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arge vorti porosity and permeability of the sediments and the instability of the
casional Petrographic studies of first-cycle desert alluvium of Cenozoic  contained minerals, these deposits, in a relatively short time geolog-
y move | age in the southwestern United States and northwestern Mexico ically, have undergone extensive postdepositional alterations that
show that the mineralogy, texture, and chemical composition of the  have greatly modified the characteristics of the sediments. Studies
I deposits have been changed diagenetically. The mineralogy has of samples collected from many localities throughout the region
suiis a been changed by addition of mechanically infiltrated clay, partial  indicate that the deposits have been affected by at least four types
cally forn removal of framework grains of feldspars and ferromagnesian sili-  of postdepositional processes: (1) mechanical infiltration of detrital
its, unde cares. and precipitation of authigenic potassium feldspar, zeolite, clays into the interstitial pore spaces (Fig. 1), (2) dissolution of de-
aracteristifl n.inorillonite, quartz, hematite, and calcite. The texture has trital framework silicate minerals (Figs. 2, 5), (3) replacement of de-
ing the s been . nanged by three processes: (1) infiltration of detrital clay and  trital framework silicate minerals by clay (Figs. 3, 5); and (4) pre-
ch as dunfill formation of authigenic montmorillonite, which form interstitial ~ cipitation of a wide variety of stable and metastable authigenic ce-

clavey matrix not present in the original sediment, (2) formation of
voids where framework grains have been dissolved, and (3) in situ
formation of silt and other fine-grained sizes. The chemical com-
position has been changed by infiltration of clay minerals that are
richer in aluminum and lower in alkalis and alkaline earths than the

U suggestig original sediment and by removal in ground water of some of the
xperime 1ons released by dissolution and replacement of framework grains.
V. Diet These changes have significantly increased the mineralogical
d critici maturity and decreased the textural maturity of the sediments
1. Filson, drapenctically,

Four major conclusions are drawn from the studies. (1) Some or
all of the diagenetic alterations observed in these deposits probably
oceurred in many analogous ancient first-cycle alluvial deposits ata
comparable time in their history. (2) Prolonged movement of
ground water through first-cycle deposits may cause unstable min-
crals to be removed completely, or nearly so, leaving no direct evi-
dence that they were important original constituents of the de-
posits. (3) Ancient first-cycle alluvium probably rarely, if ever, has
the same mineralogy, texture, or chemical composition that the sed-
iments had when deposited. (4) The present mineralogy, texture,
and chemical composition of ancient first-cycle alluvial deposits
Probably do not accurately reflect lithology and climate in the
suurce area or the nature of depositional currents and other en-
vironmental factors in the depositional basin.

INTRODUCTION

Basin-fil deposits of Cenozoic age throughout the desert regions
ofthe southwestern United States and northwestern Mexico consist
Predominantly of first-cycle sediments, which in most places are
|lely derived from crystalline rocks in adjacent mountain ranges.
Sandstones and conglomerates in these deposits characteristically
have high initial porosity and permeability. When first deposited,
‘1Y are composed almost entirely of granitic and volcaniclastic
‘vtntus, which is rich in feldspars, ferromagnesian silicate miner-
als. and volcanic rock fragments. This material is not in chemical
\
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menting minerals (Figs. 6 through 11). These processes have not
been equally important everywhere, but almost everywhere the ef-
fects ot one or more of them have significantly altered the original
texture and mineral composition of the deposits. We describe here
the characteristics of the alterations that have resulted from these
four processes as they are revealed by a combination of analytical
techniques, including thin-section petrography, scanning electron
microscopy, x-ray diffraction analysis, energy dispersive x-ray
analysis, and microprobe chemical analysis.

The examples illustrated here are from samples that were col-
lected from widespread localities and mainly from deposits of
Pliocene(?) and Miocene age. Many of the examples are from out-
crops of Pliocene(?) fanglomerates in Cafion Rojo on the west side
of the Cocopah Mountains in northeastern Baja California
(Walker, 1967, 1976); some are from subsurface cores of alluvial
deposits in the Gila Group at Tucson, Arizona; and some are from
outcrops of fluvial sandstones and associated eolian deposits in the
Sante Fe Group at various localities in the Rio Grande trough in
New Mexico. We purposely selected these examples to emphasize
thar the types of alterations described here are commonplace in de-
posits of Cenozoic age throughout the desert regions of the south-
western United States and northwestern Mexico, both in outcrop
and in the subsurface. Other related aspects of some of these de-
posits have been discussed in previous papers (Walker, 1967, 1976;
Walker and others, 1967).

MECHANICAL INFILTRATION OF CLAY

Most coarse-grained desert alluvium (sand, sandy gravel, and
gravely sand) is essentially free of interstitial clay when originally
deposited, because sorting by stream flow, even in ephemeral
streams, is a highly efficient process for separating clay from
coarser grained detritus. We have examined the texture of modern
alluvium on the surfaces of active alluvial fans, in arroyos, and in
the channels of perennial streams at hundreds of locations
throughout the region, and, as expected, the coarse-grained sedi-
ments characteristically are clay free. By analogy, we conclude that
most of the Cenozoic alluvium also was clay free when deposited.
Both Holocene and Cenozoic alluvium, of course, may be interbed-

opical Society of America Bulletin, v. 89, p. 19-32, 12 figs., January 1978, Doc. no. 80102.



20 WALKER AND OTHERS

ded with clay-rich mudflows, particularly if source areas are clay
rich, but such deposits were not the subject of our investigations.

The earliest diagenetic process that has significantly altered the
initially clay free alluvium is postdepositional infiltration of clay
into the interstitial voids of the sediments. Because of the arid cli-
mate, water tables in this region characteristically are low, particu-
larly in the alluvial fans on the margins of the basins. Hence,
whenever there is runoff from the adjacent highlands, water is re-
charged into the deposits. The pore spaces in the alluvium are many
times larger than the clay particles that are suspended in the runoff,
and therefore the clay is not filtered from the water as it seeps into
the sediments. The infiltrated clay remains in suspension and moves
with the water until interstitial conditions are encountered that
allow it to settle interstitially and form secondary matrix, in the
manner described by Walker (1976).

The mechanism by which clay is infiltrated into sand and the
fabrics formed by the clay have been studied in laboratory experi-
ments that simulate natural conditions of influent seepage (Crone,
1975). These studies show that infiltrated clay has a diagnostic
clastic texture by which it can be readily distinguished from clay of
other origins when samples are examined under a scanning electron
microscope. The infiltrated clay typically is composed of mixed
sizes of clay platelets that, except in meniscal bridges between

Figure 1. Scanning electron microscope photomicrographs of mechanically infiltrated clay. A-C: artificially infiltrated; D-F: naturally infiltrated.
Clay-coated framework grain. Locations of B and C are shown by arrows. B. Enlarged view of clay platelets oriented perpendicular to grain surface §
meniscal ridge at location B in A. C. Enlarged view of clay platelets oriented parallel to grain surface in clay skin at location C in A. D. Framework gra§
coated with clay skin (CS) composed of naturally infiltrated clay. Sample SF-G-A-
of Red Rock, New Mexico. E. Enlargement of area outlined in D, showing brok
oriented parallel to grain surface, and one crystal of authigenic potassium feldsp

rally infiltrated clay in F.

grains (Fig. 1A), are aligned parallel to the surface of i
framework grains. Thus, they form oriented coatings or “skig
around the grains (Figs. 1A-1C) that are similar to the soil cut§
illustrated by Brewer (1964, Fig. 43), ’
Alluvium that contains framework grains that are coated

infiltrated clay having the above characteristics is almost ubig
tous in basin-fill deposits throughout southwestern United St
and northwestern Mexico. Although the clay does not occud
freshly deposited sediments, initial stages of its accumulation ¢
be observed in most places within a few feet below the surfacel
pits dug into Holocene alluvium. More advanced stages of accun
lation can be observed almost any place that arroyos or man-m4
excavations have exposed analogous older deposits. A typi
example, showing a fairly advanced stage of accumulation, is ill
trated in Figures 1D-1F. Such clay occurs throughout porol
permeable deposits, but it generally tends to be concentrated abg
beds that have low permeability and therefore have served as b
riers to downward migration of the influent surface water, The
is particularly abundant in deposits located at the proximal end!
alluvial fans, where the sediments are coarsest grained and rechat
is most frequent. In such places, infiltrated clay may fill or nearly}
the interstitial voids. As would be expected, the mineralogy of ¢
infiltrated clay varies from place to place because it is composed

56, upper Gila Group (Pliocene-Pleistocene), from roadcut 6.4 km souf]
en clay skin. F. Enlargement of area outlined in E, showing clay platelel
ar (AF). Note similarity between artificially infiltrated clay in C and na e
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2. Partially dissolved silicate minerals. A-C: thin-section photomicrographs, D-F: SEM photomicrographs. A. Peripherally dissolved plagioclase
Dissolution voids (DV) occupy area between relict grain (P) and clay skin (CS) that marks original outline of grain. Sample PE-478, Pliocene(?)
wuerate, Caiion Rojo, Baja California. B. Internally dissolved plagioclase (P). Most of original area of grain is now occupied by dissolution voids

mple WFRB-5-2, Pliocene(?) fanglomerate, Cafion Rojo, Baja California. C. Peripherally dissolved hotnblende, showing dissolution voids (DV)

relict grain (H) and clay skin (CS) that marks original boundary of grain. Note needle-like terminations on relict grain. Sample WFRB-5,

?) fanglomerate, Caiion Rojo, Baja California. D. Partially dissolved hornblende grain (H), showing well-developed dissolution needles (DN) and
iition voids (DV). Outlined area shows location of Figure 9F. Sample WFRB-5, Pliocene(?) fanglomerate, Caiion Rojo, Baja California. E. Partially
augite grain, showing characteristic cockscomb terminations on relict grain. Sample BC-23, Hayner Ranch Formation (Miocene), San Diego

Formation (Miocene-Pliocene), near Dixon, New Mexico.

e of whatever clay minerals are available in the source

umably, clay is mechanically infiltrated into porous, perme-
iments wherever influent seepage accompanies alluviation,

ge amounts of clay are commonly added to sediments in this
Indeed, sediments containing between 10% and 20% matrix
Df this origin are common among the older Pleistocene and
deposits in the region. The mechanism therefore has im-

ant effects on the texture, mineralogy, and even the bulk chem-

position of the original sediments. For example, infiltration
this manner changes the original texture by adding im-

t amounts of matrix to sediments that were essentially ma-
t when deposited. The process thereby decreases the textural
ty (Folk, 1951) of sediments diagenetically, and it may lead
the erroneous conclusion that the sediments were deposited
flows or other currents that were incapable of the sorting
t accompanies normal stream flow. In addition, it

the mineralogy by adding clay minerals that were not pres-
te original sediment. Finally, it changes the bulk chemical
tion by adding minerals (clays) that normally are richer in

Minum and lower in alkalis and alkaline earths than those of the

Mitain, Las Cruces area, New Mexico. F. Partially dissolved plagioclase grain (P), showing well-developed dissolution voids (DV). Sample W-1a,

original sediment, thus causing corresponding modifications in the
bulk chemical composition.

ALTERATION OF DETRITAL SILICATE MINERALS

The framework silicate minerals in these deposits have been ex-
tensively altered intrastratally. The most altered minerals are those
that occur low in Goldich’s stability series (1938), such as plagio-
clase, augite, and hornblende. These minerals have been so perva-
sively altered and the alterations occur over such a widespread re-
gion that it seems certain that given enough time and assuming that
the processes continue, some or all of these minerals will be com-
pletely removed from the sediments.

The detrital silicates have been altered mainly by two diagenetic
processes, dissolution and replacement by clay.

Dissolution
Etched and hollow grains resulting from dissolution of detrital

minerals are common (Fig. 2). Extensively dissolved grains may be
seen with a binocular microscope, but they are more obvious in

Loy
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22 WALKER AND OTHERS

petrographic thin section (Figs. 2A-2C), and their details are best
observed using a scanning electron microscope (SEM) (Figs. 2D-
2F). It should be emphasized that evidence of dissolution is easily
overlooked when samples are examined only in thin section (for
example, Figs. 2A, 2B), because the dissolution voids are easily mis-
interpreted as being formed by “plucking” during the process of
making the thin section.

SEM examinations show that hornblende grains characteristi-
cally develop delicate needle-like terminations (Fig. 2D), which
reflect preferential dissolution along lartice planes parallel to the ¢
axis. Augite, on the other hand, characteristically develops
“cockscomb” terminations, which reflect preferential dissolution
along lattice planes transverse to the ¢ axis (Fig. 2E). Plagioclase
dissolution is more irregular, and although cockscomb structures
may develop, the grains usually show irregularly etched and (or)
fluted surface textures (Fig. 2F). The characteristics of the relict
grains indicate that dissolution may either proceed inward from the
periphery of the grains (for example, Fig. 2A) or, particularly in the
case of plagioclase, it may selectively remove the interior of the
grains (Fig. 2B). In these deposits, plagioclase, homnblende, and
augite show evidence of extensive dissolution, but potassium
feldspar has not been discernibly affected. Other writers (Miller
and Folk, 1955; Heald and Larese, 1973; Flesch and Wilson,
1974), however, have reported evidence of dissolurion of potas-
sium feldspar in much older rocks — some as old as early
Paleozoic. This evidence suggests that dissolution is a potentially
important process of intrastratal alteration of all types of silicate
minerals wherever they are bathed by interstitial waters with which
they are not in equilibrium, regardless of the age of the deposits.

Grains that are completely removed by dissolution may leave no
clue that they were original components of the sediment other than
the voids that are left in the spaces that the grains once occupied.
Commonly, however, the outlines of dissolved grains have coatings
of either infiltrated clay minerals, such as those discussed above, or
chemically precipitated clay. Both types of clay coatings normally
are chemically more stable in the interstitial water than many of the
silicate mineral grains that they coat. Hence, upon dissolution of
the framework grains, the clay coatings form hollow shells, which
are molds of the dissolved grains (Figs. 2A, 2C). Compaction of the
sediment, of course, may cause the clay shells to collapse; when
that happens, the clay coatings may become indeterminable com-
ponents of the interstitial matrix. The voids resulting from dissolu-
tion of grains may at any stage become filled with cement; if it seals
off the permeability, this cement may halt further removal of the
mineral grain, unless a change in the chemistry of the interstitial
water creates new conditions under which the cement is soluble.
For example, Figure 11A displays a homblende grain that has been
partly dissolved, as shown by its needle-like terminations. Sub-
sequently, the void space between the clay skin and the relict of the
grain has been filled with calcite cement. Similarly, Figure 11B
shows calcite filling a void left by the complete dissolution of a
grain of an unknown mineral (perhaps an especially unstable grain
such as olivine). In this instance, the only evidence that remains of
the dissolved grain is the preserved clay coating that marks its orig-
inal outline. Without the formation of clay coatings and their sub-
sequent preservation in a more or less intact condition, no evidence
of completely dissolved grains would remain in the sediments.

The dissolution of unstable silicate minerals has several impor-
tant effects on the original characteristics of the sediments. For
example, it increases the porosity of the sediments, assuming of
course that (1) the dissolution voids have not been subsequently
eliminated by compaction or filled with cement, and (2) that the
formation of voids has not been compensated by the loss of inter-
stitial porosity owing to the reprecipitation of the dissolved ions as
stable authigenic minerals. Inasmuch as dissolution removes

feldspars in preference to quartz, the process increases the quaj
feldspar ratio and thereby increases the mineralogic maturity of §
sediments diagenetically. In addition, dissolution changes the 4
ture of the sediments by decreasing the grain size of the affec]
minerals (Fig. 2A) and by producing relicts of silt and other f
grain sizes that were not present in the original sediment (Fig. 2
Finally, dissolution may significantly change the bulk chemistryj
the deposits owing to the removal of ions by migrating gro
waters, assuming that all of the released ions have not been:
precipitated as cementing minerals.

Replacement by Clay

Another commonly observed evidence of diagenetic alteratioq
the occurrence of silicate grains that have been replaced in situ
clay (Fig. 3). The clay replaces grains irregularly (Fig. 3A), perig
erally (Fig. 3B), and (or) preferentially along crystallograp|
planes (Fig. 3C), incipient fractures, grain contacts in rock frs
ments (Fig. 3D), or any other zone of weakness in the grains.
contacts between the daughter clay and relicts of the parent mi
als normally are very abrupt; that is, there seems to be no transiti
zone of partial replacement at the margin of the relicts (Fig. 3
Moreover, the contacts typically are blunt (Fig. 3E); cocksco
and needle-like terminations such as those that typify dissolutio
augite and hornblende are not developed by replacement.

Using identification criteria developed by Reynolds and How
(1970), x-ray analyses show that in basin-fill deposits throughq
the southwestern United States and northwestern Mexico,
diagenetically formed clay characteristically is randomly interstr]
ified mixed-layer illite-montmorillonite containing between 80
and 95% expandable layers (Fig. 31I). ‘,

Replacement has affected the texture and mineralogy of the d
posits in several important ways. For example, it has greatly i
creased the amount of interstitial matrix, and hence it has ¢
creased the textural maturity of the sediments diageneticall
Modal analyses of thin sections show that in places, clay of §
placement origin commonly exceeds 15% of the volume of the sd
iments. Such sediments commonly have a graywacke-like tex
that is, they are matrix rich, and the nonclay fraction consists of
poorly sorted mixture of angular and subangular grains (Fig. 3§
Indeed, these deposits in places provide outstanding examples ]
sediments that show early stages in the diagenetic development
graywacke-type textures in the manner proposed by Cummi
(1962). The daughter clay rarely occurs as intact pseudomorphs
the parent grains (exceptions are shown in Fig. 3F), because coil
paction resulting from overburden pressure causes the soft clay
become squeezed between more rigid framework grains (Figs.
3C). Thus, the daughter clay ultimately becomes interstitial matrf
That the matrix clay forms by replacement of framework grains i
comes increasingly obscured with time, with degree of alteratid
and particularly with depth of burial. 3

Replacement also has demonstrably reduced the average gra
size of the nonclay fraction of the sediments, owing to the commg
breakdown of framework grains into smaller sizes by incomplé
replacement. The replacement of plagioclase grains has been pa
ticularly important in causing this type of textural change becauf
plagioclase makes up a major percentage of the sediments, and]
has undergone extensive alteration (Figs. 3A, 3C). Similarly, 4
placement by clay has been important in the disaggregation of ro
fragments. Granitic rock fragments are the most extensively di
aggregated owing mainly to the selective replacement of the mof
unstable mineral components (Figs. 3G, 3H). In places, even sug
stable rock types as quartzite have been partly disaggregated b

cause of replacement along contacts in the composite grains (Fi
3D).



Figure 3, Photomicrographs (A-D and F-H are thin section, E is SEM) of silicate minerals replaced by clay. A. Plagioc!ase grain (P) that has b_een
replaced irregularly by clay (RC). Sample BE-32S, Pliocene(?) fanglomerate, Cafion Rojo, Baja California. B. Hornblende grain (H) that has been pcnPh-
erally replaced by clay (RC), which in turn has become squeezed between other framework grains. Sample V-CR-M-1-2, Pliocene(?) fanglomerate, Canon

Roio, Baja California, C, Plagioclase grain (P) that has been preferentially replaced by clay (RC) along cleavage planes. Note development of silt-sized
relicts of plagioclase. Core sample GS-5-423, from Gila Group at depth of 138 m, Tucson, Arizona. D. Quartzite rock fragment, showing partial disaggre-
kation due to replacement by clay (RC) along grain contacts. Core sample GS-5-228, from Gila Group at depth of 74 m, Tucson, Arizona. E. Homblende
tH) replaced by clay (RC), showing characteristic abrupt and blunt contacts between parent homblende and daughter clay. Sample WFRB-1, Pliocene(?)
f““g'()l‘ﬂcl‘ate, Caiion Rojo, Baja California. F. Clay pseudomorphs (CP) of grains that probably originally were hornblende, extensively replaced plagio-
dase grain (P), and many other grains showing partial replacement. Sample BE-32, Pliocene(?) fanglomerate, Caiion Rojo, Baja California. G. Part of
Branitic rock fragment (border marked by white line) in which plagioclase grains (P) have been selectively replaced by clgy_ (RC), and quarz (Q) has
ftMained essentially unaltered. Sample BB-2, Tesuque Formation (Miocene-Pliocene), near Truchas, New Mexico. H. Granitic rock fragxlncnt now com-
Posed mainly of clay (RC), which has replaced all original minerals except quartz (Q). Original outline of rock fragment is marked by an oriented clay skin
CS). Same sample as in G. L. X-ray diffraction trace of —2 um fraction of sample illustrated in C, solvated with ethylene glycol, CuKa radiation.
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In some instances where compaction has not distorted the
placed grains, it is possible from thin-section examination to distiy
guish between the parallel-oriented clay in the clay coating, whig
was emplaced by earlier mechanical infiltration, and the random)
oriented clay, which was formed by subsequent replacement of si};
cate minerals (Fig. 3H). These distinguishing characteristics, hoy.
ever, probably cannot survive intense compaction.

Figure 4. Five- Replacement has significantly changed the mineral compositig,
element microprobe of the deposits because the more unstable framework mineral
chemical analysis along such as plagioclase and ferromagnesian silicates, have been extey,
traverse across horn- sively removed, and the more stable minerals, such as quartz ap
blende grain that has porassium feldspar, have been proportionally increased. Thus, re
beec‘ll PmPhF';l.'Y am;;'d placement has increased the mineralogical maturity of the sed
tgor:);’a:‘sp;'; éggfzo 4 ments diagenetically, in th_e same way as digsolutiqn. Replace.m.em
from Gila Group at also has changed the mineralogy by adding mixed-layer illite
depth of 67 m, Tucson, Mmontmorillonite, which was not originally present in the deposits,
Arizona. Finally, replacement has changed the chemical composition g

the sediments because ions are released in the conversion of paren
silicates to daughter clay, and some of these ions are carried off i
solution in the ground waters. The major chemical changes thy
occur in the conversion of hornblende to clay are indicated in Fig
ure 4, which shows a five-element microprobe traverse across ;
hornblende grain that has been altered peripherally to clay in;
manner analogous to the alteration of the grain shown in Figur
3B. The analysis shows that as homblende alters to clay, there is:
loss of magnesium, calcium, and iron and a corresponding relativ
cLay increase in aluminum and silica (see also Walker and others, 1967
’ We have not made comparable microprobe analyses of replace:

CLAY HORNBLENDE

Figure 5. Partially replaced and partially dissolved silicate minerals. A. Thin-section photomicrograph of plagioclase (P) that has been partially replacet
by day (RC) and subsequently dissolved, forming dissolution voids (DV). Sample WFRB-1, Pliocene(?) fanglomerate, Cafion Rojo, Baja California. B
Same alteration sequence viewed under SEM. C. Enlargement of part of B. D. Thin-section photomicrograph showing effects of similar replacement
dissolution sequence in homblende (H) and development of dissolution voids (DV) and dissolution needles (DN). Sample PE-424, Pliocene (?) fanglomer
ate, Cafion Rojo, Baja California. E-F. Same alteration sequence viewed in SEM stereopair.
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Figure 6. SEM photomicrographs of authigenic

Plﬂxlin_c]asc grains, but presumably those alterations also involve a
loss of some of the elements, particularly calcium and sodium. De-
pending upon the chemistry of the interstitial ground waters, the
released ions may be removed in solution or precipitated as au-
thigenic minerals. To the extent that these ions have been removed
I solution, the chemical composition of the altered sediments has
cen changed from what it was at the time of deposition.

Multiple Alterations

In some places, the framework silicate minerals show evidence of
¥Ing undergone both replacement and dissolution, in that order.
‘iéence of such multiple stages of alteration of plagioclase and
Porntblende, as they are revealed in thin section and under the SEM,
" llustrazed in Figure 5. The relationships shown in these photo-
1"‘."“’8favphs support the following interpretation. Initially, both

' plagioclase and hornblende were replaced by clay on the
S;;‘kihexf'}' of the grai'ns' and alon_g fracrur_es, cleavages, an_d other
grni,{go weakness within the grains. At this stage of alteration, the
il ;hPré)bably resembled those shown in Figure 3A, 3B, and 3E,
the g fl _aughter clay occurring in close contact with the relicts of
PchF:‘nr-r v replaced parent minerals. Subsequently,_ however, re-
o b ent halted and dlsso]utlon began._The previously formed
N ving a product of_ intrastratal alteration, remained stable, but

Parent silicate minerals began to dissolve, the surfaces of the
carhy :M’fhc parent silicate mineral grains receded away from the
med clay, leaving voids such as those shown in Figure 2.

DIAGENESIS IN FIRST-CYCLE DESERT ALLUVIUM, UNITED STATES AND MEXICO

potassium feldspar. A. Authigenic potassium feldspar overgrowth (AF)
Sample VCR-M-1, Pliocene(?) fanglomerate, Cafion Rojo, Baja California. B. Bright-red interstitial matrix consisting of mixture of mechanically infiltrated
clay iMIC), authigenic clay of uncertain mineralogy (AC), and authigenic potassium feldspar (AF). Sample PE-248, Pliocene(?) fanglomerate, Cafion Rojo,
Baja California. C. Enlargement of outlined area in B. D. Relict of partly dissolved homblende grain (H) surrounded by reddish “matrix” composed
predominantly of authigenic potassium feldspar (AF). Sample BC-27B, Hayner Ranch Formation (Miocene), San Diego Mountain, near Las Cruces, New
Mexico. E. Enlargement of upper outlined area in D, showing close-up of authigenic feldspar “matrix.” F. Enlargement of lower outlined area in D,
showing authigenic potassium feldspar (AF) partly filling dissolution voids in relict hornblende grain (H).

on detrital feldspar grain (DF).

The reason for the change in type of alteration from replacement
to dissolution is uncertain, but it almost certainly reflects a change
in the chemistry of the interstitial water. However, the nature of the
change and the time at which it occurred cannot be ascertained
from available data.

Presumably, dissolution can also precede replacement, but we
have seen no evidence of this sequence of alteration. It may be very
difficult to preserve such evidence, because replacement would tend
to destroy characteristics that are diagnostic of earlier dissolution,
such as the cockscomb terminations on augite and the needle-like
terminations on hornblende. We conclude that both alteration se-
quences are possible, but we can convincingly document only one
of them.

DESTINY OF THE RELEASED ELEMENTS

Dissolution and replacement of silicate minerals result in the re-
lease of some or all of the chemical elements contained in the
altered grains. Obviously, greater percentages of the contained
elements are released if the grains are dissolved than if they are re-
placed by clay. Nevertheless, even replacement, when it is pervasive
and widespread, is accompanied by the release of important
amounts of material. The destiny of the released elements depends
on the physicochemical conditions of the interstitial water that is in
contact with the altering minerals. The elements may stay in solu-
tion as soluble ions and migrate with the ground water, or they may
precipitate as authigenic minerals that are stable under the condi-
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tions existing in the interstitial environment. The most commonly
formed authigenic minerals in these deposits are potassium feldspar
(Fig. 6), zeolites (Fig. 7), clay minerals (Fig. 8), quartz (Fig. 9),
hematite or its precursor oxides (Fig. 10), and calcite (Fig. 11). All
of these minerals are common constituents of the interstitial matrix
that typically binds together the framework grains in the basin-fill
deposits. Indeed, the so-called “matrix” in these deposits seems typ-
ically to be composed either entirely of one or more of these au-
thigenic minerals or, alternatively, of a mixture of one or more of
these minerals superimposed on platelets of clay, which have been
mechanically infiltrated into the deposits some time after deposi-
tion. For most of the sandstones and conglomerates in these de-
posits, the interstitial fine-grained matrix seems rarely to be an orig-
inal detrital component.

The authigenic minerals in these geologically young sedimentary
deposits are so extremely fine grained that except where they form
overgrowths on framework grains (Fig. 6A), they normally are very
difficult or even impossible to recognize without SEM examination.
We have found that the nature of the interstitial matrix is best
studied using an SEM for determination of crystal morphology, an
attached energy dispersive x-ray analyzer for determination of the
elemental composition of the material examined, and a standard
x-ray diffractometer for determination of the mineralogy of frac-
tional concentrates.

Authigenic Minerals

Potassium Feldspar. This is one of the most common authigenic
minerals. Along with zeolites and clay minerals, it accounts for
most of the reprecipitated aluminum and potassium and much of
the reprecipitated silica. Authigenic potassium feldspar occurs in
part as overgrowths on detrital feldspar grains (Fig. 6A); therefore,
it commonly is coarse enough to be recognized in thin section. De-
trital grains of both potassium feldspar and plagioclase serve as
host grains for the overgrowths. Sheppard and Gude (1969, p. 21)
have illustrated analogous overgrowths on plagioclase in the
Barstow Formation (Miocene) in southern California. Authigenic
potassium feldspar also occurs as pseudorhombic crystals (Figs. 6B,
6C) that typically are so small that only the larger ones are discern-
ible in thin section, and even these are easily overlooked. Crystals
of potassium feldspar in many places are important components of
the interstitial matrix. They usually are associated with other ma-
trix material, such as mechanically infiltrated and authigenic clay
(Figs. 1F, 6B, 6C) and authigenic quartz (Fig. 9E). In some places,
however, the interstitial matrix is composed almost entirely of
aggregates of potassium-feldspar crystals (Figs. 6D, 6E). In places,
the crystals have partly filled the voids formed by dissolution of
framework grains (Figs. 6D, 6F), indicating that partial dissolution

et

Figure 7. Authigenic zeolite. A, Thin-section photomicrograph showing authigenic clinoptilolite (Z) that partly fills interstitial voids. Sample Penr. 46
Tesuque Formation (Miocene-Pliocene) near Dixon, New Mexico. B. SEM photomicrograph of same sample, showing authigenic clinoptilolite (Z) a"

associated clay. C. Enlargement of outlined area in B.

WALKER AND OTHERS

of the detrital silicate minerals has preceded precipitation of the g,
thigenic potassium feldspar.

Energy dispersive x-ray analyses of several representative crystal,
indicate that they are composed of potassium, aluminum, ap
silica. X-ray diffraction traces of samples containing concentrate,
of the crystals confirm that the mineral is potassium feldspar.

Other investigators (Hay, 1966; Sheppard and Gude, 1963
1969, 1973) have shown that potassium feldspar is a common ay,
thigenic mineral in other deposits of Cenozoic age, particularly j,
tuffaceous lake sediments, in many places in the southwester
United States.

Zeolite. Authigenic zeolite, which x-ray analysis indicates j
clinoptilolite (a high-silica zeolite that usually contains sodium), j;
a common cementing mineral in areas where the basin-fill deposix
contain volcaniclastic detritus. Locally it forms the major cemen;
The formation of zeolites seems to be fostered by the alteration g
volcanic glass, but in the appropriate chemical environment, the
probably can form from the alteration of any type of alum.
inosilicate mineral (Hay, 1966, p. 83). The clinoptilolite in thes
deposits typically forms tiny clear euhedral crystals with low bire.
fringence and high relief. These crystals line interstitial voids and, j
abundant, they can be recognized in thin section (Fig. 7A); how.
ever, they are best seen under the SEM (Figs. 7B, 7C). Wherever i
occurs, clinoptilolite accounts for the precipitation of significan
amounts of aluminum and silica. To our knowledge, it ang
montmorillonite are the only authigenic minerals in these deposit
that are likely to contain significant amounts of sodium. The occur
rence of authigenic zeolites in tuffaceous deposits of Cenozoic ag
in the deserr regions of the western United States has long beer
known, and their nature and genesis have been discussed in detai
by Hay (1963, 1966), Sheppard (1971), and Sheppard and Gud
(1968, 1969, 1973).

Clay Minerals. Much of the released aluminum and silica and
probably some of the sodium also are reprecipitated as clay (Fig. 8)
Throughout the region, the most common precipitated clay is ran-
domly interstratified mixed-layer illite-montmorillonite containing
80% to 95% expandable layers. This clay yields x-ray traces tha
are similar to those obtained from the clay of replacement origin
described above (compare Fig. 3I). Thus the precipitated clay i
nearly pure montmorillonite. In rare instances, it forms radiating
crystals that line interstitial voids; in such instances, its authigeni
origin is obvious in thin section (Fig. 8A). In most instances, how-
ever, when examined in thin section the precipitated clay is an un
recognizable part of the interstitial matrix, and its authigenic origin
cannot be ascertained by its optical properties. However, under the
SEM, it has a diagnostic boxwork texture that confirms its av
thigenic origin (Figs. 8B, 8C). The texture is similar to the texture
of montmorillonite illustrated by Borst and Keller (1969, Fig. 33)
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and it is strikingly different from the texture of mechanically
intilirated clay (compare Figs. 8 and 1). o _
Our SEM studies show that chemically precipitated clay is an
important contributor to the interstitial _matrix in thes_e depo.sits in
many places. In some p]aces,. clay _that is solely of this origin has
nearly filled the interstitial voids (Figs. 8D—8F, 8H, 8I). In some in-

Sp . - T E MY

e

) Figure 8, Thin-section (A) and SEM photomicrographs (B-I) of authigenic clay. A. Authigenic clay (AC) occurring as coarse-grained void liner. Sample

stances, the clay forms curved sheet-like masses that appear ro have
originated as grain coatings. For some reason, perhaps repeated
wetting and drying, the grain coatings have become crumpled, and
they have separated from the surfaces of the framework grains
(Figs. 8D—8F); the interstitial voids have become nearly filled with
contorted platy fragments of authigenic clay (Fig. 8E) that perhaps

N

r';E'285, Cuchara Formation (Eocene), SW¥asec. 36, T. 31S., R. 68 W, Las Animas County, Colorado. B. Authigenic clay forming interstitial matrix in
sample GS-4-701.5, Gila Group, Tucson, Arizona. C. Enlarged view of outlined area in B. D. Authigenic clay forming matrix in well-sorted (eolian?)

ANd associated wi
Y 1unction with N
ay. F. E"larged
g P".Sil"‘d mecha
Ythigenic mixe
" Cruce !

th alluvium. Sample T-31, Ojo Caliente Member, Tesuque Formation (Miocene-Pliocene), in roadcut on U.S. Highway 64, 1.9 km south
ew Mexico Highway 75 near Dixon, New Mexico. E. Enlarged view of outlined area in D, showing crumpled, sheet-like character of the
view of outlined area in E, showing boxwork texture of the clay. G. Incipient stage of development of authigenic clay (AC) on previously
nically infiltrated clay (MIC). Sample SF+G-A-56, Gila Formation near Red Rock, New Mexico. H. Advanced stage of development of
xed-layer clay (AC) on mechanically infiltrated clay (MIC). Sample BC-23a, Hayner Ranch Formation Miocene, San Diego Mountain, near
New Mexico. 1. Enlarged view of outlined area in H. showing boxwork texture of the dlay.
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Sp

Figure 9. SEM photomicrographs of authigenic quartz. A. Tabular crystals of quartz which are flattened parallel to basal pinacoid and have unequall

developed prism faces. Concentrate of red silt fraction from sample WFRB-1, Pliocene(?) fanglomerate, Caiion Rojo, Baja California. B. Prismatic crystal
of quartz which are terminated with thombohedral faces. Bright-red matrix in El Rito Formation (Eocene?), 7.4 km northwest of El Rito, New Mexico, o1
New Mexico Highway 110. C. Bright-red interstitial matrix containing abundant authigenic quartz and authigenic potassium feldspar. Sample WFRB-3.
Pliocene(?) fanglomerate, Cafion Rojo, Baja California. D. Enlarged view of upper outlined area in C, showing interstitial matrix composed mainly o §
authigenic quartz (for example, at arrows) of type shown in A. E. Enlarged view of lower outlined area in C, showing authigenic quartz (Q) encrustiny %
authigenic potassium feldspar (AF). F. Enlarged view of outlined area in D in Figure 2, showing authigenic quartz of type shown in A here; quartz partl
fills dissolution voids in relict hornblende grain. Sample WFRB-$, Pliocene(?) fanglomerate, Cafion Rojo, Baja California.

represent multiple generations of formation. In other instances, the
interstices contain aggregates of curled-up plates that may be of
similar origin (Figs. 8B, 8C). Many of the samples we have exam-
ined contain authigenic clay that has been precipitated on surfaces
coated with clay platelets, which we interpret to have been mechan-
ically infiltrated. An example showing an initial stage in the forma-
tion of authigenic clay having this association is shown in Figure
8G; an advanced stage of formation of similar clay that has almost
concealed the underlying mechanically infiltrated clay is shown in
Figures 8H and 81

We emphasize that occurrences such as these illustrate that the
mineralogy of the matrix clay in these and analogous ancient fluvial
sandstones and conglomerates is unreliable evidence of source-area
climate. For example, the matrix in these deposits contains both au-
thigenic and mechanically infiltrated clay. The authigenic clay ob-
viously reflects the interstitial chemical environment, not the
weathering environment in the source area. It is true that the
mechanically infiltrated clay is derived from the source area, but
even this clay, assuming that it can be differentiated from au-
thigenic clay, does not necessarily reflect the weathering conditions,
because the clay commonly is reworked from shale and other
clay-rich bedrock formations rather than from soils that have
formed by in situ weathering. Furthermore, if the source areas are
arid to semiarid, such as those of concern here, much if not most of
even the clay in the soils probably is not a product of i situ weath-

ering; rather, it is probably airborne clay that has been reworked by
wind from many different sources, which may lie far outside the
watershed. The importance of airborne dust in desert soils has been
stressed by Yaalon (1973). Accordingly, we believe that the
mineralogy of the matrix clay in these and other analogous ancient
deposits is of dubious value in making climatic interpretations.

Quartz. Most of the free silica is precipitated interstitially as
two crystal forms of quartz: (1) tabular crystals that are flattened
parallel to the basal pinacoid and have unequally developed prism
faces that give them a pseudo-orthorhombic form (Fig. 9A), and {2!
prismatic crystals that are terminated with rhombohedral faces
(Fig. 9B). That both types of crystals are composed of SiO, (com |
monly with impurities of iron) has been confirmed by energy dis
persive x-ray analysis of several representative crystals; both types
consist of quartz, as confirmed by x-ray diffraction analysis of con-
centrates of the crystals.

Both types of quartz crystals are at least locally important com
stituents of the interstitial matrix, and each type dominates th
matrix in places (Figs. 9B—9D). We have not observed the two crvs
tal forms occurring together, and therefore we conclude that onc it
not the precursor of the other. We also conclude that the two forms
reflect either different concentrations of SiO, in the ground waters.
or other differences in the interstitial chemical conditions, but w¢
do not know the nature of the differences. Both quartz forms con
monly are associared with authigenic potassium feldspar (Fig. 9E:



v have only rarely observed authigenic overgrowths on detrital
Lart/ prains.

1~ 111 the case of authigenic potassium feldspar, crystals of au-
(hienic quartz have partly filled the voids that are formed by dis-
solution of framework grains (Figs. 2D, 9F). This indicates that dis-
solution of the detrital silicare minerals has preceded the precipita-
pon of authigenic quartz.

Hematite and Its Precursor Oxides. Inasmuch as iron is a com-
mon constituent of some of the most unstable detrital minerals,
wuch as augite and hornblende, the alterations in these deposits
have led to the release of important amounts of iron. The behavior
of the iron depends upon the interstitial chemical conditions that
conteal the state of the iron. If conditions favor reduction, the iron
is varned as ferrous ions, which remain in solution and migrare
with the ground water. If conditions favor oxtdation, the iron pre-
apitates as hematite or as a limonitic precursor oxide, which
should convert to hematite upon aging, in the manner described by
Berner (1969) and Langmuir (1971). Conditions generally have fa-
vored the precipitation of these iron oxides; the basin-fill sediments
throughout the region characteristically are stained reddish vellow
to bright red, and they commonly contain identifiable hematite
(r\\[;l].\' (Flg ]0)

Hematire occurs as drusy linings of voids that are left by the dis-
soli o of some of the framework minerals, presumably fer-
romeznesian silicates (Figs. 10A—10C), and as tabular concentrates
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occurring between cleavage laminae in biotite grains (Figs. 10D—
10F). More commonly, however, iron oxide occurs as stain, which
is either amorphous or occurs in crystals that are too fine grained to
be detected under an SEM. These oxides, which commonly are
bright red, stain all types of framework and matrix grains, includ-
ing the previously described mechanically infiltrated clay (Figs.
1D-1F, 6B, 6C), authigenic feldspars (Fig. 6E), authigenic clays
(Figs. SD-SF, 8H, 81), and quartz (Fig. 9). Throughout most of the
region, the precipitation of iron oxide in these various ways has
converted the deposits into red beds (Walker, 1976).

Calcite. Authigenic calcite, although not present in all samples,
is common, and it is the mineral that most commonly causes indu-
ration of the deposits. (All of the authigenic minerals at least locally
cause induration.) The calcite generally is coarsely crystalline (Fig.
11), and it fills both interstitial voids and the voids that are formed
by dissolution of framework silicate minerals (Figs. 114, 11B). If
dissolution voids are filled by calcite prior to compaction, and if the
original outlines of the dissolved grains are marked by coatings of
clay and (or) iron oxides, the calcite preserves the outlines of the
dissolved grains (Figs. 11A, 11B), If calcite seals off the permeabil-
ity, it protects relicts of partially altered minerals from further
alteration (Fig. 11A). The protection may persist until a subsequent
change in the chemistry of the interstitial water causes later disso-
lution of the calcite and re-exposes the mineral to the interstitial
waters. An example of authigenic calcite that has been partly re-

Figure 10. SEM photomicrographs of authigenic hematite. A. Hematite crystals lining void (encircled area) left by dissolution of framework grain,
babl,\' ferromagnesian silicate mineral. Sample BC-23a, Hayner Ranch Formation (Miocene), San Diego Mountain, near Las Cruces, New Mexico.
 Enlarged view of outlined area in A. C. Enlarged view of outlined area in B, showing dlusters of euhedral hematite crystals. D. Intercleavage hematite in
E. Enlarged view of part of D. F. Enlarged view of part of E. Sample L-27, Tertiary red fanglomerate (Miocene?), Laguna Mountains, near Yuma,
- Crystals in both examples are hematite, as indicated by red color, hexagonal shape, and iron-oxide composition as confirmed by energy dispersive
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moved by dissolution is shown in Figures 11C~11F. Evidence dis-
played in these photos supports the following interpretation. Prior
to precipitation of the calcite, the interstices of this sediment were
partly filled with a mixture of mechanically infiltrated clay and au-
thigenic feldspar (Figs. 11E, 11F), in a manner analogous to the in-
terstitial mixture illustrated in Figure 6B. Subsequently, coarsely
crystalline calcite was precipitated, and it engulfed the clay and
feldspar mixture and nearly filled the remaining void space (Fig.
11C). Still later, in response to what must have been a change in the
chemistry of the interstitial water, the calcite has been partly dis-
solved, and the included clay and feldspar are now exposed on the
etched surfaces of the calcite (Figs. 11E, 11F). Presumably, con-
tinued dissolution of calcite in this manner would ultimately allow
protected relicts of unstable silicate minerals, such as the
hornblende relict shown in Figure 11A, to be bathed again by
ground water with which the minerals are not in equilibrium, and
the destruction of these minerals would resume. Such episodic re-
moval of unstable minerals probably is common during the history
of many ancient first-cycle deposits. The example illustrates the
complexity of postdepositional alterations in first-cycle deposits.

SUMMARY AND CONCLUSIONS

The alterations described here, which presumably are still in
progress in the Cenozoic deposits in the southwestern United States

Ly _‘)..

and northwestern Mexico, provide excellent examples of minery,
responding to changes in their environment. The deposits are cop,
posed predominantly of minerals derived from crystalline rock,
therefore, the minerals were formed under physical and chemic,
conditions that were strikingly different from the conditions und,
which they have existed since they were deposited in the sedimey,
tary basins. Most of the minerals are not in equilibrium with the;
surroundings; hence, the unstable minerals are being destroyeg
and new minerals that are stable under the new conditions g
being formed. Presumably, these mineralogical changes will cop
tinue until an equilibrium mineral assemblage has formed.

The degree to which partly altered minerals remain in these g,
posits, some of which are tens of millions of years old, indicats
that the formation of an equilibrium mineral assemblage is a slo,
process, even on a geologic time scale. Indeed, on a geologic tiny
scale, equilibrium probably is only a temporary condition, becaug
each subsequent change in the interstitial environment tends
upset the equilibrium and initiate new alterations. The phy,
icochemical characteristics of the interstitial water can change re
peatedly during the long history of a deposit, and each change pre
duces a new set of conditions which in turn leads toward the for
mation of a new equilibrium mineral assemblage. Intrastray
alterations probably are most rapid during the early history ¢
first-cycle deposits, because at this time the sediments are likely «
contain the most unstable minerals. However, alterations can occr
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Figure 11. Thin-section (A and B) and SEM (C-F) photomicrographs of authigenic calcite. A, Partially dissolved hornblende grain (H), with orighn’
outline marked by preserved clay skin (CS). Dissolution void is filled with calcite (C). Sample WFRB-3-7, Pliocene(?) fanglomerate, Casion Rojo, By
California. B. Probable completely dissolved silicate grain, with original outline marked by preserved clay skin (CS). Dissolution void is filled with calot
(C), which is optically continuous with interstitial calcite. Sample BC-27b, Hayner Ranch Formation (Miocene), San Diego Mountain, near Las Cruc® dol
New Mexico. C. Calcite cement (Ca) in Pliocene(?) fanglomerate, Cafion Rojo, Baja California. Freshly broken surfaces that follow cleavage planes Z o
products of sample preparation. Sample PA-38-1. D. Enlarged view of outlined area in C, showing naturally etched surface of calcite. E. Enlarged view? o4l
lower outlined area in D, showing inclusions of authigenic potassium feldspar (AF) in calcite (Ca) which have been exposed by the etching. F. Enlarged ¢ o
of upper outlined area in D, showing exposed inclusions of mechanically infiltrated clay (MIC).
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ny tine the minerals are not in equilibrium with the interstitial
‘aters. Moreover, none of the common rock-forming minerals is
nmune to alteration; even such a relatively stable mineral as
uartz is altered in some ground waters (Fig. 3D).

Changes in the interstitial environment may have both internal
and external causes. For example, the chemistry of the interstitial
~er is significantly affected by the ions that are released by intra-
tratal alerations. As unstable minerals are removed, important
pources of ions are eliminated, and the composition, pH, and so
orth of the interstitial water change correspondingly. In addition,
hemical changes are affected by such external causes as climate
ind tectonism. Climate affects the amount and temperature of
ater that circulates through the sediments and the amount of or-
Banic matter included in the original sediments, and these factors in
urn affect rates of intrastratal alteration, concentration of dis-
olved ions, pH, and redox potential. Tectonism affects the rate of
.Hmnd-water circulation, interstitial temperature, and pressure.
»l‘"‘“?\’ample, uplift tends to increase the circulation rate and de-

¢ the temperature and pressure. Conversely, deep burial tends
‘; _kfk'crcase the circulation rate and increase tb; temperature aqd

wsure. All of these factors affect mineral stability, and changes in

l:-‘ of them are likely to promote mineralogical changes in the sed-
ents,
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n We conclude that the history of intrastratal alteration can be ex-
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cdingly complex, the alterations can occur at any time during the
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“ltlh ong Story of the sediments, and the alteration processes probably are
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Las C e '8ure 12 summarizes diagrammatically the major types of post-
¢ planes l(E‘[’i':\ltlonal alterations that have occurred in the sands, sand-
rged vie ¢*. and conglomerates of Cenozoic age in the desert regions of
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- .:”m\ estern United States and northwestern Mexico (stages |
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"It includes our interpretation of the nature of the

Figure 12. Diagrammatic interpretation of observed and inferred stages of diagenetic alterations in first-cycle desert alluvium.

sandstones that eventually will be formed if the same types of
alterations continue (stage I1I), Admirtedly, the alterations are more
complex than this simplified diagram implies, but the diagram
summarizes the major types of changes that can be expected during
the history of many ancient nonmarine first-cycle deposits.

When initially deposited, the sands are composed of an essen-
tially clay-free mixture of grains that range from very unstable min-
erals (represented in the diagram by hornblende) to relatively stable
quartz. Feldspars, including both plagioclase and potassium
feldspar, are the most abundant minerals; in places they initially
compose more than 50% of the framework grains. (Sands that are
derived from volcanic source areas also would be very rich in vol-
canic rock fragments, but, for the sake of simplicity, these have
been omitted from the diagram.) Accordingly, when initially
deposited, the sands characteristically are texturally mature and
mineralogically immature.

Almost immediately following deposition, clay begins to be
mechanically infiltrated into the sands wherever influent seepage
accompanies alluviation (stage I). The clay becomes concentrated
around the framework grains in coatings composed of clay platelets
that are oriented parallel to the grain surfaces. This is the earliest
diagenetic alteration of the sands. It changes the characteristics of
the original sediment because it increases the clay fraction and
thereby decreases the textural maturity of the sand. This stage is
bypassed if conditions are unfavorable for influent seepage of sur-
face water.

As the sands are bathed by interstitial water, both above and
below the water table, the unstable minerals are altered by re-
placement and (or) dissolution (stage II). The minerals may be
altered exclusively by either type of process, or first by one and sub-
sequently by the other. We infer that either process may be fol-
lowed by the other, but we have seen evidence proving only that
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dissolution can follow replacement. Both processes tend to destroy
unstable minerals and thereby proportionately increase the per-
centage of stable grains. Thus, both processes increase the mineral-
ogical maturity of the sediment. Dissolution increases the porosity,
but the gain may be offset by subsequent compaction and (or)
cementation. Replacement increases the amount of matrix clay,
and thus, along with the clay that is mechanically infiltrated, it de-
creases the textural maturity. Similarly, replacement by clay de-
creases the porosity and permeability of the deposits.

Both replacement and dissolution release ions to the interstitial
waters. Depending upon the chemistry of the water, the ions may
remain in solution and migrate with the ground water, or they may
precipitate as authigenic minerals. The types of minerals precipi-
tated are controlled by the chemistry of the interstitial water. The
precipitation may occur at any time, assuming, of course, that the
sources of ions remain available and the chemical conditions are
favorable for precipitation.

As these processes continue, minerals that originally were impor-
tant constituents of the sediments are removed completely or nearly
completely (stage IIl}, in the reverse order of their stability. (The
relative stability of the minerals, of course, may vary, depending
upon the interstitial physicochemical environment.) If the unstable
minerals are replaced by clay, the resulting rocks consist of stable
types of framework grains, such as quartz and potassium feldspar,
set in a clayey matrix which, if abundant, gives the rock a
graywacke-like texture. If the unstable minerals are removed
mainly by dissolution, the resulting sandstone consists primarily of
quartz and potassium feldspar without abundant matrix, and any
of the various authigenic minerals may serve as cements.

The authigenic minerals that are formed during the early post-
depositional history of first-cycle deposits, such as those described
herein, are not likely to remain unchanged throughout the later his-
tory of the deposits. For example, if the temperature and the pres-
sure change because of deeper burial and (or) if changes occur in
the composition of the interstitial water, the minerals formed ear-
lier may no longer be in equilibrium with their surroundings; there-
fore, they will alter to a still younger generation of authigenic min-
erals that are in equilibrium with.the new conditions. For example,
the mixed-layer clays may convert to clays containing higher per-
centages of illite layers, in a manner analogous to changes described
in Gulf Coast sediments by Perry and Hower (1970). Alternatively,
the clays may convert to chlorite or to authigenic feldspars. The
zeolites probably convert to feldspars. Some of the first-generation
minerals such as potassium feldspar, quartz, calcite, and hematite
probably remain stable under a wider range of conditions, and their
only change may be recrystallization and (or) the development of
overgrowths.

We conclude that diagenetic alterations such as those observed in
the Cenozoic deposits are likely to have occurred in many analo-
gous ancient first-cycle fluvial deposits at a comparable time in their
history. We further conclude that where there is prolonged move-
ment of ground water through first-cycle deposits, the more unsta-
ble silicates such as pyroxene, amphibole, and calcic plagioclase in
time can be removed completely or nearly completely and leave no
direct evidence that they were important original constituents of
the deposits. Accordingly, we conclude that ancient first-cycle
nonmarine arkose probably rarely has the same mineralogical, tex-
tural, or bulk chemical characteristics that the sediments had when
they were deposited. Finally, we conclude that the mineralogy, tex-
ture, and chemical composition of ancient nonmarine arkoses and
other first-cycle deposits do not necessarily indicate the lithology
and climate in the source area or the nature of depositional currents
and other environmental factors in the depositional basin.
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