gray.
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N H Bn Remoarks

X Z

Orthoclase 1.517 |.524 07 2V 70°, {-)

Sanidine .51 7 1.524 D07 2V very small, (-)
Microcline .51 8 1.525 L07

Arorthoclose 1.523 1.227 L0064

Albite (AHU} 1.525 1.536 I Alb. ext. angle 13 to |9
Oligoclase (Anm]l 1.539 [.547 008 Qligo, ext. angle 0t 13°
Andesine '[Anm} 1.550 §.557 A07 And, ext. angle 13 1o 2F
Labradorite (An EIZ]] 1.580 |.567 07 Labr. ext, angle 28 to 399
Quartz . 544 1.553 09 Uniaxiol {+)

Caonada Balsam 1.537

All the feldspars are biaxial, and dall have large optic ongles except sanidine. The
K-feldspars are all optically negative, but plagioclase varies from positive 1o negative.
For detalls of optic orientation see stondard texts, preferably Winchell. Stains are also
very useful in identifying feldspars.

Inclusions (other than alteration products-«see below) are not all common in
feldspar. The scarcity of primary mineral inclusions is really marked, [ntergrowth of
two feldspars (perthite) and intergrowths with quartz are rather common as detrital
grains, haowever,

Hints on distinquishing feldspar from quartz. Plogioclase and microciine are
easily distinguished by their twinning. Orfhoclase s much more difficult, however, and
i5 very often missed even by experienced petrographers. In identifying arthoclase, use
high power. The diognostic features are ﬁ? Becke line--orthoclase is distinctly lower
than balsam, quartz distinctly higher; (2) because of its lower irdex, arthoclase looks
very pale pinkish or brownish (with fracture lines being bluish), while quartz locks very
pale bluish, With practice this becomes the easiest method of [dentification; (3) Mast
feldspar grains show cleavage, quartz does notj (4) Feldspar is commonly clovded with
bubbles or alteration products, quartz is usuvally clearer; furthermore, in feldspar the
bubblea are elongated or arranged in vague grids or lines parallel with crystal
directions, while in quartz they are irregular; (5} Feldspar has distinetly lower
birefringence; with practice, this becomes a wvaluable method of identification;
{6} Orthoclase is biaxial-negative with large 2V, quartz is uniaxial pesitive. Untwinned
plagioclese, important in some metamorphic recks, should be identified by figure. Do
not confuse the quartz flash figure with the feldspar figure.

If feldspar and quortz are coated or embedded in hematite, opal, carbanate or
clay matrix, those methods based on index of refraction fail, and the eosiest method is
to dissolve or crush the rock and mount the loose graing in 1,540 oil, then count them.
Or one can alse cruise ground the edge of the rock chip where the sond grains are in
contact with Balsam,

Amilubili}r. Feldspar forms 5-15% of the ferrigenous froction of sediments,
Feldspar is by tar the most abundant mineral in igneous rocks, and its much |essened
valume in sediments is because of the ease of weathering and lack of durability. Maost
feldspar comes from granites and gneisses, where orthoclase and microcline are
dominant with sodic plagioclase (usually oligoclase) a paor third. Pegmatites contain
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much more micrecline. Voleanic rocks contribute small quantities of plagioclase and o
little sanidine. In general, orthoclase is the dominant feldspar in sediments because of
its great availability; microcline is a close second despite the fact that it (s more stable
than ortboclase; sodic plagioclase 15 a poor third: and calcic plagioclase is almost
facking. Forrmations in which plagioclose is abundant are consequently unusual. Thus, if
a formation contains more plagioclase than K-feldspar, suspect a volcanic source--
especidlly if the plagioclase crystals are zoned. If o formation centains very little or no
teldspar, people often assume that it was because of prolonged abrasion or a high rate
of weathering; however, it may just as easily meon thot little ar no feldspar was
available in the source area. Schists, phyllites, slates, or older sediments contribute
little or none. Occasionally feldspar can be reworked from an clder feldspathic
sediment into a younger one; but nearly all feldspar comes from a primary igneous or
metarmor phic source.

[urability. Feldspar is softer than quartz and has a much better cleavage, hence
abrasion reduces size and increases roundness moch more rapidly, Thus the relation
between the size of quartry ond feldspar and the roundness of quartz and feldspar is ane
af the most valuable kevs to the history of the sediment and in determining direction of
the source area. In youthful sediments quartz and feldspar will be the some size (or
feldspar may even be larger since it starts out in the parent rack ns larger crystals), and
of essentially similar shape, As the sediments suffer more abrasion, feldspar becomes
smaller and rounder than quartz; by the time gquartz becomes well-rounded, the feldspar
15 usually much finer. Of caurse, during the process of abrasion the feldspar continually
diminishes in quantity relafive to quartz: thus one may start with a good arkose
composed of angular grains of quartz and feldspar of equal size, and simply by abrasion
alone end up with a supermnature orthoquartzite in which all the qrains are well-
rounded, and the feldspar is reduced to a very small percentage concentrated in the silt
size while the sand fraction is nearly all quartz (Folls).

Stakility. Feldspars are unstable under deuteric, hydrothermel, and weathering
conditions. Four types of alteration are important: kaelinization, sericitization (or
illitization), selution, and vacuelization., Kaoglin forms as tiny flakes throughout the
feldspar grain; the flakes have an index slightly higher than the feldspar, and give a
gray birefringence. They do net impart a cloudy appearance to the grain, as the
brownish turbidity that textbooks assign to kaclin is actually caused by bubbles. Most
kaolin forms on intense weathering by the complete removal of K, but sometimes forms
hydrothermally. Sericite and illite form tiny flakes with mdices higher than feldspar,
giving a white to yellow birefringence and often having crystallo-graphically-coniralled
distribution. They are most commonly formed hydrothermally but also result on
weathering if it is not intense (g in semi-orid climates). Woter—filled vacucles are
responsible for the cloudy, brownish appearance of aliered feldspars, and vocuolization
is the most common type of alteration [Folk). Under high power the vacuoles are
brownish (an effect of the index) with index much lower than feldspar., They form on
weathering, on hydrothermal alteratien, and also are a primary inclusion trapped within
the erystallizing feldspar (thus feldspars forming in hydrous envirenments like granites
or pegmatites contain abundant water-filled wacuoles, while the feldspar of woleanic
rocks is clear because of the relatively anhydrous environment). T.W. Tadd and DM
Miller, Jr. (L), T. 1955) have discovered post-depositional cavernous alterations of 14-
feldspars with development of huge holes inside the feldspar grains. Todd (1968 1.5.P.)
has studied the complexitias of feldspar weathering in soils. Elsie Begle {ULT. 1978} has
found much evidence of solution of feldspars in soils with preduction of deep
channelways ond skeletal grains.
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Feldspars may become altered (1) in the source rock thraugh deuteric or
hydrothermal activity; (2) in the soils of the source area by wegthering; {3) post-
depositionally, either on deep burial by migrating connate waters, or when the
sedimentary rocks are exposed to the Recent surface and wedathered. Post-depositionat
alteration rnay be suspected if weathered feldspar grains tend to occur together, as in
the neighberhood of veins, stylolites, or other weathered surfaces; or if well-cemented
rocks contain fresh feldspar and porous pertions contain weathered feldspar. Compari-
son of the freshness of feldspar overgrowth with the feldspar sand grains alsc helps. In
some sedimentary racks, feldspars are partially to completely replaced by colcites
rarely, they are replaced by quartz.

Considering the several kinds of feldspar, microcline is the rmast stable under
wedathering conditions, with orthoclase next. Sodic plagioclase is apparently more
unstable under surface conditions, for in streams and soils on peneplaned igreous areas
there is very little plagioclase, even though it is common in the source rocks. In Llano
(Texas} plagioclase dissolves much more rapidly than microcline (Begle). Caleic
plagicctase is extremely unstable, thus in sediments usually occurs as the result of
velcanism, whereby it has short-cirouited any soil-forming process,

Climatic, Tectonic and Physiographic Interpretation based on Feldspar, This is a
complex subject, because of the relative durability and chemical stability of quartz and
feldspar, together with the confusing effects of rate of weathering and rate of erosion,
P.D. Krynine has shown that the main clues are grain roundness, indicating length of
time available hence the rate of erosion, the ruggedness of the tepography and
ultimately the tectonic framework; and average degree of alteration of the feldspar
together with homogeneity of alteration of the feldspar. By homogeneity is meant: "do
all the feldspars of one species show about the same degree of alteration, or does the
same species show a mixture of fresh and weathered graing? It is normal in sediments
to find ortheclase more weathered than microcline or sodic plagioclase, but the thing
you must look for is a mixture of fresh plus weathered grains of the same mineral
species (Kryvnine),

A humid climate with rugged topegraphy produces abundant feldspar in angular,
coarse grains with a wide variation from fresh to heavily weathered {because the
vigarous streams can cut through the intensely weathered montle to fresh bedraclk), |If
the climate is dry the feldspar will all be pretty fresh, as was observed by Mackie
(1899), Judd {1885), and Wade {1211, QIGS). Well-rounded, fresh feldspars if present in
moderate to abundant quantitites are excellent indicaters of an arid climate and
peneplane conditions, These are commeon in some of our best ancient dure sand
blankets, associated with dune cross-bedding ond evaporities. The criterion seems to
work so well that it may somewhat irreverently be referred to as the "Dogma of the
Immaculate Feldspar". If topegraphy is low, and the climate is humid and warm, nearly
all the feldspar will be weathered awoy. These relations are shown in the groph below,
in which "Intensity" is to be determined, given the other factors.
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Dashed lines represent contours on homogenetty of weathering, varying from very
homogeneous (af the upper left) to very heterogenecus (ot lower right); solid, curved
lires indicate overaye amount of weathering (ol fresh at lower teft, all weathered at
uvpper tight) ard also indicate roughly the abundance of feldspor, increasing amouvnts
being found toward the lower left.

Authigenic feldspar is common in marine sediments. Orthoclase, microcline, and
albite have been farmed authigenically, either as overgrowths on feldspar sand grains in
clean sordstones, or as overgrowths of rew crystals without nuclei in carborate rocks,
In {imestones they grow by replacing carbonate (cut across fossils, oolites, etc.) under
low temperatures ond probably low pressures; in sondstones they form by direct
precipitation, again vsually urdet conditions of low temperature ond pressure. Authi-
genic feldspar frequently contains inclusions of carbonate, liquid, or organic matter;
sornetimes authigenic feldspar of ane species may grow over a nucleus of a different
feldspar type, €.9., microcline on an oligoclase ruclevs. Occasionally the overgrowths
are complexly twinned, but usually they cre free of twinning.

Oceasionally feldspar forms in mon-marine, clay-—rich rocks (shales or clayey
sandstones) by replecement of the clay, Potassic solutlons are required, supplied either
by connate or hydrothermal solutions. In some tectonic non-marine arkoses, the
original red clay matrix has been replaced by feldspar in the form of overgrowths and
felted masses of crystals. On burial, some zeolites alter to feldspars especically in
volcanic sediments.

Yolcanic Rock Frogments. These are a quite diognoestic constituent of sediments,
ond represent sand-sized bits of the aphonitic groundmass of lava flows hypabyssal
intrusives or velcanic ejectments. They are made up usually of g felted mass of tiny
lath-like feldspar crystals, occcasionally with some ferromognesion minerals. They are
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rather soft and highly susceptible te weathering so usually do not last long In sediments.
However, "eugeosynclinal" sarxdstones are full of them.,

Voleanic Glass. These particles are formed wvsually by explosive eruption of
siliceous magmas. The glass, if vnaltered, s isctrople and has on index well below
balsam {more basic glasses have higher indices, and exact measurement of the index can
be used to determime the silica content of the lava). Altered glass may be
recrystallized to wvery fire-grained feldspar or microcrystalline sillca, or may be
changed to clays (usually montmorillonite) or zeolites or may be dissolved and partially
re-filled. Glass usually shows characteristic shard-tike forms {representing the curved
surfaced of the bubble-filled viscous lava) which may be preserved even after tatal
alteration of clays. Hence, Bentonites sometimes show shard ghosts.

Large Micas (> 20 microns)

Muscovite and biotite are hydrous potassiom aluminum siticates, with biotite
containing ferrous iren and magnesivm in addition. Chiorite contains less silica and
lacks potassium, and is on alteration product chiefly of hydrothermal or metamorphic
origin, Biotife may become leached to ¢ pale golden color throvgh loss of iron on
weathering {"leached biotite"), or vnder hydrothermol attack or weathering may turn
from brown 1o green {"green biotite"), an intermediate stage in the passage of biotite to
chlorite probably uvnder reducing conditions. All these species are monochinic, flaky
rminerals with biaxial, vsually negative figures ond small 2V, Sections cut across the
tlakes are pleochiroic with the dark direction [N-5, and show paralte! extinction, length-
slow, with maximurm birefringence in 2d order rads, blues and greens. Basal sections
are very deceptive inosmuch as they show no cleavage, are almost isotropic, and show
no pleochroism, always giving the darkest color.

Color H.,I,.. Br
Iuscow te colorless 1.58 D36
Biotite brown l.e0-[.66 - LO40-.060
Leached biotite pale brown l.60-1.66 L40-.060
Green biotite qreen |.80-1.66 L40-.060
Chlorife green |.57-1.60* JHID= 0 [ Cre%

*|_ess cormrnon farms of chiorite have H,I, up to |.&7,

*#Chlorite commonly shows anomalous birefringence--peculiar rich blues,
gray-blues, russet browns, or sickiy yellowish khaki color.

Micd in sediments rarely containg inclesions of zircon or retile; vsvaily it is free
of inclusions.

Availabiiity. Large micas, although often conspicucus in hamd specimens, rarely
form rmore than 2% of the rock even in the most micaceous specimens; altogether, it
forms prabably less than /2% of the terrigenous fraction of sediments. The boundary
line between micas and the coarser clay minerals such as jllite and sericite is arbitrarily
set gt 200 microns, so this percentage is subject to considerable revision depending on
the size limit adopted. Granites contribute chiefly biotite, with some muscovite in the
more ocid types. In basic rocks and wolcanics biotite is almost the only primary mica
present.  Pegmatites contain chiefly muscovite, with a litile biotite. The greatest
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source for the micas is, however, in the metamorphic rocks where shales gre built up
inte phyllites and schists consisting of biotite, muscovite and chlorite. Chlorite is also a
frequenty hydrothermai mineral, forming by the alteration of ferro-magnesian minerals.
Chiorite also forms by low-temperature subaquecus weathering of mafics.

Yoleanic biotite s a very importont variety. In general, although biotite is probably the
most Important mica in the source rocks, muscovite is far more abundant in sediments
by a ratic of abeut &1, This is a result of the chemical instability of biotite. Hence,
when In a sedimentary rock biotite is more dbundant than muscovite, two causes may he
respensibler  either (1) erosion rate far overbalanced the rate of weathering in the
source area, or {2} the sediment has received contributions from wolcanic rocks or
voleanic ash.

Yelcanic biotite uswally occurs in flokes showing partial hexagonal cutlines, und
aceurs wsually in sporadic beds through the stratigraphic section, corresponding to
sporadic ash falls. 14 common!y appears thus in the insoluble residues from limestones.

Durability. Despite its low hardness of 2-3 ond the good cleavage, mica is a very
durable mineral, extremely difficult fo round ond almost impessible to fracture. This is
becasue it is so elastic; alse because of the flaky shape it tends to dodge around grains
in fransport. Rarely, formations contain rounded flakes of mica but this requires
exceptional conditions of profonged gentle gbrasion. Modern dunes of seuthern
California contain coin-shaped rounded micas (Sims).

Stability. Moscovite is stable except under very warm and humid conditions,
Biotite i unstable, first becames bleached through loss of iron, then if under reducing
conditions below the wuter table may tose alkalies and pass into chlorite or vermiculite,
Linder oxidizing conditions both biotite and chlorite are believed te pass into limonite
and clay minerals,

Bepositional Characteristics. Because of its flaky shape mica behaves hydrauli-
cally as a much smailer particle, therefore large mica flakes are usually washed out of
the coarser sonds and depasited with fine silts. The percentage of mica varies radically
from bed to bed depending on grain size. Flakes are very well oriented parallel to the

bedding in most cases. Randomly-criented micas indicate slumping ar some disturbance
of bedding.

Authigenic_Micos, On metamorphism, clay minerals may be built up into
muscovite, chlorite, or biotite. Similar but not so profeund changes toke place on the
sea floor or during deep burial of the sediments. Chlorite is the chief mineral built up
in this way {see section on clays), but the flakes are seldom larger than 0 microns. On
deep burial, during incipient metamorphism, or in faulted or hydrothermally-soaked
zanes chlarite commeonly forms as tiny flokes, sometimes replocing quartz and feldspar:
biotite and sometimes muscovite form when alterution becomes more intense. Biotite
and chlerite may alse form authigenically as crusts or smuolt flukes in ordinary
sediments, but these nceurrences are quite rare,

Metamorphic Rock Fragments (MRP's)
Metamorphic rock fragments consist of sand- or gravel-sized pieces of slate,

phyllite, schist, metaquartzite, and occasionally gneiss {gneiss is usually too coarse-
grained to be recegnized as such when broken into sand-size particlesh. They are the
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mast charocteristic and defining components of phyllarenites, formerly called "gray-
wackes.," They are composed of fine-grained quartz, micas, and sometimes clays. It is
somewhat difficult but necessary to distinguish them from clay pellets or shales; this
can be done by the fact that the MRF's are coarser grained, better ariented and harder
due fo recrystallization; shate fragments tend fo be deformed by neighboring gruins ¥ a
greater extent, Blatt believes it is almest impossible to distinguish shale fragments
from slate fragments, and calls them both URF's unless definite evidence of mica
recrystallization is visihle. For convenience ! would lump the whale spectrum under
MRF's, even though this does somewhat diminish the "source-ared" concept of rock
clossification. No data has yet been collected, but it is suspected that fragments of
slate are more abundant than fragments of shale because of their superior hardness;
shale disappears rapidly during transport (Blatt),

Availability. Mefamarphic rock fragments form 5-15% of the terrigenous fraction
of sediments, and are derived from low-rank to high-rank metamorphic rocks expasad in
areas of intense folding.

Durability. Metamorphic rock fragments are quite dorable if composed largely of
quartz, but quite soft and easily abraded if composed chiefly of fine micas. As abrasion
continues on an assemblage of MRF's, the softer ones become rounded rapidly and
reduced in size, eventually being broken down inte clay which is winnowed awoy, while
the hard metaguartzite fragments persist. Todd {U.T.M.A., 1956) shows in the Carrize
ardd MNewby sands that MEF conient may fluctuate from 0 to 30% in successive thin
beds, the result of differential abrasion and sorting. Beach sonds consequently bave
much less abundant MREF's than fluvial sands from the same source. Upon very long
abrasion, it I3 possible that metagquartzite may cbraode faster than single grains of
quartz, and supermatyre sediments hence may contain relatively less metaquartzite
(Blatt). For durability of RF's, see Comearan and Blatt, '71 15P.

Normally, softer micaceous rock fragments abrade so rapidly that iF they are
found together with well-rounded quartz it indicotes a mixed metamaorphic and older
sedimentary source, becouse lhey could not persisl under the prolonged abrasion
required t¢ round the quartz.

Since MRBF's are usually derived from foligted rocks, the fragments are generally
elongated or platy,

Stability. Metameorphic mock fragments are moderately stable chemically becavse
they are made wp of quartz and mica, two stable minerals. Howewver, under intense
weathering (e.g. Georgia)l the MRF's disaggregate into their components, quartz silt and
fire rricas and Then disappear from FHhe sand froction,

Depositional Characteristics. Metamorphic rock fragments hove essentially the
same specific gravity ond shape as quartz, thus travel withit, On long transport, MRF's
wear down faster than quartz, hence finer sarkds may have more MRF's than codarser
coarser sarkls. Compaction tends to squash some of the softer, more micaceous
fragments, reducing parosity significant|y.

Sedimentary Rock Fragments (SRF's)

Fragments of older sedimentary rocks are common in conglomerates. Many sonds,
also, may contain reworked fragments of siitstone, shale, limestone, or fine sandstane.
Generally these fragments are not resistent fo chrasion, so if present in important



amomnts indicate brief trangport. The abundance of limestone fragments {CRF's) may
be used as a climatic indicator. Some sands (e.g., Cakville) are made wp largely of
limestone grains, as are the Tertiary {molasse) sandstones and conglomerates of the
calcareous Alps, Carpathians, etc. Such CRF-rich rocks are known as calclithites,

Clay Minerals

For detailed material on clay minerais, see Grim, Millot, Thorez, Weaver, Velde
or other standard works. This is just the merest cutline of a few significant facts.

There are three definitions of clay: (1) based simply on size, including anything
finer than 4 microns be it true clay mincrals, gquartz, caicite, pyrite or ony other
substonce; this is the “"clay" of the grain-size anolysis workers, of the sedimentologists
and oceanagraphers; (2) based on composition, defined as one of the hydrous aluminum
silicates belonging to the kaelin, montmorillonite or illite groups and also including
fine-grained chiorite and vermiculite; (3) the petrographic definition, which inctudes
urder the general term “clay”, the true clay minerals listed in {2), plus sericite and fine-
grained muscovite, biotite and chlorite if finer than about 20 microns, ond even the
hydrous gluminum oxides "hauxite' and gibhsite,

Clayz are sheet-structure silicates closely allied to the micas; nearly all clays are
crystalline {allophare is the enly common amorphous onel, and all are biaxial regative,
with srmalt 2V, length-slow, and if cotored are plecchroic with the darker direction -5,
Because they are so similar in these properties, they are difficult to identify
microscopically. Study is hindered kv their fine grain size (most frue clay minerals are
finer than 2 microns), by the fact that most noturally-occurring clayey rocks contain
intimate mixtures of several different elay minerals, and by the abundance of
impurities and stains. Furthermore, the appearance in thin section may be changed hy
thickress of the slide, by saturation with various materials which moy change the
refractive index, or by difference in orientation.

Because of the difficulty of microscopic study, clays are commonly identified by
X-Ray techniques. The best technique is to get the composition by such instruments,
then go back to the thin section arrmed with this information and study the genetic
relationships and associations of the minerals as they occur in the rock {far example, X-
Ray might show that the rock contained 20% quartz, 60% illite and 20% chlorite, but it
would talke a thin section to tell whether (1) the guartz occurred as silt lominoe, the
chierite was partially replocing the guartz, and the illite formed the bulk of the shale;
or (2) illite in the form of pellets formed the bulk of the rock, chert cement {showing up
s quartz on X-Ray) occurred between the pellets, and several chlorite-filled veiniets
traversed the rock.

Typical chemical compesition of the common clays is shown in the table below,
adapted frem Grim. It will be seen that in passing from muscovite (sericite] through
illite o montmearillonite, the 1{2{} content drops in discrete steps from 12% to 7% to

less than |'%, ond that kaolinite and chlorite also lack I{ZD; also that illite is high in Fe
while most montmorilionite is Mg-rich; and that chlorite is very rich in Mg and Fe and
quite low in Si. Water content is omitted in this table,

Some "clays" are wery rich in iron. Most “glauvconite™ is iren-rich illite,
"rontronite" is iron-rich montmeoerillonite, and "chamosite” is iron-rich kaclinite, These
three minerals often form as pellets, or even sometimes oolites,



Gibbsite aolin Iliite Muscovite®* Montmor- Chlerite

iltonite
510, ~ 47 47-52 45 50-56 20-30
A0, 30-35 37 22-30 38 16-20 15-25
Fe;04Fe0 — 0.5-1 2-7 - -4 |-40
g0 - 0.3 -4 .- 3-6 3-35
Ca0 -- 0.3 O-1 - 1-3 0-3
K 50 -- 0-1.5 ¢-8 12 0-0,5 _-
Na,0 .- 0-0.5 0-| - 0-2 --

*Sericite is probably just fine-grained slightly impure or K-defivien! muscovite.

Although clays are difficult to identify with the microscope, an educated quess can be
made with careful work. Chlorite may be recognized by its color; montmorillenite is the
anly common clay with index below balsamg koolin, itlite and sericite are all above
halsarn, but kaclin has very low gray birefringance, and the other two appear as bright
white to vellowish flakes under crossed nicols; illite and sericite are impossible to
differentiate microscopically except thar sericite is a little ccarser (hord to distin-

guish by X-ray too, except sericite has sharper peaks). Gibbsite Is found only in highly
aluminous rocks.

H‘f Bri Color and Remarks

Gibbsite .55 - 1.58 20 Coiorless, 2-45% extinction

Kaalkin .55 - .57 06 Colarless

Hlite {.55 - 1.63 A2 - .05 Coloriess ta very pale green

Sericite .95 - L.&aZ S Colorless; probably just
coarse illite

Montmorillonite .49 - 1.52 02 Colorless (appears spurious
brown because of Index)

Chlorite 1.57 - 1.&0 L0 - .01 Pale to deep green; often

ancmol aus birefringence

It must be realized that the names above refer Yo groups of minerals, some groups
{chlorite, for example) containing a dozen more species differing slightly in composifion
and optical properties. Properties listed above refer to the mast prevalent ranges for
the common members of each group. In addition, o great percentage of natural clays
are "mixed laver" mirerals, composed of intimately interstacked sheets of two or thres
different species often in no definite proportions--e.q., illite with montmoerillonite, or
chlerite with montmoriltonite. These are actual intergrowths, rnot simply physical
mixtures. An [llite-montmorillonite mixed layer clay is easily produced by stripping
some of the K+ from o series of illite sheets; this happens readily in weothering. If all
the K+ is removed from illite, a material results that gives a rnontmerillonite X-ray
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pattern; this is termed "degraded illite" or "weathering montmorillonite.” Degroded
illites of course have HE{] contents that continuously fill in the range between "good”

illite and mantmarilionite as shown in the first table.

QOrigin_and Significonce. Clays formn 25 - 35% of the terrigenous fraction of
sedimentary rocks. The clay mirerals in o given sedimentary rock may have formed in
any one of the following ways; (1) reworked without chemical change through simple
disaggregation of older clay-bearing rocks such as shales, clayey limestones, slates, or
phyllites; {2) by chemical weathering (soil formation) of minerals containing Al and 5i,
chiefly feldspar but some from mafic minerals, micas and some from older clay
minerals; (3) by subaqueous weathering of volcanic ash; (4) by diagenetic changes taking
place on the sea floor after depesition; (5) by diagenetic chonges taking place during
deep burial, migration of connate solutions, or incipient metamorphism; (&) by intense
metamer phismz and (7) by post-diogenetic weathering, taking place after the outcrop is
once more exposed fo the surface and weathered--thus running the cycle back to (2)
again.

{1} Simple disaggregation of older clay-bearing rocks vields dhiefly illite, because
meost sholes are composed of illitic clay which is often reworked without much change
except for K stripping, Lesser amounts of sericite, chtarite, montmorillonite, and
kaolin come from this source. Disaggregotion of slates and phyllites yields either illite
or sericite depending on the intensity of the metamorphism, with sericite indicating the
higher grade; considerable chlorite may also come from this source, buf little kaolin and
almegst no montmorillonite, as these are generally converted into other minerals (llite,
sericite or chlorite} on metamorphism, To ascertain whether this is the source
responsible for the cloy minerals in a given sediment, look for other evidences of o slate
or shale source areq, such as discreie shale or slate fragments in the assecioted sands,
This is a very important source of clay minerals in Recent sediments and those of
Tertiary or younger dqge, becouse the continents dare now largely blanketed with older
clay-bearing sedimentary rocks. An abundance of detrital chlorite and biotite is of ten
associated with velcanism.

{2) Weathering {soil formation} is the ultimate source of most clay., The effect of
weathering on clay minerals may be understood if one thing is remembered: the clay
minerals because of their fremendaus surface area are highly reactive, and will react so
Qs to attain equilibrivm with the ions in their environment, Naturally the ions present
will depend on two things: (1) what ions are supplied in abundance by the source rock,
and (2) are those ions retained in the soil {arid climate) or rapidly remowved by leaching
{warm, humid climate), Under incomplete leaching K and Mg remain in the soil; if basic
roecks are being weathered, ahundant Mg ions are liberated and montomorillonite, the
Mg clay, forms {possibly sometirmes chlorite ond vermiculitel; if ocid rocks are being
incompletely leached, abundant K ions are freed and illite, the K clav, results. Under
complete leaching, beth K and Mg are remowved from the soil by percolating ground
water, and Kaolin {which |acks both K and Mq) forms. Temperature also affects this
reaction, cooler conditions inhibitirg formation of kaoline, Under humid tropical
conditions and prolonged fime, even the 51 will be removed from koolin and gibbsite,
purehydraus alumina, Is jeft (but sometimes bauxite can be re-silicated to kaolin). In
the humid tropics, basalts give much amerphous clay (alicphane). Note that not anly
feldspars and ferromagnesions break down to clay; even l[llite, for example, if derived
from an older illitic shale and then weathered under warm humid conditions may first
break down into "degraded illite" {which iz simply the illite structure stripped of most
its K lons) and ultimately form kaoolin. "Degraded illite" is o rather cormnmon product of
not-too intense weathering, and gives a montmorillonite-like pattern on the X-ray
spectrometer. Weaver has found that this type of "montmorillenite” will take v K and
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revert to illite in the lab (also in sea water), whereas most voleanic montmarillonite
will not, and this serves ta digtinguish the twe., To determine if weathering is
respanisible for the porticular clay mineral present in a sedimentary rock, the clay
mineraiegy should be compared with other datag, e.g., conditions of feldspars or kinds of
fossils as climatic indicators. It has been claimed that a prolonged time of weatharing
under moderate condifions, may have the same mineralogical resuliis as mare extreme
heat and moisture for a shorter period. Thus, rarely, kaolin and alumina minerals may
form in very old "temperate soils.

{3} Subcguenus weathering of acid voleanic ash usually produces montmorillonite
but sometimes illite; the older bentonites tend to be more iilitic, but these may have
been montmorillonite to begin with and changed over on diogenesis and deep burial.
Voleanism is g major source for montnerillonitic cluys, but much moentmorilionite
develops o weathering {= degraded illite, above), Basic volconic material of ten
weathers t¢ chlorite. Te prove a volcanic origin, look for shards, volcanic fragments,
plogioclase, biotite, other mafic miperals, or idiomorphic zircon and apatite.

(1) Marire diagenesis starts oltering certain clay minerals a5 soon as they are
dumped by fresh-wnier streams into the salty ocean, rich in Na, Mg, and K ions. Mixed-
laver montmorillonite-illite {i.e., partially to completely degraded illite, the latter also
termed "Weathering" montmorillonite) regains its K very quickly from sea woter and is
partly or completely recoriverted to illite. Fixation of K+ to form illite happens very
rapidiy if the clay is ingested by certain animals and defecated (Jonas), Under certain
conditions, it may pick up Mg from sea water and go to chlorite instead, *Volcanic"
montmorillonite apparently undergoes no change on deposition in marine waters, or if
there s a change it is much slower. Detrital chlorite and illite probably also remain
stable in sea water, bt minor chemical changes may occur {Resaman & Keller, JSP
1967). The role of kaclinite is uncertain, Beecause it usually decreases offshore, it was
orice thought that it altered to other clays (e.q., iMlite) by reaction with seq water. This
view is nrow largely abandoned. Keolinite is stable in continental, fresh water deposits
and in seils under-going weathering.

Clay minerals in recent sediments are often found to chonge systematically when
traced out to seq; kaolinite being present in continental and nearshore sediments, with
illite and montmorilionite Farther out. To some, this is the result of marine diogenesis,
with the farthest-seaward clays having had more time to react with the saline waters.
To others (Riviere; Weaver) this represents a sorting effect, with clay mirerals being
physically transparted for different distances by currents o= a result of thelr differ-
ences in particle size or degree of flocculation. The latter school also feels that clay
mineral variation both taterally and vertically depends chiefly on sorting processes |ike
that mentioned, or vpen changes in petrographic character or climate of the source
qareq; cluy minerals, like sand grains, are largely detrital hence chiefly controlled by
source areq llthology. The other school {Grim) feels that clay minerals aore more
controlled by the chemicol nature of their depesitional environment. To determine if
depositional envirenment plays o rote in cloy mineralogy of o specific formation,
determine environment of successive beds by other criteria {fossils, glouconite,
sedimentary structures, size and shape eriteria) and see if clay mineralogy changes with
these different environments--but realize that different clay composition in different
environments might be coused by sorting as well as diggenesis. |f the clay minerals are
constant in beds of different environments, this indicatas that the cloys are probably
controlled by the source areq,

(5) and (6) On deep burial and continued, intensified diagenesis, koolin and
montmortllonite appear to be gradualiy destroyed; if the environment is rich in Fe or

22



Mg, chlorite develops in their ploce, and if the environment is rich in K, illite forms,
Thus kaolin and montmorillonite are uncommon in pre-Devonian rocks. As true
metamorphism begins, both illite and chlerite grow iarger, then sericite begims to
reptace illite in the higher-rank slates, takes over almast completely as illite disappears
in the phyllites, and then sericite in turn gives way to muscovite as schists develop.
Finally the muscovite abdicates in fover of feldspar and the rock becomes a gneiss or
perhaps even a granite. At the same time, if the rock contains much Fe and Mg,
chlerite is transformed into biotite in the low-rank schist stoge, then may be upgraded
to bornblende in the higher-rank schist. In determining if diagenetic processes have
nappened in a sedimentary rock, look for evidence of recrystallization fi.e., larger-than-
normal flakes), or repluocement of detrital quartz, feldspar, or ecalcite by illite or
chlorite.

In some cases pore space in permeable sandstones is filied with vermiculur
hexagonal stacks of water-clear kaolin, encrusting fringes of chlorite or mentmoeril-
lonite, or large flaky sericite erystals, all probably precipitated from selution just as
salt in a beaker in one of the many manifestations of diagenesis. These changes can
take place in geologically youmg sediments that have never been folded or deeply
buried, therefore require no extreme heat or pressure. Kaolinite is the mast comman
clay mireral encountered as authigenic pore-fillings in sandstones, but authigenic
chlorite is commeon in marine sandstenes with basic voleanic rock fragments.

\7) Post-diagenetic weathering--the saume processes ooccur that operaoted in (2).
The main cauticn here Is 1o be careful when samples are collected as the clay mineral
may be changed on the outcrop of weathering.

To surmmarize:

Gibbsite is g product of very prolongad humid tropical weathering, as ure the
other bouxitic minerats.

K.oolin forms on intense weathering where K js removed; a little rmay be reworked.
Possibly diminished by marine dingenesis and destroyed on deep burial or
incipient metamorphisrn, Another school holds that kaolinite does not
change on marine diogenesis, and the differences in kaclinite distribution
are due to SoUrce areq changes or to differential sorting.

llite has less K than muscovite and more K thon kaclin, but is a distinet mineral
group not gradational to either one. Its structure is less ordered than that
of muscovite, and it is responsibie for the color of most green sholes, |t
forms in a high-# environment, such as is present in temnperate to semi-arid
weathering, and develops from other clay minerals on marine diagenesis,
deep burial, and slighl metomoarphism. Mouch of it is derived from older
illitic shales or slates.

Sericite s fine-grained impure muscovite, In sediments the rame is virtually
abandoned because it is almost impossible to tell from illite. The name |s
still the one used by hard-rock petrographers to describe the fire, flaky
mineral so abundant in phyllites and hydrothermally-altered zone:. Most
sericite in sediments is derived from erosion of these rocks.

Mixed-layer Jllite-meontmeriflanite is a transitiona! product. It con form when

illite undergoes temperate weathering, so that much of the K+ is removed
from the structure; and it can alse be formed when almest completely
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degraded illite (stripped of most of its K+) enters sea water and regains
much of its original K+ content.

Montrmorillonite forrms in o Mg-rich environment, most of it by alteration of
volcanic ash, some by temperate weothering especially of bosic rocks., On
incipient metomarphism it may convert to illite or chlorite.  Marine
diagenesis has little effect on volcanic montmorillonite, except to change
adsor bed cations,

Chlorite forms on marine diagenesis, particularly in lagoonal or near-shore marine
ervi ronments where rivers bearing iron derived from weathering enter the
sea. It is also commen in marine sonds that have received contributions
from basic igneous rocks, and forms on diagenesis, deep burial and metamor-
phism. Much of it is simply detritai, derived from older schistis, phyllites,
etc, |t is possibly formed o a small extent in soils by weathering of micas
and montmor ilienlte,

Tale, pyrophyllite, vermiculite, sepiolite, corrensite, stevensite ond other clay
rminerals occur locatly.

Heawy Minerals

Heavy minerals are defined operaticnally as those with g specific gravity greater
than 2.85, the specific gravity of the bremoform liquid used to separate them from
lighter quartz, feldspar or calcite. Although over 100 different minerals have been
recorded from sediments, they prebably form no more thon Gl - 0.5% of the terrige-
naus fraction of sediments. Despite their small amount, they are of great value in
studying provenance, transportation and weathering history of a sediment and in
correlation and paleogeographic studies. They represent the accessory and varietal
minerals of igneous and mefamorphic rocks, which are much reduced in quantity (except
for zircon ond tourmaline} as they pass inte sediments because they are chemically
vnstable ard alse considerably softer than gquartz. It Is estimated that the average
quartzareniye contains {L,0> - 0.2% heavies; phyllarenite 0.2 - 0.8%; and average arkose
| - 2%, chiefly because the more abrasion or weathering a sediment undergees, the less
unstable minerals it contains.

Common heavy minerals range fram 3 ta 5 in specific gravity. Because of their
heaviness, they uswally travel with quartz averaging 0.5 to 1.04 size larger--this
difference is known as the "hydraulic ratio" {Rittenhouse} and varies for eoch mineral
species; the value is affected chiefly by the specific gravity but to some extent also by
the shape, also by the criginal size of the mineral grains in the porent rock, Thus if o
sad has a median of 2.5, tourmaline may have a median 2.% ard zircon 3.54. When a
samd such as this is sieved, the heaovy mineras fall in the finer size grodes, and the
heaviest heavies occur at the very finest end; thus when the heavy minerals are
mounted ene may find that the 4.0 - 4.54 grade bas 0% zircon and 10% tourmaline, and
the 31.5-4.04 grade has 10% zircon ond %)% tourmaline. Sands of different size within
the very same bed may consequently have radically different percentages of the several
heavy minerals; hence mineral ratios between minerals of different specific gravity or
shape are chiefly a function of grain size, One has 1o use miperals of the same shape
and specific gravity--in practice this boils down to moking varietal studies of one
mineral, such os lourmaline or zircon. Then when comparing ratios between the
different warieties one knows that the specific gravity and shape are essentially the
same hence there is no hydravlic foctor: differences in varietal ratios will then reflect
differences in source area lithology.
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Shapes of heavy minerals are sensitive indicators te the intensity of abrasion, In
comparing beach vs. river sands by groin shape, it is much more efficlent to use soft
heavy minerals like kyanite or amphiboles rather than hard quartz, as they are of fected
much more guickly, Angular and rounded tourmaline in the same specimen indicates a
multiple source; os would, for example, angular hornblende and rond yet harder
tourmaline,

Heavy minerals are generally studied In terms of four groups: Opagues, Micas,
Ul tra-stables, Metastables,

2.

3

Opaque minerals. These generally have very high specific gravity, because
of their iron content. Litile bas been dome with them so far. Ore

microscopy, in polished sections, may reveal important infarmation, how-
ever.

d.  Magretite ond llmenite. May form placers of economic value, Very
difficult to tell gpart except magnetically; both moderately stable, but
magrnetite may cdlter to hematite or limonjte and ilmenite fairly
commonly alters to chalky-looking leycaxene or even fairly large
crystals of sphene, anatase, or other titanium minerals. Magnetite
often alters fo specular bematite, which can not be identified in the
rmicroscope; mognetic or A-ray tests must be used,

b, Pyrite is nearly always outhigenicy thus occurs in great amounts in
sorme heavy mineral slides, is absent in moest athers.

C. Hematite ond Limenite are usvally alteration products but sometimes
may be detrital, Both dissolve in reducing environments.

d. Leucoxene is on aggreqote of exiremely fine-grained sphene, rutile or
anatase, and forms as an alteration product uvsually after itmenite,

Micas. Fercentages wreliable because they do not always sink in bromo-
fForm. Commonly not counted in heavily mineral studies becrause of their
widely different shape, hence different hydraolie behavier.,

Liltrao-Stable Group. Zircon, fourmaltine, and rutile. Because the first two
are very hard and inert, {even more so thon quartz} they can survive many
reworkings. When older sediments are rewcorked to form vounger ones,
zircon and tourmaline are about the only ones that can survive. Also, in
supermature rocks they are about the only ones that can withstand such
prelonged abrasien. Hence they are the bockbone of many heavy mineral
suites.  An abundance of tourmaling and zircon in o heavy suite then means
either (1) pralonged abrasion andfor chemical attock hos occurred, or {2) the
mirerals are being reworked from older sediments. The beautiful thing
about both tourmaline and zircon is that they are poly-varietal; over 30,000
types of zircon are passible based on color, crystal form, elongation, and
inclusions; and tourmaline Krynine) has been divided into several dozen
tvpes eoch believed to be diognostic of certain source--e.s. pegmaotites,
schists, granites, ete. Bath tourmaline and zircon are excellent correlation
indicators, and idiemorphic zircon is an indicator of volcanism {Callender).
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4.  Metastgble Group.

a. Olivine is very rare in sediments, occurring only under dry climatic
conditions or rapid erosion. Chiefly from basic igneous rocks.

B.  Apatite is moderately stable; cemmonly it eccurs sporadically (abun-
dant in a few specitnens, spurse in others), then indicotes o volcanic
source. Otherwise it can eccur in basic to acid plutonic rocks,

C. Hornblernde ond pyroxene ore moderotely unstuble; may corme from
either ignecus or meatamorphic recks, but when present in abundance
indicate wolcanics or metamorphic rocks, such as hornblende schist,
Brown Oxyhomblende is diagnostic of a basaltic source; Glaucophane
and tremclite are other less cemmon amphiboles, indicating almost
certainty a metamorphic source. Pyroxenes are etched and dissoived
rapidly by solution after deposition, hence are rare in parous sands.

d, sornet may come from plutonic rocks, pegmatites, or metamaorphics
but in abundarce indicates a metemorphic source. Many varieties
present, based chiefly on culer. Stobility waricble, depending on the
variety; oftern corroded intrastratally te produce fantastic etch Fig-
vres. Rapidly dissolved in many porous sands, especially those flushed
by fresh water. Garnets beering chottermark trails are diagnostic of
glacial environments (Folk, 1975 Geology).

€. Epidote, Clinozoisite, and Zoisite indicate a metomorphic or hydro-
thermal source; they are moderately stable,

f. k.vanite, sillimanite, andalusite, stauvrolite are highly diagnestic of a
metamorphic source. They are moderately stable, but usoally rather
soft.

Js Crver 100 others have been reported. For origin and properties see
standard warks like Krumbein and Pettijohn, or Milner.

Evatuation of Heavy Mineral Content

The heavy mineral content of o sediment is a function of five wvery complex
variables. Usuaily the aim of the petrographer is $¢ eliminate all variables except one:
the lithalogy of the source agreq at a given time ond place. This he can use qs a tool in
correlation, and con interpret geologic history by fellowing the source area as it
becomes unroofed by erosion and exposes different types of minerals in different
armounis. The five variables gres;

{1 Lithology of the source area--the utimate aim of the petrographer. 13 may
be simple {one rock type or assemblage) but more commeoenly is complex {e.g. sandstone
with rounded tourmaline and zircon, overlying schists with anqular kyanite),

(2) Differential stability of minerals as they are subjected to weathering in the
soils of the source area--to investigate this foctor compoare the chemical stability of
the minerals with their abundance in your sediment.

(3} Durability of the mineral to long-continued abrasion--check hordness ogainst
abundance to evaluate this.
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{4} Hydrauiic factor. Minerals of a certain shape or specific gravity will be
carried father away leading to changes in mineral raties from specimen to specimen.
Thus, Brogdon ond Bullard have shown that scuth of the Ric Grande, magnetite
decreases southward and hormblende increases southward due to different specific
gravity and shape, yet both are coming out of the mouth of the same river; if millions
of years later someone drilled a well through these sands, he might think they were
coming from a different source area when really it is only the hydraulic Factor that is
cperating. Teo evaluate this factor, plot mineral specific gravities against mineral
abundance in different areags; if hydroulic factors are operating, the poinfs should fall in
q fairly straight line or smooth curve, with the platy or elongated rinerals systemati-
colly displaced to ene side with regard to the main trend.

(5) Post-depositional survival factor; on intrastratal sclution by migrating
connate woater, or on surficial weathering some of the less stable minerals {Garnet,
Pyroxene, Amphibole, Stourclite} may be destroved or efched; to check thiz, compare
sealed (cemented) zones with porous zones. In Gulf Coast sediments, unstable minerals
appear only in the younger beds, possibly due to intrastratal selution of these minerals
in the older beds. Always look for sealed envirorments to eliminate this factor.
Pettijohn thinks this s a very important factar in heavy mineral occurence.

6) Finally, a statistical error may be mentioned. Erroneous conclusions will
nedarly aiways be reached unless stondord statistical techniques are used,

All these extronecus variables (2 through 6) can be eliminated if one sticks to
varietal counts within the same size grains of the same species; these should have very
nearly the same durability, chemical stability and hydraulic behovior and so the only
variable aperating will be the source areo factor.

In stixying a heavy mineral suite, one should (1} determine the character of the
entire swite, studying shapes, sizes, etc., to determine the general lithology of the
source area and study the effect of weathering and abrasion; (?) for detailed work, such
as distinguishing different areas of provenance within the same formation or else
distinguishing between or corralating two formations, use varietal counts on one or two
species, using 5 to 20 varieties per species,

Authigenesis,  Magnetite, Tourmaline, Zircon, Rutile, and Sphene con form
authigenically in sediments. Tourmalire and Zircon grow as overgrowths on detrital
grains, while the others usually form mew crystals. Barite, celestite, siderite and pyrite
in heavy mineral suites are almost always authigenic.

Carbonate Minerals

There are a great many sedimentary carbonate minerals, but only three or four
are important rock-formers--Caleite, CqCu{CDB}E; Dalomite, CuMg{CG.j}E; Siderite,

Fel e{CDSJE; ond Ankerite, CalMgFe) {CDE}E‘ The Mg ond Fe ions are about the same

size and substitute for each other readily giving a complete range between (1) dalomite,
akerite, and ferrodolomite, CﬂFE{CG3JE; and (2} magnesite, several intermediate Fe-

Mg carbonates, ond siderite. The Cd ion i3 larger, however, so that little substitution
normally takes place between Ca ow Mg--siowly grown inorganic calcite contalrs at
most a percent or two Mg, and slowly grown dolomite contains at most  percent or two
excess Ca or Mg over the ideal formula, Organisms, especially those of more primitive
types such as crinoids, con build as much as |5 percent MgCOa into the calcite of their

7



shells without forming omy delanite; moe MgCD3 {5 taken up in wormer sea waters.

(Chavel. In recent sediments, mognesion caleite ard calcion dolomite B not uncommon,
becouse rapid crystaltization catches the "wrong” ions. To a lesser extent, Mn is also
easily substituted far Mg or Fe, giving rhodochrosite [MnCna} ond kuinohorite (Mn-
dolomite),

All these minerals are uniaxial negative with axtreme birefringence, rhombic
cleavage and hardness 3-4. Calcite and delomite have one index well below balsam, the
other well above so that they ™winkle” on rotating the stage (except for near basal
sections, which clways give the higher index); siderite has both indices well above
balsam, therefore does not twinkle. furthermore, both ankerite and siderite often are
brawnish due o iron staining and partial alteration to limonite pseudomorphs.

Caltite probably forms over half by valume of the corbonates, occurring as
directly-precipitated microcrystalline ooze {forming irregularly roynded grains 1-4
microns in digmeter); as mosaie, xenomorphic crystals which are clear and often
twinned, and as fibrous coatings and crusts. In some fresh water environments {caliche,
streams) calcite forms tiny evhedrad rhombs (Falk, 1974). 1t forms "ithographic” ooze,
cement in sandstones ond limestones, colites, fecal pellets, fossils, vein fillings, and
occasionally is a replocerment mineraf. In some sondstones, it occurs anly as scattered
patches while the rest of the rock is noncalcitic. These patches usually consist of one
large crystal engulfing numerous send grains, and the rocks are known as "“justre-
mettled" sondstones or sand ¢rystals. Aragonite has the same composition s <alcite
but is erthorhembie with slightly higher indices. 1t occurs in fossil shells and recent
oolites ond carbonate oozes; it inverts fo calcite eventually, but some Pennsylvania
shells are stifl aragonitic, while some Pleistocene aragonite has aiready changed o
calecite.

Dolormite may occur as a directly-precipitated {7} ooze in erystals 2-20 microns in
digmeter; as cowrser, idiomorphic to xeromarphic crystals replacing limestone; and
occcasionally as veinfillings or cement in sandstones, It may be distinguished from
calcite by the fact that it nearly always shows some evidence of rhombic erystal form,
even in grains as small as o few microns; also, it is almoest never twimmed. When
replacing limestene, the allochem structure is sometimes preserved, especially if the
dolamite crystals are coarse; but just as commonly it is obliterated. Ewven in one thin
section there moy be areas where this structure is nicely shown, and adjeining areds
where it is destroyed. "Limpid™ dolomite (perfect, exceptionally ciear crystals)
probably indicate fresh-water mixing, and "Barogue" dolomite [coarse, white, twisted
crystals--Pedone |978) probably indicates 5 or 504 associgtion and higher femperature.

Siderite and ankerite may, like dolomite, form as a replocement, as @ directly-
precipitated ooze, of as concretions. Ankerite may form beds, reworked pellets or
introclasts in some swampy, deltaic sediments (Rizvi}.

Miscellaneous Chemical Minerals

Magretite is uvsually a detrital heavy mineral, but it may form authigenically
under mildly reducing conditions, especially when ossociated with glawconite. Under
mgst reducing conditions, magnetite is dissolved., Hematite may be dull red and earthy,
or else form blood-red transiucent scales; it is the pigment of mast redbeds. Oxidizing
conditions are necessary both for its Formalion and for its survival. May form in seils
vrder humid, tropical cenditions, ar maoy be precipitoted from sajution in the sea. [n
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most redbeds, hematite acts only as a stain (ie, very firely divided, uniformly
distributed srmaoll particles) and forms a eoating on the clay minerals comprising only a
few percent of the rock; in other specimens, howewver, solid masses of pure hematite
form s pore-filling cement or replacement of carbongte. Limonite 1s frequent as o
wedthering product of other iron minerals, It requires conditions less hot ond humid
than hermatite in order to form in the soil, thus occurs chiefly in temperate soils. Aging
converts limontite to hematite, also. In many recent or continental sediments it forms a
solid cement, probably as the result of weathering., Walker (1967} thinks red sandstones
may develop under semi-arid conditions by alteration of heavy minerals, intrastratally,
Mature desert sonds are red {Folk, | 276); with uging 1he red darkens to dull maroon.

Pyrite forms under reducing conditions where sulfur is present, and is commenly
associgted with organic or petrolifercus rmatter, fossils, etc. It is a very “strong"
mineral and can replace anything, even quartz. It may form isolated tiny crystals or
huge concretions, the latter usually arsund an organic nucleus,  Melnikovite or

hydrotreilite is a very finely-divided black iron sulfide responsible for much of the dark
color of recent marine muds.

Calauconite, KAITSI0OH with considerable Fe and Mg, varies from an Fe-rich type of
illite to an Fe-rich type of montmorillonite. In thin section i1 is usvally some shode of
green with a microcrystalline or scaly birefringence. 1t is supposed to form under
marine, mildly reducing to mildly oxidizing conditens on the continental shelf, and is
abundant in modern offshare muds. Much of it occurs as fecal pellets; rarely 7t forms
as a pore-filling cement, ar replaces calcite. ¢ is considered very diagnostic of marine
beds, and the type of glauconite varies with environment, geologic age, ete. (Bursth
Collophane {CuPDE}] occurs as bores, teeth, scales, shells, conodonts ete.; as turds; and

as inorganic replacements of limestone beds, as nodules and oolites,

Ewgporites sometimes occur as beds, sometimes as cement in sandstones or as
replacement crystals in limestone. Gypsum bas low biretringence with index below
balsam, and is usually fibrous; anhydrite has indices above balsam, with high birefrin-
gence and often forms good crystals; and halite 1s isotropic, with very low index. Barite
and celestite may oceur as cement in sandstones or as replacement in limestanes; index
is above balsam, gray birefringence. Evoporites are frequently replaced by length-slow
chalcedony or quartz. Zeolites occur as common cements in volcanic sediments, and
may aiso result from burial metamorphism.

As rmentioned previously, zircon, tourmaline, rutile, sphene, anatase and other odd
minerals may form authigenically. These often ferm gooed siratigraphic markers,

Organic matter, though not a mineral, deserves mention, It occurs as black or
deep brownish moterial, and represents the most resistant bumic and bBitominaos
materials such as waxes, lignins, ete., left after decay. 4 is most gbundont where
formatien is rapid (flourishing life), where burial is fast, whare bacterio are not active
(bacteria eat it up and destroy it)--stagnant, reducing waters are regorded as most
favorable. Modern marine muds run 1-2% organic matter; there is very little in sands
because organic matter is light and fluffy and travels with the clay minerals. Liguid
hydrocarbons--paraffins, naphthenic and aromatic--are now forming in recent maripe
rmuds,
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PETROLOGY OF SANDSTOMES

According ta Krynine (Jour. Geol. 1948) sedimentary rocks have three basic
properties: mineral compaosition, texture, and structure. Mineralogy and texture have
already been discussed from a piecemeal aspect; now it remains 1o see how they are
integrated in the classification and used in interpreting the genesis of sandstones.
Structure is not covered in this syllabus, muny excellent texts now exist le.q.
Pettijohn/Potter, (1963-1964)]

Textural Maturity. The texture of sediments has two aspects: (|) description of
properties, i.e., determinotion of the grain-size parameters ond grain-size pame,
measurement of grain shape and description of surface features, and {2) integration of
these properties inte an assumed sequential development, the fouwr stages of textural
maturity. (Folk, J. Sed. Pet. 1951, 1956). This concept proposes that, as sediments
suffer o greater input of mechanical energy thorugh the abrasive and sarting action of
waves or currents, they pass sequentially through the follawing four stages:

| Immature stage. Sediment containe ever 5 percent terrigencus clay motrixg
sand grains usually poorly sorted and angular.

II. Submgtura stage. Sediment contains under 5 percent cloy, but sond grains are
still poorly sorted { over 0.54) and are not well rounded.

fll. Mature stoge. Sediment contains little or no clay, and sand gradins are wel!
sorted o under .52, bad shll not rounded.

I'Y. Supermoture stoge. Sediment coeniains no clay, sond grains are wel| sorted and

well rounded {Woddel| roundness over .33; p over 3.0). This determination should be
rmxde, if possible, on quartz gragins of medivm and fine sond size.

Textural matyrity is thus one of the most importont keys to the physical nature of
the environment of deposition, since {t provides o descriptive scale that indicates the
effectiveness of the onvironment In winnowing, sorting, ond abhrading the detritus
furnished 1o it, Thus immature sediments accumulate in loci such as flood plains,
alluvial fans, or neritic or lagoonal environments where current action is either weak or
deposition is very rapid so that sediments do not have a chance to be subjected to input
of any mechanical energy after deposition. Supermature sedimenis, on the other hand,
indicate deposition in loci of intense abrasion and sorting, such as beaches or desert
dunes, where energy is constantly being expended on the grains.

Because it is supposed 1o be an index of ariginal sedimentational conditions, one
ignores |ater effects of diagenesis--i.e., discounts authigenic clay mirerals that have
crystallized in formerly open pore spaces, ignores chemicdl cements, ond considers
shapes of grains underneath gvergrowths if ony, To determine textural maturity, follow
this key:

l. Determine the percentoge of clay (including micacepus hash finer than
coarse-5ilt size, J03Imm).

4, if the rock has aver 5 percent clay, it is IMMATILIRE.

b. If the rock contains less than 5 percent clay, go to {ZL
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In general, immature rocks have very little original visible pore space, and |ittle
chemical cement; submature (and higher) rocks have the pores either open or filled with
chemical cements like quartz or calcite.

2, Determine the sorting of the rock.

. If it is not well sorted with g over 0.5% {rr diceneter ratio aver 2.0), it
is SUBMATURE,

b. If it is well sorted wilh o under 0L54, go ta (3.
The sorting borderline between submature and mature is depicted in the bottern figure
on the next page, which represents a set of spheres with a phi stondard deviation of
exactly 0.5. Compare your sample with the figure to see if it is well enough scorted to
be mature.

3. Dietermine the roundness of quartz grains of sand size.

a., If the grains are subangular to very angular on Powers' scale (o under
3.0,it s MATURE,

b. It the grains are subround to well rounded (p over 3.0} it is SUPER-
MATLURE.

The figure below represents a sand with roundness of 3.0, the borderline between
mature and supermature,
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TEATURAL MATURITY FLOW SHEET
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IMMATURE SUBMATURE MATURE SUPERMATURE

Sorting may be estimated Tn hand specimen with a phi size finder mount by deterrmining
what phi diameter has one-sixth of the grgins by area larger than itself; then
determining the phi diometer that hos one-sixth of the grains {(by area} smaller than
itself. In this way, one hos estimated the |6th and 84th percentiles of the distribution,
subtract these two diameters and divide the result by 2 to get the standard deviation,
For exampte, if the one-sixth limits are 1.2 ond 2.84, ois 1.6/2 or 0.84. In thin section,
the same process of mentally determining the diameters ot the |&4th and 84th
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petcentiles s gone through, except the grains are measored in millimeters. The
millimeter vafues can be converted to phi values by wsing the chart on page 23 and
ireated as abowe: or more roughiy one can divide the twe millimeter values and use the
raties in the following table (for example if the one-sixth limits are 40 mm and .15
mm, the diameter ratic is 2.7, and the rack is maderately serted and submature).

| 6%6/84%,
Diameter ratig, Phi Stondard
millimeaters Deviation Verbal Scule
.0 00
Yery Well Sorted o
1.8 35 — —
Wel| Sorted =
—— 2.0 o )
Moderately Sorted | .o
4.0 | .00 - =
-
8.0 .50 Poor ly Sorted =
o
16.0 2.0 @
Very Poorly Sorted

Unfortunately, it is a common tendency to overestimate the stondard deviation
values of well-sorted sonds. Hence thess values con be more conveniently obtained by
comparison with the set of standard deviction comparison images, previous page,

In determining maturity, there is one exception to the numerical limit o = .5¢
gdvocated above. Some sands that would be considered poorly sorted as whele, consist
of two distinct modes which are in themselves well sorted. These examples should be
called "bimoedal mature" or "bimedal supermature" {depending on the rounding), consid-
ering them to be genetically well sorted for the purpose of maturity termirology,
although numericalty they would not be. Many of these are desert deflation products
{Falk, 1968 XXIH Int. Geol. Congress, Praha Cedskoslovensko).

Textural Inversions ccocur when well-sorted or well-rounded gruins occur in o clay
matrix, or when o sediment is composed of poorly sorted but well-rounded grains.
These are very vaoluable in interpretation because they indicate mixing of the products
of two energy levels. Sortfed or rounded sond grains in a clay matrix often occur in
lagoons behind barrier bars, where the sand grains are blown off the beaches or dunes
(where they achieved their sorting and rounding) and mixed with the lagoonal clays by
storm winds or waves. Final deposition occurs in o low energy environment, therefore
texturally inverted sediments are classified as to the lowest stage of maturity present,
which normally represents the latest environment. Textural inversions also occur when
cider sandstones are eroded to produce a new sediment, for example poorly sarted river
sands made up of rounded grains from outeraps of much elder sandstone, Some textural
inversions may be coused by burrowing arganisms; for example, pelecypods or warms
covld burrow through a nicely interlayered series of well-sorted sands and interbedded
clean clays, and make the whole thing into a homogeneous mass of clayvey, immature
sond.  But the presence of these immature sonds would indicate that the final
environment was one of low energy, or else the currents would have re-sorted the
material after burrowing.
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ENVIRONMENTS

BAR or BEALH LAGOOM

ABY5SAL HERITILC

Gyl

sand [ +.’.

Cilt

Clay
Oxidizing . P
REd’l.il-[.‘-lIlg e e ———— e ——————— -r"n..__ ‘___..r"'r
pH Alkaline _ . _ o o e e e —— o —————r - — ==

Acid

NOTE: All above factors affected by gealogic history, For example the sediments we
find now in the neritic zone may have actually formed when ses leval was much lower-
ancient beaches are often burjed under severzl hundered feet of water and thejr
characters will de rhose of beach sands although thay are now deep jn the neritic
2one. Beaches contain gravel (f (1) gravel is the result of past geologic history

(e.g. glacial); {2} hard rocks outcrop at the coastline; {3} competent rivers carry
grave] to the sea.
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PLAIN  CHANHEL  SWAMP FAN N § .

{(Delta includes beach bar, channel, floodplaan
swamp_and neritic environments)
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HWOTE: Proportion of gravel In the various loci depends on {1} nearness to hard rock
outcrops or clder reworkable gravel deposits, (2) competency of currents,
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The range of maturity ercountered in natural environments is estimated in the
following figure, thickness of the lenses corresponding to the most common stages of
maturity present in each environment. The next fiqure attempis to show typicol grain
size far the various sedimentary environments.

It is important to realize that the maturity rating of an environment depends on
how rmuch mechanical energy is exerted on a sediment after it has been moved
essenfially to its fimal resting place, by currents ond waves at the fimal slte of
deposition; it doms not depend on the energy expenditure required to move it from the
source area fo the site of final deposition. A flood or turbidity current, for example,
may expend a tremendous amount of energy while 1t is transporting sedlmem but once
the sediment is dropped it is simply buried by more sediment and never suffers any
further sorting or winnewing thus such sediments have low maturity. Waves on a beoch,
cn the contrary, sort and rework the sediment continually as the tide goes in and out, or
as storms and seasonal changes chew up beach sediments and shift them repeatedly,

Krynine has shown that each sediment-moditying process operates at a certain
aptimun energy level, and this philesophy is certainly tree in concept of texiural
maturity. Thus the amount of energy expended in modifying sediments must be within
certain limits; if it is too little, sarting and rounding do nat operate efficiently: if too
much energy is exerted, the maturity may be destroved (such os when g sudden storm
destroys a well-sorted beach and mixes it with lagoonal clays, or when o rmountain
cloudburst produces torrents that frocture boulders that had became roaunded under o
more gentle sireamn regimen). Thus swdden excess bursis of energy are often
responsible for textural inversion. [t is a curious thing that the best rounded sonds are
usually not too well sorted:s this may mean that rounding operates best in enviranments
with energy levels that are teo high for optimum sorting, where currents, winds or

waves are too vigorous ond repeatedly mix up and "unsort" previously sorted layers of
sands,

Tectonism and Textural Maturity., It bos been pointed out above that textural
maturity is very largely the result of the enviranment of deposition (beach, lagoon,
floodplain, delta, alluvial fan, efc.d Some workers, however, claim that textural
maturity is a direct function of tectenism:  interse tectonic activity with rapidly
subsiding geosynclines vielding strofigraphic sections composed entirely of immature
sediments, mild tectonic instability {(unstable shelves) giving all submature sediments,
stable conditions (stable shelves) producing nothing but mature sediments, and periods
of prolonged tectonic stability resulting in supermature sediments. This is O gross over-
simplification becavse (at least in the lower three stages of maturity) environment of
deposition exerts o much greater control thon tectonism on the soeting and rounding of
sedimerts. Thus a flood-plain or neritic sediment will probably contain just az much
clay if the depasitional bosin is sinking at the rate of one inch per hundred years
(violent subsidence}, or one inch per ten thousand years (stable shelf). Similarly, a
beach sand may get just as well sorted if the shore line stays at one position for ane
hundred years, as it would if the shoreline was stabilized for a hundred thousond years.
For example, Texas Gulf coast beaches {and their buried Tertiory equivalents) hove
superb sorting values, with o in the ronge of 0,25-0.35¢; vet no ane would call this
rapidly subsiding geosynelinal region a "stable sheli.," The reason for that iz that the
geologic processes of sorting ond winnowing take ploce almast instantaneousiy when
compared with the geologic time scale--somds can be sorted pretty well, and clay
removed, by a few swishes of a miner's pan! Thus it does not require any lang peried of
crustal stability to produce well-winnowed or well-sorted sediments.
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The role of tectonic stabiiity in producing supermature sediments is iess clear,
Certainly these times in earth’s history that were characterized by very stable and
quiescent conditions {upper Cambrian, Ordevician, and Cretaceous for example) have
nroduced abundant supermature sediments; and relatively stable areas of the earth's
crust hove produced supermature sediments throughout much of geologic time (Cana-
dian and Australian shield sediments, for example). But contrary evidence shows that
supermaoture sands can be produced in one cycle, and in very brief geologic time if the
environment is potent anough, This happens in the Ellenburger of West Texas, where
heds of supermature samnd alternate repeatedly with eangular sonds of the some grain
size, all caming from the same primary grenitic-gneissic souwrce orew.  The identical
thing happens in the Siturion of West Virginia, where quartz sands from the same
metarmarphic and vein ssurce may be very well rounded in cne bed and subangular in a
bed twao feet higher. |¥ periods of tectonic stability are called upon to expiain these
sequences, then those "stable" pericds mest have lasted only a small fraction of a
gologic periad, In the opinion of this writer, then, these rapid alternations are caused by
shifts in envirpnment (begch or dune vs. flovial or neritic, for example) ond do not
require any prolonged stability of the crust, They probably would rot farm in a period
of such rapid shoreline shifts as we have had in the Pleistocens or Recent {since very
little rounding of sond-size grains is going on in present LS. ocean beaches), but might
be formed during non-glacial times in places where the environment was right, The
beach-dune environment would have to be relatively stationary at one place (or else
sweep through the same spot repeatediy) in order to prodece high reunding, by the
point is that it need et be stabilized for more than a fraction of a geologic period.

Although the environment of deposition is apparently the immediate contralling
factor in texturyl mmaturity, the tectonic framework exercises an indirect control by
determining which environments shall be velumetrically daminant and which environ-
ments shall be rare i a given region or stratigraphic section. As Kryhine bhas shown,
the degree and type of tectonic activity does determine a certain preferred {but not
necessary) ossociotion of source area lithology, relief, geomorphic processes, ond rate
of subsidence of the depaositional hasin, These factors in turn integrate to produce
preferred associations of environments, because the rate of influx of delritus info a
basin, combined with the rate of subsidence of that basin, determines the quantitative
distribution of the envirohments, e.q,, proportion of continental to marine focies, or
relative importance of deltaic vs. each sediments. And these environments in furn
contral the textural maturity. For example, in @ tectonically active geesynclinal area
sediment deposition is rapid with buildup of extensive flocdplains, aggrading river
channels, large deltas, and thick masses of neritic sediments, possitly in part deposited
by turbidity flows and submarine mudslides. In such a tectonic frarmework, immature
sadiments will dominate because of the prevalence of low-maturity environments in the
region, But local beoches in this complex, although volumetrically miner, may contdin
extremely well-sorted sediments of high maturity, and some of the river channel and
shallew neritic sediments may be pretty well sorted. When intense block-faulting
pceurs in the continental interior {e.g., Basin ond Range province), very rapid erosion
and presence of aobrupt scarps lewds o the production of immense thickresses of
continental sediments, huge alluvial fans, mudflows, bahadas, belsen fill, and fluvidl
sediments, As a whole then, these deposits will be of low maturity, but occasional river
channel sands or lake beaches (e.g., Lake Bonneville} may be quite well sorted. In a
tectonically stable shield area, the shoreline fransgresscs ond regresses over large areas
becquse of the flat tepagraphy, while subsidence is very slow and little sediment influx
geours, Thus most of the sediments are beach {or dune) deposits, and Muvial sunds bave
only a temporary existence because they ae destroyed and rewarked Ly the next
marine transgression. The beach sands ore pocked one against the other hy shoreline

shifts, to produce o wide sheet of highly matured sand. But neritic sediments (ond
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accasionally-preserved fluvial sediments) may be just as clayey and poorly sorted as the
fluvial ar neritic sediments proaduced in the other more active tectonic frameworks.

Thus grandiose tectonic conclusions should not be drawn from one or a few
samples, unless it can be shown that they are typical of a large stratigraphic interval,
A single bed of very well-sorted sand may represent a beach, but one cowot jump
immediately and conclude that the beach sand formed in a tectonmically stabie
framework; it may be just a locat beach in a great mass of deltaic sediments formed in
a vielently subsiding geosyncline. The decision on what type of tectenism is repre-
sented has fo be mode by examining the quantitative disiribution of environments over
a large stratigraphic interval, and integrating this with other rock features such as
mineralogy, thickness distributions, and gross stratigraphy.

Thus, the textural maturity of sondstones is dependent on envi ronment, but
volumetric importance of specific environments is determined by tectonic activity.
The mineral composition of sandstones is controlied by source area lithology, and this in
tum is alsa affected by tectonism (Krynine). Consequently both properties interact,
althaugh they show a considerable degree of Independent variation. Their interaction
produces what may be called a "main sequence" of sandstone types: most immature
rocks, usually formed during perieds of crustal unrest, are rich in unstable constituents
like metamorphic rock fragments, micas, and feldspars, hence are usuvally arkoses or
litharenites, Most supermature rocks, formed during periods of crustal stability, have
suffered enough abrasion or weathering to remove the unstable constituents, and the
only thing that remains is quartz; thus they are usually quartzarenites. Sublitharenites
and subarkoses frequently represent transitional stages of maturity and mireralogy.
There are many exceptions to the main sequence, however, which agre very important to
recognize as they represent unusual conditions of climate or depositional environment.
Mature litharenite, supermature sublitharenites, immature and submature or thoguart-
zites, and mature and supermature arkoses are quite cornmon examples falling off the
main sequence. Any mineral composition can eccur in any stage of textural rnaturity,
but certain conditions are preferred in nature.

Krynire's Theory of the Tectonic Control of Sandstone Properties

M. 5. Shvetsov, In the 1920's, was apparenily the first one to realize that pure
quartz sondstones are characteristic of stable shelf areas and quiescent contirental
shields, or kratons; and that sandstones in oregenic areas are much more complex
mineralogically--either arkeses {rich in feldspar), graywackes (rich in rock fragments)
or tuffites (rich in volcanics). But Krynine went further and about 940 set up his
system, a three-stage scheme for linking the tectonic development of a continent with
deposition of specific mineralegical sandstone types, These were, in chironological
order; (1) Quiescence or Peneplanation Stage, resulting in "quartzite®; (1) Moderate
Deformation or Geosynclinal Stage, resulting in "graywacke”--i.e., a sondstone rich in
metamorphic rock fragments, micas and micoceous clay matrixg; and (111} Violent
Detormation ar Post-geosynclinal Phase, resulting in arkose., For references in which
these ideas were presented, see PDK memocrial in 1966 J5P. The most accessible
references are JG 1948 and AGU Trans, 1951. The following is an ultra-brief
condensation of Krynine's ideas.

A typical segment of the earth's crust is assumed to consist of three layers;
sediments on top, metamorphics and veins next, and plutonic igneous rocks at greatest
depth, Krynine's idea is that increasing amounts of tectonic activity are required to
bring these successively deeper layers to the surfoce so that they con act as source
areas.
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FOUR-DIMENSIONAL TECTONOLITHOLOGIC CONTINUUM
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MINERALOGIC CLAN, TEXTURAL
MATURITY, AND TECTONIC BACKGROUND

Almost any rack type can occur in almost any tectonic framework, depending mainly
on source, but strengly affected by climate, environment, etc. However, there
seem to be certain preferred associations as shown below. This is a reascnable
estimate, based very largely on North Amerlcan examples unfortunately. (1963)
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Under quiescent tectonic conditions the top layer of the crust {sedimentary layer)
furnishes the defritus. Furthermore, under quiescent conditions, intensely matured
beach ond dume sediments dorminate the stratigraphic section, For both these reasons,
then, the resultant sediments will consist largely of quartz {with or without chert), l.e.,
they will be quartzarenites. |f guiescence is prolonged, erosion may eat down 1o the
granitic layer, and some feldspar may enter the sediment,

Under orthogeosynelinal deformetion, tectonic activity buckles the metamorphic
laver up to provide 0 source area. Intense folding, thrusting, and dominant horizontal
tecionic movements actually create low-rank metomorphic rocks like slates and
phyllites out of the folded sediments. Because of high relief and rapid erosion, the
dominont environments are those where rapid sediment dumping fakes place, i.e.,
fluvial planes, deltas and neritic shelves. Thus sands ore rich in metamorphic rock
fragments and are not well sorted; hence, they will be graywackes (how, 1966, termed
"Phyllarenites"), Foid mountains (Alps, Pyrenees, Slovak Carpathians) contain abundant
phyllorenites.

If violent tectonic moverments of a dominantly vertical nature occur, as in block
faulting following a periad of folding, the deepest layer of the crust, granite and gneiss,
i5 raised to the surface to provide a source area. Environments again are those of rapid
deposition, i.e. fluvial plains and alluvlal fans. Sediments conseguently are rich in
feldspar, therefore are arkoses,

Krynine's theory is vastly oversimplified and idealistic, nevertheless it works
rather well in many areas and is an excelient guide to stratigraphic thinking. Its big
imper fection--and no maodel is ever parfect—is that it igneres the important part plaved
by the past history of a region, which is a large "chance” variable thrown into the ideal
tectonic schems. For example, consider on areo that was in some past age o©
geasyncline filled largely with shale and that later became orogenized ond converted 1o
low-rank metamorphics. 1f such on area is block-foulted, the pile of metumorphics
would be so immense that MRF-sandstones {graywackes of PDK)} would be deposited
tnstead of, as theory proposes, arkoses.

Related to this is the absence of any place in the scheme for sedimentary deposits
resulting from simple rejuvenation {without differential deformation) of on old source
(of whatever lithology). Another weak point is the very minar rale assigned ta voloanic
sediments.

In view of these relabively minegr shortcomings to whol is bosicolly a sound
organi zed scheme, the foliowing ™New Gospel" {conceived in Fall, 19853} is propounded as
a modification of Krming's sdheme and to take inte account these difficulties.

A Concinnity of Depasitional Regions

To understand the relaiion between tectonics and sandstone types, one must first
consider gross continental architecture, The following scheme is a development of the
work of 5tille, Kropf, Kay, Krymine, Krumbein-5loss, und ofbers. For the record, terms
ariginated by myself are shown thus (*).

In its early stages, a continent may consist of a stable kraten (typicatly mosty
granite or gneiss or high-grode metamorphics), surrounded in part by svbsiding regions
of sedimentation (geosynclines) with outlying welts serving as most active sources of
detritugs most detritus moves centripetally, from the oullying welts towards the kraton.



[Greek spailing is Kraton (= estoblished, stable); introdeced in geclogy 1o Kober In 192
a¢ "kratogene," loter pepularized by Stille oz "Kraton,"] Thonks to AM.C. Segar for

etymology.,

KRATON

CRTHUGEOEYHCL IMES
and WELTSE

The highly mobile Orthogeosynclinal Beit (H. 5tille) contains:

L0

- H

Either the

tectonically active welt, often velcanic; islonds or large lands,

Eugeosynclinal belt (Stille), typically deeply subsiding, very thick sedirnent
infil{ {often by turbidites and se-called "flysch™), rich in volcanics and deep-
s5ea sediments. The outer belt is uswatly beyond the ken of geclogists,
Recent work has shown that it is often a trench ocverlying o subduction zone
between two tectanic plates {K=0). Belween the trench and [siand arc is
the "arc-trench gap."

9 medial ridge ar island chain that may or may not be present a3 o
separation between eu- grd miogeosynelinal beltsy if 11 is absent, the twa
types of erthogeosyelines may be smocthly tramsitional. The whale
deprassion then is often comsidered a “marginagl basin® and maoy be produced
by "bowrk-or o spreading.™

Miogeosynciinal belt (Stille), typically less subsidence, thinmer, with local
basins and highs, typically shallow-marine, paralic 1o continental; essentially
non-volcanic. A strongly uplifted polat source may give the exogeosyncline
of Kay (e.g., Catskill "delta,* New York - Perna.).

mig- o the euwgjecsynclingl belts may be missing, but if both are present the

eugeosyncline is on the oceanward side.

The relatively stable Kratan Region contains:

P

Perikratonic shelves and basing, aocurring on the perimeter of the kraton
and fed the kraton; generally thin blonkets or Basins that are not
elongated parailel with kraton margins; shallow-water marine sediments
dorminant (stable shelves of Krumbein & Sloss).
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ek Epikratonic* shelves, basing and geosynclires (porageosyrclines of Stilie),
developed on the interior of the kraton, away from its margins {outo- and
zeugogeosynclines of Kavl, Rift Vollevs (K AK) rmay represent aulacogens,
Wider basins result from "Saucer Tectonics,”

TE Uplifts may or may not be present adjoining the epikratonic basins.

All of the dbove features are completely grodabional and overlapping, but represent
recognizable end-points like the colors of a spectrum.

Later in the history of the continent, the mobile belt is thrusted, folded, squashed,
infruded, uplifted, ad accreted onto the continent as o relatively rigidified auter
frome, which thererafter does not mormally undergo further severe horizontal deforma-
tion. Thus the originel kraton fhedreccraton of Kaoy) is enlarged to become o new
kraton, or neokraton.* Any mobile belis added since Precambion are considered as
neckratons. Further geosynclimes, basins, sheets, and troughs may then develop atap of
and flanking the neokraton, as classified below;

(_RIGIDIFIED OLD ORTHOGEOSYNCL INE </
< NEOKRATON >y

ey Epigeosyrmclinal* sheets, basins, troughs, and geosynclines; can be divided as
follows:

eq-fi flanking linear regions of thick depeosition {paraliageosynclines of Kay--
more exactly, "geornonwclines! like Atlantic and Gulf Coast Tertiary,
LL5.A0; or more equont basing or sheets (e.g., Svdney Basin, Austraolig).
These often oecur on the passive edges of continents, where continent and
acean basin are on the same tectonic plate. (KOA),

eg-ms medial regions {including local intermontane basins, fault-biock basins or
tapbrogecsynciines of Kay, and deeply subsiding troughs or epieugeosyn-
clines of Kay; e.g., Newark series, or Nevada graben-fills, ete.) These may
be the result of tensional movernent between plates, or the initigl rifting
when a continental plate starts to split. (KAK)

e-C3 centripetal regicns, sediment moving generally from the deformed belt back
onto 1i stable krotan {e.g., Great Plains Tertiary, LISA; Cretaceaus and
later, western Gueensland, Australial. Dilution from the old kratonic area
COMMon.



EARLY STAGE

ek - spikratonic baslns and
geosynclines
u - uplift
p - perlkratonic basins,
sheets, and iraughs
- Eransport directions

dnTHn—

GEOSYNCLINES

LATER STAGE

eg -~ epigeosynclinal basins,
troughs, sheets, etc.,
rigidified old mostly lying atop the

mobile belt neokraton
~ tranzport directions

The MNew Glabal Tectonics Integrated
with Classical Sedimentary Tectonics

The concept of mobile oceanic crust, colliding oand splitting continents and piate
tectonics has wreaked great changes in ideas of gaosynclines and classical "sedimentary
tectonics” as champiocned by the workers of the pre- 1260 periad. Howewver, one should
not be defeatisl ond say “let's throw out all this gorbage on nomenclature of
qecsynclines," or "tectonics bas no relation to sondstone petrelogy,” The two schemes
can be satistactorily integrated; true it is not simple but the steak should not be thrown
out with the grease, {(See Dott, SEPM 5p. Publ. 19 and 1978 E, Sci. Rev,; and Dickinson,
SEPM Sp. Pubi., 22).
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Surely we recognize that there are deep troughs wherein encrmous sections of
sediments accumulate, and other areas that are stable with only thin undeformed lavers
of sediment. And among the sediment-filled fwoughs there are many different settings;
ran-walcanic v, voteonic, accurring in different positions with respect to continents,
plates, atc.

What we see in g thin section of a sandstone usually is the endpoict of on
incredibly long chain of evernts extending back into the dimrnest geclogic past. As we
trace causes hock things get more and mare hazy. Mevertheless it is worthwhile to fry
to trace this chain of events as far back as we can, to as uvltimate o cause as possible,
Beginning at the prime source, (1) convection currents in the mantle presumably cause
{2) movements of crustal plates. These movements produce (3) zones of surface rocks
having different types of tectonic activity--compression, tension, volcanism, etc,
These in turn {4} become different types of source terranes: metamorphics, granites,
andesites, ate. These in turn (5) produce different types of sondstones as madified by
weathering processes, relief, rate of erosion, and differential abrasion or weathering
during fransport ond deposition in varicus environments. For example, plate conver-
gence produces horizontal deformation {Ch), e.q., thrusts and folds, and this often
produces metamorphic rocks, which under rapid erosion, ineffective weathering and
lock of obrasion wili prodyce fluvial sediments that are phyllarenites, or beach
sediments that will be quartzarenites with a lot of metamorphic quartz. As another
example, plate separation produces vertical deformation, i.2., tension and Block faulting
and either uplift of plutonie basement {Dv) or granitic intrusion, thus common gronitic
sources, hence alluvial fans ond arkeses. These are ideal examples, oroviding the "main
seguence,” or the "guiding model.” Mothber nature is net that simple ond we have to
reaclize that variations exist because of random interfering causes, e.g., past geologic
history.

Reducing plate tectonics 1o its basic frameworlk, one can establish the following
classes of plate behavior,

. STABLE PLATE {symbolically, K foar continent}. Basins of sedimentation atop
an unbroken continental plate. Plate character may range from q shield of prolonged
rneutral or mildly positive nature {Conadian shield), to a mildiy depressed perikratonic
margin with widespread thin shaets of platform sediment (mid-Continent U.5.); it con
have local gentle basins {Michigan} or block-faulted troughs (late Paleozoic, Colorade),
Qccurring in this framework are perikratonic shelves, and the parageosynclines of Stille
{audo-, zeugo-, and taphrogeosynclines of Kay). Sediments moy also spill off the edge
of a stable contirental plate, producing a geocline indistinguishable from KOA (see
below), Tectenic activity mainly Gk or Q, (giving carbonates, supermature quartz-

arenites orsubarkoses) locally B or even rarely D v {arkoses). Continental plate is not

ruptured, hence is strong encugh to resist later erumpling at that site, thus no Dh;
basins contain only mildly deformed sediments, :

llA. PLATES SEPARATING, Ensialle rift (KAK, read K split ). A continental
plate is beginning to split apart, offen because a pair of oppositely-directed mantle
currents well up urderneath it. However, simatic basernent is not yet reached., But a

linear geosynciine forms upon the interior of @ continent {micgeosyncline). This may be
filled by sediments swepf in from the stable Kraton on either side [E‘k}; often thick

troughs of quartzarenite result. Continental plates, weakened aleng this join, may
ascuiate (repeated kissing-type activityk compressional spasms causing Ly (intense

thrusting, folding and even metamorphism with production of phyllarenite clostic
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wedges), while fensional spasms cause D {block-faulting and arkoses}. These wo

phases often alternate and rmay be Inlerspersed with restful phases, Foerming quartz-
arenites or carbonates. Minor veleonism and intrusion may accur. The Amaodeus Basin
of central Auvsiralio appears to be a good example of incipient plate separation with
later compression, collapse and hedling. Continental plates may also slide |aterally,
K/K (read K slide K), producing D, wplifts and basins. See Lowell 1372 G3A.

Auvlocogenes are incipient KAk,

1B. PLATES SEPARATING, Ensimatic rift I-{)‘élﬁi, read ¥ split-s K). Further

cracking apart of continental plates expases simitic basement. A very impeortant, deep
lirear "eugeosyncline" is formed; usvally wvost outpourings of basic to intermediate
voleanics, often with deep-water sediments (shales, cherts) and turbidites; sandstones
usually phyllarenites, voleanic- or plagioclase-arenites. Some moaterial loften quartzose)
mdy spill in from the stoble Kraton (Gk) during phases of relaxation, especially in the
"miogecsynchinal” belts that flank the medial "eugeasyncline Alternating spasms of
compression {(causing Dh arvl normally phyllarenites) and tension {causing DV) are the

rule, with abundant wveolcanism {X). Exarmples are the Appalachian geosyncline during
much of the Paleozoic when it had a kraten-ward mioegeosynclinal belt and medial
engeasynclinal belt between the ascolgting American ond European plates. The Ural
geosyneling is alse probably on example of this.

N, PLATES SEPARATED, Oceanic rift produced (KOMA)  Plates have finally
separdted, wsculating ceases, and a substontial oceanic zone lies between the two
fragments. Contlnents continue to drift apart and the ocean widens, the mid-ocean
ridge is active, and mantle currents remain in their positions. Sediments are provided by
the kraton and the now-rigidified neokratonic frame and tectonized source lands thot
had been active highs during phase Il (KAK)., Detritus spifls off the continental margin
inta the newly-formed oceanic basin, forming o "geocline,” or Atlantide geosyncline.
Tectonics mostly R or (3, some Dv, little ar no Dh; valcanism not generally important.

Example: Atlantic coast of MNerth America during Mesozoic and later time. 5Sandstones
not distinctive; dirty quartzarenites common, and some rejuvenation phyllarenites,

HiA,  PLATES COLLIDING, Oecean/Continent (K320, read K crash D). Basic
oceanic crust is thrust under the edge of the continent in g trench and subduction zone,
Trench sediments, turbidites, voleanics horribly mingled; intrusion of granites, ophiol-
ites, etc. Common veleanie island ares, (classic “eugeasyncline”) with a kraton-ward
miogeosynelinal belt. Pacific type gecsvnclines of Crook. Mostly continuous internse
th (thrusting and folding with voleanism; phyllarenites and veleanic- or plagioclase-

arenites), but with oceasional resting or even tensional phases. "Micgeasyncline” can be
supplied mainly from the kraton side: "eugeosynclire" from the wolcanic are.  If
valeanics break through on the continent [not a separated island arc), a huge terrestrial
volocanic pile may result instead of a geosyncline le.g., W. Mexico),

Dickinson has proposcd that plates may shear (slip sideways) instead of collide,
but sediment types are probably not much different: there may be less volcanism. This
shear situation may be symbolized K{0 (read K slide 0,

liIB. PLATES COLLIDING, ContinentfContinent (K & K). The twa cantinental

plates were once separated by a substantiol ocean, Corwditions appear 1o be not much
different than HIA (K 0) except less volcanism; usually g tectonic land is lifted up at
the line of collision. The Himalayas are an exomple of K 32K, Intense Dy caused by

&
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compression; resting or brief tensional phoses [D“] are possible, Two continental plates

may aise shear sideways {IKK/iK) as in southern California. Again, volcanism appears fo
be suppressed. After continents are welded together and the scar tissue healed, ¢ new
split may arise in 4 new location--thus progressing back to | or 1.

<. PLATES COLLIDING, Ocean/Ocean 0 ==0). Forms chains of voleanic
ocegnic islands with surrounding aurecle of volcanic and corbonate sediments. Shedar

motion also possible (0/)) as in the Cayman Trench. Often trenches do not contain
much sediment.

I sunmary, maost geosynclinal nomenclatwe is worthy of ratention. Plate
tectonics has simply provided the driving engine and revealed much better understand-
ing of the reason bahind the geosynclines.

Genetic Code for Sandstones

In deciphering genesis of a sondstone, we reed to consider at least five elemental
points. These are (l) teclonics of the source land, which controls erosion rate,
geomer phology, ete.; (2} paleogeology of the soures terrane, which controls mineral ogy;
(3) tectonics of the depositional site which centrols thickness pattern, etes (4)
depositional environment, which controls texture, sedimentary structures, etc.; and (5)
degree of weathering of the material, which affects mineralogy and texture, All are to
some degree linked, but the latter two wre more ar less “"accidental,” while the first
three are linked more closely to 1he diastrophle framework, To serve os a shorthand, or
at least on outlire for meditation, any sandstone can be categorized by a aymbol
invelving all five aspects; for example, 0,,.G/p/C lw), or G‘ek.SI s/lLin). If you don't like

the shorthand, it can be written out in words. Krynine's "Holy Trinity" of sandstone
types adopted the simple view that all five properties could be predicted from the
source area tectondcs; the scheme presented here emphasizes that all combinations are
possibzle, though some are much more common than others. Now, 1o discuss each of
these five aspects in turn,

l. Tectonics of the Source Area. Five endpoints are recognizable:
Q, QUIESCENCE or Stability; low relief; "peneplanation,” slow sediment

influx; mild epeirogenic warping and eustatic changes may be involved
also.

G'k, Kratenic Source—example, Conadian shield during Paleszaic time.

(2, source in neokraton, stabilized welt, peneplaned arogen, etc.--
exgmple, Atlantic coast Cretaceous [Schooley peneplane),

D, DEFORMATION of source area, with differential activity, folding,
faulting, ete. More rapid detrital influx und higher relief, A
grodational mess, but often two end-members can be recognized in o
given region:

D, Horizontal Deformaticn--strongly asymmetrical folding, over-
thrusis, rocks become squashed and sheared, ("Alpinotype"
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deformation of Stille). Example: Appalachian wel? during later
Paleozoic, Often caused by collision of tectonic plates, or
compression atop a subduction zone.

. Yertical Deformation--block faulting, symmetrical folding, rocks

merely jostied without much squashing ("Germanotype" deformao-
fion of Stille), Example: Basin Ronge province, horsis and
grabens. Often caused by tensional mavement accompanying
separation of crustal plates, or rifting within g single plate.

Ry, REJUVENATION* of source area; source region uplifted without differ-
ential deformation, littte jostling or squashing takes ploce: source
lithology depends on past history. Transitional in "activity" between G
and D. Comrmon on neokraton, e.g., Gulf and Atlantic Coastal Plain
Tertiary,

X, EXTRUSIVE activity; volconoes active during deposition of sediments,
may be independent of any other tectonics, may happen almost any
place at any time; thus associated with Dh’DvR’ and sometimes even

Q. Probably most cormmon in the island arc-subduction zone situation.

Paleogeclogy of the Source Area, There are four main divisions, namely G
(granite, gneiss, and in general plutonic igneousk M {metamorphic rocks,
schist to slate, rmetagquartzitel; § (Sedimentary rocks, if dominantly a
carbonate terrane, can be specially designated 5::}; and X (extrusive,

volcanic racks) whether contemporary or not. Volcanoes active at the time
of deposition of the beds in question would be shown DX.Xf: erosion of old
voleanic racks by R.X/, D, X/, ete. Subequal mixtures can be shown by GM,

M3, ete.; gradual changes during the unroofing of a region or burgeoning of
volcanism can be shown M == G, 5 —X, etc. The rare basic plutonic source
can be designgted B,

Tectonic framework of the depesitional site. Krynine adopted the view that
thick prisms (p) were always associated with block-faulting (D 1~IrI#; that sheet

sands (s} were always associated with Quiescent kratons {Gkh etc. It is

undoubtedly true that these are very common associations, and perhaps they
are the most commaon; but we most realize that al] sediments do not fit such
an ideol pattern, and should recognize existence of exceptiors and not
mentally sweep them under the rug. For example, sonds con be washed off o
stable kraton and accumulate in a violently subsiding neighboring trough. |t
is difficult to make a logical classification of basins, but here is on attempt-
-suggestions welcome on improving it.

3 sheet or blonket, very thin and widespread

s*  Sheet-wedge, basically o sheet covering a large area, but greatly
thickened at one side

b Basin, fairly equant shape, thin to moderately thick (e.q., Michi-
gan Basin}
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V.

b* Basin-wedge, equant depositional region, grectly thickened ot
one edge (e.q., so-called Catskill "delta™)

P Prism, small area, often fault-bounded, extremely thick at one
side with rapid thinning {e.g., Newark faul? troughs).

g Geosyncline, long, narrow, thick trough such as a typical miocgeo-
syncline

g* Geosyncline of extreme thickness (thickness like that of typical
eugecsyncline--but mo volcenism implied as that comes in an-
ather part of the symbol}

i Local patch, small, thin, often superficial ar residuval or local
valley-fill

In the above, (*) meons great thickness. This system is flexible so that
account may be taken of units that may grade from one type of basin in one
area to onather type elsewhere--exomple, sh or sq.

Dominant Depositional Ervironment

Tercier proposed a sort of super-environmentat assembiage, upon which the

follawing is based. A formation, though made up of rock bodies deposited in

many micro-environments (e.qg., tidal flat, estuary, lagoon, beach-dune, efc.)
can be placed in a general mega-environmental assemblage as follows:

C Contirental; flood plain, river channel, swamp, etc.

Cf Continental, alluevial fan.

CI Contirental, lacustrine.

C d Continental dune-sheet {e.g., Saharan erq).

1 Littoral: specifically mainly beach, beach-dune, some shallow marine
"undaform"--hasically shoreline deposits in areas not much influenced
by riverine contributions,

Paralie: floedplain ond deita, coastal swamp and logoon, estuarine, shallow

marine; heavy influence of alluviation (e.g., Pennsylvanian of Appalachians}.

P 4 deltaic.

E Evaporitic: inlond salt loke or marine evaporitic lagoons.

M Marine, generally shallow ond of normal circulation. May be sub-
divided into M " undaform of Rich, wave-influenced generally coarser

sediments; Mc’ climoform or slope depasits, if turbidites Md; Mf,

fondaform of Rich, below significant stirring by wave action, generally
micds; Mk’ dominantly carbonate area with little detrital influx.

B Bathyal to Abyssal, slope and baisn deposits; clinoform ond deep-water
deposits; of ten "furbidites” (B,).

Eg,Mg, ete.--Glacially influenced.
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As before, mixtures can be shown CL, PM, etc.; gradual transition, M —=B,
P =L, etc.

V. Climatic Effects (when decipherable)
(w) Climate conducive to heavy weathering (hot or wet o vegetated).

(n)  Climate not conducive to much weathering; if distinguishable, {n -::I} ton
dry, {nﬂll too cald, {nv] lack of vegetation, etc,

All five aspecis of the genetic code cgn be pul 1ogether to give g systemotic
exposition of the origin of the sandstone, conglomerate, etc. The more
"tectonic influences are put first; depositionad basin is set off by /[ for
ease in reading the farmula; ond the "accidental" influences, environment
and climate, come last. Sic Semper Sciential

Mineralogical Classification of Sondstones

The perfect clossification of sovdstones does mvt now ond never will exist. Each
of the dozens of classifications proposad have reflected the composer's personal bias
and limited experience. The less one knows about a subject, the easier it is to cook up a
logical classitication that seems fo have ali problems answered. But no classification
can be developed to onswer all purposes ond reflect all local pecoliarities. Praoblerns of
classification have been thoroughly reviewed hy MeBride (1964 JSP), Klein (1963 GSA)
and Okada 1971 3G while Huckenholz (1963 J5P) ond Dett (1984 JSP) have considered
in particular the significance of arkese amd graywacke.

The first English-longuage attempt to credate a quantitative, comprehensive and
geologically meaningful {os oppesed to o random) Classificotion of sondstones was that
of P. D. Krynine, who had developed essentially his complete system by abowt 134,
taught it starling in | 943, arx] published it in detail in 1948 (JG), His thinking on
sandstone classification had apparently been strongly influenced by that of his teacher
in Mascow, Shevtsov (zee Folk and Ferm, 1966 JSP, for detqils and citations). Krynine
stressed sondstone mireralogy as a powerful indicator of tectonics, and drew quantito-
tive lines between five sandstone types, expressing composition by trisngular diagrams
based on poles of (1) quartz plus chert, (2) feldspar plus kaolin, and (3} micas {including
MRF's and matrix together). After Fischer (1933), he was the first to express sandsione
composition by a triocngiar diagram, though Pirsson's text uvsed a ss-sh-ls sedimentary-
reck triongle in [ 215, My own ideas on mineralegical classification of sandstones were
strengly influenced by Krynine; but the realization that an "arkose" with 35% feldspar
could have a very wide range of textures necesgitated some qddition to the strictly
mineralogical terminology, hence the idea of odding to the clan name a scale of
textural matority (1951 JSP),

The five-fold, textural maturity/mireralogical classification used in previous
editions of this book (1 954-1965) and published by the writer (1951 J5P, 1954 JG, 1956
JSP, 1980 J5P) was intended to be objective and descriptive, but the end-members of
the sncred triongle were collected in three groups thought to be most indicative of
provenance, generally following Krynine's philosophy. Hence quartz and chert were
finked at the C-pole, indicative of prolonged chemical/physical oltaock or else of
gderivation from on older sedimentary source terrone, the end-member rock $ype being
the orthoguartzite. All feidspars axl all plutonic and volconic rock fragments were
linked together at the F-pole, indicative of igneous source, the end-member type being
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SANDSTONE TYPES

RESULT OF PROVENANCE & TECTONICS
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Modified slightly from Bertrand, Shyetsow, Krynine, StilTle, Kay,

Pettijohn, etc. This eycle ES & commen one in many areas {Fettijﬁhn,

iDEALIZED GEDSYNCLIMAL CYCLE

IN HOBTLE BELTS

1%457) == but tome partc may e omitted or repeated; some parts may occur

independently and without "system,"
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the orkose, Metamorphic rock fragments, micas, and metaquartzite fragments were
linked together at the M-pole, indicative of metamerphic sourece, the end-member rock
type being the "graywacke™ (this is essentially the composition of the graywacke of
Faumonn, 1B5) text), Later versiors added a fourth pole for suboerially-eroded, much
older carbonate rock frogments, defining u rock known os a "calclithite™ with over 50
percent CRE's (1352 AAPG). Clays were eliminated from the compositicnal name (a
major departure from the Krynine system), and placed in the textural part of the narme.

Several difficulties arcse with this scheme, The division between “ordingry
quartz® (Q-pole) and "stretched metaguartzite™ {M-pole) is subjective, difficult enough
to determine with 1he microscope and certainly impaossible in the field. A dark-colored
sand grain rmight be a chert, o basalt fragment, or a piece of slate, thus assignable to G-
s F-, or M-poles; the distinction is rarely attdinable in the field and i3 sormetimes
difficult even with the microscope. Chert itself shows a complete grodotion into shale
and stltstone, Fine-groined metequartzite, and silicified volconic rock--and it is
difficult to define these reproducibly. The word "graywacke" is encumbered by 30 many
radically differing definitions that it s been rendered alrmost uvseleas.

Therefore, after much soul-searching, the following revised ond hopefuily more
wor kable sondstone clossification has been used by the writer since spring 1966, It is
hoped that thase of s seriously interested in sondstone classification can, socme decade,
al! get together and use some compromise systemn, so this classification is tentative ond
subject to change should such o miracle come to pass. § have been strongly influenced
in this chonge of heart by prolonged discussions with Earle F. McBride, Keith A. W.
Crook, and Harvey Blati; maony of their idenos have been incorporated into the new
revised version. This new system has been now published formally [Folk Andrews and
Lewis (1970}, New Zd. J. Geol, & Geoph.].

The main difference between this end my previous classification iz the lumping of
ali reck fragments (except plotonic omnes, granite and gneiss) inte the third or "rock-
frogment" pole aof the triangle, and the switching of chert--which is in reality a rock
fragment--from the Q-pole to the RF-pole. Van Andel {1958 AAPG) also ploced chert
with rock fragments. Unfortumately, by putting all rock fragments regardless of genesis
in one pole, the main friongle loses almost all its source-arca significance; but splitting
the rock fragments on the subordinote RF friangle restores moch of this loss. Lumping
of all rock fragments together to produce ¢ "rock-fragment sandstone”--howewver it
might be nomed--was essentially the opproach used by Shvetsov in the early 19300, and
he terrned the rock a "groywocke™ this system has been followed by later Russian
petrographer [Shwiov, 1965). Loter workers who used the same idea include McElroy
(1950 Austral, J. Sci., petromictic or lithic sandstone): Gilbert {19254 book); Pettijohn
EIEE& I I‘EJ}E}' book)y Ven Andel (1958 AAPG)Y Crook (1960 A, J. Sci.); ond Mc Bride

1963 ). 5. P.n

Splitting of the rock fragments by mecns of a subgrdinate YRF /MRF [SRF triangie
is my own idea, (though Kossovskaya used a RF triongle with different potes in 1962) os
are the names "Cdclithite" and "phyllarenite. The percentage lines of the main
triangle are almost the sane as these used by Crook {(1960), and the name "Litharenite”
was coined by McBride {(1963) who shortened it from Gilbert's (19548) term "lithic

aremte," 5S¢ much far the record of how this scheme developed—like s¢ much else, a
mass of borrowing.

To determine d rock clan vnder the 1266 systern, follow 1he Following steps.
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. lgnore the percentage of clay matrix {including micaceous hash finer than .03
mm), chemically-precipitated cements, glauconite, phosphates, fossils, heavy minerals,
mica flakes, etc, Recalculate all essential constituents (those used in giving the
sandstone clan name) to 100%, allotting them to one of the three following poles:

@-pole: All types of quartz including metaquartzite (but not chert).

F-poie: all single feldspar (K or NoCa), plus gronite and gneiss fragments {plutonic
and coarse grained, deep-crustal rocks).

Rf-pole:  All other fine—grained rock fragments {supracrustal}: chert, slate,
schist, valconics, limestona, sondstone, shale, stc,

These percentages will determine which one of the seven main rock clans the specimen

falls intor If the specimen faolls in the fields of Sublitharenite, Litharenite, or
Feldspathic Litharenite, then proceed to I,

ll,  Recaiculate all fine-grained Rock Fragments to 100% and plot on the RF
triongle. This shows whether the rock is a volconic-arenite, phyllarenite, or sedimeni-
arenite (sedarenita??). If the latter, then go fo LI,

[ll. Recalculate aif Sedimentary Rock Fragments to [00% and plot on the SRF
friongle, This determines whether the rock is a cherf-arenite, calclithite, sondstone-
arenite or shale-arenite.

An dlternative, simpler procedure would be to simply forget the daughter
triangles and name the reck occording to the most abundant reck fragment.

Q

Ruartzarenlte

Ss,5h
Sandstone-arenite,
! shile-arenite
£, ] Calc-
Q¥ ithite Ehart-arenite
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arenlt

2
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A - =l &3 !
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Notes: The garbage-can words "Litharenite," "Sublitharenite,” etc. should only be
used as group terms, or when (as in many megascopic descriptions} it is not possible to
identify the specific rock fragments. The more exact terms "phyllarenite,” "feldspathic
phylarenite,” "chert-arenite” should be uvsed if at all possible. 1nstead of "Sublith-
arenije" one can use "Subphyllorenite” {or Quartzose Phyllarenited, "Quartzose Yolcanic
Arenite," etc. [f more specific information s needed, one can use "rhyeclite-arenite,”
"ondesite-arenite," etc.  [f rock fragments are subequally mixed, perhaps "polylith-
arentte” is a useful term,

Far racks that do not Jogically fit on this triangle, which is intended for
volumetrically Important sandstones, such nomes as "glaucanite-grenite," "phopsphate-
arenite,” "augite-arenite," "gypsum-arenite” are perfectly satisfatory,

The unfortunate characteristic of this plot is that it is no longer possible to show
pravenance by the position of one dot on the main triangle alene. Of course, twe dots
(one on the main triangle, ore on the RF triangle) do pretty well Indicote provenance,
but this becornes messy with a lot of samples. The only way to indicate provenance
satisfactarily is by a separate graph. One good way to show this is by a star diagram,

such as this: linknown

Sedimentary

Plutonic

Metamorphic

Valcanie

Here, at the "sedimentary" pole, ane midht place together quartz with overgrowths,
chert, super-rounded guartz, limestone fragments; at the "Woleonic® pole Quartz
phenocrysts, plagioclase and YRF's ond biotite; at the "Metamorphic" pole, meta-
quartzite, schist and muscovite.

Opinion on Graywacke, Originally, the term "graywacke" was applied fo a hard,
dark, semi-metamorphoeed sandstone that was rich in mixed rock frogments and
chioritic clay matrix, ¢ type of rock thet mony now think has been deposited by
Turbidily currents, and is often somehow metomorphosed. Modern workers have each
seized some one aspect of the "graywacke” and have used it to define their
particular kind of "groywacka," ne grouwp considered the graywacke to be a rock-
fragment sondstone, later specifically one rich in metamorphic reck fragrnents,
empmlﬁi zing a source-greqa opproach fo the definition. A second group corsidered the
graywocke to be a clayey, ill-sorted sandstone regardless of mineralogy, essentially a
textural approach. third group considered the graywocke to he characterized by
those sedimentary structures thought to be formed by turbidites, assentially a deposi-
fional environment approach. Others insisted that it be dark, dirty, ond highly
indurated (o "know-nothing" approach). Because of these vastly different usages, the
writer now follows McBride (1962 and 1963 JSP) and has discarded the term “gray-
wacke" from any seat in a quantitative, mineralogically-aoriented classification of
sondstones, 1t should revert to a status like that of "trap rock! as a very loose, field
term--essentially o very hard, ugly, dirty, dark rock thal you can't tell much about in
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the field. McBride wishes to define it compositionally s having over 15% chlorite/
sericite matrix, over 10% unstable rock fragmenls, od over 5% feldspar. It is o
special, polyvariant term in which hand-specimen properties are mare importont than
the precise compaosition ar fexture,

Preferred Combimutions of Sedimentary Types
Foliowing are discussed the preferred asseciations of tectonic, mineralogic, and

environmental fecters which form the different tvpes of sondstones. Again, this {ist is
an excellent guide but must not be taken as gospel as there are some exceptions,

Fetrology of Arkeses gnd Related Rochks

Feldspar, the essential mineral of the orieose, is comparatively easily decornposed
by weathering. Therefore, in order for it ta be abundantly presented in a sediment,
special conditions are required. Either (1} climatic conditions were too dry (or too celd)
to allow much weathering, and the feldspar remained |argely undecormposed, or {2} the
source area was uplifted and eroded so rapidly that sufficient time was noi available for
wedathering ta be completed. Type [[) is here designated the climatic arkose, becavse it
owes its high feldspar content to a dry or cool climate; Iype (2) is the tectonic aricose,
because it owes its feldspar content to a ropid tectonic uplift., A third type, the
valcanic or plagicclaserich arkese, owes ts feldspathic constituents to volconic
activity, again a case of rapid deposition short-circuiting weathering.

Tectonic_Arkose (Krynine), often Dw.G/p/CFlw). If violent vertical deformaticn
ard block-faviting of the order of several thausond to 20,000 feet take place, granitie
or gheissic basement is characteristically raised to the surface. This type of tectonism
iz typically ossociated with KA tectonics {and avlacogens, which are incipient KAK).
Continued sporadic rmovement maintaing o rugged topegraphy, intec which vigorous
streams carve deep valleys, Rapld erosion on sleep slopes contributes o huge load of
sediment, which quickly piles up as coarse alluvial fans passing out into agaroding
flirvial plains; sedirments are very thick (thousands of fzet) near the saurce, but thin
rather rapidiy outwerd 50 that the form of the seidmentary body is that of o wedge.
Most of the described exurnples have formed under g warm, seasenally humid climate,
but there is mz reason why such an uplift could not hoppen in greus of dry climale also,

Mcor the source, the allovial fan environment dominotes so that sediments are
gquiet coarse (conglomerates cominon) and poorly sorted {(clayey, immature} altheugh
loeal stream charmels may have better sorted sands. Farther from the source, deposits
consist of ol ternaling beds of river-channel sand (which may be mature arkose, i.e,, well
sorted), andi immature flood plain muds and muddy sands with little ar no gravel.
Composition may range up to 50 percent or mere feldspar {mainly K-feldspark Krynine
has shown that because of rugged relief combined with humid climate, some feldspar is
eroded from fresh granitic bedroclt in the bottoms or sides of vigorous down-cutting
stream charmels, ard other feldspur s eroded from interfluves where it has had a
chance fo be thoroughly weathered in the soil mantie. Thus the diagnostic rmarker of
the tectomic aorkose is a mixture of fresh plus badly weathered feldspars of the same
species. The remainder of the rock consists largely of quartz; clay (often koolinitic ar
bauxitic} iz abundant either as a matrix to the immature sands or as abundant
intercaluted shale beds; i1 is provided by the thick intensely weaihered soils. Heavy
minerals are gbundant and of unstable types, such as hornblende, garnet, pyroxene, etc.
Cements are not common because sands are often clogged with clay matrix and these
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MINERALOGY: THE ARKOSE

SER. MET.
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Arrows indicate whether constituent is incressed or decreased by prolongsd
abrasion. Feldspar also decreases rapidly on weathering. In diagram
above, the normal care of an acid pluten is shown, where K feldspar >»
Plagioclase. |If plagioclase s svbequal or domlnant, it indicates elther
volcanic or baslc plutonic source. To distinguish these, look for wvolcanic
rock fragments, glass, phenotrysts, etc.
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Plutanlc rock fragments break up and become urrecognizable, going into indi-
vidual grains of gquartz and feldspar., VelcanTc rock fragments being tougher
and finer-grained, are recagnizable to much fimer sizes than plutonic frag-
ments. Micas controiled by hydrauvilc factors. The size relationship of
feldspar and quartz depends on length of abrasion.
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are usuvally continental sediments. These arkeses are usually red because of pink
feldspar and o red, hematite-stained cloy matriz either derived frorm the red sofl
developed under warm, humid climates; Walker believes that red color may form alse in
dy clisnaies by intrastratal oxidation of heayy minerals,

Variants from this polar type are fairly commaon. Many times the block fawlting is
not of emsugh magnityde to expose "pure granite or gneissy areas of schist, metaquart -
zite or veins then contribute considerable stroined and hydrothermal quartz, metamor-
phle rock fragments, micas, and typleal metamor phic heavy minerals to the arkese and
it consequently grades inte an impure arkose. 1f faulting is of s¥1ll smailer magaitude or
a thick sedimentary cover is present, this blanket may not be completely eaten through,
and reworked graing of older sandstones, cherts, and limestones are contributed; the
rock may even grade into a calelithite if carbonate detritus dominates, infrequently, in
place of granite o more basic pluton fumishes detritus: here the feldspar will be
domirantly plagieciase., If climate §s dry instead of humid, there will be much less clay,
the red hemalitic matrix will be absent, and the Feldspar will all be pretty fresh. Block
faulting bordering the sec {ns in California) produces marine arkoses with different
textural features, and some of these are turbidites,

Chimatic arkose, often Qk.GfsfCDin). Under some situations a granitic
land areq becames peneplaned during a pericd of tectonic quissence. Such may happen
either to greas that have heen stable for a very long time (e.g., Canadian shield), or to
areas that have been uplifted, unddergone deep erosion, and then were planed dowr on
cessation of uplitt. If the climate s homid, the faldspor will all be decompeosed because
of the slow rate of erosion on such low-relief topography, and quartzarenites will result.
But if the climate is dry wvery little chemical decay of feldspar will take plaze and
supermature arkose resulis. Feldspar is eliminated by abrasion alone, becouse of its
inferior hardness. Because of tectonic quiescence and low topography, beaches and
dunes comprise the hutk of the sedimentary envirorements. MNo areas are subsiding or
being uplifted greatly, consequantly, o sheet of sand is spread smoothly and evenly by
broadly transgressive or regressive seas; the very slow influx of detritus permits
uniform spreading of the sediment. Thus sands are of the blonket type, Sediments are
supermatuwre becouse of the high abrasion and sorting efficiency of the beach-dune
environment and the great length of time available under such slow conditions of
erosian g deposition,  The sediments are superbly rounded [tre fo very fle sands,
with the feidspar fresh and usuclly finer than the quartz (Folk), Feldspar content can
range up to 40 percent or mare; fine—grained beds may carry abundont feldspar and
infercalated coarser ones wvery little. Common guartz is the only other major
constituent; heavy minerals are olmost solely rounded tourmaline, zircon ard occasion-
ally garnet becouse [ttle else can stawl such prelonged and effective akbrasion,
Cements may be quartz, corbonotes, evaparites, or quite frequently authigenic feldspar
overgraowths. There 13 little associated shale section because of the lack of soil in the
source ared. [The colar is white, so that in the field they ae very cornmonly mistaken
far quartzarenites. Close study usually reveals whitish ar light gray specls of feldspar,
With prolonged abrasion, these rocks pass into subarkose {the mast cormmon type of
climatic "arkose” is really a subarkose) or even into quartzarenites.

Volcanic Arkose and Plagioclase Arkose, often XLXfb/C, One type of plogioclase
arkose {that ercded from a basic pluton) has alreody been discussed, Most plagioclaze
arkoses odnd  subdrkoses, however, are formed when wolecanic activity contributes
material to rapidly depasiting sediments. Depaosition must be rapid because of the very
vnstoble nature of basic volcanic materials. If the voleanic materiais are chiefly bits of
aphanitic ground-mass, then the term "“volennic-arentte” {or, if specific identification is
possible, "ondesite—grenite," "rhyolite-arenite,” "basalt arenitic," efc.) should be used; if
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it is chiefly plagioclase, vse "plogioclase-arenite" as 1he clan nrame, These rocks imply
unstable tectonic conditions and rapid deposition of wolecanic materlals pius other
diluting terrigenous detritus in fans, flocdplains and river channels; hence maturity is
imrmature to mature, Grain size varies from conglomerates to silfs. Voleanic biotite is
d commen accessory as 15 apafite, together with basaltic hornblende and other more
common ferromagnesions. Sometimes these constitutents may be so abundant that the
rock caon bz called "hornblende-arenite," ete. Clavs may be chlaritic or montmeoril-
lonitic, occasionally grown as outhigenic fringes; a chloritic matrix is very common if
the rock fragments are basic. Cements, if any, are usuclly calcite, opal o zeolile.
Volecanic-arenites are wsually dark colared in the field {if derived frum andesites, or
basa ts): plagioclose-arenites are light gray. I volcanic glass is o major component
fimplying 2 siliceous mogma), the rock moy be classed as o “vitric-arenite'; these rocks
are light gray and, on the Texas Gulf coost, contain moch idiemorphic zircon
{Callender).

Petrology of Phyllarenites and Related Rocks

Metamorphic rock fragments, the chief essential constituent of the phyllarenite,
are soft ond quite suscaptible #¢ obrosion. Therefore their abundence in sand
(consequently the clon designation-—phyllorenite ws. subphyllarenite vs, quartzarenite)
varies quite enormously with environment of depasition, distawe from source, and
tectonic activity, The former term for this sondstone type was “"groywacke,” now
abandoned as completely prostituted. The term "phylarenite," coined in 1965, was
suggested by on older term, Yschist-arenite™ as used by Knopf in the [930's. "Phyllare-
nite" implies that the major constituents are foligted metamorphic rock fragments:
siate, phyllite and schist,

Krynine [unpublished notes) divided his "graywashkes® into "Drowned Graywockes”
(mio- and euwgeosynclinal) and "Floating Graywackes," mainly peost-orsgenic, with
tronsport direction outward from the kraton instecd of inward from an offshore welt,
This i85 the basis for the classification used here: (1) Orthogeasynclinal deposits,
incliding {IA) Miogeosynclinal Phyllarenite, generally the product of crustal plote
juncture, KAK in compression phases, or [ K, and {IB) Eugeosynclinal rocks (compe-
sition variable, volcanic ard metamorphick and {11} Rejuvenation Phyllarenite, Ortho-
geosynclinal phyllarenites tend to be deposited in long, narrow geosynclines along the
continental margin with detritus derived from a welt bevond the margin ond moving
dominantly inward, toward the kroten fas in the Appafachion geosyncline). PMear the
continent, the geosyncline subsides less rapidly {miogeosyncline) to produce "normgl
phyllarenites locking feldspar, while the outer geosynclineg subsides more rapidly and
also receives volcanic coniributions (eugeosyncline of 5tille) to produce rocks that
ronge widely in composition from phyllarenite to wolcanic-arenite ta plagociose-
arenite. Rejuvenation Phyllarenites can be produced any ploce; o ancient metamor-
phic terrgne is simply uplifted (without further squashing) to produce a rejuvenoted
source area, and they need have no connechion at all with orthogeosynclines. A fine
example (first pointed out by H. Blatt) is the southern Appalachians, an area
metamorphosed in the Paleczoic but which provided o flood of Rejuvenation Phyllore-
hites that spread all the way to Texas in the Eocene {Todd, AAPG 1257) and which, in
the year 1979, is still providing phyllarenite sands to the local rivers.

Mlogeosynclinal Phyllarenite, often Dh' MSigfPCMiw}, Intense herizontal defor-

mation on the proto-cantinental margin raises a walt or series of welts of considerable
relief, seporated from the cratonal mass by a rather rapidly subsiding geosyncline. The
intense folding (sormetimes isoclinal) and major overthrusting that accompany horizenfal
deformation often conwert older shales, sondstones ond ather rocks inta low-rank
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INTERPRETIVE (GENETIC) - PHYLLARENITE
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metamer phics such as metaquartzite, slate, phyllite and schist., Furthermore, vplift
attendant on the rise of the welt brings deeper crustal creas 1o the surface, and some
intrusion and volconism may occur, But dominantly the source areo econsists of low-
rank metamorphic rocks, corved into cansiderable relief as it is continvally deformed
and roised. The resulling greut flood of detritus is dumped rapidly in o series of
coqlescing alluvial fons, flood plains, river channels, large and small deltas, coastal loci
sych s beaches, swamps, lagoons, ond estuaries, and neritic environments, Since this
type of deformation produces linear welts, sediments accunulate in a linear trough
which mky be quite thick in the middie and Thins to both sides. Climatic evidence is
difficult to obtain, but it seems likely that a rugged welt surrounded on all sides by seas
would usually have corsiderable rainfall.

Becouse of the softhess of the slate und phyliite fragments, environment of
deposition has a tremendous influence on the composition of the phyligrenite. MNear the
source where sediments are deposited rapidy, sonds are Imrature--simply choked by
the flood of fine-grained, clay-mica paste which is produced by abrosion of the Jow-rank
micocecus source rochs (same "matrix" may readily be squaoshed MRF's--it is hard o be
sure}, These sands may contain up fo 70 percent of metamorphic rock fragments
(MRF's). Troced farther oway, the softer fragments are abraded ocut and the sands
become more mature and may pass into subphyllarenites, although mature phyllarenites
are cominkn in high-energy loci such as river channels. Rapid abrosion of slate and
phyllife fragments produces great volumes of clav-mica mush, which are winnowed out
of the sands to produce thick shale section. At intermediate distonces from the source,
environment plays the strongest role; beoch sands (olthough not abundant in such a
rapidly subsiding basin) may hove lost all their soft MRF's ond contain only stretched
metaquartzite as o reminder of their origin; some of 1hase may pass into quartzarenites
or supermature subphyllarenites if o brief period of quiescence stabilizes the beach line.
But fluvigl sands at the very same distance from the source may still contain
constderable MRF's, and floodplain or deltaic sediments may ba extremely rich in them.
Stratigraphic sections that hove been deposited in this type of coastal region consis!
chiefly of shales {marine, estuarine, {agoonal, or floodplain), aiternating with lenticuiar
beds of texturally mature sonds ronging from subphyllarenites ta phyllarenites. But
sand beds and clay beds are cleanly differcntiated, which is not the case rnearer the
source. Far from the welt, most of the softer MRF's disappear and only metaquartzite
and straired quartz remain. Dilution with detritus centributed from the krotonal side
of the geosyncline also oceurs. Texturally, ihe phyHarenites average fine to very fine
sand {the finest-grained clan, on the overuye) because much of the source rmaterial
breaks down into fire porticles, and the bulk of the phvllarenites are deposited in low
energy environments like deltas or sluggish rivers. Malurity deperds on the environ-
ment of depcsition but is vsually rather low. Mineralogically they contain abundant
metamorphic quartz, metomorphic rock fragments, and micas (especially muscovitel.
Shales and silts are especially micaceous, Pebbles are not uncommon in high-energy
loci end consist of vein gquartz and metaquartzite, These rocks often contoin some
chert. Potash feldspar is usually lacking or present only in very small anounts, Clays
are chiefly sericite, illite, and chlorite because they are derived from breakdown of
MRF's, but koolin (sometimes authigenic) is commoan from heavily wedthered source
areqs. Heavy minerals are simple {hornblende, zircon, tourmaline) becavse metamor-
phism in the source area is still of the low ronk type which produces few foncy
minerals. Winnowed sands are cemented with carbonates or quartz. Thess phyllare-
nites ore wsually gray or grav-green (because of the dark color of particles of siate,
etc.) but staining by hemat te may give red or purple colors. Tertiory phyllorenites of
Texos contain light—colored MRF's which make the rock appear to be full of whitish
flour specks,
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Vorionts are common, Lt has already been mentioned that under more-than-usual
abrasion, subphyllarenite or guartzarenites develop with few MREF's and some meta-
quartzite grains; in hand specimen these look |ike cleon, white, well-sorted guartz
sandstones but they may contain o few scattered black or white specks. These rocks
may occur either far from the source area or aleng local, terporary strand lines nearer
the source, During brief periods of quiescence which oecasianally interrupt gecsynelinat
subsidence, such sonds may spread as blankets entirely across the basing freguently
these sonds are supermature, ond dlthough usuvally classificble as subphyllarenites,
intensive abrasion may make them pass into quartzarenites. Often these sands contain
pebbles of vein quartz of metal guartzite. Continental depesition under g hurnid
climate in the source area may produce red phyllarenites, developed if vplift overbal-
uhees the rate of subsidence so that detritus spilis into the basin faster than sinking can
lake cure of it, and a great delta (exogeosyncline) is built up. Upiift or erosion may be
50 great (especially, late in the history of the orogeny} that higher-rank metamorphics
or even the wpper fringe of the granitized zone ore exposed; potash feldspar is then
contributed in srnall amounts and the rock grades into a feldspathic subphyllarenite. |f
any volcanic materials enter the sediment, small omounts of plagloclase, voleanic rock
fragments, bictite, apatite, and moentmorillonitic clay moy appear.  These, however, are
more typical of the eugecsynclinal phylicrenites.

Eugeosynclinal rocks, often D X. MXfa*fB 3 These oppear o be mainly prodocts
of simotic activity atong trenches and subduction zones, H);LK or Ka=0. Accumulared in

the wery rapid subsiding troughs or in the orc-trench gap with occompanying extensive
voleanism, they are very poorly sorted ond immature, and deposits may consist of
interbedded muddy conglomerate, muddy sandstone, deep water block shale and
radiolarion chert. Shoreline focies ore present hut rare (Dott). Turbidity currents
operate pa excellence in this environment, Basically, they are compesed of a gamut of
metamorphic debris--slajes 1o schists and greisses to which is eddad vein quartz, chert,
a little K-feldspar from granitized zones and pegmatites and, most important, plagio-
clase and voleconic rock fragments. Compositionally, they show a very wide ronge;
many couvld be called "feldspathic polylithorenites" hecause they contain such a watiety
of rock fragments--but mostly they range from phyllarenite through voicanic-arenite,
In some areas, plagioclase-crenites ars common, Typically they are made very hard by
a blackish-green matrix of chlorite--partly caused by basic velcanic material, partly of
metamarphic origing somctimes zeolite cement appears. Inasmuch os many of these
rocks hove suffered later metamorphism (forming s they do in such active tectanic
zones) their original characteristics are ohseured, and burial metamorphism s common
(epidote, pumpellvite, etc). Some so-culled eugeosyncliral rocks may be simply
tectonic arkeses metarmorpheosed to chilorite grade (W, Harris).

Rejuvenation Phyllarenite, often R. Mfs/CP. These rocks are produced by uptift
(without further defarmation) of alder metamorphic sources {often neokratons). They
may range from lecal valley fills to falrly lorge basins, to coestal-plain geosynclines
ke the Gulf ond Atlantic coast Tertiory of the t5A. They tend to be low in MRF's
(actually subphyllarenites) because sources are mixed (older sediments, granites, etc.),
and the ratio between wplift and abrasion plus weathering is [ow, so that a Tef of the
weck MRE's are removed. It appears that most of these rocks, if continental, are of
subphyllorenite composition with some chert, fekdspor, ord other contaminants; litioral |
or marine equivalents fend fo be quorizarenites instegd. Heavy mirerals rmay be very
camplex because of mixed source. '
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Petrelogy of Guartzarenites

Krynine's original scheme of the 19490's ysed the term "quartzite™ for sondstones
maode of quartz t chert; as this was confused with metomorphic rock, Pettijobin (1949)
used instead "orthoquartzite" {this term was apparently coined by Tieje (1221, JG).
Even so, this still misled the awvercge geologist Tre thinking metamorphicaily, so
grocdually the term quarizaorenite {Gilbert; McBride) has superceded it, Though less
euphonious and longer, it will be used throughout this book.

Quartzarenites originate in diverse ways, but their high degreee of purity usually
requires a lana period of abrasion and/or weathering to remove the less stable feldspar,
metomorphic rock Ffragments, erc. Quartzarenites may be developed directly from a
granite or gronitic gneiss under humid conditions if tectonic stability is sofficiently
prolonged (say of the order of one-fourth to one-eighth of a geologic period). If the
climate is arid, however, o quartzurenite may be made directly From a granite only
under an exceptional and very prolonged period of tectonic stability coupled with
intensive beach ond dwe oction, because the feldspar must be remowved by abrasion
alone, unassisted by moch chemical decay. Quartzarenites may be derived From
metamorphic sources, but this also requires rather prolonged stability (o froction of o
geologic period) to remove all the metamarphic rock fragments. Some are mode |argefy
of vein quoriz; these also require prolonged abrasion, If the source aren consists of
older sediments, however, a quartzarenite may be developed very rapidly because the
source material is alreody quite enriched in quartz. Hence guartzarenites derived from
reworkad sediments require no period of stability, in fact mony of them are orogenic
sadiments.

Plutoni ¢ source, humid climate, frequently qu C/lsfLiw). Te cbtain a rock that has

less than 5 percent feldspar directly from a source granite-gneiss containing 70 percent
feldspar requires prolonged abrosive or weathering activity of the inost intenslive kind.
Such interse work takes place anly on beaches or dunes that remcin stabilized for a
very long time. Hence the production of this type of orthoquartzite requires stable
tectonic conditions, charocterized by very mild ond gradual epeircgenic vpwarps and
downwarps to let the seas transgress ond regress across the area. Under such stoble
conditions the source area is wom down to a pereplane; influx of detritus is slowed very
markedly, so that winds, waves and currents are able to do their work thoroughly on
each grain. Conseguently these sediments are practically always supermature and show
exfreme roundness, Because detritus is contributed very slowly, and becouse no part of
the depositional area is going down rapidly, the mild epeiregeric warpings and continual
transgressions and regressions of the sea spread the deposits out inte a thin blanket of a
large area; sheets of sand 100-200 fest thick may cover 10,000 square miles. These
sheets are mode up of coclescing beaches end dume sands rewarked into beaches or
peritidal and shallow marine sands. The humid climate, given such a long time in which
to work on the parent matetial in the deep soils of the source area, destroys ail the
feldspar. Hence this rock type consists entirely of quartz, almost all "commen quartz.
If the source is deep within a batholith, there is very little vein quartz. Of course there
is no chert and I ttle metamorphic quartz. The only heavy minerals that can stand this
prolonged abrasion are the vlira-stable tourmadline and zircon. The grain size is medivm
fo fine sand (the typical size of beaches arvl dunes), and there is no silt or clay; gravel is
rore, occurring only near the base, Guartz overgrowths are perhops the most common
ceément, but carbonates are commen and many of these rocks (even older Paleozoic ones}
are uncemented. The color is very commondy white, but some ore red doe to hematite.
Sometimes thousands of feet of highly mature to immature quarizarenite aoccumulate in
narrow troughs bordering a stable Kraton. These sands, symbelically G‘Ik*Gfg.r" MB, may
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be litforal to turbidite sediments, and often form as the initiat stage of KAK, as a
continental plate begins 1o split.

Plutonic Source, Arid Climate flor rarely, cold climate), frequently @ .

G/sfCd\Lin). These require much longer tectonic stability than the preceding type and
are consequently rare. They alse form thin blankets of supermature sand, formed in
dasert dune and beoch environments (dune mare important here) neighboring a pene-
planed source land and are of course an extension of the climatic arkese. The
distinguishing mark is the presence of extremely well rounded and frosted quartz and
feldspar grains, the feldspar are smaller than the quartz and usuvally perfectly fresh
{the "Dogma of the Immaculate Feldspar”). Little else but ecommon quartz and well-
reunded zircon ond tourmaline comprise the sond. Cement may be authigenic quartz,
feldspar overgrowths, carbonote, or evaporites. In other properties these rocks
resemble the preceding type. There is likely fo be little shale section associated with
these rocks because of the lack of soll mantle in the socurce; the plutonic hurmnid
orthaquartzite frequently is occomrponied by shate section (either stretigraphically
adjocent or in a lateral facies development) because of the thick kaolinitic clay soils
developed on intense weathering,

Metamarphic Source, often Q.M/s/L{w). These also develop under quiescent
tectonic conditions and form widespread Blanket sands, chiefly of beach-dune environ-
ments,  Metamorphic materiads are eliminoted by prolonged abrasion. the only re-
minders being a high proportion of metamorphic quarts types and undulase quartz; hence
these grade intoa the subphyllarenite. Pabbles are common, and consist of vein quartz
ond various types of metaquartzife. Samwds are supermaiure 1o submature and of fine to
medium grain. lmmature quartzarenites form if beach sond is blown or carried into
low-energy environments such as lagoons. Mo feldspar or chert is present. If the quartz
is not rounded, heavies may centain some less stable metamorphic minerals like
amphiboles, garnet o epidote, but of fen abrasion is long enough so that only rounded
tourmaline and zircon remain, Asseciated shale section is rich in mico and micaceous
paste, derived from breakdown of slate, schist, etc. Quartz or carbonate cement are
cornmon. The color is generally white or light gray, but is cccasionally red.

Veln Quartz Source. Many areas of soft, low-ronk metamorphic rock are shot
through with cbundant quartz veins, !f such areas are eroded under quiescent tectonic
conditions, the beach~dune activity is sufficient to wear away the soft MRF's sa that
about the onlty resistont particles left are the sand grains and pebbles composed of vein
quartz, recegnized by their richness in bubbles, This is an vncommon rock type, but
there are a few conspicuous exomples,

Older Sedimentary Source. Since no period of tectonic stability and no period of
beach-dune action is required to aitagin a quartzarenite by reworking older, ciready
quartz-rich sediments, these can form under any tectonic framework and aimest any
environment. Some are orogenic sediments, depasited in thick wedges ad eroded from
sgurce areas consisting of older sondstones, mudrorks, and limestones; some develop on
gentle uplift of a large area blanketed by older sedimentary racks, hence form blanket
sonds. Maturity iz generally low (because again, beach-dune action is not necessary for
their production), and they are characterized primarily by many fexdural inversions
(poor sorting and high rounding; or, more commonly, a lack of correlation between
roundness and size, with mixture of angular and rounded grains within the some size, or
small round grains plus large ahgAda ones), The oroagenic sediments are poorly sorted,
having the size-distribution of a tectonic arkose, but the minerglegy of a quartzarenite
to chert-arenite ond include reworked rounded grains, Conglomerates are frequent,
with pebbles of chert, sondstone, perhaps limestone, and inherited pebbles of vein
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MINERALOGY - THE QUARTZARENITE

FGN. SED. MET.
LU BARKCSE

M INERALOGY
CONTROLLED
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Arrows indicate whether constituent is Increased or diminished
on profonged abrazion, Chert 15 usually but not always present
in a sedimentary source area.
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M1NERALOGY

CONTROLLED
8Y
GRAIN
51 ZE

Chert and vein quartz are most abundant in the gravel sizes because
they start out as large pieces. Vein quartz diminishes with size
because some of [ts diagnostic criteria become unrecognlzable in the
fine-sand to silt range. Cheart, being finer grained, is recognizable
to mich finer slzes.
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quurt £ or metoguarisite,  Beecouse these are derived from erosion of mony previous
fornations, guartz types are diverse and some reworlked overgrowths may be found. In
addition to inherited well-rowded grains, angular quartz may come from older, ron-
rounded sandstones,  Abundant chert is the chief dicgnestic materialy i is quile
commonly angular and assecigtec with rounded and reworked guartz grains. There ray
ba a very little feldspor, inica, etc., so that these are nol quartzarenites of high purtty,
and grade inte adiacent clons. The heavy minerals are alse diverse bot characteristi-
cally contain some recycled, raunded tourmaline and zircon., The color of these rocks is
usuvally dirty white or light gray with dark specks (chert),

Petrology of Chert-Arenites

These rocks are members of the litharenite family, in which chert fragments are
important, Some sandstones awl conglomerates cantain 50-20% chert grains, most of
these are dark gray in hand specimens. They are asually arogenic sediments eroced
from tectonically disturbed older sedimentary sequences, D.5/pfCf. Mesazoic sand-
stones of the Nockies are of ten chert-arenites (Gallard), However, same chert—areni‘es

are residual gravels ond sands developed on extensively weathered cherty limestone
terranes- 3,5/5/C{wl,

Petrolegy of Calclithites, typically O Se/piCHinl.

Calclithites are terrigencus rocks of the Litharenite group, in which carbonate
rack frogments derminote; often they contain over 50 percent corbonate fragnents,
obtdined by erosior of limestones or dolomites outcropping in a source land, The source
racks are usually (Ahewgh not necessarily) moech older than the calclithite itself; thus the
Miocene Oakville formation of Texos consists of grairs of Cretacecus limestone: some
YTriossic beds in Mew Mexico consist of pebbles of Pennsylvanion Carbongte rocks
Pennsylvanion conglemerates in Oklahoma consist of Ordovician limestone pebbles,
Henee these are to be distinguished From intrasparite limestones, which are made vp of
q peneconternporaneous intraclasts torm up from the basin of depositen itself. Calcli-
thites are terr.genaus rocks like arkoses, graywockes, or orthoguartzites; it is indefen-
sible to consider themm as limestones although they have the composition of ¢
limestone--it would be just as bad as calling an arkose a "granite" because they both
contain quartz and feldspar.

In order for a rock to be mode largely of o constituent so soft ond so soluble os
limestone, the rote of erosion must have greatly overbalanced the rate of chermicul
decaoy. Hence these rocks are exactly like arkoses, whose unstable ond soft feldspar can
be preserved only by rapid erosion or a dry lor cold) climate, Therefore calclithites also
form chiefly in greas of intense faulting, but where the sedimentary cover is 5o thick or
Foulting is not of enough magnitude to get down to the granitic baserment rock. [t is
possible that some calelithites are the result of a cold or arid climate glone, though
these alse require rather rapid erasion ond deposition to preserve the fragments from
much abrasion, Calclithites are common in the post-orogenic sondstones of thrusied
cobonate regions such as the calcarenus Alps and Carpathians of Slovakia and Poland
(Siedlecka). In these areas of vigorous deformation, they have formed even under a
humid climate, and are still accumulating taday. Calzlithites are forming teday evenin
tropical New Guirea as a result of violent uplift (see Cregser, 1977, Auste, Matl, Univ,
for huge review).
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The source area of calclithites must have had rugged relief, and the deposits are
laid down in alluvial fars and river channels {like the tectenic arkoses), Contempora-
neous faulting within @ carbonate basin may produce marine calclithites and some
calclithites are turbidites {McBride). Maiurity is variable, and conglomerates are very
frequent; in fact it oppears that most calclithites ore conglomerates. Consequently
depodits accumulate as large prisms ond decrease rapidly outward in thickness. Most
calclithites (probably afl) are cemented with calcite. They often contain rounded
quartz grains, fragments of angular chert, sondstone, or shales, and of course are
characterized by reworked fossils. Upon deeper erosion, basement rock may contribute
feldspar or MRF's, and the rocks pass into arkoses or groywoackes, Chert-arenites and
calclithites form under similor tectonic conditions, and the difference between them
may be partly due to climate and reliaf,



PETROLOGY OF MUDROCKS

Mudrock {word coined by Ingram) is o general term used herein fo cover those
terrigenovus rocks that contain more than 50 percent silt andfor clay. The mast ohvious
division of mudrocks is on the basis of texture and structures

Grain s ze Induroted, Indurated,
of mud fraction Soft non-fissile fissile
over 2/3 silt 5ilt siltstone s5ilt-shale
subequal silt rrud mudstone rnud-shale
and clay
aver 2/3 clay clay claystone clay-shale

(if the rocks contain over |0 percent sand, its medion diameter should be prefixed to
the above terms, £.4., very fine sondy siltstone, medium sondy clay-shale, etc. Soft yet
thinly handed clays con be termed "laminated clay" where the term "clay-shale" would
be undesirable because of the implied hardness. The writer hos often used "silty clay-
shule" or "silty claystone" for recks containing 5 to 33 percent silt, reserving the
unmodified term "claystone" for those with over 95 percent clay). See Picard 197!
J.5.P., for onother scheme,

Mudrocks have long been ignored by petrographers, therefare not much is known
about them. Particly this is due to a defeatist complex, cavsed by the very mistaken
impression that they are too fine grained for anything useful to be seen with the
microscepe. When examined in thin section, however, they reveal a surprising diversity
of texture, structure, and mineratogy.

Mineral Cermpasition. |f the rock contains more than a small percentoage of s7lt, it
can uwsually be related to one of the terrigerous rock clans.  Orthegquartzite-type
mudrocks bave silt grains consisting almost entirely of quartz {or chertl. Phyllarenite-
type mudrecks are rich in fine-grained micas and may have sorne discrete metamorphic
rock fragments and quartz silt showing compesite or ondolose extinction.  Arkosic
mudrocks contain much potash feldspar,

The nature of the clay mineral present coften allows hints as to source-areg
lithology, climate, ar environment of depasition {see section of this syllabus on clay
mineralogy}, The clay rnineralogy should always be checked by X-Rav; the petrographic
microscope can usually identify the dominant clay mineral, but those minerals present
in small proportions will be missad. On the other hand, the microscope is superier in
picking out clay minerals that are present in small patches but make up little in overall
proportions of the rock {e.g. authigenic chiorite or kaolinite patches).

Well-sorted (mature) siltstones of course have the same cements as the corre-
spanding sandstones: carbonates, quartz, iron oxides, gypsum, ete. But thin sections of
clay shales often show pores and irregular copenings filled with authigenic quartz,
carbonates, barite, gypsum, and other minerals; some of these have grown within the
vielding clay by physical displocement of the mud.
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Mudrocks contaln many miscellaneous transported constituents. Fossils including
non~calcareous objects such as spores or spicules, are not infrequent. Glouconite,
Phosphatic pellets, etc., are sometime present,

Structures.  Shales have an astonishing variety of stroctures. Besides such
"normal™ stroctures as thin lamination, graded bedding, slumped bedding, small-scale
cross-bedding, cut-and-fill structures {mestly invisible in hond specimen), shales contain
many peculior ones, Many are revealed in thin section to be really micro-conglom-
erdtes, made up of oggregates of soft clay-balls or curdled, vogue lumps. Cthers show
apparent desiccation feqatures and irreqular shrinkage (?) cracks. Balls of concentri-
catly-layered silt, slumped, curdled, er otherwise irreqular stringers ond isolated [umps
of sand arc common in some shales. Burrows of animals riddle many specimens of
shale, and some contain clay fecal pellets.

In mast clays, the clay minetals are oriented so that the flakes lie parallel with
the bedding. Orientation occurs in clays ranging in age fraom Cambrian to Pleistocene;
in depth of burial from tens of thousonds of feet to a few tens of feet. Therefore itis
not a diagenetic feature that requires great pressures or geologicat age, rather it forms
upon original deposition of the ciay. Some claystones have randomly oriented clay
minarasl; these also moy be of any age or depth of burial. The factors that couse
orientation are not now known, but organic burrowing is probobly the chief cause of un-
priented clays.

For @ claystone to be fissile requires that all the following conditions be satisfied:
(1} the rock rmust contain little silt or sand; (2) the rock must show even bedding
undisturbed by slumping or burrowing organizms; (3) it must contain littie or no
chemical cerment; [4) 1he clays must be well oriented. If ony one of these conditions is
not satisfied, the clay will not be fissile. Yet sometimes one obtains a well-bedded,
"pure" claystone, lacking in cement and with oriented clays that still is not fissile
despite the fact that it fulfills all above requirements. The presence of mico or very
thin laminae of fine silt is an aid to Fissility.
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DESCRIPTION AMND NOMENCLATURE
FOR TERRIGENOUS SEDIMENTS

For super-detailed description of sedimentary rocks of all types in thin section,
the following outline js used. This form sheet covers in complete detail gvery rock
property, ond for many rocks, parts of it may be omitted,

Before sturting with the microscope, hold the slide up and look at it with ¢ hand
lens to see the major structures. Then start with the lowest microscopic power. It is
very useful to look at slides using direct sunlight as a reflected light source; much
valuabie detuil can often be seen in otherwise featureless opaques like limonite or
hernatite,

Point-counting technique and theary are discussed by Chayes (1958). A point
count is most conveniently accomplished by laying oot an equispaced grid to cover maost
of the microscopic slide, but theoretically any random distribution of points is
sgtisfoctary, just so one does not cheat in the lecation of points. All points that the
crosshair knds on should be tallied, even "unknowns" or "garbage". The interval
between points should be larger than the largest graing but if this cannot be managed
and one grain is hit twice, it should be counted twice, ete, For most sandstones g
spacing of about | ram is satisfoctory. In o thin zection, the troverse should not run
paraliel to bedding because a string of points might run along a placer of micas, heavy
minerqgls, etc. For coarse rocks, a grid of lines con be ruled on plastic filn and ploced
aver the sawn surface,

I REFERENCE NUMBER, Geologic age, formation, stratigraphic level within
that formation, lecolity, regional geology and structure {for example, if the
rock comes from a very tight fold or from vicinity of a foult that will affect
its properties and should be noted).

. NAME OF THE ROCK {following the pattern, grain sizes prominent ortho-
chemical cements, textural maturity, notable or uvnusual transported con-
stitvents, main rock name. This of course is done last),

10k, MEGCASCOPIC PROPERTIES (hardness, color, freshness, sedimentary struc-
tures, fosslls, sorting and grain size, compasition of the terrigencus and
orthochemical minerals).

IV, MICROSCOPIC DESCRIPTION
A.  Brief summary of the impartant Features of the rock {so the reader
doesn't have fo wade through a great mass of detail to find the
features you think ore very important--give a brief summary of the
major, unusupal or interesting features of the rock just like youd write
an abstract of a paper).

B. Texture
[, Fundamental end-members
a. Percent terrigenous materials
L. Fercent aliochemical materials
C. FPercent orthochemical materials
d.  Main rock group, based on the above (See page 2, syllabus).
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3.

Fabric

a. General homogeneity (Can the entire specimen be con-
sidered a single rock tvpe, or are two or more types
inter layered—such as sandy stredks in o mudstone, or bio-
clastic layers in an otherwise non-fossiliferous sondstone?)

b. Packing (Is there any evidence of welding or interpenetra-
tion of clastic grains by solution on the one hand, or
spreading of grains by the growth of cements on the other
hand?)

¢,  Porosity both before and ofter cementation

d. Perfection of orientation ond how it is expressed (i.e. hy
micas only, or by micas ond elongated quartz grains, ete.)

Grain size

a. Entire sediment: give median, extreme {100%) range, 1&6-
84% range, and sorting in terms of o ¢{¢ B4-$18) /2. Sizes
should be given first in mm (if you like they can bhe
converted to ¢ alsc). [s the distribution unimodal or
bimodal, and give details as to the diameter of the modes
and their relative proportions in the sediment. 1If there is
any correlation of size with compaosition, describe also.

b. Gravel fraction: give percent, median, sorting, range.

Cy Sand fraoction: give percent, median, sorting range.

d. Mud fraction: give percent, relative proportion of silt
versus clay, and median of silt if determinable.

e. Complete textural name {use the trionguior diagram; the
final name should be e.g. pebbly claystone, or silty medium
sondstone, etc.)

Grain shape

a. Idiomaorphism, range of idiomorphism, and variation of this
property with composition.

h. Sphericity (or elongation), sphericity range, and wvariation
of sphericity with size and compasition,

c. Roundness, roundness sorting, and wvariation of roundress
with size and composition.

Textural Maturity. Define the stage of textural maturity; are

any inversions present {such as well-rounded but poorly-sorted

grains)? lmmature stage: the rock contains over 5% clays and
very fine micas vunder 0,03 mm, Submature stoge: Clays less
than 5%, but the rest of the rock is still poorly sorted--i.e., the

16-84% grain size range is more than 1.0 phi units or Wentwarth

grades, Mature stage: rock is well-sorted {|6-84% range less

than 1.04) but still not well-rounded. Supermature stage: rock is
well-sorted and the quartz grains of sand size show an arithmetic
mean roundnes of 3.0p or better,

Bonding agents. Relative effectiveness of each cement {or the

clayey matrix) in bonding the rock together. Cements are

described in detail later, under C3.

Mineral Compaosition

Use the following detailed cutline for describing each mineral present.
It is a greot aid to describe the minerals in systematic order every
time, The following order of description is suggested:
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Terrigencus Minerals

a. Quartz [stretched metaquartzite should be counted sepa-

rately and its percentage specified because it is sometimes

assigned to the "M" or "RF" poles, not the Q" pole).

Chert

Feldspar

Mica

. Rock fragments (metamarphic, plutenic or volcanic, re-
worked sedimentary). Their internal composition texture
and structure should be described, and they should be
specifically identified if possible (e.g. muscovite schist,
andesite, biomicrite, illite-slate).

f, Other terrigenous minerals--such as tourmaline, zircon,
etc.: each of these should be described separately.

Qe Clay minerals.
At the end state what percentage you allet to the Q, F, and

R poles of the composition triangle, and give the composi-
tional rock name (e.g. arkose, or feldspathic phyllarenite,
etc.). This should be based on a point-count of at least M)
essential (QFR) grains.
Allochemical Grains {here describe separately the fossils,
oolites, intraclastic particles, pellets, collophane, glauconite and
other allochems, using the complete outline | - 25 below).
Qrthochemical minerals. Also describe each variety of these
individually, using the following outline, | - 25,
For each of the properties, for each of the minerals, ask yourself
why this is so; for example, if zircon is smaller than quartz and
more angular, and tends to be placered into streaks, you regson
that it is smaller and placered because it has g higher density;
also it is more angutar than quartz because it is harder. A great
amount of valuable information can be unearthed if you will
continually ask yourself why; it will stimulate you to ook tor
clues that otherwise might be completely missed. This is the
outline to be followed for each miperal (Terrigenous, Allochemi-
cal, and Orthachemical) in the order set forth above.

T OO

. Name. If the mineral varies in composition (such as
plagioclase or hornblende} identify the compasition opti-
cally.

2. Method of identification if the identity is not cbvious,

3. Percentage present in section, State method, whether

sheer estimation, point-count, etc, A * error {5} shoulil
always be attoched,
4, Qecurrence in slide and distribution pattern (uniformiy
distributed, randomiy scattered, or patchily distributed.
For example, heavy minerals often show a patchy distribu-
tion as they are concenirated along certain bedding planes
as placers; or certain cements may occur in patches and be
absent in the rest of the rock; or certain minerals may
occcur only in the vicinity of joints or near weathered
surfaces; or certain minerals like pyrite may be selectively
associated with the more clayey layers, etc.),
Physical orientation
Grain size of this mineral: median, extreme range, and
sorting; if desirable the 16-B4% range shouid be specified,

o 4
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8.
2.

| 0.

1.
12.
13.
| 4.
15.
l6.
I7.
| 8.
| 9.

20.

21.

22,

23.

24,

25.

Is the size distribution continuous (unimedal) or discentin-

vous (bimadal)?

|diomer phism, and range of idiomorphism, If the mineral is

nearly idiomorphic, describe the crystal habit if desirabie.

Are grains truly crystals or merely cleaved pieces?

Average Sphericity (stated as W/fL, e.q. .67), uniformity

and range of sphericity.

Average roundness, (Powers classes}), uniformity and range

of roundness, and variation of roundness with grain size. s

there a continuous gradation in roundness, or are there

rovnded and angular grains with na intfermediate roundness

values?

Etching, surfoce and contact features; is the mineradl

indented by others, or does it indent its neighbors? (This is

important in paragenesis).

For clastic minerals, are overgrowths present? For authi-

genic minerals, are clastic nuclei present?

{Cleavage, fracture, or parting.

Zoning ond internal structure (describe in detail).

Index and relief

Calor, pleochroism, diaphaneity; luster and color in re-

flected light.

Twirning.

Birefringence; does it show undulose or straight extinction?

Optical elongation and orientation; extinction ongle,

Interference figure: uniaxial or biaxial, plus or minus, 2V,

dispersion,

Inclusions

a. Identity of each inclusion

b, Properties of each, using above outline for descrip-
tion

C. Size of each inclusion

d. Distribution or zoning of inclusion within the host
grain, and erientation of inclusion within host

e, Abundance of each inciusion type

Freshness, alteration products, homogeneity of decomposi-

fion with the some species, and time of olteration {pre-

depositional, epigenetic etc.--give the evidence),

Definition and description of varieties within one mineral

species; differences in other properties that may occur

between varieties (for exomple, is quartz with rutile

needles more round thon quartz without rutile needles; is

purple zircon larger than colored zircon; etc, This is very

important in determining history of rock). What is fthe

relative abundance of each variety?

Affinities and antipathies of occurrence (e.g. does calcite

selectively occur in the coarser-grained layers; is dolomite

preferentidly associgted with organic matter, etc.).

Chemical and age relations with other mirerals {i.e. is it

being replaced or attacked by other minerals, is it euhedral

against others, earlier or later than cthers, at what time

and how did it form; give evidence for these statements).

Derivation ond probable source area for detrital constit-

utents.
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Structyres, etc,

[ " Sedimentary structures (bedding, lamination, cross-bedding,
slumping, etc.).

2.  Tectonic structures (joints, ete.).

3.  Weathering and alteration,

interpretation and Parogenesis

To a large extent these conclusions will be tentative until a rather

large suite of related samples has been built up. Nevertheless it is
possible fo gain a great amount of information from one or a few
siides, To that aim the following outline is suggested:
. Source grea
a. Geology (based upon quartz types, presence andd abundance
and character of all the minerals present). Give estimate
of the proportions of the rock contributed by each source.
b. Relief ond tectonic state (based upon mineralogy, grain
size, maturity}.
c. Climgte (bosed chiefly on feldspars ond micas and heavy
minerals and clay minerals).
d, Length of transport or distance of source area (based
partly upon size of largest grains, and shape).
2.  Depasitional area
a, Environment of Deposition {beach, river, delta, dune, la-
goon, etc.)
E. Depth of water, strength and persistance of cwrrents,
salinity, rapidity of burial, effect of organisms).
3. Cingenetic and post-diagenetic changes
a.  Age relations and mode cf origin of authigenic constituents.
b, Effects of intrastratal migrating fluids.
c. Effects of post-emergent weathering.
Economic Importance

.  What are the potentialities of this rock as g reserveir for oil or
water? What is the present poroesity and how did it originate?
What is the grain-size of the pores and how well are they
interconnected? Does the petrographic character (e.g. whether
phyllarenite or orthoquartzite, or type of cementing material)
suggest a faverable poresity trend in a given geographic direc-
tion?

2. ‘What valuable clues does the specimen offer to correlation in the
way of odd minerals or characteristic varieties of minerals?

For rapid descriptions, skimping should be done only under
mineral description; but one should notice especially the follow-
ing items about these minerals: Quartz (possible bimodality in
size; average roundness and range; is there a breck in the
roungness distribution; correlation of roundness with size; domi-
nant extinction and inclusion types; what is the relative acmount
of plutonic versus metamerphic and vein volcanic types), Feld-
EI:%[ (size and shape with respect to quartz; average freshness
and range of freshness within the same species--look especially
for kaolinization; do the several species of feldspar present
differ os to average freshness, size, or roundness), Chert (size
and shape with respect to quartz; are several varieties present,
such as oolitic, spiculitie, etc.), Micas (abundance of the several
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types). Metamorphic rack fragments: (rank; size and shape with
respect 1o quariz). Authigenic_minerals (time and mode of
arigink

Petrographic MNomenclgture for Conglomerates, Sandstones, ard Siftstones.
Progress in o science <an olfen be meosured by the increase in precision of its
nomenclature.  Much more information is communicated if we say "Spirifer mucro-
natus" rather thon "brachiopod" or simply "fossil* 0s wos done in the 17th century.
Describing an igneous rock as "phanerite' or "trap rock" long ago passed out of stvie,
and we now use such terms as "pink, fine-grained horrblende quartz monzonite.”
Unfertunately, primitive and simple {thereby meaningless) terminology still prevoils
among gealogists for sedimentary rocks, and most stratigrophic sections are still
described simply as sandstone, shale, or limestone. To do this is to gloss over the
trernendous variation which occcurs in these rocks, end to obscure stratigraphic and
regional changes, most of which would become of obvicus importance if proper
terminology were in use. How far weould geolegic work in igneous and metamorphic
areas progress if areas and sections were described as covered with outcrops of "fine,
pink rock," "course rock," or Merystalline rock as is now done with sediments?

The more information a term communicates, the longer it must becorne. A term
including all the impoertant information about a sandstone, then, is hound 1o be lengthy
because there are so many important ways in which sandstones can vary. Five
sandstone properties are held to be important enough to be included in the rock nomes:
the grain-size name, the chemical cements, the textural maturity, the miscellanecus
transported constituents, and the clan designation,

. The grgin-size name is the most cbvious property to many geologists, and
often is the only. description given to a sondstone. First determine the percentage of
gravel (grains lorger than 2 mm) if posible from a hand specimen because the thin
section is too small in area to give a representative sample of $he gravel content. Then
estimate the median size of the gravel froction clone. From this peint on, the process
is the sarne whether the rock contains any gravel or not. Estimate the ratio of sana to
mud (silt plus clay). This can be easily done by selecting a detrital grain 062 mm in
diameter and placing it under the cross-hairs to use s a standard for comparison, then
estimating what proportion of the rock consists of grains larger than this. Mext,
estimate the median size of the sand fraction, alone. Fineily, estimate the ratio of silt
vs. clay mairix and name according to the friongle on pege 28.

2.  The chemicuall y-precipitated cements offer important clues to the chemical
conditions prevailing when $he rock was deposited or aofterward. Clay is not
considered as a cement, but s a detrital matrix. If one considers clay as g cement, he
gets into difficulties with the shales which then become entirely "cement.! Only the
prominent cements {uswally one, ulmost never mere than twa) are included in the fiva-
fold name. Wherever there is a possibility of confusion In that one minerol can be
present in a sandstone either as a cement of as o transported constituent, vse the
construction "-cemented® as opposed 1o "-bearing”. The following lizage is suggested:

Quartz: |f the rock is so tightly cemented with abundant quartz overgrowths that
no pore space is eft (and the rock consequently breaks through the grains), vse "highly
siticeous.” If there are only a few small overgrowths, use “slightly siliceous,” Most
rocks may be called simply "siliceous.™

Chert: "Chert-cemented® inot "cherty” because this could mean a chert-bearing
sandstone with chert sand grains), §f the cement is well-developed fibrows chalecedonic
guartz, then "chalcedonic™ should be used instead.
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Opal: "Opaline.”
Carbonates: "Calcitic,” "dolomitic,” "sideritic™, etc,

Iron oxides: If iron oxides from a mere superficial film or if they ococur as a stain
in a red clay matrix, they are not volumetrically important encugh to include as part of
the nome, Only if the minerals Form thick, pure celloform crusts ar pore fillings should
the odjectives "hamatitie” or "limonitic" (if in doubt, "ferruginous™) be used.

Clay minerals: if the clay minerals are detrital or have fermed by recrystallizo-
tion of a previous clay matrix, they are not considered as o cement, and their presence
is denoted in the maturity tetrn. Only if they are chemical precipitates, filling previous
pore space {usually in the form of occordion-like stocks or fringing radial crusts) should
they be included as "kaolin-cemented," "chlorite-cemented,” etc. Usually even these
are prasent onfy in small guantities and will be ignorad in naming the rock,

Miscellaneous minerals: As the need arises, such terms as "pyritic," "callophane-
cemented,” "glouconite-cemented,” “gypsifercus,” "onhydrite-cemented," “baritic,"
"feldspar-cemented" etc. may be used.

If there Is no cement, eliminate that part of the name.

3. Textural Maturity reflects the physical characteristics ond bas already been
discussed afr the beginning of the petrology section, The maturity term is placed third
in the rock name, becouse it then convenient |y separates two mineral terms.

4.  Miscallaneous fransported constituvents are often of walue in interpreting
source, environment, and of ten are an impartant descriptive feature. MNo mineral whase
presence js already implied in the clon name is included, i.e. quartz, feldspar, and
metamerphic reck fragments are rmever used as modifiers. 1t is a matter of individual
Jjudgment when on accessory mineral becomes of enocugh importance to include as part
of a fivefold name; in many rocks this part of the name may be omitted, The limits
below are redsonable suggestions.

"Chert-bearing': Because chert [s a wvery important mineral whose presence
indicates a sedmentary source area in part, this adjective should be used if the rock
contains more than about 5 percent chert,

"Wolcanite-bearing™: If 2-5 percent of volcanic rock fragments or volecanic glass is
present, then this adjective is used.

"Micaceous"; This adjective is used if discrete flakes of coarse mica are
conspicuwous (say 1-2 percent). If desired, "muscovitic,” "biotitic" or "chloritic" may be
wsed if these are dominant,

"Glauconitic™s  "Collophane-bearing,” '"Faossiliferous," stc., are used if they
canstitute more than 1-2 percent of the rock.

"Caicarenitic” or "ealeiruditic" are used if they form more than |-2 percent of the
rock. The adjective "calelithic" has been suggested for these (Anan), These terms cre
vsed to describe reworked frogments of alder limestones, eroded from terrigencus
sources, |f they form penecontemporanecus limestone deposits, the terms "intraclasi-
bearing," "pelletiferous, or "ealitic® may he used. |f cover half the transported
constitutents are reworked carbonate rock fragments, then the rocks are a member of
the calclithite clan.
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%  The Clan designation (arkoss, guartzose phyllarenite, etc. analogous to
granite or quariz diorite in igneous rocks} is the most important as it indicates the bulk
mineral composttion. Mireralogy depends chiefly on source area litholegy, a factor
which stays relatively constant for long periods of time ond conseguently is the most
charscteristic feature of a sondstone format ion. 1% is a more dependable property than
the other parts of the nome, which tend to fluctuate more rapidly. The clan nome is
determined as shown previously by using the composition triangles.

Order of terms

Mo order is inherently more socred than any other; howewver, it fooititotes
cormparison of sagnples 1f the some order is followed by everyone. As in igneous or
metamorphic rocks the most important part of the nome, the ¢lom designation, should
come last, Grain size, the onc sedimentary rock characteristic that is used by all
geclogist, should coma first, By convention, the following order is suggested for the
fivefold name {astericks denote sections of the nome that can be omitted if the
constituents are absentk

(Grgin  Sizek {Cements®) {Textural Maturity) (Miscellaneous
Transported Constituvents*) (Clan Designation), Following are some exomples:

Fine sondstone: siliceous submature giouconitic quartzarenite,

Pebbly medium sondstone: hematitic bimodat supermature chert-bearing svbphyl-
larenite,

Silty very fime sandstone: gypsiferous mature grkose,
Sardy grenule conglomerate:s calcitic submature calclithite.
Muddy fine sandstorne: immature phyllarenite,

Slightly gronular mediom sandstone: caleitic, siliceous mature micaceous phyl-
|arenite.

Clayey very fine sondstone: immature fossiliferous plagioclose arkose.

Fire sandstone: supermature quartzarenite,

Silty coorse sandstone: chert-cemented submature quartzose phyllarenite,

Very fine sondstore: opaline mature cheri-bearing and cclearenitic quartzarenite.

Mudrocks

For siltstones ard silt-shales, the same terminology is used os above {e.g.
siltstone:  silicmous submature glouconitic pbyllarenite}. For mudstones, the order is
inverted with the term mudstone coming last {e.9. immature chert-bearing subarkose
mudstone, or calcitic immature erthoguartzite mudstone}. Both of the above can
usvally be easily retoted to one of the terrigenous rock clons. For claystones, omit the
textural maturity and clan names and follow the pattern (chemical cements} {odd
clastic constituentsy (chief clay mimeral or minerals) (grain size). For example, calcitic
fossiliferous illite-chlorite clay shale; chert-cemented collophane-bearing iitite clay-
stone. A classification has also been proposed by Picard (1971 JSP).
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PETROLOGY OF CARBONATE ROCKS

Carbonate rocks comprise some 25-35 percent of the straotigraphic section. They
are quite complex because of the varied constituents that form them and the amount of
replocement and recrystallization that they underge. Books by Bathurst {1976},
Milliman (1974), Wilson {1 975}, and Scholle {1278} are excellent references.

Carbonate racks may be best studied by the following means: (1} etching, wherein
the specimen is immersed in dilute hydrochloric acid for say five minutes; this reveals
distribution of relotively insoluble constituents such as sand, silt, clay, glaucanite,
phosphates, authigenic quariz, feldspar, chert, pyrite, and dolomite; and also reveals
e morphology of the calcite, whether coze, spar, fossils, introclasts, ete. (2) Peels,
wherein an acetate impression is made of the slightly etched surface; this con then be
examined under ¢ petrographic microscope in tronsmitted tight and a wealth of fextural
detqil is brought out in the calcite, in some ways superior to a thin section. (3)
Inscluble residue, wherein the rock is dissolved and the insoluble constituents described
urder bimocular and petrographic microscope. (4) Thin section, the best gll-round
method and absoletely necessary. Al methods should be used to study a specimen
adequately. Electron microscopy is also wvery useful (Longman & Mench 1978 Sed.
Geol.).

The following scheme for carbonate classification is presented in more detail in
January, 1959, AAP.G, Bulletin, and &,A P.G. Memaoir #1 (1962),

Classification of Limestones

Constituents, Disregarding admixture of terrigenous sond, silt, and clay, there
are three basic components of limestone: (1) microcrystalline calcite ocoze, (2) sparry
caleite, usually o cement, and (3) allochems. These are, in most limestones, analogous
with the clay matrik, chemical cement and sand grains of a sandstone.

([Wicrocrystalline ocoze, forming grains |-4 micrans in diometer, usoally sub-
translucent t¢ almost opague in thin sections. In modern sediments, it rmay consist of
calcite, maognesian-calcite, or aragonite; in pre-Pleistocene |imestones, it is aimost
always converted to calcite. Carbonate mod is polygenetic. Some is the result of
inorganic chemical precipitation in warm, shallow, saline water {probably the situation
in the Persian Gulf). Most mud teday comes from disintegration of organisms, mainty
green algae, into constituent crystallites, Some mud also is windblown dust, can come
from obrasion of shells, or may be precipitoted by olgae, bacteria, etc. The origin can
sometimes be deciphered by study with electron microscope, isotopes, ete. Carbonate
mud today forms in broad, warm shallow protected shelwves, bays or peritiddl flats such
as in the Bohamas, Florida Bay, Trocial Oman, ete. Lithified ooze, or micrite, is the
mdin constituent of the "lithographic™ limestones.

(2) Sparry calcite forms crystals generally over |0 microns in diagmeter, and is
distinguished from micrite by its clarity as well as coarser crystal size, which may
ronge up to | mm or more. This type of calcite vsually occurs as a pere-filling cement;
pares are often lined first by fibrous calcite, with equant mosaic calcite filling the final
spaces. In modern sediments, the first fibrous coating is vsuvally aragonite or magre-
sivm-calcite, but in clder limestones all cement is converted 1o caleite. Some sporry
calcite is the result of recrystallization of micrite; this subject is not fouched upon
here. Far criteria see [olk {1965 SEPM Spec. Publ. 13), and Bathurst (1271).
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Allochernicol constituents f{allos; differentiotion from the npormal) are those
components that have formed by chemical precipitation within the basin of deposition,
but which for the maost part have suffered some later transport; or, if they have not
bheen trarsported, they include such orgonized aggregates as sedentary fossils or fecal
pelleis differentigted from “mormal” chemical precipitates as one uswally thinks of
thern. Oniy four types of allochemns are of importance: intraclasts, oclites, fossils, and
peliets,

{1} Intraclasts represent pleces of penecontemporaneous, usuvally weakly conscl-
idated carbonate sediment that have been tom up ardd redeposited by currents (hence
the term intraclast, signifving that they hove been broken from within the formation).
Intraclasts vary from fine sand size up to pebble or boulder size, as in the familiar
limestone conglemerates, Intraclasts themselves may consist of any kind of limestone,
micrite, biomicrite, intrasparite, pelsparite, atc. (see iater). They indicote a tearing-up
af the bottom by an increase in current velocity {such as in stormsl, lowering of wave
bhase by partial emergence, or possible tectanic instability of the basin of deposition.
Rare imtraclasts form by occretion, analogous to lumps in a sugar bowl, and are then
transported. Of such nature are the "grapestone" aggregates of fecal {7) peliets in the
Bahamas {llling), They moy alse form in the wave-attacked margins of brogd oreas
where ooze is being precipitated, or upon tidal and supratidal fiats,

(2} Qolites range from 04 - 1.0 mm in diameter, und show radial or concentric
structure. They usually torm around a nucleus, often a small fossil fragment, fecal
pellet, nor quartr grain, They farm In loci of vigorous and continuous current or wave
action, In places where aragonite is being rather rapidly precipitated. An individual
volite may ga through several cycles of dbrosion alternating with grewth. In the
HBaharras (lting) oclites form in current-swept tidal channels or form submarine dune
ridges near share where corrents are pawerful. Modern oolites are commanly aragenite,
rarely Mg-calcite, Ancient ones may hove been calcite (Sandberg).

{3} Fossils are importont constituents of maony limestones. The most commaon
rock-formers are algoe, faraminifero, sponge spicules, corals, bryozeans, brachiopods,
qastropods, pelecypods, ostracods, trilobites, echinoids. See Horowitz and Potter for
details,

{4} Pellets are homogeneous aggregates of micrecrystalline calcite, well
rounded and sorted, averaging .03 to .20 mm. They probably represent fecal pellets of
worms of other invertebrates. it is possible that some may form in place by a form of
recrystallizatien; vaguely defined "pellets”" in coze are sometfimes termed grumeleuse,

Rock Classification. Almost all carbonate recks confain more than one type of
material; ore may be a mixture of oolites, fossils and sparry calcite cement while
another may consist of quartz silt, pellets, and microcrystolline voze porticlly replaced
by dotemite and chert. Thus the problem of classification becomes one in systematizing
these variations of composition and drawing significant limits between types. Carbon-
ate rocks are so complex that it is vsually necessary to make a thin section study in
order to pigeon-hole a specirnen properly, aithough good estimates can be rmode In the
field or with an etched specimen.

Disregarding for a moment the content of terrigenaus material, it is possible to
bose a practical limestone clossification on the relative proportions of three end-
members (1) allocherns, {2) microcrystalline ooze, and (3) sparry calcite cement.
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Allochemns represent the framework of the rock: the shells, oolites, carbonate
pabbles or pellets that make up the bulk of most limestenes, analegous to the guortz
sand of a sandstone or the pebbles of a conglomerate. Microcrystolline ooze represenis
a clay-size "matrix" whose presence signities lack of vigorous currents, just as the
presence of a clay mineral matrix in g sandstone indicates poor washing. Sparry calcite
cement simply fills vp pore spaces in the rock where ricrocrystalline ooze has been
washed out, just os porous, non-clayey sandstones frequently become cemented with
charmical precipitates. Thus the relative proportions of micrecrystalline ooze and
sparry calcite cernent are an impeortant feature of the reck, imsmuch as they show the
degree of “sorting" or current strength ol the environment, onadlogous to textural
maturity in sandstones. If we plot these two constituenis and the allochemical
"framework™ as three poles of a triangular diagram {s=e figure), the field in which
limestones occur is shown by the shaded areo; divisions between the three major
textural types of limestane are also shown on this figure. A similar field appears if one
plots terrigenous rocks on a triangle with the thres poles of sand and silt, clay and
orthechemical cement.,

This classification is predicated on the assurmption that the sparry calcite has not
been formed by aggrading recrystallization of a fine calcite poze, and that microcrys-
talline calcite has not farmed by degrading recrystallization of coarser calcite. I most
carbonates the writer has examined, this assumption is believed to be very largely true.
Nevertheless, the writer agrees that recrystallization is a very important process in
some |imestone formations, and the clossification proposed hare deoes not apply to
recrystallized recks, I provides g starting point for study of recrysigliized rocks,
though, because on origingl depasition these rocks must have belonged to one of the
qroups here proposex,

Type | limestones (designated os Sparry Allachemical rocks) consist chiefiy of
allochemical constituents cememed by sparry calcite cement. These rocks are
equivalent to the well-sorted terrigenous conglomerates or sondstenes in that solid
particles {here introclasts, colites, fossits or peliets) have been heaped together by
currents powerful or presistent enouwgh to winnow awgy any microcrystalline ooze that
otherwise might have gccumnulated as a matrix, and the interstitial pores have been
filled by directly precipitated sparry calcite cement. The relative proportions of sparry
calcite cement and allochems waries within raother restricted |imits because of the
lirni tations of packing:

L1} There is a limit to the tightness with which allachems may be pocked, thus
there will always be some pore space available for cement to fill, and

{2} There must be g certain minimum ameount of allochems present in arder to
support the structure-sparry calcite cement grows only in panr spaces and in general
cannot form o reck on Iis own right, unless recrystallization cccurs.  Similarly
sandstones reduire a minimum amount of sand grains {say &0 percent) to support the
rock structure. It may e mated bl corbonute rocks on deposition often hove porosity
much greater than sandstores or conalomnerates of eguivglent size because of the
irregular shapes of fossils (see Dunham 1962).

Type Il limestones (designated ns Microcrystalline Allochemical rocks) consist also
of a considerable proportion of allochems, but here currents were not strong encugh or
persistent enowgh to winmow away the micrecrystalline ooze, which remains as o
matriz: sparry caleile is very subordinate ar locking simply because no pore spoce was
availoble for it to foarm in.  These rocks are equivalent texturally to the clayey
sandstone or conglomerates, which also tend to have litHe cement, In these rocks the

15%



INTRACLASTIC
ROCKS (1]

O 1 THE
ROCKIT {9}

FOSMLFEROLS
HOCKE [b)

FOSS IFERDUS
PELLET ROCKE

epl

PELLET ROCKS
ird

BASIC

Al g mscol

TYPES

Intranpaite and
imrompareedite | Til

Sysparda  and
‘!i-ﬂdpﬁ'ru-lll‘-i 1Tkl

Sgarry

MEHOCAYSTAL LINE
AL LDCHEMICAL
AT

miromieritg  and
Iniramicrudite ©Xi)

Damicrile S0
Qamtcradite [(HMal)

Bigmitrily  wnad
Biomicrudite LA bt

COMPOSITIONAL CLASSIFICATION

1€0

OF

ALLOCHEM RATIOS

Imrgcinxis

3 Pelleix
/ » \ bp o
EH |

Dolites 5% ;:’
-]
Faxzils

MICROCRYSTALLME
ROCKS

.J\.r“'"

Micr{iy ()

IF |=W0% Allackms, Whirnciosr-
beoring Migine (i), Oalitz-
baoring Micrire {II cl, Foaxllf-
grauy Migrida (I, Pallctilar-
ot Migrite (ILp).

Cipmaer te LTTwl

LEGEMD
ﬁn‘ﬁ Bnhnrry Coalede
L\?“‘\:\\:\\:“:\:\* Coment
ot ‘__' M Er ey i
am e Calelie Doz
- e - :l

LIMESTONES



restrictions of pocking impose a certain maximum on the amount of allochems; vyet
there is no minimum, and Micrecrystalline Allechemical rocks are found with percent-
ages of dlochems (infractasts, oolites, fossits, or pellets) varving continuausly from
about 80 percent down to almost nothing. The reason for this is that micrecrystalline
ooze can form a rock in its own right {comparable to o claystone in the terrigenous
series), and con accept any amount of allochern material that becomes mixed with it.
Thus the brindary line between Microcrystalline Allochemical rocks ond Microcrys-
tallime rocls is entirely arbitrary, and has been set ot |0 percent allocherns.

Type I limestones indicate strong or persistent currenis: fype |l limestones
indicate wealk, short-lived currents or a rapid rate of formation of microcrystalline
ooze; ad most limestones can be assigned readily to one of the ather of these two
clazses hecouse usually either sporry calcite or micrecrystalline calelite is coleorly
doeminant, [n sorne rocks there are transitions, however, either because (|} washing is
incomplete and the oepze is only partially removed, or (2} in seme very fine grained
petlet caleilutites, the pore spaces between pellets are so tiny that sparry calcite
crystals are very minute, and can enly with great difficulty be told from microcrystal-
line ooze, Transitional types con be designated by symbol | - L. Some of these types
may also represent rocks in which the matrix has partiglly recrystatlized.

Type Il limestones (the Microcrysialline rocks) represent the opposite extreme
from Type |, inasruch as they consist almost entirely of microcrystatline ooze with
little or no allachern material ard ne sparry caleite. This implies both a ropid rote of
formation of microcrystalline coze together with lock of strony currents. Texturally,
they correspond with the claystones among the terrigenous rocks.

Seme microcrystatline rocks have been disturbed either by boring erganisms or by
soff-sediment deformation, and the resulting openings are filled with irvequiar "eyes" of
sparry calcite. Other beds of micrecrystalline caze have been partially tormn wp by
bottorn  currents ond ropidly redeposited but without the production of distinct
introclasts. These are consldered as Disturbed Microcrystalline rocks, and a special
symbol and rock term ("dismicrite™ is used for them [see classification table).

Bicherm recks {(Cummings and Shreck, 1928), made up of organic structures
growing in situ, are unigue ond place in a special closs, "biolithite,” Type IV, The
derminant organism should be specified, e.q., coral biolithite, blue-green algal biolithite,
ete, Of course, if these bioherms are braken up od redeposited the resulting rock s
considersed to be made up of intraclasts and falls in Type | or Ivpe Il depending on the
interstitial material.

After the main division of limestones inta Types |, 1l, or 11l it is most essentiadl to
distinguish whether the alleachemical pertion consists of .ntraclasts, onlites, fossils or
pellets,  In terrigencus sardstones, one wishes to know not only whether the rock hos
clay or not, but what the composition of the sand is; hence geoloqists recognize arkaoses,
phyllarenites and orthocuertzites, all of which types may or may not contain clay
matrix. it is just as important to recognize the radically different allochem types in
limeslones, and the scheme for classification |s presented in the table. The division
lines between the groups are set af levels belleved to reflect the significance of the
constituenti; for example, introclasts are so important genetically, indicating as they do
Q teuring vp of previously-deposited limestone and possibly indicating tectonic uplify,
that a rock 5 colled an intraclastic rock if it contains cnly 25 percent infraclasts,
although it may bave &0 to 70 percent fossils. Whether a rock is intraclastie, oolitic,
biogenic, or pelletiferous is indicated by adding "i", "o",."b", or "p" 1o the symbol | or |l
or IH, as iy Sparry Intraclastic racks (I7), or Microcrystalline biogenic rocks (b)),
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S50 far, gross texture (whetber Sparry Allochemical, Microcrystolline Allochemi-
cal, or Microcrystalline), and cormnposition of allochems (whether Intraclasts, oaolites,
fassils, or pellets) have been included in the classification, but nothing has been said
about grain size of the allochems. If the allechems average coarser thon | mm, the
rock is a calcirdite {or dolorudite); if they lie between 625 and | mm, the rock is a
calcarenite or delarenite; if finer than 0625 mm, caleilutite or dololutite,  In
determining the grain size name, only the size of the allochems is considereds
percentage and erystal size of microcrystalline coze or sparry colcite and grain size of
terrigenous material is ignored, Thus a rock consisting of 20 percent brachiopod shells
embedded in microcrystalline ooze end gquartz sand is descriptively o caleirudite, just as
much as a rock consisting of BO percent limestone pebbles cemented by sparry calcite,
Genetically, of course, there is a great difference between them and the writer seldom
uses the term "biomicrudite.

In theory, the threc fold size classification just given is validy but in practice,
rocks with allechems averaging in the calcilutite ronge are wvery rare.  The only
altochermn rock types with representatives in this size class are pellet rocks or biggenic
rocks, and in both of these the pellets or fossil fragments average no smaller than .04 or
{05 mm, just barely under the limit of calcarenite; pellet rocks nearly always hover on
the borderline betwsen calcilutite ond calcarenite (since the average peilet size is
between .05 and .10 mm). Setting a new rock class apart on such an artificial and
insignificant boundary seems to be an unneccssary complication, hence the writer has
lurnped these rare allochem calcilutites together with Ihe calcurenites in the classifica-
tion scheme., The only commen calcilutites are the pure microcrystalline cozes,
althouwgh many pellet rocks appear as calcilutites in the field and under a bimocular
MICroscope.

All the rack choracteristics discussed above are combined in a single narme, shown
it the table and diagrarmmatically in the second figure. At first the writer used such
cumbersome terms as "sparry intraciastic calcarenite” for intrasparite, "microcrystalline
biegenic calcirudite™ for Biomicrudite, etc.; but these names, although self-explanatory,
were Too gwikward to use in descriptions. As an aiternative be thought of introducing
locality terms, but the localities would be difficult to choose and the terms in
themselves would be entirely meaningless ond difficult to memorize. Finally, the
writer decided ta se single composite words, =ach portion of which referred to a
specific rock characteristic: thus "intrao™ for introclastic rocks, "oo" for colitic ores,
"hio" for bicgenic types, and "pel" for pellet rocks, Whether the rocks were tvpe | or
type Ul was shown by the second part of the nome, "spor” fer those with sporry calcite
cement and "micr” {pronounced with a short i, as in "mick") for thase with microcrystal-
line ooze matrix. Type !l limestones, almost entirely osze, were designated "micrite"”
(pronounced "rmick-rite") without any allochem prefix. Inasmuch as most limestones are
cqlearenites, no furthber syllable was odded if the size fell in that category, and as
exlained above, the rare and somewhat artificial calcilutites are lumped together with
the calearenites in this table. [t is important ta differentiate the calcirudites, theugh,
and the word segment "rudite" may be added if the size falls in that class. Examples,
together with 1he symbols used, are presented in the table.

Some rocks classified as Qosparite, Intramicrudite, etc, may have significant
amounts of other allechems which do mot appear in the nome. These may be specified
ot the discretion of the worker, such as Fossiliferous Qosparite, Oolitic Intramicrudite,
etc. Biogenic rocks, if composed largely of one or two types of organism, sheuld always
be described as Brochiopod Giemicrudite, Gastropod biosparite, Foramcrineid biomi-
crite, Oyster-echinoid biosparite, etc,
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The writer has not yet adopted this classification to rocks in which recrystalliza-
tion has been important; ony such attempt would be quite premature until these rocks
have been hetter studied and their importonce evaluated, One recrystallized rock type
appears to be of rather frequent occurrence in limestones, however, These rocks would
be clossified as micrites, type I, or biomiecrites, type lIb, (i.e., nearly pure microcrys-
falline coze, or fossils in an coze matrix, respectively) were it not for the fact that the
grains are still squidimensional ond uniform Tn size but microcrystalline calcite is
cearser than normal--average 5 to |5 microns instead of 2 t¢ 5 microns. Because this
relatively coarser materiol cccupies large areas or mekes up the ertire specimen, it
cannot have formed as a cement and probably represents aggroding recrystallization of
o "normaf” microcrystalline ooze matrix. These rocks the writer has designoted as
microsparite (corresponding to micrile), and biomicrosparite {corresponding to Liomi-
crite), with symbols respectively Rllirm and RIlb.

Grain Size Scale for Carbonate Rocks

Carbonate rocks contain bath physically-transported particles {oolites, intraclasts,
fossils, and pellets) and chemically-precipitated minerals (either as pere-filling cement,
primary ovze, or as products of recrystoliization and replacement). Therefore the size
scale must be g double eme, a0 that one con distinguish which constituent is being
considered le.g. coarse calcirudites may be cemented with very finely crystalline
dolomite, and fine calcarenites may be cemented with coarsely crystalline caicite).
The size scale faor transported constituents uses the terms of Grabav but retairns the
finer divisions of Wentworth except in the calcirudite ranges it is most useful for
limestones where transported particles are most obvious. For obviously allochemical
dolomites, the terms "dolorudite”, "dol arenite" and "dololutite" are substituted for thase
shown, The scale for authigenic constityents also follows the Wentworth divisions; it is
mast useful for dolomites, where trorsported particles are uswally obliteroted by
replacement, and crystal size is one of the few describoble characteristics. Most
daolomites fall in the mediuom crystalline range. For symbolic abbreviation, use numbers
as shown.
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Transported Authigenic
Constitvents Constituents
256 FAITY =p— 256 mm
Yery coarse calcirudite | (%)
61 mem 64 mm
Coarse caleirudite {8} |\ Extremely coarsely
crystalline
& i -+ & mm
Medium calcirudite {7
f mm & mm
Fire calcirudite (8) Very coarsely erystalline
f mim + | i
Coarse calcarenite
0.5 mm < (5) Coarsely crystaolline
Medivm calcarenite
0.25 mm . s 0.25 mm
Fine calcaremite
0.125 mm {4} Medium crystalline
Yery fine calcarenite
0.062 mm $  LO062Zmm
Coarse calcilutite
{0,031 mm —med {3} Finely crystalline
Medium calcilutite
0.01& mm + [O.01é&mm
Fine calcilutite
.008 mm {2) Very finely crystalline
Very fine calcilutite
0,004 mm 0.3
{1} Aphanocrystalline
{.002 mm -
0.001 mm 0.0 1mm
() Cryptacrystalline L
|

Carbonate composition. All of the rock types described above and listed in the
table can occarr gither as limestane or dofemitized limestone, and some may occur os
primary dolomite, |f the rock is a limestone, the rock naome fe.g. cosparite or
pelmicrite) iz used unmodified, intrasparrudite, for example. If the reck contains over
10 percent replacerment dolomite "dolomitized” is prefixed to the moin rock nome (e.q.
Dolomitized Oosparite, or Dolomitized Pelmicrite). If the dolomite is of uncertain
arigin, the term "dolomitic™ is suggested. In cnse the rock is a "primary” dolomite, vse
Delomite Intramicrudite, ete, '

Limestones that have been completely replaced by dolomite offer considerable
difficulty since in many cases the original sfructure is partly obliterated. Fine—grained
clastic particles such as pellets or finely-broken fossiis ore especially prone to vanish.
Likewise, one does not know the origlnal proportton of micro-crystalline ooze wersus
sparry caleite cement., In such coses Tt is very difficult if not impossible to allot ¢
dolomite to either classes |, 1, or Nl if ghost oolites, fossils, intraclasts, or pellets are
present, that fuct can be indicated by @ modifier. The erystal size of these rocks 15 a
very important characteristic and should be shown by the following terms and symboels:
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Cryptocrystalline Q under JK1 mm

Arhanocrystalline I L0010 - L0039 rmmn
Very finely crystalline 2 L0039 - L0156 mm
Fimely crystalline 3 D156 - L0625 mm
Medivm crystalline 4 L0625 - .25 mm
Coarsely erystalline g 25 - i.00 mm
Very coarsely crystalline é 1,00 - 4.00  mwn
Extremely coarsely crystalline 7 GYerT .00 mm

Examples of replacement dolomite rock names are Medium Crystalline Intraclastic
Crolamite, Finely Crystalline Biogenic Drolomite, or for a rock with ne visible allochams,
Coarsely Crystalline Dolomite,

Terrigenous Admixture. So far we have ignoted the confent of terrigencus
partictes. If the rock contaims over 50 percent terrigenous material, it is a Terrigenous
rock and not further considered here. If it contains less than 10 percent terrigenous
material, it is a Pure Chemical roeck and the terrigenous content is so low that it is not
mentioned in the classification,

However, if the rock contains between |0 and 50 percent terrigencus rmaterial,
that is regarded as imperiant encugh to be mentioned in the name and in the
classification symbol, These rocks as a class are known as Impure Chemical rocks; o
specimen of this fype is classified just as previously described (i.e., as a biomicrite,
cosparite, eic.), but to idantify it as an Impure Chemicul rock the terrigencus
admixture is described.

The following list shows examples of this usage:
Clayey Biopelmicrite
Silty Coarsely Crystalline Dolomite
Sanmdy Dolemicrite
Sandy Dolorni tized intrasparite

The Classification used here necessarily is determined by relative rates of
formation of each constituent, not on absolute rates. Thus an ubundence of terrigencus
material in a fimestone may mean (I} that uplift or proximity of the source area caused
a more rapid influx of defritus; (2) a change of conditions in the depesitional basin
suppressed chernical octivity, so that terrigenous minerals accumulated] by defavlts or
(3} current velocities were such as {o concentrate terrigenous material of a certain size
in preference to gllochemical material of different size.

Abundance of the fypes, Some remorks may be made a8 o the relative abundance
af these various rock types in the stratigraphic section as a whole. These observations
are based on examinotion of severcl thousand thin sections of carbonate rocks from
many regions.

Introclastic racks usually have a sparry caleite cement, inasmuch as currents that
arc strong encugh te transport fairly large carbonate rock frugments are also usually
copable of washing oway any microcrystalline ooze matrix. Thus, rocks of type i
(intrasparite) are common, whereas type lli {Intramicrite) is relatively rare. Texturaily,
intraciastoc rocks are obout equally divided between calcirudites and calearenites.

Dglite rocks with their high degree of sorting imply fairly vigorous current action,

therefore Oosparite {type 10) is much more abundant than Oomicrite {ype [el
Texturally these rucks are nearly always calcarenites, although in seme specimens the
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oolites may reach an average diameter larger than | mm, in which case the rock would
be a calcirudite, Pisolite rocks might be classified as Pisosparite.

Biogenic rocks may coeur just as frequently with o microcrystalline coze matrix
{Biomicrite, type lib) as with g sparry calcite cement (Biosparite, tvpe [b), Chalk is
usually foraminiferal biomicrite or faraminiferal micrite.

Type llb rocks indicate either that the fossils are sedentary ot else that currents
were calm (n the depositional area ond the microcrystalline ooze did not get winnowed
out from the shell material. Type Ib rocks indicate depesition uvnder vigorous current
action where the microcrystalline matericl was woshed away, MNote that both
intraclastic rocks and oolitic rocks reguire vigorous current action in arder to form,
thus are uvsuvally -sporites; while biogenic rocks do mot, hence moy have either
microcrystallinge maotriz or sparry calcite cement, Bilogenic packs are most commonly
calcirudites or calearenites, although calcilutites occur sometimes if the fossils are
very fine-grained foraminifera.

Pellet rocks are quite commeon, but are aften mistaken in the field or even under
the hinocular microscope for microcrystallice rocks. Usucally they hoave a sparry colcite
cement, thus belong in type Ip (Pelsparite) al twough sometimes they have a microcr ys-
talline maotrix {type llp, Pelmicrite). Texturally they are borderline between very fine
calcarenites or coarse caleilutites, but they are dll of such uniforim slze that the writer
designates thermn all as Pelsparite or Pelmicrite regardless of the precise average
diometer of the allochems.

Microcrystalline rocks, type 1 {(Micrites, type NI, or Dismicrites, tvpe WX} ocour
frequently in the section, They quite often contain rmore than 0 percenl clay, thus
type Tclll (Clavey Micrite) is common; Fossiliferous Micrite ([IIb) is another rather
frequent type.

Bialithites {type IV} are vncommon bot interesting. A rock should not be called
this unless it consists of organisms essentially in situ and forming a rigid fromewarlk; it
should not be agpplied 1o broken and redeposited fragments. Coral bielithite, Blue-
Green-Algal biolithite, Red-Algaol biclithite, and bryozoan hiolithite are most common.
These may form either mounds o more blanket-like bodies,

Genetic Significonce. A hest of papers ond bocks are now available on this
subject (e.g. Bathurst, 19713 Millirman, | 974; Wilson, | 975),

In general, tvpe | limestornes (Sparrvy Allochemical Limestones, or -sparites fer
short) are those limestones deposited in environments of vigorous winnowing acten and
pretty efficient sorting; they often show good bedding or cross-bedding, clase pocking
and good orientation of allochems. Thus they torm as eclionites beaches, sholiow
neritic sediments, submarine raised banks, swift tidal channels, barrier bars, ate. To
these sediments the concept of textural maturity can be fruitfully applied (this iden
stimulated by R. J, Dunhom and C. B, Thames). Of course all type 11 {imestones
[-micrites} would be claossed as immature, and the -sparites would be submature or
befter. The poorly sorted -sparifes would be submature, weil sorted ones mature, and
sorted ond rounded ones supermature. The maturity concept would be without much
significance for pelsparite and oosparite, which are wirtually by definition well sorted
and well rounded. |ntrasporites could be divided inlo well-sorted versus pootly sorted
tvpes, bt intraclosts are almost always reunded so that "supermature” would have no
meaning. The most cogent gpplication would be to the biosparites, Supermature
biosparites (finely broken and heavily abraded and roundad fossil fragments get ground
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to bits by wave actien to form rounded, polished coquinas, Such supermature pelecypod
biosparites formed a sernicircular beach cogquina arcund the north flank of Pilot Knob, o
Cretaceous submarine volcano near Austin (R. White), Often, the well-sorted {mature)
ongs @e made uvp of one fossil type, e.9., pelecypod fragments, crinoid columnals,
forams, or fusulinids; the poorly sorted {(submaoture) crnes are mode up of diverse
mixtures of fossils of inherently different size, e.g. forams plus crincids, or brachiopods
plus bryozoans plus fusulinids. Thus sorting is helieved, as in terrigenous rocks, to be
largely a function of source {ie, available types of fossils), with environrment fi.e.
strength of waves and currents, or water depths} playing a madifying, but not
controlling role.  Sorting is best in shallower wulers or on the beach itself, and gets
worse offshore.  Thus in moving frem a beach surf zone into deeper waters one might
theoretically expect the sequence ta go from supermature bicsparite {well rounded and
sorted) to mature (sorted but only slightly rounded) 1o submaoture (unsorted, fragments
not rounded but pessibly broken) to biomicrite {immature, with unsorted, broken or
whole fessils) and finally micrite. This sequence would undoubtedly be meodified by
types of fossils available and wave energy of the coast. See 962 AAPG Mem #! and
1964 JG (Falk & Robles) for details,

In sorme areas, shoal regions and littoral zones are characterized by clgal, coral,
or ather types of reefs. Most reef-forming organisms live in the shallow waters where
there is still sunlight available for photasynthesis of the algae, which make up the hulk
of living tissue on most reefs (Qdum), Reef rocks (biolithites) are exceedingly complex,
beeause of (I) abundant life and mony different types of fossils, making rock
petrographically varied, especially the algoe (there Is probably as much complexity and
variety of external form ond internal structure in algae as there is in all other fossils
put fogether), (2) the fantastic growth forms assumed by many of the reef organisms,
with weird branching, bushy or encrusting habits, {3) the reef rock 7s riddied with
cavities which may be empty (and later filled with spar in fibrous or mosaic forms), or
cavities may be partly filled with terrigenous sond, introclasts, time mud, pellets,
organisms that lived in the cavity, and inswept broken fossil debris. Add to this the
foct that reefs are prone to patchy recrystallization (becduse of the high aragonite
content) and one can sse that & thin section will be of the utmaost complexity. Reefs,
although they vsually thrive in high-energy zones, act as baffles to the current, and the
warer movement down in the crevices and pockets between branching ot ganisms may be
relatively calm even in o suf zore, just as the interior of a forest may be calm in a
windy day. Hence reefs are associated with much micrite and fine debris which filters
down between the branching growths ond connet be dislodged, In fact, stromatelitic
reefs, probably formed by blue-green clgae, are largely micrite, presumably trapped by
the slimy algal mats ond then firmly bound together by the filaments,

Rocks of type Il and type Il {either pure micrite or rocks with a micrite matrix)
indicate formation in areas of ineffective winrowing and calm currents, These can
form In four important ways: (1} in protected lagoons, in which the water is very
shallow, perhaps not more than a few feet deep; (?) in braad, shallow platferms on the
lee side of harriers (e.g, west side of Andros Island, Bahamas), where the great width of
the platform prevents any permonent removal of lime mud and it is merely shifted
around; (3) in moderately dasep waters in geosynclines {probably down to a few hundreds
of feet); (4) as open~pcean Chalks; (5) as Ginsberg has shown, lime mud may accurmulate
locally around organic baffles (marine grasses, coral or algal growths) even in fairly
high-energy environments, To tell these micrite-rich environments apart is often a
difficult problem as they may represent very shallow or moderately deep areas. Several
criteria are useful. Among the best criteria is the fossil content. For example, clams
of oysters in micrite would indicate a shallow, perhaps lagoonal area, whereas an
exclusively pelagic fauna of small forams would probably be indicative of deeper water
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VOLUMETRIC ALLOCHEM COMPOSITION

LIMESTONES, PARTIALLY DOLOMITIZED LIMESTONES, AND FRIMARY DOLOMITES REPLACEMENT DOLOMITES! (V)
{see Nutes L to 6)
1 Allochems <7 10% Allochens IMDIS-
WICHOCRYSTALLINE ROCKS TITREET
ALLOCHEMICAL ROCKS (I and II) (IIL) BIlte
HEFRM fllocbem ghosts Mo Allochem
Sparry calcite cement > | Microcrystalline doze <7 1% | ROCKS Chosts
Microcrystellios ooze Matirlix > Sparry Cal- 1-108 Allochems Alla- .
Matrix rite Cemenl chems | (Iv]
SPARRY ALLOCHEMICAL MICEOCRYSTALLINE ALLG-
ROCES (1] CHEMICAL ROCKS (II)
Intraclests;
IntTasparrudite Iptramicrudite® Intraclest- Finely crystalllne
bl {Ti:Lr) (ITi:Lr] bearing Mi- ! Intraclastic Dol-
h b B |Intrasparite Intraeicrite* critew . amite £V1:D3) Medium Crys-
S [(T1Lla) {Iri:Ls] (II1i:Lr or > eLe, *a line Tcloi
L | - wlte (ViDlW) |
N Oosparrudite Oomlc rudite¥ Oclites: B
%8~ [{To:Lr] (IIo:Lr} calite-bearing | o '3 Coarsely Crystal-
Hur.w Gosparite Qomicrited 8] Micrite® - — line Colitic
o (Io:La} {IIc:La) o] (IIlciir or el - g | Dolomivte
51 Le) el > | {vo:D5), ete. Finely Crys-
Blosparrudite Blomicrudite g =L — ] talline Dolu-
- | {IBiLT) {I1Ib:Lr} | Foosits: o T 4 ~ mite {V:D®)
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o | A {Ib:La} {ITe:La} 2| Micrite (IIIb: o8 = 2 | Bicgenic Jolamite
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far from shere. Another very good criterion is the lithology of associated beds. |f the
micrite occurs Interbedded with high-energy cdlcarenite:s and calcirudites, cemented
with sparry calcite ond showing evidences of current action, then the micrite is very
likely of shollow water origing the alternaticn might represent a flyctuation befween
lagoon ond barrier-bar ar beach enviromments. 1f, on the contrary, monatonous
thicknesses of micrite occur with no interbedded -sparites, o deeper water origin is
implied. Burrowed or churred up dismicrites seem to be characteristic of lagoonal er
shallow-water sediments, as are micrites that have been torn vp and reworked 1o form
intraclasts. If the climate was semiarid with development of evaporitic tendencies, the
lagoonal micrites might be associated with beds of more saline indicators such os
replacement delemite, or, if restricted circulation, primary delomite, anhwdrite,
gypsum, celestite, ete. | the climate was humid, influkes of cloy may be ossociated
with lugoonal micrites because of river drainage into bays ond lagoons.

In many beds of hiomicrite and fossiliferous micrite, the fossils are badly broken;
how does this happen in supposedly calm-water environments? Sometimes these beds
would represent a normal sequence from shoreline weli-rounded biosparites into morc
poorly sorted biosparites made of broken but non-rounded shells, to biomicrites and
finally micrites in deeper or colmer waoters. But often the shells are braken mot by
wave of current oction but by the activities of predetor organisms, which crunch up the
shetls in search of food and in sorme cases pass the debris through their digestive trocts,
Many beds of micrite show badly broken and randomly ariented shells distributed
patchily throughout the rock, often arranged along vogue "flow-lines.” These probably
rapresent a lime mud riddled with burrowers and scavengers, which break the shells and
churn themn up with micrite.

Beds of intramicrite and oomicrite might be formed by a similar mechanism, A
bed of lime mud might be !nid down, followed by deposition of a well-sorted loyer of
intraclaosts or oolites. Before the rocks have ¢ chance to get cemented, the whole
sediment might be churned up by burrowers so that the alloctterns would get mixed with
micrite. In these rocks the allochems often show a patchy, swirled distribution.

The significance of coler in {imestones is not too well xnown. Ordinarily, in well-
oxygenated (shallow and wave-agitated) waters, bacteria thrive and eat up decayed
organic matter, resulting in light-colored rocks, In waters of pour oxygenation, either
restricted, stagnating logoon or deeper offshore marine waters, reducing conditions
dominate and organic matter accumulates faster than bacteria can remove it, and dark,
prritic limestones result. The Buda limestone in central Texas grades from white
micrite in the nearshore facies to darle gray micrite in deeper wates farther offshore
(Hixer}, Many deep gecsyncliral limestones are dork colored, but so are many shallow
lagoonal limestones.

Motes to Classification Table:
* designates rare rock types.

. Names and symbels in the body of the table refer to limestones. If the rock
cottaing aver 10 percent replacement dolomite, prefix the term "delomitized" to
the rock name, and use DLr «r DLa for the symbol (e.g. Dolomitized Introsparite,
li:DLa). IF the rock contains over |0 percent dolomite of uncertain origin, prefix
the terrm "dolomitic" to the rockname ond use dir or dla for the symbel {e.g.
Dolomitic biomicrite libid-a) If the reck is a primary dolomite, prefix the term
"primary dolomite" to the rock name, and use Dr or Da for the symbol {e.q.
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Primkry Dolomite Intramicrudite, Hi:Dr). Instead of "Primary Dolomite Micrite"
the term "Dalomicrite" may be uvsed.

Upper name in each box refers to calcirudites {rmedian allochern size larger than
.0 mm), and lower name refers to all rocks with median allochem size smaller
than LOmm. Groin size and quantity of coze matrix, cements, or ferrigenoys
grains are ignored.

If the rock contains over |9 percent terrigenous material, prefix "Sandy", "Silty", or
"Clayey" to the rock name, and "T5", "TZ", or "T<" to the symbaol depanding on
which is dominant (e.g. Sandy Bicsparite, Tslb:ila, or Silty Dolomitized Pelmicrite,
Tzllp:OLa), Glavconite, cotlaphane, chert, pyrite, or other modifiers may also be
prefixed.

If the rock contains other allochems in significant quantities that are not
mentioned in the main rock nome, these should be preficed as qualifiers
immediately before the main rock name (e.q. Fossiliferous Intrasparite, Oolitic
Pelmicrite, Pelletifercus Qosparite, or Intradastic Biomicrudite). This can be
shown symbolicaily as lith), la(p), lIB(i), respectively.

If are ar twa types of tossils are dominant, this foct should be shown in the rock
name (e.g. Pelecypod Biosparrudite, Crinoid Biomicrite, Brachiopod-Bryozocan
Ricsparite, ete).

[f the roack wes originally microcrystalline ond con be shown ta have recrystal-
lized to microspar (5 to 10 picrons, clear calcite} the terms "microsparite",
"hiomicrospar]te" ete, can be used instead of "micrite" or "biomicriteh.

Specify crystal size as shown in the examples,
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DIAGEMNESIS

Diagenesis, the conversion of carbonate sediment intoe rock, tokes place by a
multitude of processes, described by a recent avalonche of papers (see Foll 1974 JSP).
Three processes go on: (]) solution of the more unstable minerals, particularly
aragenite; (2) filling of pores by precipitated minerals of all kinds, but most abundantly
calcite; (3) alteratien of original minerals to newer ones, stable under changed
conditions, by a complex of processes such as expulsion of Mg from mig-calaite,
inversion of arogonite to caolcite, recrystallization of fire calcite to coarser caleite, or
replacement by dolomite (or silice, pyTite, atc,).

Most diagenesis takes place near the contact zones between twa or three of the
following phases:  air, fresh water, sea wefer, and sediment., Diagenesis and
precipitation of cements is particulorly active where two solutions of different
composition, tfemperature, DDE content, ete, mix, If Karl Marx will forgive us, we may

state the Geochemist Manifesto: "Waters of the World, Unitel You have nothing fo
iose but your ions." The accompanying diogram shows common environments of
carbenate diogenesis,

The minerals that torm upon diagenesis are obviously controlled by chemistry of
the environment. The main features ean be explained by rmaking a plot of the salinity
vs. Mg/Ca ratio of the diagenetic solutions. Two ideas are fundamental:

(1) Calcium Carbonates. The presence of MgfCa ratics over about 2:| forees
CuCna ta be precipitated as either aragonite or magnesion-calcite. Mg++ poisons

sideward growth of these crystals, so thev tend to be fibers or steep-faced rhombs.
Only when Ma/Ca ratios drop below about 2:1 can equant, sparry calcite form. This
means that in sea water, hypersaline brines, beach-rock, etc. with Mg/Ca ratios varying
from 3:1 to as much as 100:1 in some sabkhas, that aragonite and maanesiay colcite
fibers or micrite form. In fresh surface waters, and in most subsurface brines, where
Mg/Ca ratios generolly are 1310 to 112, equant to bladed sparry calcite forms,

(2) Dolemite is difficult to crystallize because of the precise ordering required to
form the calternating sheets of Ca and Mg. Thus it forms best when crystallization is
slow, precipitating from dilute solutiens. Dolomite formatien is also favored by a high
Mg/Ca ratios in hypersaline solutions, dolomite farms at Mg/Ca aver 5 ar 10:1, but in
"fresh” waters it can form ot MgfCa values as low as 1:l. Thus the dolomite boundary
forms a sloping line on this graph: Its formation is favored by reducing salinity, or by
increasing the Mg/Ca ratio, Fresh water dolomite, because of i1s slow crystallization,
i$ characteristically suhedral and "limpid" (water-clear with sharp, mirror-like facets).
Limpid dalomite is much more slowly seluble than ordinary dolomite, Hypersdline
dafomite is in very tiny crysials, poorly developed,

The fallowing are the main diagenetic realms:

A. Sdline waters
|.  Beachrock. Cementation mostly by evaporating sea water in inter-
tidal zone, at the seafsediment/air contoct zone, Salinity normal marine to
somewhat hypersaline, Mg/Ca ratio about 3:1 or a little higher. Aragonite
and Mg-calcite cements, fibrous or micritic,
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2. Sabkha, or evaperitic salt flat. Salinity 5-10 times that of normal seq
water, Mg/Ca from 5:f to 100:1. Fibrous to micritic aragonite or Mg-
calcite; aphanocrystalline delomite if MgfCa exceeds 5 or 10:l; dlso
evaporite minerals.

3. Subtidal cement near the sea waterfsediment interfoce. Salinity and
Mg/Ca ratio same as normal sea water, Physically stable subsirate the main
key, to allow slow crystallization of cements. Includes reef cement, shallow
submerged shelf (Persian Gulif), and Ocean-floor cements. Mainly micritic
and fibrous Mg-colcite and aragonite; some dolomite and rare colcite {by
very slow crystallization).

8. Meteoric waters
I.  Surface fresh waters (lake, creeks)., Salinity about 1'% that of seq
water; Mg/Ca ordinarily 1:10 to 1:2. Calcite the chief form; in waters of
low jon strength {stream) calcite crystallizes o= rhembs. In vnusuval lakes
with high Ma/Ca ratio, Mg-calcite, aragonite and even dolomite form, even
in waters of low salinity.

2. Shallow soils (air/sediment contoct). Calcite in caliche ean farm
micrite or rhembs, Dolomite reported where high-Mg waters present.

3.  Vodose zone in calcarenites, Fresh water, very low Mg/Ca ratio.
Sparty calcite, often minute rhombohedra.

4. Phreatic fresh-water zone. Salinity very low, Mg/Ca also generally
low (1:10 to [:3). Sparry calcite, often in large, poikilotopic crystals,
extending to edge of pore withaut intervening crust. Most precipitation
probably near water tabie (subsurface air/water contact). Upon weathering
the tendency is to flush sediments with waters with a very low Mg/Ca ratio.
Removal of Mg from the rocks allows recrystallization of micrite to
microspar o pseudospar, end replocement of dolomite by sparry calcite
{dedolomiti zatian).

L. Subsurfoce waters
l. Deep subsurface waters, largely of meteoric derivation.  Salinity
rather low, Mg/Ca typically 16 to |:2, Sporry calcite, generally
ahedral. S5ome subsurfoce woters have Mgf/Ca near 111, and here dolomite
can form, {impid if crystallized from dilute solutions.

2. Deep subsurface waters, mainly of marine derivation. Salinity ranges
up to several times sea water; Mg/Ca usually low, however, 1:4 to {32,
Mg is selectively removed from subsurfoce connate brines becquse jt s
sratched out by clay minerals and by farmation of dolomite. Removal of Mg
from sea water means that Mg-poisoning no langer hampers calcite growth,
and sparry calcite mosaic can form.

3. It is suspected that the greatest precipitation of subsurfoce carbonate
should take place in the meteorie salt/water contact zone, e.g., near the
base of the fresh water lens,

Dolomite formed rapidiy at high salinities in sabkha environments tends to be in
very tiny crystals and may be poorly ordered. Dolomite formed by fairly concentrated
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solutions in the shatlew subsurface (so-called reflux} is coarser, but rather dirty with
Iots of inclusions. Delomite formed by very siow crystallization from dilute solutions,
at Mg/Ca ratios near the stoichiometric I:1, tends to be "impid", with perfect crystal
faces and water-clear (Folk & Siedlecka, 1974). The easiest way to obtain dolomite is
te reduce the solinity of a marine or hypersaline water by mixing in some meteoric
water--such as in a schizchaline environment that fluctuates rapidly hetween super-
high and low salinities, e.g., @ hypersaline logoon flooded by hurricane rains. Dilution

draps salinity radically but maintalns a high Mg/Ca rotie, dropping the water composi-
tion solidly into the dolomite field.

In surface waters of very low Mg/Ca ratio, Mg lons are removed from the rocks.
This results in replacement of dolomite by calcite {dedofomitization), and in recrystal-
lization of mierite to microspar or even psevdospar.
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Recrvstallization, Inversion and Meomar phism,

Carbonates, more than most other rocks, are susceptible to alteration because of
the highly reactive and unstable mature of mony of their original constituents,
particularly cragonite and High-magnesion calcite. Reaction may take the form of
(1} tota! removal of the constituent, leaving an apen cavity which exists for consider-
able time, and later filling by another mineral. This process, recognized os early as
| 879 by H. C. Sorby, is a common ene for aragonitic fossils whose melds are later filled
by sparry caleite. Best evidence for this is partial collopse of the rim or "micrite-
envelope” of the original shell (Bathurst, 1263). (2) Replacement of the origingl
constituents by another mineral of grossly different cormpesition, with ne significant
cavity developed; she host and guest minerals always remein in clese contact, of course
with 0 thin liguid film between to conduct the ions In and out of the system. Thisis the
metasomatism of Lirndgren, and is illustrated by dolomitization of & calcitic or
ardagonitic limestone, or replacement by chert, pyrite, etc. Replocement is usually
volume for volume, indicating some addition or subtraction of fors from the system,
(3) Inversion from one polymorph of a mirerdl fo another, gross chemical composition
remaining essentially constant--e.q. change from orthorhomkic araganite to rhombohe-
dral calcite, This con happen either by {a) a migrating liguid-film cousing simul tonecus
salution of the old and precipitation of the rnew as in ordinary replacement, or (b)a
switching of the pasitions of the 1ons in the crystal lattices without the presence of
liguids or long-distonce export-import of ions. The liquid film process is probably rmuch
more important in ordinary carbonate rocks. Evidence is the preservation or original
structure, e.9. organic laminae of the origindl aragonitic shell being preserved in the
calcite pseudomorph (Mudson; MNelsony Sorby). (8 Troe recrystallization, where the
original and fingl phases agre the same mineralogicaltly but merely differ in crystal form,
size, of orientation. An example would be fibrows caleite converting to microcrystal-
line calcite, or microcrystalline calcite going to sparry colcite. Again, thin liquid films
are probably present batween the older and newer generations of crystals. This may be
caused by strain (like the ordirary recrystallizotion--or as termed bere Ystroin"
recrystatlization, of the metallurgist): or may be driven by sther forces such as surface
energy,

QOther processes are sometimes encountercd. For examgle, calelte inreplocing an
aragonitic shell moy hawve a thin "no-man's land" of powdery carbonate, or even
micraporoesity between the original and the new rminerals {Schionger 1943), a situation
intermediate between solution-cavity-fill and Inversion, Or High-magnesian calcite
may expel Mg ions to leave relatively pure calcite of form and texture microscapically
identical with the original.

Processes (3} and {4) above--inversion and true recrystallization may be lumped
vnder the term "necmorphism® {Folk | 965 which simply means that ¢ mineral has the
some gross composition (ignoring chonges in trace elements, isotopes, etc.) but merely
has o new form--crystal size, shape or orientofion--differing from the original. It is
useful when referring collectively to inversion and recrystaollization, or when the exact
process is not known,

Neomorphism fand its more specific processes, inversion and recrystallizotion)
vsucally result in increase of crystal size {ocggrading recrystallization), such as when a
carbonate mud goes to sparry calcite. Occasionally, the crystal size decreoses
(degrading recrystallization}, as when oolites or fossils degrade to micrite, but this
porcess is much more rare,
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Aggrading neomer phisrn may be either porphyroid or coalescive. In porphyroid
neomar phism lor porphyreid racrystallization, porphyroid inversion) ¢ few large crystals
grow at the expense of a static matrix, thus o parphyroid fabric with large and small
crystals is in existence during intermediute stages of the process. In coalescive
neomor phism, meost of the crystals are either growing or being conswned, i.e. the whole
mass is changing like the growth of bubbles in a soup foam: a uniform crystal size is
matntained throughout the mass, though the averoge crystal size gradually grows larger.
Forphyroid neomorphism appears to be a much more common process, bt coalescive
neomorphism may be the mechanism by which microspar is formeds it is usually very
equigrained.  The importance of caleite-to-calcite recrystallization is an unsolved
point.  In Folk's opinion this occurs importantly in some localities and at some
stratigraphic horizons, but is everall volumetric importance is minor. Recrystallization
of micrite to 515 micron mi crospar s rather common, however.

Recrystallized allochems can be recognized if they consist almost entirely .of
mosaic spar; some fossils and introclasts are thus uffected.  Recrystallization of
micrite matrix should yield allochems floating far apart in a "sea" of spar, like plums in
a pudding, far too loosely packed to fit the requirements of packing: it should also
produce isolated patches of recrystallization spar in homogenenus micrite beds, Such
rocks are quite rare. Usually, where allochems are closely packed they hove a sparey
caicite cement (like close-packed, well-sorted sandstones); where allochemns gre loosely
packed, they lie in a micrite matrix (like sond grains in o shale). The overwhelming
dominanee of these two types argues that most spar is a pore-filling cermment, not the
result of recrystallization. The abundance of well-soried, now-porous calcarenites in
recent sediments Indicates that well-sorted, caleite-cemented calearenites should be
abundant in the geologic celumn.

Recrystallization can be proven if spar can be shown to transgress allochems ond
matrix more or less indiscriminately, The criteria for proving recrystallization are the
same as those for replacement. Bathurst {1958} has porposed some fabric criteria for
recognition of recrystallization, and Folk (1965} has a few comments. Longman and
Mench (1978 Sed. Geol.) have a brilliant SEM study on fresh-water neomorphismn of
carbonates.

Dolomites

Dolomites are classified as shown in the preceding pages. Maost dolomite is of
replacement origin, and replacement usually seems to have occured while the [imy
sediment was fairly soft or not buried very deeply. Replacement origin can be shown by
transaction of allochem structures by masaic dolomite. Most definite replacement
dotemite is coarser than 015 mm: it can be rather sofely stated that if the massive
dolomite is coarser than .03mm it is certainly a replacement. Replacement of
limestone may be complete or partialy in partially dolomitized limestones, the dolomite
may occur as isolated grains, as winding tubules or irreqular patches following zones of
greater permeability,

Dolomites finer than 010 are believed to be of quasi-primary origin, accumu-
lated directiy as a dalornite ooze (dolomicrite). A directly precipitated origin is not
proved, however, and it is possible that these beds were dolomitized very rapidly either
at the seac bottom or during the first few om of burial, These beds sometimes show
small-seale cress-bedding and are frequently reworked into pebbles; this indicates that
they were in existence as delomite at a time when they were still close enough to the
depositional inter foce 1o be eroded by stronger-than-usual waves,
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Many factors control the precipitation of dolomite. Among those known to be
important are temperature, solution, composition and concentration, rate of crystalii-
zation, and the presence and concentraton of certain orgonic compounds. But
apparently the most important relations con be explained relatively simply by a diogrom
in which salinity is plotted against Mg/Ca rotio of the depositing solution, {Folk and
Lang 72 GSA abstra., 1975 AAPG),

The key idea is that dolomite is a very difficult mineral to form because of the
precise Ca-Mg ordering required. [deal dolomite consisis of carbonate sheets inter-
layered with alternating sheets consisting entirely of Ca atoms or entirely of Mg atoms.
These iorns hove such similar properties that it is difficult to seqregate them, and
segregation of ions to produce dolomite is accomplished more readily if the crystalliza-
tion rate is very slow, or if solutlorns are dilute, with few interfering ions. Crystallize-
tion of dolomite ¥s much more difficult if crystallization is rapid or i there is o high
concentration of competing iens,

With a high concentration of Ca, Mg, and {303 ions, such as exists under

evaporitic conditions, a highly oversaturated solution can fose energy by forming the
improbable and difficult dolomite structwe, or it con lese a smaller, but still
substantial amount of energy by crystallizing os the simpler colcite of aragonite
structures. [n most cases the easier -'.'.I-:::!I.I{.}3 mineral will form, and the Mg/Ca ratio in

the remaining solution will rise to exireme wvalues, os is observed in evaporitic
environments, Only when exireme concentrations are reached s Mg finaliy forced to
precipitate, as a poorly ordered, Ca-rich "protodolomite.”

If the concentration of ions is much lower, such as in most meteoric waters, there
is not rearly so much interference in crystal growth caused by lattice Impurities, At
slow rates of crystallization minerals o form that are more nearly in theoretical
equilibriem with the surrounding golution; and in the case of delomite the careful
ordering of Ca ond Mg which is required can be oecomplished from solutions having
MgfCa ratios near the theoretical valoe of |:1.

In the diagram here presented the delomite fizld is divided from the calcite field
by a diagenal line indicating that, at low salinities {and low crystallization rates),
dolomite con form readily at Mg/Ca raties as low as Izl, but as salinity ond
crystallization rate increase, the Mg/Ca ratio ot which dolomite is first able to form
rises until it must sorpass 51 or 10zl in hypersaline sabkhas. The Jine shows o
generalized tendency and is g kinetic, not a thermodynamie, baundarys it is not meant
te be a precise separator, because temperatwre, presence of various foreign ions, etc.,
con shift the precise position of this boundary.

Hypersaline Environments., Preclpitation of gypsum and consegquent loss of Co
raises the Mg/Ca ratic of the brine to valves of 5:1 or more (by weight) sometimes as
high as 100:!. Total salinity con rise from about five times that of normal sea waoter
{at which point gypsum precipitates) to values as high as 10:1 or more. Kinsmon (1945}
has shown that hypersaline dolomite beings to crystallize only when the Mg/Ca ratio
exceeds 5:1 to 10:1. Any carbonate crystallized below such high Mg/Ca ratics comes
aut as the easier-to-form aragonite or mognesion-calcite,

Dolomite in Normally Saline Bays and Deep Sea, Mormal sea water has a Mg/Ca
weight rafio of close 1o 3:[L Considerable controversy exists over whether dolomite
can form in marine water of normal salinity, €. g., in nonrestricted bays or in deep-sea
sediments, If dolomite can form in both hypersaline enviraonments and in freshwater,
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then it certainly must be gble to form in seq water as weil. Blatt et. al. nsserted that
theoretical caolculations show that normal sea water should indeed be capable of
producing dolomite, but that dolomite does rot normally form because of the ordering
difficulty.

Dolomite in Dilute Meteoric Water. Most freshwaoter lakes gnd streams averoge
between 50-500 ppm total dissolved salts, whereas most large rivers contain 50-150
ppm. Most of these surfuce waters have Mg/Ca ratios between about 1:40 and 1:3;
thus, calcite should he the expectad phase formed. Howewver, some exceptional lakes
have an excess of Mg over Ca. Miller reported mognesion calcite, aragonite, and
pretodolomite forming in sédiments of Lake Balaton, Hungary, with @ total salinity
vnder 500 pprn.  But the Mgf{Ca ratio in the lake varies from I:1 to 3:1 and becomes
even higher in the interstitial waters of the muds where protodolomite is present.

In caves, dolemite aond other ossorted magnesian carbonates can form it the
MgfCa ratio exceads |1:1. Delomite can form in other freshwater depesits such as
spring tufas.

I caliches celcite is again the normal product, as the Mg/Ca ratic of most zoil
waters is low. owever, dolomitic caliche can form by attoeck of rain woter upen Mg-
rich source rocks.

We conclude that dolomite can form in surfoce fresh waters with Mg/ Ca ratias as
low as |:] providing crystallization rate is slow encugh for ordering to take place. A
more rapid crystallization rate requires o wreater excess of Mg/Ca. A high ftal
salinity s not in the least required; indead, it tends 1o hamper crystatlization of
dolorn te and favor calcite or aragonite instead.

Dolomite in Subsurface Waters, Subsurface waters show an exiremely wide range
in cormnposition, from drinkable woters of as low as 100 ppm total salinity to wvery
concentrated brines o high as six times seawater salinity [EVhHe, 19658). Because of a
great loss of Mg relative to Ca in most sub-surface brines, the Mg/Ca ratio tends to be
low, between |:2 and |4,

subsurface waters of mainly meteoric derivation, thovgh dilute, have Mg/Ca ppm
ratias that approoch a limit very elose to 1:2 {molar ratios of 0.8 Mg to |.3 Ca). This is
interpretad to be the peint ot which under sub-surfoce conditions calcite and delomite
are both stable, consequently precipitation of either phase con occur with slight shifts
in composition. Of course, for large amounts of dolomite to be formed, enough time,
adequate toral supply of Mg, and actively moving waters must be available.

In summary, these data on natwral waters show that, in a hypersaline environment
with high ion concentrotion and rapid crystallization, the Mg/Ca ratic must exceed 5:l
or |0:] for delomite to form. In mormal marine waters {such as deep-sea sediments),
dolornite probably forms at Mg/Cao values over 3:l.  In some fresh water and low-
salinity subsurface waters, delomite can form at MgfCa ratios as low s 1:} because of
a lack of compeling tons and o generally slower rate of crystallization. The lower the
salinity, the easier it is far dalomite ta arder.

Cn the diagram (fig. 1}, this leads to q diagonal kinetic boundary line for the
dolormite field, The foct that this boundary is diagonai is critically importont. [ means
that the easiest way to produce dolomite is by lowering the solinity, reducing the
concentration of competing ionz, and in most coses slowing the rate of crystallization,
Dolomite adlso con form ot any given salinity by raising the Mg/Ca ratio, but that is not
S0 COITIMGN ( Process,
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Methods for Producing Dolomite. The twe most commenly accepted ways of
forming dolomite are (T} with The hypersaline sabkhao model, saline waters supplied
either by supratidal flooding or by capillary upsucking; {2) by a reflux of heavy brines
through porous sediments beneath the saline basirs, Both these models rely upon using
a brine that is always hypersaline. Hypersaline dolomite certainly exists, but we
propose that it Is much easier and of rmuch greater importance 1o produce dolomite by
dilution with fresh water. This can hoppen in several ways: (1) the schizohaline
environment, wherein hypersaline brines are periodically mixed with fresh waters in g
near-surfoce envirenment; (2) mixture in the shallow subsurface of evaporitic, highly
suline brines with fresh water; (3) mixture of normal sea water or its connate equivalent
with meteoric water, as in o solt-water/freshwater-lens contoct zone; and (4) phreatic
meteoric water collecting Mg purged from magnesian-calcite during diagenesis.

schizohaline environment, Many shallow hypersdline environments are subjected
to episodic flushing by fresh water. A sabkha con be flooded with monsocon rains: or a
shallow hypersaline bay may be flushed by storms or hurricanes. In either case the
salinity drops suddenly and drastically to nearly fresh conditions, only to be buiit slowly
back 1o hypersaline conditions, as the normal evaporitic regime regains mastery. Such
environments, characterized by wild swings “between hypersaline and nearly fresh
condition, with essentially no times of normal marine salinity, are designated as
"schizohaline" environments.

Why is a schizohaline environrment such an ideal place to form dolomite? Let us
assume a typical sabkha with perhaps five times normal satinity and a MqfCa ratio of
double normal, say 7:1. Adding fresh water drops the salinity drastically, but the
Mg/Ca ratio remains almost as high as it was initially because of the {ow concentration
of total salts, including Ca and Mg, carried by the diluting water, On the diagram this
illustrated by « line dropping alimost vertically und the cornpositon of the water plunges
deeply into the dolomite field.

Far example, diluting one part normal sea water with ¥ parts of average river
water with about 100 ppm total dissolved scolids (typically including 20 ppm Ca and ?
ppm Mg) decreases the salinity of the mixture 1o about one-tenth-normal sea water, hut
changes the MgfCa ratio only from 3:1 to 2.2Z:1. Diluting a typical hypersaline
sablkha brine with % parts of river water would drop the Mg/Ca ratio only from 7:l to
6:1. Water of such composition in the subsurface then should continue to precipitate
dolomite until the Mg/Ca ratio approaches 32,

Repetition of this process every several decades might allow significant quantities
of delomite te form. In such a dynamic environment of repeated flushing, eflective
transport of Mg ions through the system is insured, The {arge freshwater head
developed during flooding may mix with ond transport Mg-rich, diluted saline waters
inte the deep subsurface as a thick lens, and provide the "pump" necessary for massive
diageneasis.,

Subsidence or uplift--Even without the effect of flooding, gradual subsidence of
hypersaline sabkha or Tageon sediments as deposition continues may allew penetration
of meteoric waters from a landward freshwater table into the hypersaline-saturated
sediments. A similar chemical revolution ensures. A fall int sea level will have the same
etfect, ar uplift and emergency of sabkha sediments will raise the hypersaline system
permanently into the vadose freshwater zone.

Mixing of fresh water with normal seq water--Many examples are known where a
freshwater lens of huge size overlies sea water, with a zome of mixing in between
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characterized by dynamic water movement, |In each case, mixing drastically lowers the
salinity, but the Mg/Ca ratio remains high because the amounts of Ca and Mg added by
fresh waler are very small compared to the large amounts of these cations present in
sea water., Mg/Ca ratios only con be lowered to typical subsurfoce values of 112 or
I:4 by crystallizing a large omount of dotomite or Mg-clays.

The failure to find gypsum in the supratidal flats of the Bahamas suggests that
some of the dolomite crusts may be formed by wet-season rain-water dilution of seq
water that is either ot normal salinity or that has not yet evaporated down to the
grpsum stage; thus, the cause of the dolomite iz, again, freshwater dilution,

Mg-purging--Incongruvent dissolution of Mg calcites con couse dotomibization of
nearty constant salinity by increasing the MgfCa ratio of the pore waters (Land and
Epstein, 1970). Onlty minor anounts of dolomite, restricted to Mg-catcite allochems or
their internal pores, con be produced by this method, however.

Lirnpid Dolomite: Produce of Dilute Waters. Freshwater dolomite is characteris-
tically limpid (Folk and Cand, 1972; Siediecka, 1972; Land, $973). Crystals ore readily
identifiable with o low-power binoculor microscope (or even hend lens or naked eye}
because of their rirror-smooth faces, reflecting sunlight fike tiny faceted gems.
Crystals are usuvally perfectly brillant, transparent, arnd water-clear, lacking any
inclusions; they look like minute diomonds. 'Under the petragraphic microscope thaey
appear as perfect evhedra with geometrically exact faces, and oggin are extremely
clear though some are zoned. At higher magnifications obtaimed by electron micro-
scape they appear as near-perfect crystals with absolutely plane crystal foces, lacking
any imperfections, inclusions, growth steps, or any other sart of blemish.

Conclusions,  Dolomite, because of the difficulty of ordering required for
crystailization, can form most easily by slow crystallization. At more rapid crystalliza-
tion rates, aragonite and magresion calcite crystallize because they are simpler
structures. Dolomite is favored similarly when solutions are dilute because few
impurities discupt the precise ordering of the lotice,

Dolemite can form from any natural solution providing the Mg/Ca ratic is over
approximately |:1, even in lakes or subsurface waters of very low total zalinity. An
important way to precipitate dolomite is to dilute sea water or sabkha-evaporitic water
with fresh water. Diivtion allows the Mg/Ca ratic to remain very high, but slows the
crystaliization rate and reduces the concentration of competing ions. Two ideal sites
where such o mixing mechanism can take place {schizohaline envircrments) are
floodable sabithas or inundatable shallow lagoons whers salinity undergoes rapid
fluctuation between hypersaline and nearly fresh conditions; another site is the
subsurfoce zone where seq water or evaporitic woters come into contact with o wedge
or lens of meteoric water and salinity reduction occurs, In both cases Mg is supplied by
saline waters, bt precipitation is permitted only by dilution with fresh waters,
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Roundness Scale of Maurice Powers (1953) - J. Sed. Petr. 23:117-1183
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Fig. 1 - Rouundness scale. ({Fowers)
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