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F1<;L1RE 16.17. Average cave height in wells with caves 
in eastside Yates in relation to the paleoelevation of 
the principal water tables under the San Andres is­
lands. The marked shift in average cave feet (or av­
erage cave height) at 200 feet (61 m) below M reflects 
the contrast between "high" shaft-like caves in the 
vadose zone of the islands and "low" tabular or tu­
bular caves in the phreatic zone. These data confirm 
the choice of 200 feet (61 m) below M established 
in Figure 16. lOA and used to define the San Andres 
islands in Figure 16.11. 

the island than in the paleophreatic zone. Since 
the total number of vertical cave feet reaches 
a maximum below the paleowater table (Fig. 
16.1 OA), and average cave feet per well reaches 
a maximum above the water table (Fig. 16.17), 
it follows that higher caves tend to occur above 
the water table, that is, in the vadose zone. This 
conclusion is in harmony with many observa­
tions (Davis 1930, Bretz 1942, Bruckner et al. 
1972, BC,gli 1980, and others) that vertical 
shafts or pipes are usually found in the vadose 
zones of unconfined carbonate aquifers where 
water movement is dominated by gravity 
drainage. 

The results of analyzing cave abundance and 
size in relation to the San Andres island shore­
lines are shown diagrammatically in Figure 
16.18. Histograms A, B, and C of the figure 
show distinct modes corresponding to the 500-
foot ( 152-m) strip of island bounded by the in­
terpreted paleoshoreline. More than one-third 
of the caves, one-third of the wells with caves, 
and one-third of the cave feet lie within this 
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FIGURE 16.18. Histograms demonstrating a shoreline 
effect on the development of San Andres caves in 
eastside Yates. The caves are those from 200 to 230 
feet (61 to 70 m) below M, which was the interval 
occupied by lenses of freshwater in Late Permian 
time. The interval is that shown by hachures in Fig­
ure 16.l0A. Cave data are from 41 wells drilled be­
fore 1982 which are thus known to have been located 
without reference to what was later known about the 
distribution of the cave population. Histograms A, 
B, and C show clearly the relationship of cavernous 
conditions to the onshore zone within 500 feet (152 
m) of the shoreline. This zone, with a freshwater 
lens present, was the site of mixing of fresh and 
ocean waters by turbulence and by tidal ebb and flow. 
Large and numerous caves were the result. The 
gradual increase in average cave height with in­
creasing onshore distance from the shoreline (shown 
in histogram D) is a reflection of increasing tendency 
to vertical flow toward the center of the freshwater 
lens (Fig. 16.16A). Normalizing the cave data for lens 
volume or cross-section area might be expected to 

shift the modes in the upper three histograms to the 
offshore part of the lens system. 
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strip. The histogram of average cave height 
(histogram D), however, does not show a re­
sponse to the shoreline as do the other meas­
ures of cave abundance and size. The reason 
for this may lie in the fact that toward the center 
of the freshwater lens in the island environment 
(see Fig. 16.16A) flow streamlines take on more 
of a vertical component; this presumably pro­
duces more tendencies for elongation of caves 
in the vertical direction. It seems likely that the 
modes in A, B, and C would be shifted to the 
offshore if the data represented were normal­
ized for the lessening of lens volume in the off­
shore direction. Nevertheless, whether left as 
they are or adjusted for lens volume, the data 
support a clear picture of enhanced cave de­
velopment in the vicinity of the island shore­
lines, which is in keeping with observations by 
Back et al. ( 1984 and 1986) and the author 
along the eastern coastline of the Yucatan pen­
insula in Mexico. 

Conclusions 

Paleotopography; sediment types, sedimentary 
structures, and cements associated with porosity 
development and destruction beneath the sur­
face of the formation; and the presence of nu­
merous unfilled caves-all of these testify that 
the San Andres Formation underwent signifi­
cant karstification in the Yates field area during 
the Late Permian. Although cores and the dis­
tribution of caves indicate that there were sev­
eral episodes of subaerial exposure during 
building of the San Andres carbonate pile, the 
principal unconformity marks the top of the 
San Andres and its contact with the Grayburg 
Formation. 

The karst system probably developed be­
neath a cluster of low-relief limestone islands 
which were emergent by tectonic uplift or by 
one or more low-stands of the Permian seas. 
The principal agents of karstification are likely 
to have been dynamic freshwater lenses and 
associated zones of mixed fresh and marine 
waters. Well data on the numbers, heights, and 
spatial distributions of caves with respect to the 
topography of the San Andres islands yield 
patterns of a sort that would be predicted, given 
the hydrodynamics and geochemistry of the is­
land model. 
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Paleokarst and Related Pelagic Sediments 
in the Jurassic of the Subbetic Zone, 
Southern Spain 
JUAN-ANTONIO VERA, P.A. Ruiz-ORTIZ, M. GARCIA-HERNANDEZ, and 
J.M. MOLINA 

Abstract 

Several paleokarst terranes occur in the Jurassic of 
the Subbetic Zone (Betic Cordillera, southern Spain). 
They are related to stratigraphic breaks which af~ 
fected the Subbetic basin during the Carixian (Mid­
dle Liassic), earliest Middle Jurassic, and the latest 
Bathonian. These paleokarst surfaces have been 
buried by pelagic sediments. They are interpreted 
to be related to the temporal and local emergence 
of pelagic swells resulting from both listric faulting 
and eustatic sealevel movement. 

The following criteria were used to recognize pa­
leokarst: (I) cavity morphology, (2) speleothems 
partially covering cavity walls, (3) collapse breccias 
with speleothem-enveloped clasts, (4) laminated 
continental cavern sediments, (5) freshwater phreatic 
and vadose cements in cavity host rocks, (6) age of 
pelagic sediments in neptunian dikes, and (7) karstic 
bauxites. 

A model is proposed for the evolution of the pe­
lagic swells which includes temporal emergence. 
Subaerial exposure surfaces are correlated with 
hardgrounds and condensed sequences on some 
swells; all are related to stratigraphic breaks which 
resulted from sudden global tectonic events and/or 
eustatic sealevel falls. The subsequent sealevel rise 
caused submergence and burial, cavitv filling, and 
finally paleokarst fossilization. The proposed model 
of paleogeographic evolution is applicable to other, 
similar Mediterranean alpine realms. 

Introduction 

The term paleokarst is used, following Wright 
( 1982 and 1986), to describe karst features 
formed by dissolution associated with a land­
scape of the past. Two types of paleokarst, relict 

and buried, have been recognized in the geo­
logical record. Relict paleokarst, following Jen­
nings ( 1971) and Sweeting ( 1972), corresponds 
to present landscapes formed in the past and 
not covered with younger sediments. Buried 
paleokarst corresponds to karst landscapes 
formed in the past and later covered by sedi­
ment. Paleokarst surfaces are locally exposed 
due to erosion, in which case the term exhumed 
paleokarst is used (Buchbinder et al. 1983, 
Walkden 1974, Wright 1986). Buried paleo­
karst described in the geologic literature (e.g., 
Pirlet 1970, Read and Grover 1977, Van der 
Lingen et al. 1978, Farinacci et al. 1983, Chems 
1983, Esteban and Klappa 1983, Arnaud and 
Monleau 1984, Wright 1985, Garcia-Hernan­
dez et al. 1986a and 1986b, Vera et al. 1986) 
is generally distinguished by such features as 
sinkholes, irregular surfaces, speleothems, cav­
ern sediments, and various textural or fabric 
characteristics. 

The examples of paleokarst reported in this 
paper formed at different times in the Juras­
sic and were buried by Jurassic sediments. 
The features are related to three different 
stratigraphic breaks affecting Jurassic sedi­
ments in a geosynclinal province known as the 
Subbetic Zone. Special attention is paid to 
the development of paleokarst on features 
interpreted to be pelagic swells, an association 
which to the authors' knowledge has not been 
documented befrire. The subaerial paleokarst 
surfaces pass laterally into hardgrounds and 
condensed marine sequences. All of these as­
pects are integrated in a model explaining 
the paleogeographic evolution of the pelagic 
swells. 
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Geological and Stratigraphic 
Setting 

The Subbetic Zone is one of the main paleo­
geographic realms of the External Zones of the 
Spanish Be tic Cordillera.Jurassic sedimenta­
tion in the Subbetic began with shallow marine 
carbonate deposition. During the Middle Liassic 
(Carixian), the shelf began to break up and 
founder, resulting in pelagic sedimentation 
(Garcia-Hernandez et al. 1976 and 1980, Aze­
ma et al. 1979) similar to that which occurred 
in other Alpine Mediterranean ranges (Ber­
noulli and Jenkyns 1974). This Carixian event 
has been interpreted to be the initiation of a 
continental margin (intracontinental rifting 
stage, Garcia-Hernandez et al. 1986a). During 
the rest of the Jurassic the Subbetic was a pe­
lagic basin that underwent marked differential 
subsidence, resulting in troughs and swells. 
Three realms were formed as a result of this 
paleogeographic differentiation. The realms to 
the north and south, external and internal 
Subbetic, respectively, were mainly pelagic 
swells during the Middle and Upper Jurassic 
and covered by deposits of the "Ammonitico 
Rosso" facies and condensed sequences (Vera 
1981 ). The third realm received deposits of 
marl, radiolarian marl, limestone, limestone 
turbidites intercalcated with submarine volcanic 
and subvolcanic rocks (Garcia-Hernandez et al. 
1980). 

Information about Jurassic paleokarst in the 
Subbetic Zone can be found in papers dealing 
with various aspects of the regional stratigraphy 
(Busnardo I 979, Seyfried 1978 and 1979, Gar­
cia-Hernandez et al. I 979, Dabrio and Polo 
1985, Molina et al. 1985, Ruiz-Ortiz et al. 1985). 
Some studies have focused, however, on pa­
leokarst events and related features such as 
neptunian dikes and bauxite deposits (Seyfried 
1979 and I 981, Martin-Algarra et al. I 983, 
Garcia-Hernandez et al. 1986a and 1986b, Vera 
et al. 1984, Vera et al. 1986). In a monographic 
pa per, Vera ( 1984) relates these features to 

sealevel fluctuations on sedimentary swells and 
makes comparisons with other Alpine Medi­
terranean cordilleras. 

The paleokarst examples presented here are 
associated with three stratigraphic breaks that 
have been recognized in different parts of the 
Subbetic Zone. The first (Inter-Carixian) cor-

responds to the breakup of the extensive Liassic 
carbonate shelf, and was accompanied by local 
episodes of emergence and karstification of the 
underlying shallow marine limestones. The 
second break is a discontinuity of Early Middle 
Jurassic age which developed at the top of a 
shallowing-upward sequence on some of the 
sedimentary swells (Molina et al. 1985). The 
third event occurred in the Late Bathonian­
Early Callovian and likewise gave rise to local 
emergence of the sedimentary swells, exposing 
both pelagic and shallow-marine limestones to 
subaerial conditions. Other episodes of emer­
gence and karstification occurred in the Upper 
Jurassic and Lower Cretaceous but are not 
considered in this study. 

Ten localities in southern Spain make up the 
data base for this study. Locations of the IO 
sections, together with the paleogeographic 
setting in which they lie and the karstification 
stages observed in each of them, are shown in 
Figure 17. I. The Jurassic sequences in the sec­
tions in which stratigraphic breaks and related 
paleokarst surfaces occur are shown and cor­
related in Figure 17.2. 

Paleokarst 

The Jurassic paleokarst terranes are recognized 
on the basis of a variety of features: the mor­
phology of their surfaces; the nature of the 
materials which fill cavities, specifically vadose 
sediments and speleothems; collapse breccias; 
soils and other edaphic features; and some di­
agenetic features of the wallrocks. Several of 
these criteria were used to confirm a paleokarst 
episode, and where criteria were not clear, 
interpretations were conservative. Thus, many 
erosion surfaces and cavities filled with pelagic 
sediments (neptunian dikes) without continen­
tal fillings or speleothems were not considered 
to be related to subaerial karst events, because 
cavities with very similar morphologies to 
karstic voids can be generated by submarine 
erosive processes, as some authors (Wendt 
I 971, Hallam 197 5) have suggested in other 
Mediterranean Alpine regions. Where fossili­
ferous marine sediments fill karst cavities, it is 
possible to roughly date the time of paleokarst 
burial or fossilization. 
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FIUJRE 17. l. Geological and geographical position 
of the studied localities. KEY: (a) Iberian Hercynian 
fold-belts (Spanish Meseta). (b) Tabular cover of the 
Spanish Meseta (Triassic and Jurassic). (c) Internal 
Zones. (d) Triassic (mainly Keuper) of the External 
Zones. (e) Subbetic Zone. (f) Intermediate Units be­
tween the Prebetic and the Subbetic. (g) Subbetic 
Zone. (h) Ultra-internal Subbetic, Dorsal and related 
units. (i) Campo de Gibraltar units (Numidian flysch 
and other turbidite formations making up several 
nappes). (i) Guadalquivir basin area, with Subbetic 
nappes and olistostromes (Guadalquivir units and 
Carmona nappe). (k) Neogene-Quaternary of mainly 
postorogenic basins. 

Karst Host Rocks 

Rocks of different ages were karstified at sev­
eral times during the Jurassic. These rocks are 
mainly shallow marine limestones that were 
deposited on wide shelves (Gavilan Formation, 
Lower Liassic) or on carbonate banks (Camer­
ena Formation, Middle Jurassic and locally Ze-
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Studied localities (in parentheses the paleokarst ter­

ranes at each locality, C-Carixian, M-Base of the 
Middle Jurassic, B-Latest Bathonian): (l) Sierra de 
Cabra, External Subbetic (B). (2) Loma de las Ven­
tanas, south of Rute, Medium Subbetic (C). (3) Las 
Angosturas, north of Priego, External Subbetic 
(C,M?,B). (4) Sierra Gorda, south of Loja, Internal 
Subbetic (C,M,B). (5) lllora, Medium Subbetic (C). 
(6) Gracia, east of Castillo de Locubin, External Sub­
betic (C,M). (7) Noguerones, south of Valdepenas 
de J aen. (8) Sierra Elvira, west of Granada, Medium 
Subbetic (C). (9) Sierra de Quipar, south of Cehegin, 
External Subbetic (M,B). (10) Zarzadilla de Totana, 
Internal Subbetic (C,M,B). 

gri Formation, Upper Liassic). The more com­
mon facies types are: (I) fine-grained, light­
colored limestones (tidalites), locally dolomi­
tized, with pisolitic beds in the Gavilan For­
mation; (2) oolitic and oncolitic cross-bedded 
lime5tones in the Camarena Formation; (3) cri­
noidal limestones interpreted as sand-waves in 
the upper member of the Gavilan Formation 
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FIGURE l 7.2. Jurassic stratigraphic sections of the 
localities studied. KEY: (a) Dolostones. (b) Neritic 
and tidal limestones. (c) Crinoidal limestones. (d) 
Oolite limestones. (e) Pelagic (locally cherty) lime­
stones. (f) Nodular limestones (Ammonitico Rosso). 
(g) Pelagic marls and limestone-marl rhythmites. (h) 
Kamenitzas. (i) Karst sinkholes. (j) Karst bauxites. 
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(k) Fillings of neptunian dikes (pelagic sediments and 
locally spelean sediments). (I) Collapse breccias. 
Uppermost horizontal line: Jurassic/Cretaceous 
boundary (datum) stratigraphic breaks: B-Latest 
Bathonian, M-Base of the Middle Jurassic, C­
Carixian. 
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and locally in the top of the Camarena For­
mation. These formations are organized in 
shallowing-upward sequences (see Fig. 17.2) 
with paleokarst at the top; thus, the strati­
graphic and sedimentological criteria are con­
sistent with the development of an emergent 
stage. 

A fourth group of host rocks consists of pe­
lagic limestone. These include condensed se­
quences of red pelagic limestone, mainly of the 
Middle Jurassic, Ammonitico Rosso facies, and 
grey pelagic limestone capping a limestone­
marl rhythmite (Zegri Formation). Both types 
of pelagic limestone were deposited on pelagic 
sedimentary swells that later became emergent 
and were karstified. 

Morphology 

It is possible to observe the paleokarst mor­
phology both in horizontal section and, more 
commonly, in cross-section. Fracture-con­
trolled, funnel-shaped features of various sizes 
with locally flat bottoms (localities 1, 3, 10) are 
interpreted as sinkholes (Fig. l 7.3C, D). At lo-
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cality 8 there are good examples of medium­
sized karren with solution basins ranging in 
depth from l 0 cm to 25 cm depth and with 
diameters on the order of a few meters. The 
karren have flat tops and bottoms (Fig. 17.4). 
Solution basins or kamenitzas like these are 
considered characteristic of coastal karst (Es­
teban and Klappa 1983). Similar features have 
been described in the Penibetic Cretaceous pa­
leokarst (Company et al. 1982, Gonzalez-Don­
oso et al. 1983). 

Cave systems in the Jurassic rocks show var­
ied development (Fig. 17.2). At a level 100 m 
below the stratigraphic break at the top of the 
Gavilan Formation (Lower Liassic), there are 
speleothem-covered caves with geopetal inter­
nal sediments and collapse breccias (Garcia­
Hernandez et al. 1986b). The caves form a 
complex network of openings controlled by 
fractures in the upper part. The same karst 
event is present at locality 1 (Vera et al. 1984). 
Bauxite-filled caves vertically related to sink­
holes (Vera et al. 1986) occur in the Gavilan 
Formation, (locality 10). At locality 2, cavi­
ties penetrate 36 m to 42 m down from the 
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FIGURE 17.3. A, B Morphology of some paleokarst 
cavity walls, drawn directly from field observation. A, 
B. Neptunian dikes in the uppermost part of the 
Gavilari Formation (Lower Liassic) at locality 2; the 
fillings are pelagic limestones ofToarcian age and lo­
cally speleal sediments and blocks of wallrock. C, D. 
Two examples of paleodolines at locality 10; the wall-

rocks are limestones of the Gavilan Formation (Lower 
Liassic), and the fillings consist of pelagic limestones 
and Ammonitico Rosso facies of Oxfordian age. KEY: 
(I) Dolostones and dolomitic limestones. (2) Neritic 
and tidal limestones. (3) Pelagic sediments. (4) Small 
neptunian dikes with fillings of pelagic materials. (5) 
Speleothems. (6) Blocks of wallrock. 
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FIGURE 17.4. A. B Kamenitza morphologies. :\. 
Field photo!{•·aph of locality 8. B. Thin seclion: bar 
is 0.5 cm long. The wallrock (on the right) is a cri­
noidal limeswne of Carixian age. and the ca,·it) fill­
ing (cemer) is a biomicrite with abundam ections 

top of lhe Gavilan Formalion (Fig. 17 .3A and 
B, respeclively), a re filled by pelagic sedi­
menls (nepwnian dikes), and have panial CO\'­

erings of speleolhems on lheir walls (Garcia­
He rnandez el a l. 1986a). Al localily 9. frac­
ture-comrolle<l cavities with speleothems occur 
in lhe upper member of lhe Zegri Fm. (U pper 
Liassic). 

Penetralion deplh of lhe karst cavities is con­
sidered w be a crude measure of the amplitude 
of emergence of lhe pelagic swells. The pre -
ence of cavilies is lO be expected in the va­
dose zones of gravity percolalion Qames and 
Cho4ueu e 1984), where flat-bou omed cavi­
lies are commonly elongale parallel to the wa­
ler table or, in lhe case of lhese paleokarsts, 
wilh sealevel. Therefore, il can be assumed 
lhat the emergence of lhe pelagic swells could 
have been as much as I 00 111 or more. with dif­
ferent values al d ifferelll positions on a given 
swell. The kamenitza-shaped cavities probably 
correspond to flat emergent areas close to sea­
level , as presently seen in moden1 coastal karsts 
in tropical regions such as Florida and the 
Yucatan. 

of Lower Domerian ammonoids: minor breaks can 
be obsened in the pelagic sediment. Note the small 
karstic cavities (k) with inte rna l sedimems in the 
wallrock. 

Speleothems 

Speleothem a re among the more useful fea­
ture in recognizing emergence and karst ifi­
caLion. T he term speleothe111 is used here in the 
sense of T hra ilkill ( 1976). Folk and Assereto 
( 1978). and Esteban and Klappa ( I 983), and is 
equi\'alent to spelean sedimenls of While 
( 1978). It refers lo every type of prec ipita led 
calcium carbo na te deposil covering the walls, 
roofs. and floors of dissolved cavities, including 
stalactiles and stalagm ites. 

I n many cases, the Jurassic speleothems are 
flowsto nes o n cavity walls. They have variable 
lhicknesses ranging from a few millimcle rs to 
a fe,,· centimelcrs (Fig. 17.5). They show the 
grealest d evelopment al localilie:s I , 4 , 6 , and 
7, a nd a re o f different ages according to lhe 
age o f the exposure. Where speleothems fill an 
entire ca,·ily, without marine foss iliferous sed­
ime nts, it is dilficull to differentiate J urassic 
speleOlhems from modern ones. 

Speleothems are quite commonl y the first 
materials coating lhe karstic cavities. Under the 
microscope (Fig. 17 .5), several layers of spe-
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FIGU RE 17.5. A-G Speleothems 0 11 1he kars1 G1,·iL)' 
walls. /\. Ca,·ity at localit y 4 wiLl1 s peleothem CO\'e r 
and li lied with geopetal imernal sediments. 8. Similar 
example with a thick speleothem (localit \. -I ). <:. Spe­
lothem-covered cavity lilied with geopetal i11ten1a l 
sedime 11L: bar is 2 cm long./). T hin sen ion or a s pe­
leo1he 111 showing length-slow .. coconut-meat'· calci te 
(c), and columnar cr ystals ol palisad e calcite (p): bar 

is I 111111 long. r~. Closeup in thin senio n of a spe­
leothem oute r marg in: ba r is 0.5 mm long. F. Thin 
section or a speleothe m with an inner cavity fi lled 
with geope ta l inte rnal sediment: bar is 0.2 cm long. 
C. Thin sectio n ol a ca,·ity partly lilied with speleo-
1hems showing 1he ir in1e rnal strnc1u re (c and pas 
in Fig. I 7 .. ">0. \ ' = geope1al \'adose sedime 111 ): bar 
is 0.2 cm lo ng. 
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leOLhem growth, similar LO those described by 
Folk a nd Assereto ( 1976) a nd . Ke ndall and 
Broughton ( 1978), can be distinguished. The 
best examples comprise lamina r flowstone 
growing directly on host rock and associated 
vadose geopetal sediment. The cement consists 
or several layers and is from numerous studied 
samples. An ideal zonation of speleothe m fab­
r ics within a cavity is proposed as follows. 

I. A layer, 0.5 to 1.0 mm thick, of small (0.5 
mm) fibrous calcite crystals, length slow, with 

a turbid yellowish appearance, which have 
nucleated directly on the host rock and in 
optical continuity with overlying coa rse r 
crystals. This layer , which is common in our 
samples, is si'milar to the "coconut-meat" cal­
cite described by Fo lk and Assereto ( 1976) 
fro m spe leothe ms. When present, this type 
or layer may 1·ecu1· between layers of lo nger 
columnar crystals described be low. 

2. A layer of palisade calcite consisting o l' clear 
and transpare nt racliaxial cr ystals without 
inclusions o r equant calcite crystal agg re-
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gates. The crystal length averages 0.3 mm 
but may range from 0.1 tO 0.8 mm. 

3. A second type of palisade calcite composed 
of large columnar crystals (2-3 mm long and 
0.2 to 0.5 mm wide) that form centimeter 
layers and are separated by thin laminations 
of microgranular calcite. Crystals grow on the 
type 2 layers towards the center of the cavity, 
are radiaxial, and exhibit good undulose ex­
tinction. C1·ystal terminations are pyramidal 
and best seen dire<.:tly beneath geopetal va­
dose sediment. 

4. A layer of laminated calcite. 

Internal vadose and pelagic sediments are 
deposited successively over these precipitates 
(Fig. 17.6). Where sediment is absent, coarse 
blocky calcite cement occludes the void. Ac­
cording to Folk and Assereto ( 1976), Kendall 
and Broughton ( 1978), and Assereto and Folk 

F1<:u 1n: 17.6. ,1. 8 Thin sections or filled cavities re­
la1ed 10 the st ratigraphic break at the base of the 
Middle .Jurassic (locality 4). A. General view showing: 
(W) wall rock (fenestrate oncoidal limestones, Lower 
Liassic): (S) speleothem. (V) geopetal vadose sedi­
ments (type I): (V') geopetal internal sediments (type 

( 1980), these attributes are typical of meteoric 
speleothem fabrics developed in response to 
variations in fluid composition and oscillations 
of the water table. 

Breccia clasts are coated by speleothems (Fig. 
17.7) and speleothems occur on top of, or in­
tercalcated with, continental internal sediments. 
The first features described a re interpreted as 
flowstones deposited on breccia clasts, which 
were eventually covered completely; the second 
features are interpreted to be speleothe ms 
formed on temporary sed iment "floors" of 
cavities. 

Vadose Geopetal Internal Sediments 

These occur either as partial fillings on floors 
of karst cavities or as matrix sediment in col­
lapse breccias, most commonly in the lower 

2): (p) pelagic biomicrite with remains of thin pe­
lecypods ("filaments") of Middle J urassic age; bar is 
0.5 cm long. B. Closeup of a similar sample in which 
the two types of geopetal internal sediments and the 
speleothem are dearly distinguished: bar is 0.2 cm 
long. 
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F1<..;uR£ 17. 7. Field closeup 
photo of a collapse b reccia 
with a speleothem-cove red 
clast and matrix of geopetal 
vadose sediments. 

levels o f caves. T he sediments are present at 
localities l , 2, 6 a nd most notable al locality 4. 
They consist of laminated, greyish-yellow, silty 
calcareous sedime nts that are commonly inter­
layered with calcite beds. Laminations are lo­
cally deformed as a result of postdepositional 
movement in the cavity interior. 

Two types of geopetal internal sediments are 
distinguished al localities 4 a nd 6 (Fig. 17.6A, 
points V and V'). The first corresponds lo va­
dose mechanical sed iment, a fine ly la minated 
silt with layers of calcite which are more abu n­
dant toward the interior of the cavity. T he lay­
ers a re isopacho us calcite, formed on top of 
beds of mechanical vadose sediment during 
pauses in sedimentation; they a re similar lO ex­
amples described by Esteba n ( 1976) and As­
sereto and Folk ( 1980). This type of lam inated 
sedime nt commonl y ove rlies a layer of iso­
pachous rhombic calcite (speleothem) (Fig . 
17 .6A, location s) believed lO have been gen­
erated in the shallow freshwater ph reatic en­
vironment. The second type of geopetal inte r­
nal sedime nt (Fig . 17 .6A, location V') is 
developed at the top of the speleothem, over a 
fe rruginous surface of probable corrosion o r­
igin. This type has coa rser laminations without 
imerlayered ceme ms, and consists of peloidal 
minite with small bioclasls (pelecypods. ostra­
codes, and echinode rms) arranged in tining­
upward , millimeter-thick sequences. Pe lag ic 
sed iment (Fig. 17 .6A, location p), or, in its ab-

sence, blocky calcite filling a void, overlies this 
type of geopetal inte rnal sed iment and is 
thought to represent former influx of overlying 
marine mud. 

Host Rock Diagenetic Modifications 

The cavity host rock, notably lime g rainstone, 
was a lte red in a meteoric environmem which 
formed during the early stages o f karsl devel­
opment. Corroded grains in the cavity walls and 
rock dissolution, chiefly a ffecting ooids, a re 
common fea tu res. Fabrics typical of freshwater 
phreatic o rigin a re developed a fter this stage 
of corrosion and dissolution. Among these a re 
(Fig . 17 .8B,s) : isopachous rhombic calcite coat­
ing ooids and b ioclasts, and equant calcite 
coarsening towards pore centers (blocky calcite) 
and syntaxial ceme nt overgrowths on echinod­
erm fragme nts. Because these fab rics are cov­
ered and so fossi lized by speleothe ms and in­
ternal sediments in the pa leokarst void (Fig . 
17.8), they a re additional evidence fo r dating 
the meteoric events. T he timing of such events 
is d iscussed in a later section o f this paper. 

Neptunia n Dikes 

We use this term for cavities of any origin that 
are filled with younger marine sediment. Smart 
el a l. (this volume) define neptunian dikes as 
bodies of younger marine sedime nt tilling cav-
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F1<;11R1•: 17.8. 1\-D Diagenctic fea1ures on 1he nep1u­
nian dike walls as 1he resuh of emergence. localitv 
4 . /\ _ Contact het.ween wallrod. (Camarena Forma­
tion Bathonian grains1ones) and d ike fi lling (Cal­
lovia n): the dike rilling is composed of rnndensed 
pelagic limestones with abundant c rinoid bioclasts: 
bar is '2 111111 long. 8 . Thin section showing isopachous 
rhom bic calcite (i) arnund ooids and bioclasts (s). 

blocky calci te (b). coar·scning towards pore centers 
and syn1axia l overgrnwt.hs (i) 011 ed1inoden11 frag­
ments: bar is 0.'2 mm 1011g (Cj. Closeup of 1he co111ac1 
(arrows): note the isopachous rhombic calcite covered 
(fossilized) by the pelagic sediment: bar is 0.4 111111 

long. D. C loseup of 17.8A. showing isopac hous 
rhombic calcite around ooicls and bioclasrs: har is 
o.:{ Ill Ill long. 
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ities in rocks exposed on the sea floor and flSSUre 
fills as continental sediments filling subaerial 
cavities. Repetition of both types has been ob­
served in Subbetic outcrops. The ma ny cavities 
that have mixed fill ings of continental and ma­
rine sediments are considered neptunian dikes. 
Following Wendt ( I 971 ), we distinguish two 
types of neptunian dikes, on the basis of the 
geometric relationship between dikes and bed­
ding: Q_fissures, wh ich are oblique to bedding 
and may extend as much as I 00 m below the 
surface; and S Fissures (Fig . 17.9), which a re 
paralle l lo bedding. 

The neptunian dikes a llow us to date more 
precisely the age of karstification as they a re 
obviously younger than the host rocks but older 
tha n the cavity fill ings. The ages of the fillings 
diffe r according to the re lated stratigra phic 
break. At locality I , for example, d ikes in the 
Middle Jurassic oolitic limestones (Camarena 
For111atio11) extend 50 m below the top of the 
formation and are lilied with Callovian pelagic 
limestones (Fig. I 7 .9). At locality 2, the pelagic 
limeslOnes fi lling dikes in Lower Liassic lime­
stones and dolostones contain local brachiopod 
accumulations of Toan:ian age. At localities 3, 
6, and 7 li111cs1.<>ncs with remains of thin-shelled 

F1(;L' KE 17.9. , I. N Ncptunian dikes al lo(alit y I n:­
lated to the latest Ba1 ho11ia11 stra tigraphic break. The 
wallrock is Ba1ho11ia11 ooid li111esw11e and the dike 
lilli11g is pe lag ic li111es1<>11e ol" ( :allovian age. ii. Fie ld 
photog raph or an S-type ne ptunia n d ike (arrows) '2 

pelecypods (filaments) and small ammonoids, fill 
cavities developed in Lowe r-Middle Liassic 
limestones. At locality 4, fillings of diffe re nt 
ages;Carixian, pper Liassic. and Middle J u r­
assic, occur in the Lower Liassic Gavilan For­
mation (Garcia-Hernand ez et al. 1986a). At lo­
calities 5 and 8, the neptun ian dikes in the 
Gavilan Formation a re filled with fossilifero us 
pelagic limestones of ear ly Domerian (Middle 
Liassic) age (Garcia-He rnandez e t al. 1986a). 
At locality 9 Middle Jurassic pelag ic sed ime nts 
fill karst cavities in the pelagic limestones of I he 
Upper Liassic. Finally, at locality 10, red nod­
ular limestones (Arnmonitico Rosso) of O xfor­
dian a!-{C occu r in the cavities in Lower Liassic 
limestones (Vera e t a l. 1986). Details of some 
of these occurrences are descr ibed in Vera e t 
a l. ( 1984 and 1986), Ruiz-Ortiz e t al. ( 1985), 
Molina e t al. ( 1985), Carci.i-llernandez e t al. 
( 1986a a nd 1986b). 

Ma rine Sediments in Cavities 

These make up the bulk of the cavity fillings 
and generally re present the basal sediments of 
the d eepening-upward sequences which overlie 
each stratigraphic break and paleokarst . All the 

m thick. /3 . Thin section s howin g a dike wall; ac­
cumu lations o r small a1rn11onoids make up the fi lling 
a nd thin spclco1he1ns (e) a nd hlo('ky calcite line in 
contact \\'ith wallrock: bar is 1.0 mm lo ng. 
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marine sedimenls filling such cavities are lime­
stones of the following facies types: 

I. Crinoid.al grain.stones occur locally as initia l 
fillings in cavities (e.g., locality 4). These inter­
nal sediments seem to be the same composition 
as the shoals which occur as stratified bodies 
on top of the sedime ntary cycle on which the 
karst is developed. In the rare cases where this 
first filling does occur it is generally fossilized 
by geopetal vadose sediments and speleothems 
(Fig. 17.10). The crinoidal sediments also make 
up the matrix a nd some clasts in collapse brec­
cias. In these cases they appear to have been 
affected by early freshwater diagenesis wh ich 
resulted in syntaxial overgrowths on the crinoid 
clasts that predate subsequen t inte rna l sedi­
ments. This lithology occurs in cavities associ­
ated with all three Jurassic stratigraphic breaks 
but mainly in the Lower Jurassic. 

2. Poorly fossiliferous lime mudstones occu r 
within large cavilies (Fig. 17.3A, B) as lh ick. 
massive. unst ralified limeswne showing no evi­
dence of stratigraphic condensalion. This lype 
of filling is besl developed at locality 2. Fossils 
are gene rally absenl and when present are o n­
ly brachipods and ammonoids. According to 
Seyfried ( I 979) and Garcia-Hernandez et al. 
( 1986a). lhese deposits are thoughl to be pelagic 
sediments of insular platforms. 

3. Fossiliferous pelagic limestones in cavities 
consist o f cephalopod accumulations, in which 
lhe shells have unde rgone neomorphism. Olh-

er o rganisms, such as echinoderms (crinoids), 
brachiopods, pelecypods, some planktonic for­
aminif e ra, oslracodes, and rare calcilized ra­
diolarians, among others, are also present. T he 
sedime nts range in color from beige to red . 
T hey are a thin, condensed facies characterized 
by omission surfaces, local hardgrounds, and 
stylo lites. They commonly have limonite crusts 
and associated "stromatolites." They fill small 
dikes and generally make up the first sed iment 
deposited over ha rdgrounds, into which they 
pass laterally. These pelagic sedime nts are the 
most typical deposils of submarine swells. 

4. A111monitico Rosso facies occur, in the form 
of breccialed red nodular limesto nes filling 
neptunian dikes and paleodolines related to the 
La te Ba lhonia n Slratig raphic break. These 
limestones diffe r from the aforementio ned 
types because they are nol so condensed . have 
fewer foss ils. and lhey have on ly molds of am­
monoicls. They are deposils of pelagic swells 
and adjacent slopes. 

5. Limestones with nodular chert occur in on­
ly one section (locality 4), associated with the 
Early-Middle _] urassic paleokarst. They are fine­
grained limestones which contain remains 
of pelecypods ("filamems"), rad iolarians, and 
locally older limestone clasts, and are inter­
preled as de posits of more deeply subsident 
areas which were lectonically segregaled by 
submarine swells (Garcia-Hernandez et a l. 
I 986b). 

F1ct•RF. 17. 10. Field photo· 
graph or a small neptu11ia11 
dike hosted in the Gavilan 
Format io n (sha llow-s h e l f' 
limestones. Lower Liassic) at 
locality 4. Speleothems cover 
the walls. From bouom to top, 
the filling is composed o r cri­
noidal grninstone (c), geopetal 
\'adose sediment (,-). speleo­
them (s). and Middle .Jurassic 
pelagic sedimems (p). 
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Breccias 

Breccias related to karst cavities occur in several 
studied outcrops. T he best examples are at lo­
cality 4 (Fig. 17.11), where they are believed to 
be collapse breccias generated by rock-fall. T he 
clasts, with sha rp bo unda r ies and in va rying 
sizes, come mainly from the wallrocks, although 
clasts from previous dike-fillings a nd fro m va­
d ose sedime nts a re a lso presen t. Some clasts 
have diameters o f mo re than a meter and lo­
cally may be covered by speleothems (Fig. 17.7). 
The breccia matrix has a varied composition. 
In the lowest parts of cavities, laminated vadose 
sed1111ents prevail, while in the uppermost parts 
pelagic sediments ma ke up the final cavity fill­
ing. The local occurre nce of vad ose sedimen t 
clasts may be evidence for several stages of d ike 
filling interrupted by periods of partia l e rosion. 

F 1<;L·R E 17.1 I. Field p hotograph or rnllapse breccia 
al locali ty 4 . The clasts arc o r " ·hite Liassic limestone 
(Ga\'ila 11 Fm.) a nd the matr ix is composed mai11l>· or 
laminated geopctal ,·adose sedimcnl. 

Bauxites 

Bauxite i perhaps the most persuasive evidence 
of emergence and ka rstification of these rocks. 
Although only one bod y of bauxite has been 
mined recently (locality I 0, Ve ra e t al. 1986), 
many smaller masses are fo und in the region 
(see Fig. 17 .2). T he bauxites fill cavities (caves 
in this case) in shallo\\' marine limestones o f the 
Lower Liassic (Gavilan Formation). The caves 
a re vertically connected a lon g fi ss ures and 
neptunian d ikes to dolines d eveloped on the 
top o r the Gavilian Formation a nd covered by 
O xfordian reel pelagic limestones of the Am­
monitico Rosso fac ies. T hus. karstification took 
place between the Carixian and the Oxfo rdian , 
probably during Middle .J urnssic time. Ban.lossy 
( 1982) presents evidence of numerous karstic 
ba ux ite bod ies in Jurassic a nd Cre taceous se­
que nces from o the 1· Med ite rra nea n Alpine 
areas. related to exte nsive periods (5 m.y. min­
imum) o f e mergence and karstificatio n. 

Relationships Between Paleokarst 
and Stratigraphic Breaks 

T ht: episodes or e rne1·ge nce a nd karstif'ication 
a rt: re la ted to three stratigra phic breaks wh ich 
art: present th roughout the Subbetic basin. The 
fi rst of these events took place in the Carixia n, 
the second a t the bt:ginning o r the Middle Jur­
assic, and tht: t.hird towa rd s the e nd of th e 
Bathonia11. According to the time scale o f Wes­
terma1111 ( 1984) they correspond to 195, 180, 
a nd 170 m . y .. respectively, or to 183, 173, and 
I 57 111 .y .. fo llo" ·ing Vail e t a l. ( 1984). The fi rst 
and third a re m,~jor breaks tha t ca n he easily 
recogn ized a ny\\'ht: r t: in the basin , while the 
st:concl is a mino r break which out crops onl y 
locally. Tht: three breaks coincide with episodes 
of sudden st:alevel fall (Vera 1984) in the Ex­
ternal Zo nes of the Spanish lktic Co rdille ra. 
,f hich were caused by local tectonic events and 
e ustatic cha nges. All the d escribed events a re 
ht:sl uncle1·stood by postula ting shallow sub­
marine S\\'clls. fa r o ff the continent. The pres­
ence of such s\\'dls is based o n the type of pe­
lagic sedimt:nts "·hich were d eposited. Simila r 
interpruatio ns ha \'e been made by lYArgen io 
( 1974) and Farinacci e t a l. (198 1) for the A pe n-
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nines, and Wendt et al. (1984) for the Devonian 
of the Anti-Atlas (Morocco). 

The Carixian break probably corresponds to 
a stage in the evolution of intracontinental rift­
ing in the Subbetic zone (Garcia-Hernandez et 
al. 1986a), and signals the end of sedimentation 
on the large Liassic shallow-marine carbonate 
shelf which occupied the alpine realms of the 
Mediterranean region (Bernoulli and Jenkyns 
197 4) prior to the start of pelagic sedimenta­
tion. Specifically, the upper part of the under­
lying formation (Gavilan Fm.) is a shallowing­
upward sequence ending either locally with 
emergence and karstification or, more gener­
ally, with a hardground. The beginning of pe­
lagic sedimentation subsequently drowned and 
eventually fossilized the paleokarst. Emergence 
and karstification events of this age have been 
described from the Alps (Baud and Masson 
197 5, Baud et al. 1979) and the Apennines 
(Farinacci et al. 1981, Fazzuoli et al. 1981 ). The 
sealevel fluctuation curves proposed by differ­
ent authors (Hallam 1978 and 1981, Vail and 
Todd 1981, Vera 1984) show a sudden sealevel 
fall which coincides approximately with this 
Carixian break. 

The paleokarst of Early Middle Jurassic age 
cannot be timed precisely; it could have de­
veloped in either the Early or Late Aalenian. 
Regional stratigraphic evidence favors the Early 
Aalenian, which coincides with one of the m~jor 
eustatic sealevel falls postulated by Hallam 
(1981) and Vail et al. (1984). This is, however, 
one of the less apparent stratigraphic breaks in 
the Subbetic Zone. In only 2 of the 10 localities 
discussed (4 and 9) has this paleokarst stage 
been recognized. Nevertheless, it is an inter­
esting event because the emergence and karst­
ification affect pelagic limestones. Similar stages 
of emergence related to a sudden sealevel fall 
in the Late Toarcian of North Africa have been 
described by Elmi ( 1981 ). 

The stratigraphic break and resulting paleo­
karst in the Latest Bathonian, are among the 
most spectacular in the Subbetic region. This 
break is present at numerous localities, affect­
ing either Middle Jurassic shallow limestones 
(locality 1) or Bajocian-Bathonian pelagic 
limestones containing pelecypod remains (lo­
calities 4, 6, and 9). Analogs have been de­
scribed in Provence and the Maritime Alps of 

France (Arnaud and Monleau 1984, Monleau 
1986), in the Pre-Alps (Brianconnais) (Sept­
fontaine 1983), and in the Apennines (Farinacci 
et al. 1981 ). This event is believed to be the 
result of a sudden sealevel fall (Vail and Todd 
1981, Vera 1984) which caused emergence of 
earlier formed pelagic swells. On the basis of 
geochemical anomalies detected in the Car­
pathians (Poland) and in the Iberian ranges 
(Spain) some authors (Brochwica-Lewinski et 
al. 1984 and 1986) have suggested a cata­
strophic event, specifically an asteroid impact, 
to explain this event. 

Thus, the described phenomena are not 
unique to the Subbetic Zone but are also found, 
with the same apparent ages, in other alpine 
ranges of the Mediterranean region (Alps, 
Apennines, Carpathians, North Africa) and in 
other related realms (Iberian ranges, Provence). 
Analogous events, but without evidence of 
emergence, have been described by Bernoulli 
and Kalin ( 1984) along the northwest margin 
of Africa (e.g., DSDP site 546). These phenom­
ena are therefore interpreted to be the result 
of events which affected the whole Mediter­
ranean Alpine realm during the Jurassic (Vera 
1981 ). 

The role of tectonics, however, must also be 
considered. Lemoine ( 1985) has suggested a 
faulting phase of the western Alpine margin 
during which some tilted blocks were emergent. 
Livnat et al. ( 1986), using information from 
eustatic fluctuations similar to those docu­
mented here, have also identified the influence 
of local faulting. Several phases of faulting, 
generating faults parallel and transverse to the 
margin, have been recognized in the Subbet­
ic Basin (Garcia-Hernandez et al. 1976 and 
1980, Ruiz-Ortiz 1983, Vera et al. 1984), and 
so movements of varying amplitude and taking 
place at various times could have affected these 
rocks. Specifically, Vera et al. (1984) have con­
cluded, on the basis of fractures filled with Jur­
assic sediments at locality I, that wrench faults 
formed in the latest Middle Jurassic. This cor­
relates with sinestral movement along trans­
form faults which determined the relative po­
sition of the Iberian and African plates during 
the Jurassic. 

Thus, there were both tectonic events, com­
monly involving listric faults of different scope 
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in each paleogeographic-paleotectonic range, 
and eustatic changes related to global sealevel 
fluctuations. 

Evolution of the Pelagic Swells 

From the evidence presented, once interpreted 
in its paleogeographic context of the continen­
tal margin of the Subbetic Zone, the following 
model is proposed to explain the development, 
emergence, karstification, and drowning of the 
pelagic swells (Fig. 17.12). This model may also 
apply to the outer margins of other geosynclinal 
ranges of other ages during their rifting and 
spreading phases. 

The proposed model began with an initial 
stage (Fig. 17. l 2A) of marine sedimentation, 
either on a shallow shelf or on shallow pelagic 
swells, as proposed by Wendt et al. (1984). 
Subsequent faulting (Fig. 17.12B) along with a 
drop in sealevel caused the isolation of a sed­
imentary swell and its partial emergence. This 
was followed by karstification of the emergent 
pelagic swell, in an area that might have been 
a large carbonate island (Fig. 17. l 2C). It seems 
likely that karstification took place mainly above 
the water table (sen.su Esteban and Klappa 1983, 
James and Choquette 1984) under warm and 
humid conditions. In areas close to sealevel, 
kamenitiza and other surface karst features of 
very low relief developed, while at higher el­
evations karstification extended down into the 
underlying sequence to depths similar to the 
magnitude of emergence. In submerged parts 
of the swell, adjacent to the weakly karstified 
zones, hardgrounds were generated as a result 
of nondeposition. It is also possible that a bypass 
zone may have developed along the opposite 
margin of the swell, as suggested by Bice and 
Stewart (1985) in the Apennines. No exhumed 
bypass margin has been recognized to date 
in the Subbetic Zone. Finally, pelagic sedi­
mentation, mainly in the form of limestone­
marl rhythmites, took place on the sunken fault 
block. 

Sedimentary filling and fossilization of the 
uplifted block began with a later sealevel rise 
(Fig. 17 .12D). At the same time, on the higher 
parts of the block, karst processes continued, 
in the form of cavity filling. The hardgrounds 

(Fig. 17.12D, closeup 1) were covered by con­
densed pelagic deposits showing some sedi­
mentary breaks in the form of omission surfaces 
and minor hardgrounds. The kamenitza relief 
(Fig. 17.12D, closeup 2) is fossilized by the same 
sediments (see Fig. 17 .6). In areas with minor 
karst development (Fig. 17.12D, closeup 3) 
cavities were filled by marine sediments, either 
pelagic limestones with ammonoids, pelecypod 
remains ("filaments"), radiolarians, or shallow­
water crinoidal limestones, giving rise to nu­
merous neptunian dikes. Speleothems were 
precipitated on cavity walls towards the interior 
of the carbonate island, in areas slightly more 
uplifted and therefore exposed for longer pe­
riods of time (Fig. 17.12D, closeup 4). The re­
maining open spaces in the cavities were sub­
sequently filled with pelagic marine sediments. 

Fossilization of the swell continued (Fig. 
17.12E) when it was completely submerged as 
a consequence of sealevel rise. Sedimentation 
was mostly pelagic, except on the highest areas 
of the swell where erosion prevailed due to 
high-energy conditions and there was minor 
sediment deposition in cavities, resulting in local 
neptunian dikes. In still higher areas (Fig. 
17.12E, closeup 5) speleothems were precipi­
tated and continental vadose sediment filled the 
cavities. These were then covered locally by 
second generation speleothems. Finally, in 
areas of greatest karst development (Fig. 
17. l 2E, closeup 6) collapse megabreccias ac­
cumulated in the cavities. Speleothems com­
monly covered both the dasts and cavity walls. 
The matrix of these megabreccias is of conti­
nental origin in the lowest parts of the cavities 
and of marine origin in the remainder; the 
presence of vadose sediment clasts points to al­
ternating phases of erosion and filling. The 
"blue holes" of the Bahamas are a good model 
for these neptunian dikes being filled by marine 
sediments. After cavity formation during times 
of emergence in the mixing zone at the base of 
freshwater lens, the waves and currents as well 
as tidal action controlled the style of cavity fill­
ing (Smart et al. this volume). 

The swells were eventually completely buried 
(Fig. 17. l 2F) beneath a flat sea floor similar to 
that in the initial stage (Fig. 17.12A). At this 
point a new cycle of sedimentation and devel­
opment of a swell could begin, either by reju-
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FIGURE 17.12. A model for the evolution of a pelagic swell. Stages of emergence (B), karstification (C,D,E), 
and burial (F) are distinguished. General orientation of diagram: NW to the left. For explanation see text. 
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venation along the same fault or movement 
along a new faults. 

This theoretical model shows specific varia­
tions because of local factors such as: (I) soil 
and bauxite formation in caves during long 
periods of emergence (Vera et al. 1986); (2) 
karstification phases superimposed in such a 
way that the results of the older phases are 
masked (Vera et al. 1984, Garcia-Hernandez et 

al. 1986b); (3) development of only pan of the 
model on some swells (e.g., only the areas very 
near sealevel; and (4) recurring minor karsti­
fication and sedimentation events, producing 
complex overprinting. 

The lateral and temporal relationship be­
tween karstification and hardground fonnarion 
in the proposed model is of particular impor­
tance'. Both events are connected to strati­
graphic breaks, caused by sealevel falls which 
affected areas that were uplifted relative to the 
adjacent sea floor. Karstification took place on 
the emerged areas while hardgrounds formed 
in the submerged areas. Fursich (1979, Fig. 21) 
proposed a hardground model for seamounts 
temporarily situated in vadose zones that ma}· 

apply to the swells discussed here. Lateral ,-ar­
iations in the magnitude of fault slip resulted 
in irregular distribution of the paleokarst and 
hardground areas. 

Conclusions 

1. We propose three stages of emergence and 
karstification (Carixian, Early Middle Jurassic, 
and latest Bathonian) on pelagic swells which 
developed in the Subbetic basin coincident with 
times of sealevel fall. 

2. The emergence and karstification events 
have been deduced from a variety of features 
including cavities with karst morphologies, in­
ternal sediments of continental as well as ma­
rine origin and speleothems within the cavities, 
bauxites, and textural modifications of meteoric 
origin in the cavity host rocks. 

3. The timing and age of emergence and 
karstification are established from study of fos­
siliferous marine sediments that fill the cavities. 

4. A model for the evolution of pelagic swells 
is proposed in which the stages of emergence 
and hardground formation are contempora­
neous and spatially related on a given swell. 

Tectonic and eustatic factors are thought to 
have controlled all of these processes. 
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Sedimentation and Diagenesis Along an 
Island-Sheltered Platform Margin, El Abra 
Formation, Cretaceous of Mexico 
CHARLES j. MINERO 

Abstract 

The mid-Cretaceous El Abra Formation was studied 
along the eastern margin of the Valles-San Luis Po­
tosi (SLP) platform to determine ( l) environments 
and processes of platform-margin sedimentation, 
and (2) the diagenetic sequence and mechanisms of 
porosity evolution in carbonates subjected to exten­
sive early diagenesis, including subaerial exposure 
and development of microkarst. Synclepositional, late 
eogenetic, and telogenetic episodes of karst forma­
tion are present. 

Eight lithofacies are recognized from textural and 
fauna( attributes and sedimentary structures. Plat­
form-lagoon lithofacies include peloid-miliolid, re­
quienicl, and biodastic limestones. Lime mudstone, 
laminated lime grainstone, cryptalgal laminites, and 
fenesu·al limestone 1·ecord tidal-flat environments. 
Perireefal islands consisted of storm-deposited rud­
istid-skeletal limestones cemented by calcrete. 

Numerous subaerial discontinuity surfaces marked 
by microkarst, calcrete, and penecontemporaneous 
dolomite horizons provide correlation surfaces for 
identification of laterally equivalent depositional en­
vironments. Islands graded bankward through a 
mosaic of coalescing tidal flats into the platform la­
goon. Whereas islands persisted through time, tidal 
flats were episodically submerged during rapid rel­
ative rises in sealevel of less than l O m net magnitude. 
Subsequently, tidal flats prograded into the platform 
lagoon, resulting in asymmetric, shoaling-upward 
sequences separated by subaerial discontinuity sur­
faces. 

Early diagenetic environments on tidal flats were 
ephemeral; but comparable environments were re­
created at comparable stages of each depositional 
cycle. Extensive penecontemporaneous meteoric di­
agenesis occurred as a consequence of enduring ex­
posure of islands and repeated exposure of tidal flats. 
Dissolution below microkarst surfaces, calcrete for-

mation, and mineralogic stabilization rapidly trans­
formed the sediment to limestone. Upon submer­
gence, marine cementation by radiaxial fibrous Mg­
calcite and inten1al sedimentation were important 
porositv-reducing processes, further lithifying the 
limestone and precluding compaction. 

The Valles-SLP platform was locally exposed and 
subjected to a second episode of karst development 
during latest Turonian to Santonian time. Major 
porositv occlusion by meteoric calcite cement oc­
curred at this time. 

Limited burial diagenesis included precipitation 
of saddle dolomite, stylolitization, and fracturing 
during the Laramide Orogeny. Uplift and erosion 
during the Cenozoic resulted in a third episode of 
karst development, evident in the present landscape 
as subsurface d1·ainage. 

Introduction 

The El Abra Formation was deposited during 
mid-Cretaceous time on several steep-sided, 
shallow-water carbonate platforms in east­
central Mexico. It is 1.5 km to 2.0 km thick. 
Windward platform margins were fringed by 
a narrow zone of rudist reefs and bioclast 
grainstones. The platform interior is comprised 
of muddy lagoonal carbonates. Pelagic lime 
mudstone of the Upper Tamaulipas Formation 
accumulated in interplatform basins. Inter­
bedded, fine pelagic limestone and coarse, 
platform-derived debris were deposited along 
the basin margins as the Tamabra Formation. 
Giant oil fields occur in basinal (Ebano-Panuco 
fields), basin-margin (Poza Rica trend), and 
platform-margin (Golden Lane trend) carbon­
ates of the Tampico Embayment. Minor pro-
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duction occurs from platform-interior carbon­
ates. Karst-enhanced reservoirs of the Golden 
Lane trend have yielded 1.6 billion barrels of 
oil. Regional paleogeography and petroleum 
geology is reviewed by Enos (1974 and 1983). 

The windward margin of the Valles-San Luis 
Potosi (SLP) platform was studied in the type 
quarry exposures in the Sierra de El Abra 
(SEA) (Fig. 18.1). The SEA is an open, l'\-S 
trending anticline within the Gulf Coastal plain 
approximately 25 km east of the Sierra Madre 
Oriental structural front. Folding occurred 
during Maastrichtian to Paleocene time (Lar­
amide orogeny). The abrupt eastern escarp­
ment of the SEA largely coincides with the ex­
humed eastern margin of the Valles-SLP 
platform (Enos 1983 and 1986). This report 
discusses depositional environments and di­
agenesis in the narrow transition zone between 
the fringing rudist reefs and the platform la­
goon. 

F1ca.'RE 18.1. Location map. Measured sections 
are quarries III, IV, V, and VIII (numeration afte1· 
Aguavo 1978), located 8 km to 12 km east of \'alles. 
San Luis Potosi, Mexico (see insert map). The eastern 
escarpment of the Sierra de El Abra ( I 00 m contour) 
coincides with the eastern margin of the Cretaceous 
Valles-San Luis Potosi platform (insert map: mod­
ified from Enos 1974). Rudist reefs are well exposed 
in Taninul Quarrv (II). 

C.J. MINERO 

The El Abra Formation in the SEA has 
undergone three episodes of karst formation. 
Syndepositional exposure of island and tidal­
flat sediments resulted in extensive meteoric 
diagenesis and formation of several types of 
subaerial discontinuity surfaces, including mi­
crokarst (Stage 1 ). This study emphasizes the 
early episode of karst formation and the close 
relationship between sedimentary environ­
ments and early diagenetic processes. Corre­
lation of discontinuity surfaces facilitated study 
of lateral variations of depositional environ­
ments (Fig. 18.2). A second karst event resulted 
from Late Cretaceous exposure but is poorly 
expressed in outcrop (Stage 2). Equant calcite 
cement precipitated from the associated me­
teoric aquifer, however, and filled most porosity 
surviving early diagenesis. Uplift in the Late 
Tertiary has produced a third karst event ev­
ident in the present landscape as large-scale 
subsurface drainage features (Stage 3). Early 
and late karst episodes generally enhanced po­
rosity, whereas the intervening Late Cretaceous 
episode occluded porosity. 

Lithofacies and Depositional 
Environments 

Eight lithofacies are recognized on the basis of 
texture, constituent grains, and sedimentary 
structures. Major features, including deposi­
tional environments, are summarized in Tables 
18.1 and 18.2. '.\lore detailed descriptions, 
photographs, and interpretations are presented 
in Minero ( 1983a and 1983b). Three broad 
lithofacies associations are present. Peloid-mil­
iolid, requienid, and bioclastic limestones are 
gradationally interbedded and most common 
in sections V and VII I. Thev constitute the 
subtidal association. !\ludstone, fenestral, and 
cryptalgal-laminated limestones comprise the 
tidal-flat association. Rudistid-skeletal limestone 
and laminated grainstone comprise the island/ 
beach association which is prominent in sections 
III and IV. 

Two styles of depositional packages are 
present (Fig. 18.2). Cvclic peritidal deposition 
occurs in sections V and VIII. Shoaling-upward 
cvcles of peloid-miliolid, requienid, fenestral, 



18. Island-Sheltered Cretaceous Platform Margin, Mexico 387 

and cryptalgal laminite lithofacies are separated 
by subaerial exposure surfaces. Nearer the 
platform-margin reefs (Ill, IV), upper inter­
tidal and supratidal lithofacies are interbedded 
to form thick sequences. Discontinuity surfaces 
are more numerous and early subaerial diage­
netic features are better developed here than 
further bankward. 

Figures 18.3 and 18.4 illustrate a sedimentary 
model of the eastern margin of the Valles-SLP 
platform. Low islands or "sand cays" formed 
near the platform margin largely from bio­
clastic debris of rudist reefs. Early vadose ce­
mentation, primarily by calcrete, location lee­
ward of an abundant source of reef sediment, 
and the inability of the daily current and wa\'e 
regime to rework sediments deposited by 
storms above sealevel (Enos and Perkins 1979) 
caused islands to be persistent paleotopo­
graphic features. Sedimentation on islands was 
primarily from storm deposits (rudistid-skeletal 
limestone). Storm sediments occasionally tra­
versed the islands and were deposited in the 
leeward lagoon, as recorded by bioclastic lime­
stones in section V. Islands sheltered nearbv 
platform areas from oceanic wa\'eS and cur­
rents, enabling muddy sediments to accumulate 
near the platform margin. Shoaling-upward 
sedimentation ensued, forming tidal flats at 
least as far bankward as section VIII. Prolonged 
subaerial exposure of islands and supratidal 
flats resulted in microkarst, partial calcrete 
profiles, and penecontemporaneously dolom­
itized and lithifie<l rock (see section on Syn­
depositional Meteoric Diagenesis). 

Exposure surfaces preferentially occur in in­
tertidal and supratidal lithofacies. This suggests 
that exposure was a consequence of sedimen­
tary upbuilding and/or that falls in sealevel 
postdated upbuilding. Enos ( 1986) infers minor 
drops in sealevel to explain widespread e\'i­
dence of an initial meteoric diagenetic stage in 
the platform-margin rudist reefs. Subsequent 
net rises in sealevel are estimated at 3 m to 9 
m from the thickness of indi\'idual shoaling-up 
sequences. 

Islands remained emergent during rising 
sealevel; flooding was constrained to former 
tidal passes and flats (cf. Perkins 1977). Re­
newed shoaling-up lagoonal to tidal-flat sedi­
mentation ensued in the "energy-shadow" of 

the islands. Thus, hydrodynamic and ecologic 
conditions along the platform margin were 
similar through successive incremental rises in 
relative sealevel.. This resulted in an enduring 
paleogeographic motif of platform-margin 
rudist reefs with leeward islands and intermit­
tent tidal flats. 

Diagenesis 

The El Abra Formation has been subjected to 
five stages of diagenesis (Fig. 18.5): syndepo­
sitional meteoric, early marine, late eogenetic 
meteoric phreatic, mesogenetic, and teloge­
netic. Excluding telogenesis, the effect of each 
successive stage was less pervasive than the 
preceding stage. 

Early postdepositional diagenesis extensively 
modified El Abra sediments. Asymmetric, 
shoaling-upward depositional packages and is­
land sequences are punctuated by numerous 
weathering horizons, which include microkarst 
surfaces, partial calcrete profiles, and dolomitic 
horizons (Fig. 18.2). These discontinuity sur­
faces occur individually or in combination in 
intertidal and supratidal carbonates. Contem­
poraneous meteoric diagenetic features such as 
secondary porosity, micritic and bladed calcite 
cements. and internal sediments coincide with 
and decrease rapidly in abundance below dis­
continuitv surfaces. Numerous discontinuities 
within each measured section facilitate corre­
lation (Fig. 18.2) and paleogeographic recon­
struction of near backreef and lagoonal lime­
stones. 

Early marine diagenesis reduced porosity 
through introduction of internal sediment and 
precipitation of radiaxial fibrous calcite. It 
postdated the initial episode of meteoric di­
agenesis. Local subaerial exposure during Late 
Cretaceous time resulted in a second period of 
karst development. Equant calcite cement pre­
cipitated from the Late Cretaceous meteoric 
aquifer and occluded most remaining porosity. 

Minor mesogenetic features include saddle 
dolomite, replacement by anhydrite, fracturing, 
stylolitization, and hydrocarbon migration. The 
El Abra Formation is presently subject to a third 
period of karst development on outcrop. 
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Syndepositional Meteoric 
Diagenesis and Discontinuity 
Surfaces 

Microkarst Surfaces (Stage 1 Karst) 

Pitted truncation surfaces are the most common 
discontinuity features. They are exposed only 
in profile and consist of a series of bowl- or 
funnel-shaped pits and intervening domal to 

peaked projections (Fig. 18.6A, B). Surfaces 
may be concordant with bedding for short dis­
tances. Pitted surfaces sharply truncate inter­
tidal and supratidal lithofacies. Surfaces are ir­
regular even at the scale of individual grains. 
Burrowing and encrustation are absent; borings 
are rare. Blackened lithoclasts of the truncated 
unit and coarse bioclastic debris fill depressions 
and are mixed into the overlying rock. Surfaces 
near the platform margin are overlain by rud­
istid-skeletal limestone and lime mudstone, 
whereas further bank ward they are overlain by 
subtidal lithofacies. 

Pitted truncation surfaces are continuous 

with subjacent channels, small caverns, and 
vugs. Filled vuggy porosity generally comprises 
less than IO% of rock volume, but locally attains 
50% (Fig. 18.6C). Vugs decrease notably within 
a meter below discontinuity surfaces. Moldic 
porosity is prevalent in fossiliferous lithologies 
and locally within internal sediments. Miner­
alogic selectivity is illustrated by requienid rud­
ists wherein the aragonitic shell wall is invariably 
preserved as a mold and the calcitic layer retains 
the original skeletal microstructure. Secondary 
pores are less common above pitted truncation 
surfaces except where several surfaces are close­
!~- spaced. 

Laminated micrite cement is developed dis­
continuously along pitted truncation surfaces 
and in associated secondary pores. Commonly, 
the discontinuity surface is micritized. Vadose 
cements and internal sediment (see below) par­
tially filled vugs and lithified rubble in the pits. 
Whereas the initial meteoric diagenetic events 
are commonly absent in subtidal limestones 
above discontinuities, later marine diagenesis 
was prominent on both sides of truncation sur­
faces. 

LITHOFACIES 

DEPOSITIONAL 
ENVIRONMENT CORRELATION SURFACES 

-,... 

"UDIITID•SKEL!TAL LIMESTONE 

... ,+. 
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FIGLIRE 18.2. Lithofacies and correlation of the El 
Abra Formation. The section is constructed normal 
to the eastern margin of the Valles-SLP platform 
(Fig. 18.1) and illustrates the rapid gradation of sed­
iment character across the platform margin. Note 
especially the change from predominantly coarse 
subaerially deposited limestone of the near backreef 
(Ill and IV) to muddy cyclic lagoon and tidal-flat sedi­
mentation further bankward (V and VIII). Width 

DISCONTINUITY SURFACES 

It MICROKARST 

C CAL CRETE CRUST/ PROFILE 

0 DOLOMITIC HORIZON 

ES ERODED LITHIFIEO SURFACE 

L LITHOCLAST ZONE 

T 

J. Strahgraplloc Pas,toon of Physical Correlahon 
wolll Estimated Error 

~ PROGRAOATIONAL /SHOALING CYCLE 

of lithology column is keyed to lithofacies types. 
Physical correlation by walking out beds was con­

firmed by correlation of numerous discontinuity 
surfaces in each measured section. Correlative dis­
continuities change character laterally. Whereas well­
developed calcrete profiles and high-relief micro­
karst form continuous surfaces, minor discontinuities 
are local features or converge with majm· discontin­
uities. 
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TABLE 18.1. Near backreef and platform lagoon lithofacies. 

Lithof acies 

Peloid­
miliolid 

Requienid 

Fenestral 

Cryptalgal 
laminite 

Lime 
mudstone 

Laminated 
grains tone 

Rudistid­
skeletal 

Bioclastic 

r = rare 
c = common 
a= abundant 

Dominant 
textures 

Wkst/pkst 

Wkst/pkst 

Pkst/wkst 

Grst/pkst with 
thin mdst/wkst 
partings 

Mdst 

Grst 

Grst/pkst 
(Floatstone) 

Pkst/wkst 

Grai1L1!fossilslbiodasts Sedimentar.- structure., 

Miliolid forams, peloids (a) 20-200 + cm beds 
Fecal pellets (c) Bioturbation 
Benthonic forams, gastropods, 

requienid rudists. bivalves, 
green algae, ostracodes (r) 

Requienid rudists (c-a) < 100 cm thick lenses 
Peloids, miliolid forams (c) Bioturbation 
Monopleurid rudists. molluscs, 

encrusting organisms (r) 
Peloids. miliolid forams (c) 20-100 cm beds 
Bivalves, gastropods. 

ostracodes, intraclasts (r) 

Peloids, miliolid forams (c) 
lntraclasts (r-c) 
Molluscs, other bioclasts (r) 

Benthonic forams, 
ostracodes (r) 

Peloids, ooids, miliolid forams, 
bioclasts 

lmfo·idual beds dominated b, 
single grain type 

Caprinid and radiolitid rud­
ists, calcified algae. 
mollusc bioclasts (c-a) 

Corals. echinoderms, bryozoa, 
stromatoporoids. ostracodes, 
benthonic forams, peloids 
(r) 

Lithoclasts with radiaxial 
fibrous cement (r) 

Similar to rudistid-skeletal 
lithofacies with 

l\liliolid forams, peloids 
(c) 

Pellets ( r-c) 
Calcrete lithoclasts (r) 

Wan· and flat lamin­
ation 10-25'/c filled 
fenestral porositv 

Desiccation cracks. 
burrows (r) 

5-80 cm beds 
WaH to lenticular 

lamination 
Erosion scours 
Desiccation cracks 
Laminoid fenestrae 
5-100 cm beds 
Bioturbatcd 

I 0-50 cm beds 
Horizontal lamination 
Well-sorted and rounded 
Laminoid fenestrae and 

keystone n1gs 
10-75 cm beds 
Flat lamination (r) 
Foresets (r) indicate 

lagoonward paleo­
currents 

Coarse-tail grading and 
basal erosion surfaces 

Decreasing abundance 
and coarseness 
bank ward 

50-100 cm beds 
Bioturbation 
Poorlv sorted 
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Dt/HHitimwl twuiru1111u1 11/ 

Subtidal zone 
Low-cnerg, platform 

lagoon 

Subtidal to lower intertidal 
1one (r) 

Low-energy platform 
lagoon 

l"pper intertidal zone 

L"pper intertidal to suprati­
dal zone 

Restricted suhtidal to 
intertidal zone 

··Ponds.·· platform lagoon 
Intertidal zone 

Beach 
Subtidal zone (r) 

(:hannel 

Supratidal-island zom· 
Storm deposit 
'-.lajor meteoric ,·adose 

diagcnesis 

Subtidal zom· 
Storm deposit Ill plat­

form lagoon 
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TABLE 18.2. Percent abundance of lithofacies. 

Section 
Tidal 

Litlwfacies setting III IV V VIII 

Subtidal association 
Peloid-miliolid Subtidal 16 II 31 49 
Requienid Subtidal/lower intertidal U) 0 7 9 
Bioclastic Subtidal 0 2 lO () 

Total 17 13 48 58 

Tidal-flat association 
Lime mudstone Subtidal/intertidal 13 14 22 12 
Fenestral Upper intertidal 25 21 16 22 
Cryptalgal Upper intertidal/supratidal 5 6 6 6 

Total 43 41 44 40 

Island/beach association 
Laminated grainstone ln1.ertidal/subtidal (R) 4 5 5 2 
Rudistid-skeletal Supr.uidal 

Total 

Contrasts in depositional environment and 
diagenetic history across pitted surfaces indicate 
that the truncated bed was subaerially exposed 
prior to or during formation of the disconti­
nuity. The steep profile, lithoclasts, and lack of 
bioturbation across truncation surfaces suggest 
lithification prior to erosion and subsequent 
deposition. 

Pitted truncation surfaces are interpreted as 
microkarst formed during subaerial exposure 
of peritidal carbonates and meteoric lithifica­
tion. Bowl- and funnel-shaped profiles suggest 
rundkarren or hohlkarren-small-scale solution 
features developed under soil cover- More 
finely sculpted surfaces are similar to rain pits 
and solution rills formed on bare limestone (see 
Jennings 1971, Sweeting 1973). 

Presence or absence of soil cover influences 
karst morphology in that it affects the manner 
and duration of wetting of a limestone surface, 
as well as the chemistry of the solution. Soil 
cover may vary spatially or temporally during 
formation of microkarst. Once formed, 
depressions act as basins collecting storm-borne 
detritus and organic material (Dodd and Sie­
mers 1971 ). Bare limestone karren thus may 
have evolved into bowl and funnel forms as soil 
cover accumulated. Storms probably eroded 
soils from the El Abra islands (McKee 1959, 
Stoddart and Steers 1977) as indicated by cal­
crete lithoclasts in the rudistid-skeletal and 
bioclastic lithofacies. This may account for 

36 41 3 () 

40 46 8 2 

the scarcitv of paleosols above rounded (i.e., 
covered) karst and of the unlithified upper 
members of calcrete profiles (see Calcrete, 
below). 

Microkarst must have lowered island and 
tidal flat surfaces only slightly as it forms low­
relief horizons which are largely restricted to 
individual, thin, subaerially deposited lithofa­
cies. Average solution rates of limestone in 
warm. humid climates (Sweeting 1973) may be 
cautiously applied to El Abra microkarsts to 
obtain rough minimum estimates of the sub­
aerial hiatus represented by these surfaces. A 
typical microkarst with solution relief of ap­
proximatelv 40 cm could have formed in 25,000 
to 40,000 years. 

Microkarst has important implications for 
subaerial exposure and meteoric diagenesis. 
Thus, it must be distinguished from marine 
hardgrounds or planation surfaces and inter­
stratal karst. Microkarst surfaces are distin­
guished from hardgrounds by their common 
occurrence above or between supratidal litho­
facies and by associated subaerial diagenetic 
features. Finely sculpted microkarst is similar 
to intertidal erosion surfaces but is nearly de­
void of bores and encrustation typical of such 
surfaces (Kennedy 1975). Microkarst formed 
subaerially, as it is associated with calcrete. 
There is no evidence of collapse or solution 
piping that typifies interstratal karst (Wright 
1982). 
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FI CURE 18.3. Sedimentary model of the SEA platform 
margin. Sand cays and linear rubble islands formed 
leeward of discontinuous rudist reefs. Tidal flats, 
sheltered by islands, prograded into the shallow la­
goon. Episodic rises in sealevel largely submerged 
the tidal flats. 

Calcrete 

Calcrete indicates subaerial exposure and me­
teoric vadose diagenesis (Esteban and Klappa 
1983) and is useful in location correlation 
(Walkden 1974). Calcrete fabrics (Fig. 18.7 A, 
B, C) include widespread micrite cement and 
neomorphic micrite, laminated crusts, p.isoids, 
breccia, and alveolar texture. SEA micrite ce-

C.J. MINERO 

ment occurs as laminated crusts and reduces 
intergranular porosity in subaerially deposited 
carbonates. Micrite cement is distinguished 
from detrital carbonate mud by contrary-to­
gravity disposition and prominence below dis­
continuity surfaces. The distribution of micrite 
cement mimics that of vadose water. Features 
indicating an origin in the vadose zone include 
meniscus (Dunham 1971) and microstalactitic 
habit (M tiller 1971 ), preferential cementation 
of grain contacts and finer pores (capillarity ef­
fect), and thickening at the base of larger pores 
(microponding, Read 1974) . 

Laminated crusts are broadly conformable 
with the underlying surface, lining microkarst 
surfaces (Fig. 18.7 A) and associated channels. 
Crusts are up to 2 cm thick, thickening in de­
pressions and thinning over substrate highs. 
Laminated crusts are predominantly micrite but 
also contain thin bands of bladed calcite spar 
(Fig. 18. 7B) and rare lenses of fine bioclastic 
limestone. Internal laminae are wavy to lentic­
ular with minor solution truncations. 

Calcrete is a complex diagenetic fabric re­
sulting from precipitation of micrite and pen­
dant bladed cements, vadose internal sedimen­
tation, replacement, and dissolution. SEA 
calcrete profiles are up to 2 m thick. A discon­
tinuous laniinated crust, typically lining a mi­
crokarst surface, delimits the syndepositionally 
lithified surface. Micrite-coated lithoclasts and 
calcrete pisoids are locally present above the 
crust. Subjacent rocks were repeatedly brec­
ciated and cemented by micrite. Fractures and 
secondary pores were partially occluded by mi­
crite cement, vadose silt, and lithoclasts, in­
cluding fragments of laminated crust. Cemen­
tation and replacement by micrite decrease 
irregularly downward. Local, highly cemented 
and replaced mottles up to several centimeters 
in width mark the base of calcrete profiles. 

Micrite-coated grains, the initial stage of 
profile development in loose sediment (Read 
1974), are the most widespread calcrete feature. 
Micrite-coated aragonite bioclasts, such as cod­
iacian algae (Fig. 18. 7C), are preserved in de­
tail; elsewhere they are reduced to molds. 
Incipient calcrete profiles through thick se­
quences of intertidal and supratidal sediments 
in sections III and IV suggest that storm dep­
osition of rudistid-skeletal debris repeatedly 
interrupted calcrete formation by shifting the 
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ofacies among the depositional environments. Syn­
depositional and early postdepositional modification 
of the sediment was related to depositional environ-
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includes meteoric and marine (tidal-flat dolomite) 
environments. 
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FtGURt: 18.6.A-C. A. Microkarstsurfacebetweentwo 
depositional ·units of rudi ticl-skeletal limeslOne. 
Blackened lithoclasts occur above the truncation 
surface. Horizontally elongate vugs or recessive 
weathering zones locally occur several decimeters 
below microkarst surface. Ruler segment 15 cm. 11 I 
33 m. B. A slab 16 cm across illustrating microka1·st 
expressed as funnel-shaped solution channels fi lled 
by rudistid-skeletal limestone. IV 8.9 m. C. A slab, 
IO cm across, of rnggy limestone. Note truncation 
of coarse grains. Porosity was reduced by isopachous 
radiaxial fibrous cement and filled by equant calcite 
cement: Sample is located 30 cm below a microkarsL 
surface. 111 44.1 m. 
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FIGURE 18.7. A-CA. A slab, 10 cm across in 1,·hich a 
laminated c.ilcrete crust lines microkarst-cruncated 
rudistid-skelet.al grainswne. Light-colored rinds and 
matrix are predorninamly micrite cement. Ill 30.6 
m. B . Photomicrograph of calcrete crust. 6 mm 
across, illustrating irregular internal lamination of 
rnic,·ite and bladed calcite (arrn1,"} cement. Geopetal 

locus of cakrete formation up1\"ard. In places, 
the unlithified upper part of calcrete profiles 
was eroded as indicated by calcrete-coated clasts 
in storm-derived biodastic limestone, and rare 
calcrete pisoids in soil-filled vugs. 

Laminated crusts locally line microkarst sur­
faces in the absence of other calcrete fabrics. 
Such crusts contain aligned bioclasts and are 
similar to modern crusts forming on imperme-

,·adose silt reduces vugs. I I I 33. I m. C. Photomicro­
graph from Figure 18.7A, 7 mm across, demon­
strating irregular distribution of micrite cement, al-
1·eolar texwre, and pendant bladed calcite cement 
(arro1,·). l\ote well-preserved codiacian algae biodasts 
(orginally aragonite) in the lower right and left cen­
ter. Ill 30.6 m. 

able o r lithified substrates (Multer and Hoff. 
meister l 968, Harrison 1977). Crusts associated 
with cakrete profiles contain micritized grains 
in a fabric similar to the substrate. Thus, in the 
SEA, crusts containing transported sediment 
probably formed at the surface, whereas lam­
inated crusts that incorporate and modify the 
sediment substrate were probably subsoil for­
mations . 

C 
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Dolomitic Horizons 

White-weathering dolomitic bands up to 30 cm 
thick occur in some muddy supratidal and up­
per intertidal carbonates (Fig. 18'.8). Dolomite 
is microcrystalline, contains 50 to 55 mole % 
CaCO3, and has faint ordering peaks (Graf and 
Goldsmith 1956). The upper surface of do­
lomitic beds is sharp and is locally truncated by 
microkarst. Dolomite conten t decreases gra­
dationally downward. The original sediment 
and internal clasts (see below) are partially do­
Iomitized, but some fossils and marine internal 
sediment remain calcite. 

Dolomite occurs only in tidal-flat carbonates, 
suggesting that processes operative in the de­
positional setting have controlled its distribu­
tion. It is mineralogically similar to that present 
on Holocene tidal flats (Shinn et al. 1965 ). Se­
lective re placement of depositional elements 
suggests that dolomitization preceded marine 
internal sedimentation. Lithoclasts of micro­
crystalline dolomite occur above dolomitic ho­
rizons and in storm deposits which are other­
wise entirely calcitic. Microkarst-truncated 
dolomitic horizons indicate early lithification, 
although not necessarily by dolomite. These 
obse1-vations ·suggest that dolomitic horizons 
formed syndepositionally as lithified supratidal 
crusts somewhat analogous to those in recent 
sediments of south Florida (Shinn I 968) and 
the Bahamas (Shinn et al. 1965). Dolomitic ho­
rizons are discontinuity surfaces, as they record 
breaks in deposition. They formed in a marine-
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influenced vadose zone and subsequently were 
modified by meteoric vadose processes. 

Bladed Calcite Cement 

Bladed cement is minor. Crystals occur either 
as a single isopachous layer up to 75 µm thick 
or are longer and preferentially d istributed on 
upper surfaces of pores (pendant). l sopachous 
cement locally reduces interparticle pores of 
laminated grainstones and rudistid-skeletal 
limestones. Pendant bladed cement occurs 
within one meter below microkarst surfaces and 
locally in rudistid-skeletal limestones. Where 
both are present in the same bed, pendant 
crusts occur several decimeters above isopach­
ous crusts in an identical position in the diage­
netic sequence. 

Pendant bladed cement precipitated in the 
meteoric vadose zone below subaerial discon­
tinuity surfaces (Fig. I 8. 7C). Pendant cement 
mimics a gravitational distribution of vadose 
water below grains (Muller 1971). It was con­
temporaneous with · micrite cement and locally 
occurs in calcrete profiles. 

The isopachous distribution of bladed cement 
indicates uniform growth in water-filled pores 
of the ph1-eatic zone. This cement is local ly 
truncated by dissolution but also has reduced 
moldic pores. It p r ecipitated from meteoric 
pore fluids contemporaneous with formation of 
secondary pores. Pendant and micritic cements 
with vadose habits formed synchronously with 

F1cu RE 18.8. Slab of light-colored, 
dolomite cryptalgal laminate, IO cm 
across. Dolomite content deci-eases 
gradationally downward from the 
sharp upper contact with peloid­
miliolid limeswne. Disrupted and 
curled lamination is suggestive of 
desiccated, algal-bound sediment. 
VIII 17.5 m. 
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bladed isopachous cement. but in stratigraphi­
cally higher positions. 

Crystalline Internal Sediment and 
Clas ts 

Minor geopelal accumulations of crystalline in­
Lernal sediment (Fig. 18.9) are composed of an 
equant mosaic of IO to 25 µ m calcite crystals. 
Crystals generally coarsen upward in a pore, 
but lamination is rare. The upper contaCL may 
be steeply inclined, locally forming terraces of 
perched sedimenl. Crumbly aggregates of the 
adjacent rock, including partially dissolved fos­
sils with attached matrix (fig. I . I 0), occur as 
rare "inte rnal clasts" (Dunham 1969. p. 164). 
Crystalline internal sediment reduced second­
ary pores. It postdated most micrite and bladed 
calcite cement and predated radiaxial fibrous 
a nd equant calcite cements. 

F1ca11u: 18.9. Photomicrograph, 8 mm across, of crys­
ta lline in1ernal sed imem red ucing vuggy porosity in 
a peloid-miliolid wa<.:kestone. Note the varied degree 
of' inclination of' the sedirnent/equant cemelll inter­
face. VIII 51.3 m. 

The texture and compositio n of crystalline 
internal sediment is distinct from that of the 
surrounding rnck and other internal sediments 
(see below). Perched and inclined deposits sug­
gest deposition from flowing water. It is tem­
porally associated with fo rmatio n of vugs and 
molds and with calcrete cementatio n. For these 
reasons the sedimen t is inte rpreted as vadose 
silt (Dunham 1969) formed through physical 
and chemical erosion within the pore network 
of a subaerially exposed limestone . 

Internal clasts occur only in grain-supported 
limestones. Vugs containing internal clasts have 
irregular margins which grade into interparticle 
pores, whereas vugs without inte r na l clasts 
generally a re more smooth ly bo unded (com­
pare Fig. 18.10 with Fig. 18.J I ). This suggests 
that internal clasts also were derived by physical 
and chemical erosio n in lig htly ceme nted host 
rocks (Dunham 1969, Minero 1983a). 

Discussion of Syndepositional 
Meteoric Diagenesis 

Tidal fl ats and islands pern1itted intermittent 
to nearly continuous introduction of' meteoric 
water into the sediment. Early d iagenesis in sub­
aerially deposited rocks included episodes of 
d issol ut ion, cementalion, and internal sedi­
memaLion in Lhe vadose a nd shallow phreatic 
zones. DisconLinuity su r faces formed du ring 
prolonged periods of subaerial exposure. Their 
physical extent and repetilion testify to the im­
portance of peneconLemporaneous me teoric 
diagenesis. Subaerial surfaces were covered by 
soil or regolith , as ind icaled by the presence of 
calcrete profiles and rounded microkarst mor­
phologies, o r dissolu tion locally acted on bare 
limeslone, resulting in j agged microkarst mo r­
phologies . T idal-flat sediments were loca lly 
dolomitized . 

Islands were storm bu ilt and therefore only 
several meters above sealevel. As porosity a nd 
permeability were initia lly h ig h in rudistid­
skeletal limestone island s, the water table, 
where present, was near sealevel. Vaclose d i­
agenesis was widespread but meteoric ph reatic 
d iagenesis was largely 1·estricted to small lenses 
within wpographic highs such as beach ridges 
composed of rudistid-skeletal limestone. Some 
isopachous bladed cements formed under 
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temporary phreatic conditions, as they alternate 
with vadose micrite cements in the lower part 
of calcrete profiles. On the leeward tidal fl ats, 
the meteoric vadose zone may have passed d i­
rectly into a saline phreatic zone. 

The meteoric vadose zone was shallow. Mi­
cro karst channels and vugs, and vadose internal 
sediment and cements typically occur within I 
m below exposure surfaces. Horizontally elon­
gate vugs a nd recessive weathering zones form 
horizons several decimeters below subaerial 
exposure surfaces (Fig . 18.6A). T hese may re­
cord dissolution along shallow paleowater tables 
(Land 1973). As the uppermost. unlithitied part 
of weathering profiles was apparently eroded 
prior to renewed sedimentation, the 01-iginal 
depth to the water table may have been some­
what greater than indicated on outcrop. 

Secondary po res may be partially of vadose 
origin as they are reduced by vadose sediment 
and cement, but locally truncate these features. 
Secondary porosity could also have formed in 
the meteoric phreatic zone or in a mixing zone 
(Plummer 1975) at the margins of the meteoric 
realm. Episodic marine recharge of meteoric 
le nses by storm floods may have resulted in 
te mporary mixing zones. 

Early Marine Diagenesis 

Fossiliferous Internal Sediment 

Geopetal accumulations of fossil-bearing inter­
nal sedime nt (Fig. 18. I I) reduce all pore types 
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FIGURE 18. 10. Photomicrograph, 14 
mm across, illusu-ating a vug with a 
geopetal accumulation of internal 
clasts identical to the host peloid­
miliolid grainstone. The vug is filled 
by equant calcite cement. Partially 
cross-polarized light. V 11 I 18 m. 

except fractures . Bioclastic lime mudstone is 
most commo n, but grain-supported textures 
also occu r in larger vugs. Ostracodes, foramin­
ifera, gastropods, bioclasts, and peloids are 
common. Internal clasts a re rare. Flat or in­
clined textural lamination occurs in inter­
nal sediment of larger vugs. Bands of radiaxial 
fibrous mosaic alternating with fossiliferous 
internal sed ime nt also impart a layered as­
pect. 

Two generations of internal sediment a re 
recogn ized, a lthough their composition a nd 
texture are similar due to common provenance. 
The earlier generation is characterized by the 
presence of internal clasts and molds of bio­
clasts suggesting temporal associatio n with me­
teoric diagenesis. Fossils, particularly forami­
nifera, ind icate a marine sou rce for internal 
sediments, although not necessarily deposition 
in a marine diagenetic e nvironment. Appar­
ently, storm-borne marine sediment occasion­
ally entered the vuggy pore system developing 
in exposed limest0nes, diluting the background 
accumulation of internal clasts. Subsequent de­
velopment of moldic pores in internal sediment 
is compatible with deposition in a subaerial set­
ting coincident with vug formatio n. 

A later, more abundant generation o f inter­
nal sediment is interlayered with radiaxial fi­
brous calcite and postdates boring a nd encrus­
tatio n of pore margins. It accumulated in the 
marine environment. 1-I yd rodyna mica lly lay­
ered coarse inte rnal sed iments suggest free ex­
change between seawater and the vuggy pore 
system. 
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Radiaxial Fibrous Calcite ~lo aic 

lsopachous crusts of radiaxial fibrous mosaic 
(Kendall 1985) are volumetrically imponant in 
occlusion of all pore type except fraaure . It 
occurs only within approximately 2 km of the 
platform margin. Crusts are up to se,·eral mil­
limeters thick and commonh· O\·erlie or are in­
terlayered with fossiliferou . marine internal 
sediment (Fig. 18 .1 I ). Rarely. err tal are en­
crusted or bored and ub equenlly infilled b\· 
internal sediment. Radiaxial fibrous mosaic 
postdated early meteoric diao-ene is and wa 
succeeded gradationally b~ clear equam calcite 
cement (Fig. l8.6C). 

Radiaxial fibrous mosaic contain numerou 
inclusions finer than 10 µm. ome of which 
we re identified as dolomite b~ etching and 
staining (Lohmann and .\le~ers 197,) and \.­
ray diffraction. Electron microprobe anah·si 
indicates an average .\lgCO , content of 1.5 
mole %. Stable isotope compo it.ions (Fig. I .12) 
average 6 1

'
1C (PDB) = + 2.?"cc and 61"0 (PDB) 

= -'2 .7%o. Isotopic compo ition i similar to 

that o f calcite biodasts. 
Kendall ( 1985) reported radiaxial fibrous 

mosaic to be a primary cemenc fabric. El Abra 
mosaics are interpreted as early ma1ine cements 
precipitated from pore fluids in open exchange 
with seawater as it is interla\·ered with marine 
internal sed iment, micritized. bored, and e n­
crusted . Optical characteri tics of radiaxial fi­
brous calcite (Kendall 1985) apparently devel­
oped prior to precipita tion of epitaxial equant 
calcite cement. The isotopic com position is 
compatible with this interpretatio n (Woo et al. 
1985 ). Lithoclasts cemented br racliaxial fibrous 
mosaic are present in rudistid-ske leta l storm 
deposits and locally abundant in adjacent rudist 

A 

F1cnu: 18.1 1. A. fJ A . A slab, I O cm across. illustrat­
ing a vug reduced by laminated fossiliferous inte rnal 
sediment. Grey banded cement is radiaxial fibrous 
calciLe. 1ote thaL it is ime rlayered with internal sed­
imem and does not line the I01,·er part or the vug. 
Remnam porosity was occluded by equant calcite ce­
ment. 111 4 I .(-im. Ji. Photomicrngraph, 2.5 c.:rn. across, 
of a large vug reduced b:· fossiliferous inte rnal 
sediment and radiaxial fibrous calcite a nd filled 
by equant cement. Pa rtia ll y cross-polai·ized light. 
IVll111. 

B 
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reefs (Enos 1986). This indicates a synsedi­
mentary origin of this mosaic. The presence of 
dolomite inclusions exclusively in the mosaic, 
Mg content, and the low concentrations of Sr 
by microprobe analysis imply it was originally 
Mg-calcite. 

Discussion of Early Marine Diagenesis 

The distribution of radiaxial fibrous cement 
was controlled by the effectiveness of mechan­
ical pumping of seawater through the limestone 
(Matthews 1974). Whereas coarse pore net­
works were present throughout the SEA study 
area, marine cement was restricted to within 2 
km of the agitated platform margin. Radiaxial 
fibrous mosaic commonly lines larger pores but 
decreases in abundance with distance from 
these permeability channels. It may be absent 
in interparticle pores within several centimeters 
of coeval larger pores. 

Episodically, internal sediment entered the 
porous limestone while cementation proceeded. 
Interlayered transported sediment and cement 
and marine-cemented lithoclasts indicate that 
postdepositional marine phreatic diagenesis 
began near the sediment-water interface. 
Whereas early marine diagenesis postdated 
syndepositional meteoric diagenesis in a given 
rock, it was concurrent with meteoric diagenesis 
in younger depositional cycles. Diagenetic se­
quences in successive depositional packages 
were parallel rather than synchronous (cf. Enos 
and Freeman 1978). 

Meteoric Phreatic Diagenesis 
(Stage 2 Karst) 

Equant Calcite Cement 

Equant cement (Figs. 18.10, 18.11) is present 
in all pore types and lithofacies. It is clear, low­
Mg, nonferroan calcite forming inward-coar­
sening mosaics. Equant cementation was the fi­
nal and locally the only major pore-occluding 
event. Commonly, early equant cement is ep­
itaxial to radiaxial fibrous mosaic. Two families 
of equant calcite cement are discernible from 
stable isotope compositions (Fig. 18.12). Early 
equant cement has an average composition 
(PDB) of 01

:
1c = + l.7%c and 0 180 = -4.2%c. 
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Late equant cement (sampled only from reef 
facies) has an average composition of 6 13C = 
+0.3%o and 0180 = -9.9%0.) 

Four cathodoluminescent zones are present 
and correlative throughout the study area. Zone 
l luminesces dull orange and contains up to six 
bright internal bands, zone 2 is nonluminescent, 
zone 3 is dull orange with scarce bright bands, 
and zone 4 is nonluminescent. Zone 4 cement 
is crosscut by fractures and truncated by sty­
lolites. A few fractures contain equant cement 
of zones 2, 3, and 4. 

Equant cement postdated early meteoric and 
marine diagenesis but largely predated the 
major episode of fracturing attributed to Lar­
amide deformation (see Mesogenesis, below). 
lsopachous outlines of luminescent zones in­
dicate precipitation from fluid-filled pores. 

Chemistry of the solution from which equant 
cement precipitated can be estimated from the 
minor element content of calcite by use of the 
homogeneous distribution coefficient, D (Pin­
gitore 1978). Precipitation from an open (fluid­
dominated) system near 25%0 C (shallow burial) 
is assumed. Sr and Mg were analvzed by elec­
tron microprobe; Mn, Fe, Zn, and !'\a concen­
trations are below the detection limit (< 1000 
ppm, as oxide) of the tool. Maximum cement 
values for Mn and Fe correspond to the min­
imum sensiti\·itv of the cathodoluminoscope 
and combined stains, respectively. The calcu­
lated El Abra aquifer chemistry is very similar 
to that of recent limestone aquifers (Table 
18.3). 

Discussion of Meteoric Phreatic 
Diagenesis 

Aguayo ( 1978) reported that the uppermost 
surface of the El Abra Formation in the SEA 
locally is a poorh· exposed karst surface. Vugs 
and collapse breccias contain mid-Cretaceous 
limestone lithoclasts in a matrix of early Cam­
panian pelagic limestone. As El Abra deposition 
may have continued into Late Turonian time, 
and as the platform margin was submerged by 
Campanian time, this karst surface largely 
formed during Coniacian and Santonian time 
(Aguayo 1978). Equant cement postdated syn­
depositional diagenesis but predated Laramide 
stylolites and fractures formed during Maas­
trichtian to Paleocene time. Temporal relations 
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TABLE 18.3. Estimated acti,ity ratios for Late Cretaceous aquifer precipitating equant calcite 
cement. 

Mrtlwd E/Abm a~\I,~ + laCa,:, + 

of A.11al_vtir a.\l,~ - laCa,~ + (/i111es/011e 
Ele111ent D d,t,dio11 £0IIUlllratio11 I estimated) aquifenf"'" 

Mn 5.-l' cathodo- 20--10 ppm'' 6.7 X 10-h 5.3 X 
1()--, 

luminoscope (minimum) 2.-l X 10·" 

15' (minimum) 
Fe I' combined 0.5 wt 7r 7 X IU-' 5.4 X 10· I 

stains FeO' (maximum) 
Mg 0.033" microprobe 1.3 mole 7r U.40 0.45 

(maximum**) (a\'erage) 
!l.lgCO:1 

(a\'erage) 
Sr 0.055- microprobe l000 ppm 0.004-0.021 0.017 

o.2t (maximum**) (maximum) 

*Average of IO analyses of shallow/intermediate meteoric aquifers. 
**Maximum estimate corresponds to limit of detection of method applied if clement is not detected. 

aM,:,1;i,Ja(:a,:1ti,,· 
D._,_-,,c = + + , + + 

So111Ct.1: 

·• Skougstad and Horr (1963) 
"White et al. (1963) 
' Michard (I 9G8) 
" Richter and Zinkernagel ( 1981) 
' Pingitore ( I !J78) 

aM ... , /aCa ... , 

1 Richter and Fiichthauer ( 1978) 
" Lindholm and Finkelman ( 1972) 
"Fiichtbauer and Hardie (1976) 
' Brand and Veizcr (I 980, after others) 
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and minor element chemistry suggest that 
equant calcite precipitated from a late eogenetic 
meteoric aquifer coincident with subaerial ex­
posure and karst. Dissolution of limestone 
along the upper surface of the El Abra For­
mation was the probable source of calcite ce­
ment. Slight depletion of 180 in the early equant 
cement relative to Cretaceous marine cement 
and sediment is compatible with precipitation 
from a shallow meteoric aquifer. 

Mesogenesis 

Dolomite and anhydrite precipitation and re­
placement, dedolomitization, fracturing, sty­
lolitization, oil migration, and calcite cemen­
tation were minor late diagenetic features. 
Coarse saddle dolomite is a rare cement post­
dating most equant cement. Epitaxial calcite 
(dedolomite) has partially replaced saddle do­
lomite. Replacement anhydrite occurs in several 
samples. Stylolites and large fractures are mu­
tually crosscutting. Bedding-plane stylolites 
have reduced section thickness by 1 % or less. 
Microscopic extensional fractures extend from 
stylolite columns. Extension fractures are as­
sociated with stylolites formed during defor­
mation (Nelson 1981 ). The main episode of 
stylolitization and fracturing thus coincided 
with Laramide deformation. 

Oil-stained limestones and geopetal accu­
mulations of tar are locally present. Impreg­
nated beds typically are stylolitic. Locally, hy­
drocarbons migrated along stylolites as staining 
decreases away from stylolites over several mil­
limeters. 

Discussion of Burial Diagenesis 

Burial diagenesis commenced in Campanian 
time with submergence of the platform margin. 
Mesogenesis culminated in the Laramide Or­
ogeny during Maastrichtian-Paleocene time 
with gentle folding of the Sierra de El Abra. 
No major diagenetic products are attributed to 
this stage. Saddle dolomite and anhydrite 
probably were derived from pore fluids com­
pacted from sulfate evaporites of the Lower 
Cretaceous Guaxcama Formation (Minero 
1983a). Stylolites and associated extension 
fractures formed during Laramide deforma-
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tion. Major fractures both postdate and predate 
stylolitization. Hydrocarbon migration, prob­
ably in post-Oligocene time (Enos 1983), post­
dates these features. The paucity of petro­
graphically discernible compaction fabrics is 
attributed to extensive early cementation by 
calcrete, radiaxial fibrous mosaic, and equant 
cement prior to burial to 1 km or less. 

T elogenesis (Stage 3 Karst) 

The El Abra Formation is presently undergoing 
a third period of karst formation, which began 
with post-Laramide uplift and erosion of Upper 
Cretaceous cover. SEA topography is structur­
ally controlled; typical subtropical karst forms 
are absent (Fish and Ford 1973). Drainage and 
dissolution occur in the subsurface because of 
well-developed cave and fracture systems. 
Sinkholes along Laramide joints and cavernous 
horizons are common in quarry outcrops (Fig. 
18.13). Cave sediments include collapse breccia 
and colluvium, flowstone, bat guano, and or­
ganic detritus. Pleistocene rodent fossils have 
been recovered from reddish internal cave sedi­
ment in section VIII (Enos pers. comm.). 

Phreatic caves occur at elevations up to 450 
m, and some vertical segments are at least 300 
m deep. Caves began developing when the 
coastal plain was 300 to 400 m above the pres­
ent level (<100 m) (Fish and Ford 1973). 

Small springs discharge along the eastern es­
carpment of the SEA. They are fed by local 
rainfall and stream capture (Fish and Ford 
1973, Harmon 1981 ). Discharge and water 
chemistry vary seasonally, but small springs are 
undersaturated with respect to calcite at least 
during the rainy season (Harmon 1971 ). Large 
springs are typified by higher calcium, mag­
nesium, and sulfate concentrations. At least 
part of their discharge is derived from deeply 
circulating groundwaters in Lower Cretaceous 
carbonates and evaporites in the Sierra Madre 
Oriental (Fish and Ford 1973). 

Nonluminescent equant calcite cement similar 
to zone 4 cement locally postdated saddle do­
lomite and fills fractures which crosscut stylol­
ites. This equant cement overlies geopetal tar 
accumulations in Taninul quarrv (Enos 1983). 
The volume of this late-stage cement is un­
known as only petrographic relations with rare 
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F1< ann : 18. 13. Stage 3 karst. A ra, e about 5 m 
high , wi1h stalaoite (right) and internal sediment 
at base, developed along a joim of Laramide a~. 
VIII 10 m. . 

burial d iage netic features distingui hit from 
zone 4 cakite precipitated from the Late Cre­
taceous aquifer (i.e., that cemenL which predat­
ed Laramide fractures). It postdated hydrocar­
bon migration and degrada tion and therefore 
probably precipitated from oxidizing pore 
water~ of the Late Tertian· to recem aquifei-. 

Summary and Conclusions 

Rudist reefs developed along the ,,·ind,,·ard 
margin of' the Valles-San Luis Potosi platform 
in the Sierra de El Abra. Reefs passed rapidly 
ban kward into islands ,,·ith lee1,·ard tidal Oats 
which prograded into the platform lagoon. 
Rudistid-skeletal limestone was deposited b~· 
storms 011 backreef islands. Lime mudst0ne, 
fenestral limestone, and cryptalgal laminites 
were deposited on tidal flats. Requienid and 

peloid-miliolid limestones were deposited in the 
platform lagoon . \Vashover deposits which en­
tered the platform lagoon were mixed with la­
goonal ediment by bioturbation resulting in 
bioclastic lime tones. Local beaches and chan­
nels are represented by laminated lime grain­
stones. :\nalogous modern carbonate sediments 
and en\'ironments occur in humid , tropical, 
shaJlow-1,·ater settings such as Andros Island, 
Bahama (Hardie and Ginsburg I 977, Shinn et 
aJ. 1969) and Ambergris Cay, Belize (Ebanks 
1975). 

Subaerial discontinuity surfaces such as mi­
crokarst (Stage I ), calcrete profiles, and pe­
necontemporaneously dolomitized horizons 
de,·eloped on backreef islands and inte rmit­
tently on tidal flats . Discontinuities are correl­
ati,·e bet1,·een measured sections, providing re­
liable horizon with which to identify laterally 
equi,·alem enl'ironmen ts and to construct a 
depositional model (Figs. I 8.2, 18.3, 18.4). 

Calcrete-lichified island of rudistid-skeletal 
limestone exerted the dominant control on pa­
leogeography and the pattern of sedimenwtion. 
Coar e. ubaeriallr deposiced limestones near 
the platform margin grade rapidly bankward 
into cyclic marine to supratidal fi ner-grained 
limestones. \luddY sediments accumulated near 
the platform margin in che "energy-shadow" 
lee,,·ard of islands. Coalescing tidal flats filled 
the local platform lagoon during relatively sta­
ble eale, el stands. resulting in regressive and 
progradatio nal shoaling-up,,·ard packages 3 m 
to 10 m thick. Cyclic depositional packages typ­
icaU~ terminate 1\'ith a subaerial discontinuity 
surface. The sedimemary record indicates rap­
id. episodic sealevel rises o f up to IO m net 
magnitude . \\'hereas island accretion rates 
equaled or exceeded that of sealevel rise, the 
tidal flat 1,·ere repeatedly inu ndated . Deposi­
tional packages may have accumulated in as lit­
tle as se,·eral thousand years. Discontinuity 
surfaces may record considerably longer pe­
riods of exposure and nondeposition or net 
erosion . 

Relations between early diagenesis and the 
depositional envii-onment are well illustrated by 
El Abra limestones. Diagenetic envirnnments, 
although e phemeral , were recreated cyclically 
by depositional processes. Penecontempora­
neous meteoric diage ncsis on the perireef is­
la nds a nd leeward tidal flats was nearly contin-
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uous. It included mineralogic stabilization, 
dissolution, and cementation that transformed 
the sediment into a limestone, probably similar 
to many Quaternary limestones, prior to burial. 
Vadose cementation by calcrete formed a rigid 
framework at many horizons. Upon submer­
gence, marine eogenesis was extensive as a con­
sequence of the platform-margin setting and 
the coarse, solution-enhanced pore network. 
Mechanical pumping of seawater nourished 
Mg-calcite cementation and introduced internal 
sediment. Eogenetic lithification precluded 
significant compaction. 

A meteoric aquifer developed during pre­
Campanian time as a result of local subaerial 
exposure. The El Abra Formation acted as both 
a donor and a recipient limestone. Calcium 
carbonate derived from the karstic (Stage 2) 
upper surface was precipitated as late eogenetic 
equant cement occluding most remaining po­
rosity. 

Diagenesis was essentially completed at shal­
low depths prior to arrival of sulfate-rich com­
paction fluids which introduced minor saddle 
dolomite and anhydrite. Laramide deformation 
resulted in gentle folding of the Sierra de El 
Abra, fracturing, and ultimately, uplift and 
karst development (Stage 3) during the Cen­
ozoic. Subsurface drainage is extensively de­
veloped in the SEA. Minor equant calcite ce­
ment precipitated from the regional Tertiary 
aquifer. 
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meniscus, 219,332,334,337, 

392 
meteoric, 17, 70, 73 
meteoric phreatic equant, 73, 

338,339 
micrite, 219, 387, 389, 392, 

395 
microstalactitic, 392 
needle-fiber, 6, 335. 336. 

336, 337 
needles, 84 
non-ferroan, 221. 309, 335. 

336 
non-luminescent, 17. 216. 

218,219,220,221 
palisade, 371 
pendular (pendant). 219. 396 
phreatic, 6, 17. 70. 2 I 9. 296. 

309. 313 
prismatic. 219 
radiaxial fibrous. 387. 39-1. 

398. 399. 399. 400 
sequence. 217. 219 
sparn. 153 
srntaxial. 219. 309. 310. 312. 

316. 373 
,adose. 6. 17. /-11. 2~H:i. 389 
zonation. 309 

Cement. dolomite. 222. 223 
Cementation. 218-224. 334 

freshwater. 32-1. 325 
Central Basin Platform. \\"est 

Texas and :\ew '.\lexico. 
343. 344. 3-1-1. 347. 351 

Chakedom. 176. '.)2 I. 32 I. '.,j22 
Chalkification. 320 
Cha 11/(/ 11/()(!'rllplnlla. I 4 I 
Channel. 203. 20-1. 292. 293. 

296 
meandering. 45. 46 
tidal. 129 

Chazvan. 183. 186. 193. 201. 
212 

Chert. 262. 309. '.176 
Chimne,. 289. 292. 292 
China. 7. '.15 
Chrn11di1r.,. 203. 206. 207 
Chronome11·ic lithofacics pro-

file. 258 
Ch ronostratigraplH. / 69 
Clast. internal. 397 
Clav. 288. 316. 317. 318. 321. 

322. 334. :us. 358 
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Clay Center, Ohio, 245 
Claystone, 176,319,321,321 
Climate, 6 

arid, 5, 6, 18, 259 
cold. 5 
high rainfall tropical, 336 
humid, 6, 18, 259, 325, 379 
semi-ar·id, 18, 259, 336, 338 
temperate, 180 

Cliona sp .. 140, 1-11 
Coffman (Minturn) Sandstone 

(Pennsvlvanian), Colo­
rado, 294, 296 

Collapse. 
ca,-e, 243 
breccia (see Br·eccia, collapse) 
solution, 170, 180. 237, 237, 

238. 241,332 
structure, 325 

Colorado, 12, 278-303 
Compaction, 320, 323, 323, 

333,335 
Conduit, 6. 31, 272 

paleohvdrologic, 270 
ph re a tic. -1-1, 262 

Conglomer·ate. 215 
Coniacian, 400 
Coniatolite, 178, 179 
Coppermine Homocline, 

N.W.T., Canada, 168, 
168, 169 

Coppermine River Group (Pro­
terozoic). '.\l.W.T., Cana­
da. 168. 168, 170 

Coral. 12 I. 12-1 
C:ordilleran Sea. 267 
Corrosion. 238. 3 7:) 

bnel. 46 
facet. 46 
intrastratal. 2 
mixing. 26. 29. 43. 60. 60, 

152. 153. 156-157. 159. 
161. 187. 359 

notch. 46 
Crane Kev. Florida. I 30 
Cr-etaceous. 265 

'.\lexico. l:"i. '.185-403 
Crinoid. 315. 316,317,319, 

'.)20. 376 
hold fast. 198. / 98 

C:rvptic communities. organisms 
of. 141 

C:nstal silt (see \" adose silt) 
Cuba. '.)5 
Cumberland Ri,·er. Kentuckv. 

'.)'.) 
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Currents, 156 
Cutans, 315,316,317, 321, 322 
Cutter (see also Joint), 284, 293 

Darwin Sandstone Member, 
Amsden, Casper, Hart­
ville Formations, 257, 
258,261,270 

Dedolomitization, 402 
Denver Basin, Wyoming, 267 
Depocenter, 212 
Depositional environment, 393 

island, 386, 387 
platform lagoon, 386, 387 
tidal flat, 386, 387 

Depression, closed, 245, 246, 
247,250 

Desmoinesian, 256, 257 
Devonian, 151,284,378 
Diagenesis, 385-403 

burial, 402 
marine, 387, 398 
meteoric, 2, 70, 202, 387, 

389,391,397,398 
meteo1·ic-water, I 
mineral-controlled meteoric, 

4, 8 
subaerial, 143 
water-controlled meteoric, 8 

Diagenetic environment, 
deep burial, 2 
mes~igenetic, 240 
mixed water, 59, 60 
phreatic, fi0, 250, 265, 373 
sea floor, 2 
telogenetic, 402 
vadose, fi0, 240, 250 

Dike, neptunian, I I, 149-160, 
367, 36~ 369,373,374, 
375, 375, 376, 377, 379 

Diplodunta semiaspera, 140 
Disconformity, 2 I 3 

surface, 170,173,177,178, 
179 

Discontinuity, 387, 388 
Dismal Lakes Group (Protero­

zoic), N.W.T., Canada, 
167-181 

Dissolution, 7-8, 19,113,215, 
217,319,320 

biological, 206 
burial, 237 
chemical, I, 187 
congruent, fi3, 63, fi4 
evaporite, 240 
features, 347 

fracture-controlled, 4 
incongruent, 63, 63, 64 
meteoric, 28, 240, 373 
mixing zone, I 90, 218, 398 
phreatic, 237 
rates, 28-29 
strata!, ]() 
submarine, I 52 
subsurfaces, 8 

Doline (see Sinkhole), 5, 134, 
137, 137, 142, 143, 186, 
187, 188,213,214, 246, 
377 

Dolomite, 13, 89, 90, 99, 102, 
104, 105, 109, 112-113, 
169, 172, I 74, 175, I 7fi, 
189, 190, 192,193,224, 
241,246,262,282,283, 
345,347,348,351,367, 
396,402 

detrital, 215, 240 
euhedral, 222 
fibrous, 175, I 78 
saddle, I 3, 221, 222, 222, 

223,387,402 
sand, 213, 296, 300 
tidal flat, 2 I 3, 261, 396 
zebra, 284 

Dolomitization, 187, 192, 387 
mixing zone, I 90, I 92, 284 

Dolostone, 186, 187 
Domepit, 46, 53 
Domerian, 375 
Domica-Baradla Cave System, 

C:zechoslovakia/Hungary, 
36 

Drainage, 286, 
allogenic, 34 
system, 292 

Dripstone, (see Stalactite and 
Stalagmite) 

Dyer Dolomite (Devonian), Col­
orado, 284,287,288, 
289 

East Tennessee district, I 02, 
103, W5, 106, 107, I 13 

Echinoderm, 309 
El Abra Formation (Creta­

ceous), Mexico, 385-403 
Electron spin resonance decay 

(ESR), 52 
Elk Basin Field (Wyoming), 

259,275 
Elmwood Mine (Tennessee), 

107, JOB, Ill 

Index 

Elu Basin, N.W.T., Canada, 
168, 180 

Eluviation, 4,316 
Encrusting organisms, 198 
Endolith, I 98 
Eolianite, 336 
Epikarst, 2fi 
Epos Chasm, Greece, 35 
Epsomite, 52 
Erosion, 

biological, I 52 
tidal, 245 

Etching, 310, 314, 320, 322 
Evaporation, 92, 93, 94, 134 
Evaporite, 

replacement, 335 
solution, 265, 266, 272 

Fabric, 
cement, 216 
dissolution, 216 
rubble-and-fissure, 312, 315, 

316,317,317,318, 319, 
322,325 

Facies, sedimentary, 185 
Fault, 245, 246, 270, 272, 358, 

379,381 
syndepositional, 177, 178 
wrench, 378 

Filament, 372, 375 
Findlay Arch, Ohio, 229-230, 

231 
Fire, I 17-130 
Fissure, 8, 14, 27, 29, 30, 34, 

35, 37, 194, 195,200, 
317,318, 319,3/9, 332, 
333, 377 

fill. 11, 149-160, 194, 195, 
197, 198, 309, 375 

Qcype, 151,153,375 
S tvpe, 151, 153,375,375 

Flat Gap Mine, Tennessee, 
I 12 

Florida, 152 
Bav, 121 
Crane Key. 130 
Kevs. 122, / 24 
Marquesas Keys, I 22 

Flow, 
conduit, 4, 217 
diffuse, 218, 220 
groundwater, 354 

Flowfield, 33 
Flowstone, 296, 

fibrous, 173,174,175,179, 
180 
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Fluid, 
basinal, 224 
burial, 223 
hydrothermal, 30 l 
inclusion, 223 
ore, 300 
oxidizing, 220 
reducing, 224 
upland sourced, 224 

Flute, 4, 5, 46 
Four States Model, 36, 36 
Fracture, 149, 155, 160, 178, 

179,224,348,358,387, 
392,400 

dissolution enlarged, 5, 153, 
156,221,296 

synsedimentary, 150, 151 
tectonic, 150, 154, 155, 

402 

Galena (PbS), 102 
Gastrochaena stimpsonii, 140 
Gastropod, 194, 217, 3 33 
Gavilan Formation Uurassic), 

Spain, 366, 368, 368, 
369,375,376,377,378 

Genoa, Ohio, 245 
Geopetal, 316,317,319,321 
Gilman Mining district, 285, 

292, 293, 294, 297, 
298 

Gilwern Oolite (Carboniferous), 
Wales, 331,334,334 

Golden Lane, Mexico, 15, 385, 
386 

Gordonsville Mine, Tennessee. 
109 

Gorgonian, 14 3 
Gouffre Berger, France, 35 
Gradient, 

hydraulic, 8, 26, 29, 3 I, 34, 
37, 193, 272 

topographic, 194 
Grand Bahama Island, Baha­

mas, 133 
Grand Cayman Island, 242 
Grayburg Formation (Permian), 

Yates Field, Texas, 344, 
345,346 

Green River, Kentucky, 33 
Greenfield Dolomite (Silurian), 

Ohio, 232, 232, 246, 247, 
249,250,251 

Grike, 173,173,174,175, 178, 
179 

Groove, 4, 5, 187 

Groundwa,er, 17,275 
divide, 292 
meteoric, 7 

Gully Oolite (Carboniferous), 
331,335,335,336,337 

Gypsum, 41, 52, 53, 90 

Halite (NaCl), 53 
Hardground, 133, 378, 379, 

381 
Holloch, das, Cave System, 30, 

31, 31, 35, 36 
Holocene, 267, 336, 396 

Bight of Abaco, Bahamas, 
132-146 

sea level rise, 140, 145 
Homotrema rubrum, 141 
Honeycomb (see Boxwork) 
Horizon, petrocalcic, 336 
Hornby Bay Group (Protero-

zoic), N.W.T., Canada, 
168, 168 

Horst, 177 
Huntite, 88, 90, 99 
H vdraulic head, 6, 224 
Hydrocarbon, 14, 15, 402, 

403 
reser\'oir, 275, 386 

Hydrogen sulfide (H,S), 41 
Hydrologic model, 357, 359, 

360 
Hvdromagnesite, 52, 88, 90, 

99 

Iberian Ranges, Spain, 378 
Idaho, 257 
lllite, 240, 241, 243,246,248, 

265,267 
Iron (Fe), 219,221,222,400, 

401 
oxide, 315,316,317, 318, 

320 
sulphide, 129 

Island, 351,353,355,356,357, 
358,359,360,379,392, 
397 

barrier, 267 
Isla Mujeres, Mexico, 127 
Isopach, 212, 267,270,355 
Isotope, 8, 65 

'·'o, 8, 65, 66, 67, 67, 69, 12, 
75, 91, 94, 94, 97, 220-
223, 323,323,399,400, 
401 

'
1C, 8, 65, 68, 69, 72, 75, 91, 
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92, 94, 94, 95, 98, 220-
223,323, 399,400,401 

'"C, 52 
carbon, 68, 87, 90. 92 
fractionation, 66 
hydrogen, 66, 76 
oxygen, 66, 87, 88,89, 90, 92 

Isotopic composition, 
seawater, 67 
speleothems, 91 

Isotopic trend, 71 
meteoric calcite line, 8, 71, 

72, 72, 73, 74 
meteoric water line, 67, 69 
mixed-water, 69, 70, 70, 73, 

74, 74 
spelean, 75, 76, 76 

Jefferson City Mine, Tennes­
see, 107, 108, 109 

Jewel Cave, South Dakota, 39, 
40 

Joint, 155, 238,243,244, 245, 
263,288,294,300,358, 
358 

fill, 238, 240 
solution-enlarged (see Cutter 

and Grike), 215, 237, 
237,238,239,240,241, 
250,262,284,301,325 

Jurassic, 6, 14, 151, 160, 364-
381 

Kamenitza, 4, 187, 188, 194, 
197, 202, 203, 206, 367, 
368,369,379 

Kaolinite, 240, 241, 243, 246, 
248,265 

Karren, 5, 193, 194, 197, 203, 
204, 336 

Hohlkarren, 391 
Kavornossen, 334 
pits, 206 
Rinnenkarren, 187, 194, 202, 

203 
Rundkarren, 4, 187, 188, 391 
Trittkarren, 203,. 207 

Karst, 1-19 
buried, 11 
definition of, 2-3 
drowned, 11 
environment, 59, 60 
extant, 1, 2, 4, 7 
extrinsic factors, 5 
fillings, 259 
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Karst (cont.) 

hydrothermal, I 0, 113 
interstratal, 218 
intrastratal, 180 
intrinsic factors, 3 
landfonn, 7, IO, 26, 194, 

200,200 
meteoric, I 13 
plain, 256, 284 
Pleistocene, 2 
profile, 250 
relief, 6 
subsurface, 5 
surface, 5, 11, 137, 152, 

259 
syngenetic, 14 
system, 26 
tower, 284, 288, 288, 351, 

355 
K,ffstification, 379, 381 
Kibbey Formation, 256, 278 
Kinderhookian, 256, 278 
Knox/Beekmantown Croups 

(Ordovician), Appalachi­
ans, U.S.A., 212 

Knox Group (Ordovician), Ap­
palachians. U.S.A., 212, 
214 

La Spluga de la Preta, Italy, 
35 

Lagoon, 137, 144 
Lake Vallev/Kelly Formations 

(Mississippian), New 
Mexico, 306-326 

Langtry Caves, Texas. 36 
Laramide, 

Orogeny, 400, 402 
uplift, 259 

Lead-zinc, 13 
mine1·alization, 30 I 
Mississippi Valley-type 

(MVT), IO, 13, 47, 102-
113 

ore, 301 
sulphides, 224 

Lead-zinc-silver-barite deposits, 
296 

Leadville 
District, Colorado, 292, 294, 

298,299,299,300 
Formation (Mississippian), 

13. 278-303 
l.imestone (Mississippian), 

239, 241 

Lens, 
freshwater, 353, 359, 361 
meteoric, 134 

Liassic, 15, 365, 375 
Lilburn Cave, California, 82 
Limestone, 198, 200, 213, 261, 

306-326,356, 365,367, 
368,376,386,387 

crinoidal, 311 
Lithoclasts, 191 
Lithofacies, 172, 257, 386, 387, 

388,390,391 
Litlwphaga nigra, 140 
Lithosphere, 20 I 
Little Bahama Bank, 134 
Little Tongue Member, Madi-

son Limestone, 26 I, 262, 
265,270 

Llanelly Formation (Carboni­
ferous), Wales, 331,331, 
332,334,334,337,338 

Lockport/Peebles Dolomite (Sil­
urian), Ohio, 13, 229-
252 

Lothlorien Cave, Bahamas, 155, 
157 

Lummelund Cave, Sweden, 38 

Maasu·ichtian, 400, 402 
McClung's Cave, West Virginia, 

45 
Madison, 

Formation (Mississippian), 
280,281,283 

Group, 256-275 
karst plain, 267 
Limestone, 74, 238, 256-275 
paleokarst, I 3 
shelf, 256 

Magnesium (Mg), 93, 93, 96, 
400,401 

Magnetism, remanent, 52 
Malaysia, 35 
Mammoth-Flint Ridge-Roppel­

Proctor Cave System, 
Kentucky,32, 33, 36, 46. 
47,48 

Manganese (Mn), 53, 219, 221, 
222,400,401 

sulphide, 129 
Manitou Dolomite (Ordovician). 

ColOI·ac!o, 284 
Manto orebody, 298, 300 
Marcasite, I 02 
Maritime Alps, F1·ance, 378 

Index 

Marquesas Keys, Florida, 
122 

Maumee, Ohio, 243 
Maze (see Cave) 
MC Shale, 282 
Mediterranean Tethyan Plat-

form, 151 
Megaquartz, 321 
Mendip Hills, England, 151 
Meniscus, 316 
Me1·amecian, 256, 257, 259 
Mesogenesis, 402 
Mexico, 7, 251 
Mg/Ca ratio, 82, 88, 89, 91, 92, 

94, 95, 95, 96, 97, 98, 
98, 99 

Michigan Basin, 229, 232 
Micrite, 31 I, 311,, 312,313, 

314, 315, 316, 322, 373 
Microc!olomite, 217,221,222, 

224,323 
Microkarst, 137, 138, 142, 387, 

389,391,394,395,396 
Microspar, 173,174,216,218, 

219,221,311,311,312, 
313,314,315,315, 316, 
319,320,322 

Mingan Formation (Ordovi­
cian), Quebec, Canada, 
183-209 

Mingan Islands, Quebec, Cana­
da, 183-209, 251 

Minturn Formation (Pennsyl­
vanian), Colorado, 294 

Mississippian, 13, 14, 256-275, 
278-303, 306-326, 329-
340 

Molas Formation (Pennsylvani­
an), Colorado, 287, 288, 
288, 289, 289, 290, 291, 
295,296 

Mold. 
amhvdritc, 251 
crinoic!, 315,321,321 
fossil, 233,234, 236, 237, 

392,398 
root, 137 
root hair, 141 

Montana, 259, 261, 262, 267 
Moon Milk, 314 
Mores Island, Bahamas, 133 
Morocco, 378 
Morrowan, 256, 259, 260 
Mosquito Range, Colorado, 

278,285,286,296,296 
Mottles, 246. 248, 249 
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Muskox Intrusion, N.W.T., 
Canada, 168, 170, 171, 
177, 179, 180 

Na Spicaku Cave, Czechoslova­
kia, 45 

Nanisivik Mine, Baffin Island, 
Canada, 104 

Nebraska, 257,267 
Newfoundland, Canada, 202 

Zinc Mine, 110, 111 
New Mexico, 13, 306-326 
Niagaran, 25 I 
Nitrates, 53 
Nodule, 246, 249, 3I7,317, 

318,334 
Northwest Providence Channel, 

Bahamas, 134 
Notch, sea level, I 39 

Ohio, 230, 232 
Oil window, 225, 225 
Onlap, 249 
Ooid, 124,174,216,217,374 
Oolite, 124, 172, 202, 283, 320, 

330,331,348,375 
reservoirs, 339 

Oolite Group (Carboniferous), 
Wales, 33 I, 332, 332, 
333, 337 

Ore body, 298, 300 
Ordovician, 12, 183-209, 211-

225 
Osagean, 272, 282, 284 
Ostracod, 194, 197, 198 
Oxfordian, 377 

Paleoaquifer (see also Aquifer), 
272 

Knox, 217 
Madison, 272 

Paleocene, 400, 402 
Paleoclimate, 329-340 
Paleodoline, 368 
Paleoflow, 272 

indicator, 46-4 7 
l'aleogeographic map, 260, 271 
Paleoh<Jl'st, 17 3 
Paleokarst, 1-19, 232, 256-275, 

278-303, 308, 329-340, 
364-381 

breccia (see Breccia) 
buried, 2, 364 

cements, I 7, 18 
definition of, 2 
depositional, 16, 16 
diagnostic criteria, I? 
drowned, 6 
exhumed, 364 
horizons, 20 I 
intra-Mingan, I 93, 194, 195, 

195 
landscape, 284 
local, I 6, 16 
interregional, 16, I 7 
meteoric fabrics, 2 
post-Romaine, 188 
profile, 17, 167-181, 264, 

310,311, 325 
relict, 2, I 45, 304 
relief, I I, 195, 196, 262 
stratigraphy, 16,234, 259-

262 
subsurface, 183-209, 229-

252 
surface, 170, 183-209, 229-

252, 270,344 
terrane, I, 365 

Paleonotch, 197, I 98, 198 
Paleorelief, I 7 I, 17 3, 194 
Paleosealevel, (see Sealevel) 
Paleosinkhole, 322, 325 
Paleoslope, 325 
Paleosol, 14, 134, 136, 137, 

142, 144, 145, 250, 291, 
291, 329-340 

(~ey,248, 249,250,251 
Paleotopog1·aphic high, 213 
Paleotopography, 177, 179, 

265,267,269,270,351, 
353,355,356,357 

Paleovallev, 270, 284, 285, 286, 
286,289,298 

Paleowater table (see also Water 
Table), 359, 361, 398 

Paleozoic, 145, 270 
Passage, 155, 158, l 60, 234, 

237,262 
paragenetic, 43 

Pebble. 
blackened limestone, I I, 

117-130, 335,389,394 
chert, 176, I 78, I 92 
lags, 192 
soilstone crust, I 27 

Pellet, 217 
Pendant, 43 

roof, I 76 
Peneplain, 193 
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Pennsylvanian, 13,256,258, 
284,291,296,301 

Peripheral bulge, 201,202, 212 
Permeability, 193, 309 

strata!, 4, 6 
Permian Basin, U.S.A., 14, 

342-362 
Persian Gulf, 6 
Phosphate, 53 
Pine Point district, N.W.T., 

Canada, 102, 103, 107, 
107, 110, I I I 

Pipe solution, 137, 138, 139, 
139, 140, 141, 141, 142, 
143,332,333,334,335 

Pisolite, 392 
Pleistocene, 2, I I, I 4 

Bight of Abaco, Bahamas, 
132-146 

Bahamas and Florida, 6, 
117-130 

Yucatan, 336, 338 
Podolia, U.S.S.R., 39 
Pore, intergranular, 315, 316, 

317 
Porites sp., 124 
Porosity, 193, 309, 329-340, 

347 
fabric selective, 2, 4 
micro-, 22 I, 222 
moldic, 174, 198,221,222, 

223,389 
strata!, 6 
vuggy, 198 

Potassium (K), 88, 89 
Powder River Basin, Wyoming, 

267,270 
Pciza Rica Trend, Mexico, 385 
Precipitates, 8, 81-100 

calcite, 9 
marine, 8 
spelean, 8 

Precambrian, 270 
Pressure arch, I 06-107 
Pressure solution, 335 
Proterozoic, 12, 167-181 
Protocaves, 27 
Py1·ite, 102, 137, 138, 142 

Quartz, 90, 192, 222, 321 
Quaternary, 42, 336 
Quebec, Canada, 12, 30 
Queen Fonnation (Permian), 

Yates field, Texas, 344, 
345 
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Quinqueloculina agglutinans, 139 
Q. lamarckiana, 139 

Ramp, carbonate, 320 
Rancheria Formation (Missis­

sippian), New Mexico, 
321,322,323 

Ravinement, 193 
Recrystallization (see also Di­

agenesis) 221 
Redcliff Member, Leadville 

Formation, 280, 281, 
282,282,287,294 

Redwall Limestone (Mississippi-
an), Arizona, 241 

Redox equilibria, 65 
Reef, 151, 159,200,201,230, 

233,235,245,251,385, 
386,387 

Regolith, 172,173,173, 178, 
192 

Rhizocretion, 331, 335, 336, 
337 

Rio Grande Valley region, 322-
323, 323 

River, 270 
allogenic, 28 

Rock-soil-air-interface, 
Rock-water inte1·actio11, 8, 6 I, 

62, 63, 64, 65, 6811, 73, 
91, 94 

Romaine Formation (Ordovi­
cian), Quebec, Canada, 
183-209 

Sabkha, 169,259,346 
Sacramento Mountains, New 

Mexico, 308, 320, 323, 
323 

Salle de la Verna, France, 48, 
48 

Salt-and-pepper carbonate 
sands, 121, 128, 129 

San Andres Formation (Perrni­
an ), West Texas and 
New Mexico, 342-362 

San Andres Mountains, 308, 
323,323 

San Andres Unconformity, 
345-347,345 

Sandstone, 185,193,263,264, 
270,296 

Santonian, 400 
Sarawak Chamber, Borneo, 48, 

48 

Satorkopuszto Cave, Hungary, 
40 

Sawatch Range, Colorado, 
279 

Sawatch uplift, 282, 283, 284, 
285,286,290 

Scallop, 322 
dissolution, 8, 46-47, 47 
epilithic, 141 
sublimation, 46 

Schoolhouse Cave, West Vir­
ginia, 45 

Sealevel, 353, 387 
drop, 169, 180,201,206, 

323,324,377,378,381, 
387 

eustatic change, 20 I, 212 
Holocene rise, 135 
relative, 6, 179 
rise, 379, 387 

Sediment, 
allochthonous, 149-160, 170, 

179 
autochthonous, 149-160 
beach/tidal flat, 170 
blue-hole, 154-160 
cave, 9, 49-50, 152, 153, 156, 

159, 180, 215, 241, 288, 
295,347,348,375,402, 
403 

cross-bedded, 156 
eluviated, 315,316,325 
eluviated carbonate, 314, 

314, 316 
eolian, 185 
fluvial, 179, 259, 263, 267 
geopetal internal, 194 
Holocene, 135, 136, 139 
injection, 154 
internal, I 79, 239, 240, 241, 

348,369,370,372,376, 
387,397,397,398,399, 
399,400 

Internal, pelagic, 372 
marine, 262, 313 
pelagic, 364-381 
peritidal, 168, 198, 232, 330, 

330 
quartz sand, 172 
spelean, 369 
terrestrial, 170 
tidal flat, 259 
vadose, 377, 379 
vadose geopetal, 370, 371, 

371,372,372,373,373, 
376 

Sedimentary model, 392 
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Seismic profile, 2, 133, 135, 
135, 136, 137, 138, 139, 
140 

Seven Rivers Formation (Per­
mian), West Texas and 
New Mexico, 82, 344, 
345,346 

Shafts, 46, 359, 36 I 
Shale, 224, 237, 238, 239, 240, 

246,247,249,250,262 
geopressured, 224 

Sherman Mine, Colorado, 285, 
286,289 

Sierra de Cahra, Mexico, 152 
Sierra de El Abra (SEA), Mexi­

co, 386,386,392 
Sierra Madre Oriental, Mexico, 

386 
Silicification, 112 
Silt, 288,316,318,322,347, 

348 
vadose, 392, 395 

Silurian, 13, 189, 229-252 
Sinkhole (see also Doline), I 0, 

IO, 262,264,270,272, 
284,286,289,291,292, 
293,351,355,356, 358, 
358,359,367,368,402 

Sink (see also Doline), 246, 247, 
249,250 

fillings, 263 
Slickensides, 246, 249 
SLP Platform (Valles-San Luis 

Potosi), Mexico, 386, 
386 

Sodium (Na), 88, 89 
Soil 24 I, 289, 381 

protosoil, 18-19 
residual, 288 
term rossa, 5, 197, 243, 244, 

245,288 
Soilstone crust, 117-129 
Solution, 

cavity filling, 260, 3 I 6 
hole, 334 
pocket, 315 
rills, 391 
sculpture, 11 
thinning, 104, 112 

South Wales, 14, 329-340 
Coalfield, 330 

Southeast Missouri district, 103, 
104, 107 

Spain, 14 
Speleothem, 5, 8, 51-52, 52, 

53, 75, 82-100, 153, 159, 
368,369,370,371,371, 
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dripstone, 52, 347, 348 
flowstone, 52, 347, 348 
frostwork, 86 
helictite, 86 
ledge, 84 
pool, 82 
popcorn, 86 
shelf, 84 
sodastraws, 52, 84 
sprays, 86 
stalactite, 52, 84, 403 
stalagmite, 52, 53 
travertine, 52 

Sphalerite, 102, 105, 1()9, 
111 

Sponge rock, 234, 236, 237, 
237,238 

Spring, 34, 402 
point, 33, 37 

Stalactite (see Speleothem) 
Stalagmite (see Speleothem) 
Storm deposits, 387 
Stream valley, 264 
Stromatolite, I 70, 172, 17 3 
Stromatoporoid, 233, 235 
Strontium (Sr), 400, 401 
Stylolite, 2, 334,387,400, 

402 
Subbetic Ranges, Spain, Eil, 

364-:181 
Subaerial exposure, 144, 249, 

259,323,324 
Sulphide, 275 

ore, 295,296,297, 301 
Surface, 

discontinuitv, 389, 396, 397 
erosional, 292 
paleokarst, 296, 331, 332 
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pitted, 389, 391 
pitted truncation, 389. :191 
planar, 2, 186 
planar erosion. 187, 203, 

204,206,207,243,244, 
247,251 

scalloped, 243, 244 
subaerial exposure, 142, 145. 

330, 331 
truncation, 172. 394 
Swell, pelagic. 365, 369, 378, 

379, 380, 381 

Taconic Allochthon, 20 I 
Tamabra Formation (Creta­

ceous), Mexico, 385 
Tamaulipas Formation (Creta­

ceous), Mexico, 385 
Tampico Embayment, Mexico, 

385 
Tansill Formation (Permian), 

Texas and New Mexico, 
82 

Taphonomy, 145 
Tectonic, 20 I 
Term rossa (see Soil) 
Tertian·, 42, 265, 267 
Texas, 14 
TextLu-e, 

alveolar, 335,337. 392,395 
snow-on-roof, 106, /IO, Ill 

Thenarclite, 52 
Tincup district, Colorado, 284, 

285 
Toarcian, 375, 378 
Tomichi district, Colo1·ado, 284, 

285 
Transcontinental arch, 257, 

259,267,270 
Travertine (see also Speleo­

them) 
surface, definition of. 3 

Tri-State district, I 02, I() 3. 
112 

Trobriand Islands, Solomon 
Sea.42 

Tn·/}(111/tes. 188, 191, 192 
Tube, 265 

ceiling. 43 
principal. :rn-31 
solutional. 34. 264 
subsidiarv, 30-31 
trunk. 31 

Turonian, 400 
Triassic. 160 

carbonate platforms, Dolo­
mites, Italy, 150 

Lofer cvcles, Italv. 133 
terrestrial mammals, Bristol. 
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U series dating. 52 
L'nconformitv 117. 2L\, 218, 

242,244,245,282,316, 
355 

angula1·. 288 
erosional. 307 
Holocene subaerial. 117-130 
intra-i\lingan, 185. 194. 195, 
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196,197,198, 200,20~ 
201 

karst, 2, 104, ]()7, I I 2, 295, 
346,346,347,356,358 

Knox, 211-225 
lagoonal, 145 
paleokarst, I I, 12, 16-17, 

145, 169, 183, 185, 186, 
187,251,294 

planar surface, 203 
Pleistocene, I 36, 139, 144 
post-Romaine, 185, 186, 189, 

192,201 
pre-Chazyan, 20 I 
subaerial. 144, 145 
surface, 351 

Uppn Mississippi Valley dis­
trict, 102, ]()3, 112 

Upper Silesian district, I 02, 
103, 107 

Uranium (U), 275 

Valles-San Lui Potoso platform 
(SLP platform), Mexico, 
386,386 

Vauduse Spring, France, 34, 
36 

Vein, 317,318,319 
\'iburnum Trend. U.S.A., 107, 

I 12 
Vietnam. 35 
Void, 

dnelopment, 150, 150 
dissolution, 151. 152 
fill. 150 
primarv depositional, 150 

Vug, 233,234,235,236,237, 
245. 250, 389, 394, 395, 
398,398 

Walthe1·'s Law, I:15 
\\',Iler 

connate, 26 
hvpcrsaline, 121. 127, l,H 
jmu1ile, 26 
meteoric, (i I. 18 7 
mixed, 60, 60, 74, 75, l'.H, 

143. 160, 161, :Li9, 360 
phreatic 237, 272 
schizohaline, 134, l '.15, 136, 

139, 14'.1, 144, 14:"i 
,·adose. 237, 314, 3% 

\\'ater table, 6, 249, 300, '.{ I 6, 
354, 379 
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Water table (rn11/.) 

extant, 6 
unconfined, 351 

Watt Mountain Fonnation (De­
vonian), N.W.T., Cana­
da, 107 

Wet Mountains, Colorado, 
281 

White River uplift, U.S.A., 279, 
283,284,288,295 

Whiterockian, 185, 185, 190, 
192,201,212 

Williams Canyon Limestone 
(Mississippian), 279, 281, 
281 

Williston Basin, 262, 267 
Wookey Hole, England, 

36 
Wopmay Orogen, N.W.T., 

Canada, 168, 168 
Wyoming, 13,257,258, 259, 

261,262,267,270,272 
River, 267 

Yates field, West Texas, 342-
362 

Yates Formation (Permian), 
West Texas and New 
Mexico, 82 
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Yucatan, Mexico, 14, 42, 275, 
336,362 

Zebra structure, 282 
Zegri Formation Qurassic), 

Spain, 366, 368, 369 
Zimapan, La Hoya de-, Mexico, 

34,36 
Zone, 

iitLertidal/supratidal, 187 
mixing, 62, 218, 361, 379 
phreatic, 359, 396 
trash, I 05, 109 
vadose, 359, 361 
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