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PRESENTACIO

Quan el 1665, Athanasius Kircher, publicava el seu «Mundus Subterraneus» ja feia 59 anys que a Catalunya i en el 1606 el Dr.
Jeroni Pujades havia deixat constancia escrita d'unes descripcions de cavitats subterranies. També havia escrit sobre el tema en
Francesc Martorell i de Luna al 1627 i es coneixien exploracions a la cova del Salitre de Montserrat, el 1511 i el 1654,

Aquestes dades formen part del patrimoni historic de |'espeleologia catalana, que sempre ha volgut arrenglerar-se en posicions
capdavanteres de les diferents especialitats, aixi com intercomunicar-se amb d'altres col-lectius espeleoldgics.

Proves d'aquesta voluntat ho constitueix tant el fet de que la moderna espeleologia catalana neixi amb la visita del frances
E.A. Martel, I'any 1896; com el que organitzés el 1970 el 1er. Congrés de la nostra especialitat a tot |I'Estat Espanyol. Que expedicionaris
catalans hagin explorat cavitats a qualsevol indret del moén, des d'Islandia fins a la Patagonia, des de Nova Guinea fins les Galapagos;
com el que bona part de I'espeleologia espanyola tingui part dels seus origens vinculats a personatges o actuacions de I'espeleologia
catalana.

A bon segur I'Assemblea de la Federacié Espanyola d'Espeleologia valora tots aquests mérits, entre d'altres, per a decidir
responsabilitzar a la Federacié Catalana de I'organitzacié del IX Congrés Internacional d'Espeleologia. Triple repte, doncs, el que
reberem a I'assumir el compromis. Com a catalans, |'ésser dignes continuadors del nostre historial espeleologic; com a receptaris
del manament de I'Assemblea de la FEE, I'ésser capagos de prestar un servei col-lectiu, pel cap baix, similar al 1er. Congrés
Espanyol de 1970, finaiment, com a espeledlegs, I'assolir un IX Congrés Internacional de I'algada de les vuit edicions precedents.

Sense renunciar a la responsabilitat assumida de constituir-nos en el nucli gestor i impulsor del Congrés, a I'haver estat escollida
Espanya per I'Assemblea General de I'UIS com a seu del Congrés, ens sembla adient I'estructurar les activitats d'aquest de tal
manera que fds possible als congressistes, el conéixer I'ampla i variada gama d'horitzons i treballs existents a |'Estat Espanyol.

D'aqui uns anys, dels esforgos de tots nosaltres, restaran només aquestes Actes. El nivell de participacid i la qualitat dels
treballs presentats, confirma la vitalitat d'aquesta disciplina a cavall de la ciéncia i de I'esport.

No és el moment per incidir en els problemes que sens deriven d'aquesta dicotomia i que, en moltes ocasions, fa que les
institucions académiques no es facin ressd de les nostres activitats, en base, precissament, al caire esportiu de I'espeleologia.
Malgrat que la mateixa celebracié del IX Congrés Internacional d'espeleclogia, ha estat propiciada per les més altes autoritats
esportives catalanes i espanyoles, també és cert que, en d'altres ocasions, les incompresions s'han rebut dels organismes esportius
per rad, paradoxalment, de |'aspecte cientific de I'espeleologia.

En tot cas el que compta, ara i aqui, és que de I'esforg d'uns i dels ajuts d'altres, incloses institucions; el IX Congrés ja és
una realitat.

PRESENTACION

Cuando en 1665, Athanasius Kircher, publicaba en su «Mundus Subterraneus», ya hacia 59 afios que en Catalufia y en 1606
el Dr. Jeroni Pujades habia dejado constancia escrita de unas descripciones de cavidades subterrdneas. También habia escrito
sobre el tema Francesc Martorell i de Luna en 1627 y se conocian exploraciones en la cueva del Salitre de Montserrat, en 1511 y 1654,
Estos datos forman parte del patrimonio histdrico de la espeleologia catalana, que siempre ha querido situarse en posiciones
delanteras de las diferentes especialidades, asi como intercomunicarse con otros colectivos espeleoldgicos.

Pruebas de esta voluntad lo constituyen, tanto el hecho de que la moderna espeleologia catalana nazca con la visita del francés
E.A. Martel, el afio 1896, como el que organizara en 1970 el 1. Congreso de nuestra especialidad en todo el Estado Espariol. Que
expedicionarios catalanes hayan explorado cavidades en cualquier lugar del mundo, desde Islandia hasta la Patagonia, desde Nueva
Guinea hasta las Galdpagos, como el que buena parte de la espeleologia espafiola tenga parte de sus origenes vinculados a
personajes o actuaciones de la espeleologia catalana.

A buen seguro la Asamblea de la Federacion Espafiola de Espeleologia valoré todos estos meéritos, entre otros, para decidir
responsabilizar a la Federacidn Catalana de la organizacion del IX Congreso Internacional de Espeleologia. Triple reto, pues, el que
recibimos al asumir el compromiso. Como catalanes, el ser dignos continuadores de nuestro historial espeleoldgico, como receptores
del mandamiento de la Asamblea de FEE, el ser capaces de prestar un servicio colectivo, por lo menos, similar al 1.¢” Congreso
Espariol de 1970 y, finalmente, como espeledlogos, el alcanzar un IX Congreso Internacional a la altura de las ocho ediciones preceden-
tes.

Sin renunciar a la responsabilidad asumida de constituirnos en el nucleo gestor e impulsor del Congreso, al haber estado
escogida Esparia para la Asamblea General de la UIS como sede del Congreso, nos parece adecuado estructurar las actividades
de éste de tal manera que sea posible a los congreasistas el conocer la amplia y variada gama de horizontes y trabajos existentes
en el Estado Espariol.

De aqui a algunos. afios, del esfuerzo de todos nosotros, quedardn sdlo estas Actas. El nivel de participacion y la calidad de
los trabajos presentados, confirman la vitalidad de esta disciplina a caballo de la ciencia y del deporte.

No es el momento para incidir en los problemas que se derivan de esta dicotomia y que, en muchas ocasiones, conlleva que
las instituciones académicas no se hagan eco de nuestras actividades, en base, precisamente, al aspecto deportivo de la espeleologia.
A pesar de la misma celebracion del IX Congreso Internacional de Espeleclogia, ha estado propiciada por las méds altas autoridades
deportivas catalanas y espafiolas; también es clerto que, en otras ocasiones, las incomprensiones se han recibido de organismos
deportivos por razdn, paraddjicamente del aspecto cientffico de la espeleologia.

En todo caso lo que cuenta, ahora y aqui, es que del esfuerzo de unos y de la ayuda de otros, incluidas instituciones; el IX
Congreso es ya una realidad.
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Speleogenesis in the groundwater mixing zone: The coastal carbonate
aquifers of Mallorca and Menorca, Spain
Janet S. Herman("), William Back®, Luis Pomar®
(1) Department of Environmental Sciences, University of Virginia
Chalottesville, VA USA
(2) U.S. Geological Survey, VA USA
(3) Departamento de Geologia, Facultad de Ciencias Universidad de
Palma de Mallorca, Spain
RESUM

L'espeleogenesi dels aqtiifers carbonatats costaners de Mallorca i Menorca (Espanya) pot ser deguda a fenémens de dissolucio
per aigua subterrania agressiva, resultant de la mescla originada en introduir-se aigua de mar en l'aigua dolga de descarrega. El
grau de reactivitat de I'aigua salabrosa depén de la proporcid en que es troben els components en la barreja final. Es van prendre
mostres d’aigua subterrania, abarcant una vasta gamma de salinitats, de cavitats i de sorgéncies properes a la costa. Les composicions
de les aiglies analitzades foren les segtients:

1. Mescla conservativa de NaCl de I'aigua del Mediterrani, amb aigua dolga local subterrania (amb bicarbonat calcic)—.

2. Dissolucid i alteracié de la dissolucié d’aragonit, dissolucid i precipitacid de la calcita i dolomititzacio.

3. Fluxe de gas CO,. Les reaccions quimiques pronosticades foren simulades, amb especiacid de I'equilibri geoquimic computat
i models de transferéncia de massa. Les zones d'elevada porositat secundaria, ampliament esteses en els aquifers carbonatats
costaners de Mallorca i Menorca, poden provenir d'un augment del procés de dissolucié de la zona de mescla subterrania.

RESUMEN

La espeleogénesis en los acuiferos carbonatados costeros de Mallorca y Menorca, Espana, pueden ser el resultado de la
disolucion por agua subterranea agresiva, formada por la mezcla de introducir agua de mar con agua dulce de descarga. El grado
de reactivida del agua salobre depende de la proporcion de los componentes de la parte final en la mezcla. Se tomaron muestras
de agua subterranea cubriendo una vasta extension de salinidades, de cavidades y manantiales cercanos a la costa. Las composiciones
del agua observadas fueron de: 1) mezcla conservativa de Na-Cl del agua del Mediterréneo con agua dulce local Ca-HCO,- subterrédnea,
2) disolucion y alteracion de la disolucion de aragonito, disolucion y precipitacion de calcita, y dolomitizacion, y 3) CO, flujo de gas.
Las reacciones quimicas pronosticadas fueron simuladas con especiacion de equilibrio geoquimico computado y modelos de
transferencia de masa. Las zonas de elevada porosidad secundaria y ampliamente extendidas en los acuiferos carbonatados costeros
de Mallorca y Menorca, pueden resultar del aumento del proceso de disolucion en la zona de mezcla subterrdnea.

SUMMARY

Speleogenesis in the coastal carbonate aquifers of Mallorca and Menorca, Spain, may be the result of agressive groundwater
solutions formed by the mixing of intruding seawater with discharging freshwater. The degree of reactivity of brackish water depends
upon the proportion of endmember solutions in the mixture. Groundwater samples covering a wide range in salinities were collected
from caves and wells near the coast. Observed water compositions were the result of 1) conservative mixing of Na-Cl Mediterranean
seawater with local fresh Ca-HCO,- groundwater, 2) dissolution and alteration of aragonite, dissolution and precipitation of calcite,
and dolomitization, and 3) CC? gas flux. The predicted chemical reactions were simulated with computerized geochemical equilibrium
speciation and mass transfer models. Zones of high secondary porosity and widespread cave occurrence in the coastal carbonate
aquifers of Mallorca and Menorca may result from enhanced dissolution processes in the groundwater mixing zone.

Introduction in which alteration and dissolution of carbonate minerals are

enhanced. We hypothesize that high secondary porosity and

The hydrogeologic setting of Mallorca and Menorca is typical ~permeability in the coastal carbonate aquifers of Mallorca and

of small limestone marine islands. A lens of fresh groundwater Menorca result at least partially from dissolution processes in the
floats on saline water of nearly oceanic composition. Fresh groundwater mixing zone.

groundwater flows toward the coast through limestone aquifers The geochemical significance of mixing is the result of the

(Fig. 1). Seawater encroaches into the coastal aquifers where the  nonlinearity of mineral solubility as a function of variables such

mixing of fresh and saline waters forms a zone of brackish water.  as salinity, partial pressure of CO,, temperature, and ionic activity

We believe that this zone is a reactive geochemical environment  (Back and Hanshaw, 1965). The importance of mixing in carbonate
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Fig. 1. Sketch showing cyclic flow of ocean water and discharge of brackish water
from the groundwater mixing zone. Superimposed on the schematic of the flow
system is information about the chemical type of the waters and their saturation
state with respect to calcite.

aquifers has been discussed (Hanshaw and Back, 1979), and the
mixing zone concept has been used to explain the development
of geomorphic features along the coast of the Yucatan Peninsula,
Mexico (Back et al., 1979). Dissolution is occurring where fresh
groundwater mixes with saline water before discharging to the
surface. Exploration of the cave at Xcaret permitted direct
observation of extensive dissolution of the Pleistocene reef (Back
et al., 1986).

We believe that the concept of enhanced geochemical
reactivity in the groundwater mixing zone can be applied to many
coastal carbonate aquifers. In particular, we undertook the present
investigation of the groundwaters along the coasts of Mallorca
and Menorca to test hypotheses developed from earlier studies
of the Yucatan mixing zone. We believe that the observed
groundwater chemistry in the result of a combination of the
processes of 1) mixing two endmember solutions, 2) carbonate
mineral dissolution, precipitation, and alteration, and 3) variable
fluxes of CO? gas.

Geologic Setting

Mallorca and the other Balearic Islands in the Betic Cordillera
are characterized by thick limestone masses and steep sea cliffs.
The exposed limestones are basically of two main sequences. In
the northern part of Mallorca, shallow marine limestone deposited
from the Jurassic and early Cretaceous up to the Miocene has
been affected by mid-Miocene tectonic activity. A reef complex
was deposited in the upper Miocene, and it is now exposed in
the southern part of the island. Further tectonic movement,
especially isostatic uplift, continued into the Quaternary. Many
caves are developed in the limestone bedrock of Mallorca. Their
occurrence is concentrated near the coast, and caves are more
common in the Miocene than in the Jurassic rocks.

Methods

In July 1984 a total of 14 water samples were collected on Mallorca:
two from wells, 11 from three different caves, and one from the
surface of the Mediterranean Sea. The water samples were
selected to cover the range in salinity from that of freshwater to
that of seawater. Relatively fresh groundwaters were collected
from an irrigation well in the Miocene at Son Forteza, southeast
of Manacor near the Coast, and from another irrigation well in
the Jurassic limestone west of Alcudia. A coastal seawater sample
was collected near Punta Negra south of El Arenal. We collected
samples from two caves in the Miocene reef complex, at
Vallgornera and at Cala Varques, and one in the Jurassic, Cueva
de Bassa Blanca.

In August 1985 a total of 10 water samples were collected
on Menorca: 6 from wells and 4 from two different caves. All
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samples came from Miocene-aged rocks. The freshest
groundwaters were collected from irrigation wells at Son Olivaret
and Parella south of Ciudadela. Four other samples were obtained
from irrigation wells and water-supply wells in the vicinity of
Ciudadela. We also collected samples from Cova de sa Figuera
and at Covad de S'Aigo.

The cave water samples were all collected from lakes. We
obtained a range in sample salinity by collecting from various
depths in the pools of water. Samples were pumped through
polyethylene tubing using a small battery-operated bilge pump.
Temperature, pH, alkalinity and conductivity were determined in
the field. Chemical analyses for major ions and analyses for stable
isotopes were performed by standard methods in the laboratories
of the U.S. Geological Survey. The saturation state with respect
to various mineral phases was calculated using the computerized
geochemical model WATEQF (Plummer et al., 1976).

The processes that led to observed compositions were
considered, beginning with predicting the results of conservative
mixing of two solutions. The mixing fraction of conservative
chloride was used to estimate the concentrations of other
constituents in solution if they were also conserved during mixing.
The fresh groundwaters of the islands are Ca-HCO, type waters
with low Na*, CI, and SO, concentrations and relatlvely low total
dissolved solids content The freshest Mallorca water collected
was from an irrigation well at Son Forteza. Compositions of
conservative mixtures of Son Forteza and Mediterranean Sea
waters in various proportions were calculated using the
computerized geochemical model PHREEQE (Parkhurst et al.,
1980).

Results

The predicted saturation states of mixtures of the two
endmember waters are shown in Figures 2 and 3. The water
collected at Son Forteza was itself supersaturated with respect
to calcite (Sl.=+0.26, Fig.2). Mixing this freshwater with the highly
supersaturated seawater (S|.=+0.84) resulted in a decreased
saturation state for up to 67 % seawater. The minimum S|, was
-0.02 near 30 % seawater. However, given the uncertamtles in
the thermodynamic data, that S cannot be distinguished from
equilibrium. So although the predicted saturation state of the
mixture decreases compared to the Son Forteza sample, it never
becomes undersaturated with respect to calcite. The aragonite
saturation index curve parallels the calcite curve but is offset by
-0.143 units (Fig. 3). From a slightly supersaturated Son Forteza
water, upon addition of seawater, the resulting mixture becomes
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Fig. 2. Calcite saturation index plotted as a function of percentage Mediterranean
Sea water. Points are observed values of groundwater samples, and the line is a
calculated conservative mixture.
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Fig. 3. Aragonite saturation index plotted as a function of percentage Mediterranean
Sea water. Points are observed values of groundwater samples, and the line is a
calculated conservative mixture.

undersaturated with respect to aragonite, reaching a minimum
Sl,=-0.16. For mixtures >62% seawater, the solution is
supersaturated.

In contrast, the fresh groundwater samples from Menorca are
slightly undersaturated with respect to calcite. The mixture of the
Parella freshwater endmember with a seawater sample is
predicted to be even more undersaturated over a wide salinity
range. Thus, the decreased saturation state predicted for the
mixture actually yields an aggressive water. Compared to the
calculation of a mixture that is significantly aggressive to calcite,
the observed water samples are only slightly undersaturated.

Discussion

Differences in composition between the calculated
conservative mixture and the observed water samples are then
used to illustrate nonconservative processes. Based upon the
predicted saturation states of the mixtures, we expect mineral
precipitation from supersaturated solutions and mineral dissolution
from undersaturated solutions. These reactions would tend to
move an observed groundwater composition from the predicted
mixing curve toward equilibrium at SI=0.

Many of the Mallorca water samples are supersaturated with
respect to calcite but are more supersaturated than the mixing
calculations predict (Fig. 2). This result may be understood
through examination of the aragonite results (Fig. 3). From a
predicted undersaturated solution, at composition less than
approximately 50 % seawater, aragonite may have dissolved from
the bedrock moving the Sl, values toward zero. The result is
supersaturation for calcite. The dissolution of aragonite without
immediate precipitation of calcite would lead to significant
development of secondary porosity and permeability. At greater
percentages of seawater, the observed water samples are less
supersaturated with respect to calcite than is predicted by the
mixing calculations (Fig. 2). In fact, the compositions are all near
equilibrium. These results would be observed if calcite
precipitation occurred. However, excess CO, compared to
seawater would also contribute to a less supersaturated solution.
These two effects can only be sorted out through mass balance
calculations.

Conclusions

The qualitative interpretation of the results of the mixing
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calculations and the observations of natural water chemistry lead
to a proposal of aragonite dissolution and calcite precipitation for
Mallorca. The data for Menorca support aragonite and calcite
dissolution and calcite precipitation across the salinity gradient.
This scenario for chemical reactions in the groundwater mixing
zone underscores the fact that an unstable mineralogy containing
aragonite will lead to the greatest reactivity. Although there is no
aragonite remaining in the Jurassic bedrock and very little left in
the Upper Miocene limestone, both lithologies at one time
contained aragonite. After the sediments became lithified and
uplifted, the groundwater mixing zone may have fluctuated
through them several times in response to global sea-level
changes during the Pleistocene or as a result of relative sea-level
change due to isostatic uplift of the island following tectonic
activity. Regardless of the exact mechanism, the coastal
limestones of Mallorca and Menorca have been exposed to the
groundwater mixing zone, a reactive environment where aragonite
and, in some cases calcite, dissolves. These mineral dissolution
reactions lead to the development of secondary porosity,
permeability, and, ultimately, caves in coastal limestones.
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Analysis of regime of large karst springs in North China

Xu Jingyuan
Karst Research Group, Institute of Geology, Academia Sinica

RESUM

Aquest treball analitza les caracteristiques del réegim de les grans surgéncies carstiques del nord de la Xina. Se suposa que
les principals zones carstiques controlen la circulacié subterrania de les aigties carstiques. Amb aquest criteri, les conques subterranies
de les grans surgencies carstiques es poden dividir en varies parts. Cadascuna d'elles amb caracteristiques propies a I'hora de
procedir a la descarrega de la surgéncia. El regim d’aquestes deus ve determinat per les caracteristiques de les precipitacions i
de la situacio de les zones carstiques més importants.

Sota aquest punt de vista, s'ha suggerit un model que relaciona I'analisi de la regressié del corrent de precipitacié amb I'analisi
de la disminucid de la descarrega per a imitar el régim de les surgéncies. Utilitzant aquest model, es poden valorar les diferéncies
de distribucid del corrent de les fonts i les condiciones hidrogeoldgiques de cada punt de la conca subterrania.

RESUMEN

Este trabajo analiza las caracteristicas del régimen de los grandes manantiales karsticos en el Norte de China. Se supone que
las principales zonas kdrsticas controlan la circulacion subterrdnea de las aguas kérsticas. Segun esto las cuencas subterrdneas
de los grandes manantiales kdrsticos se pueden dividir en varias partes. Cada una tiene sus caracteristicas propias en la contribucion
de la descarga del manantial. El régimen de los manantiales se determina por las caracteristicas de precipitacion y situacion de las
principales zonas kdrsticas.

Segun el punto de vista que acabamos de citar, se ha sugerido un modelo que relaciona el andlisis de regresion de la corriente
de precipitacion con el andlisis de disminucion de descarga para imitar el régimen de las surgencias. Usando este modelo se pueden
estimar las diferencias de distribucion de la corriente de los manantiales y condiciones hidrogeoldgicas de cada parte de la cuenca
subterrdnea.

SUMMARY

This paper analysed the characteristic of regime of large karst springs in North China. It is believed that the main karst zones
control the subsurface flow of karst water. According to them, the groundwatershed of large karst springs can be divided into
several parts. Each has its own characteristic in the contribution to the spring flow. The regime of springs is determined by te
characteristic of precipitation and the location of main karst zones.

According to the viewpoint mentioned above, a model, combining the regression analysis of flow-precipitation with the decay
analysis of discharge, has been suggested to imitate the regime of springs. By using this model, the diferences of distribution to
the spring flow and the hydrogeologic condition of each part of groundwatershed can be estimated.

Introduction fluctuations (peaks), big or small. A lot of prospecting data show
that the karst fissure and small hole is the main space which
In the research of regional karst water flow conditions, the karst water stored in and flowed through. Big holes, transfering
analysis of regime has important significance. There are two main  and storing karst water at present, are only found within a small
methods to analyse the regime of karst spring. The first is the area around the springs. Therefore, the fluctuations of discharge
decay analysis of discharge curve. By using it the pore type and  curve can not be explained as that they are caused by the change
storage capacity of regional karst aquifer can be evaluated. The of pore type in karst aquifer during discharge. Comparing the
second, regression analysis is used to find the relation between interval of peaks on discharge curve with that of rainfall we know
rainfall and flow of karst spring. It is helpfull to identify the effect at least that the fluctuation of flow are not caused by rainfall
of recharge of rain fall. only. Because the watershed of the springs is often very large,
In North China karst area spring flow is quite stable, and we can not disregard the effect of the differences of the rainfall
recharged by a large area of water shed and rainfall of several and of hydrogeologic conditions in space in their watersheds.
years. On the curve of regime we could not find a clear boundary The remarkable characteristic of karst aquifer is evidently
between the course of recharge and of discharge. Thus, it is nonhomogeneous and nonisotropic. In North China, the springs
unlikely to be suitable to use the methods mentioned above in mainly emerge from carbonatite of Cambrian and Ordovician
analysis of regime. By combining the two methods and taking System. The fracture is the main form of geological structure in
acount of the effect of flow zone in its watershed to the regime, this area, many of them keep alive after Mesozoic Era, and since
a model has been suggested to imitate the whole curve of regime, Cenozoic Era, blocks between fractures have moved up and
and been used to analyse Niang Zhiguan spring. down. Accompanying the activity movements, several periods of
karst developed. As a result of the large scale movement of
blocks, the karst formed before Tertiary Period has been rised
The Charasteristic And Formation cf Regime up or burried deeply. The karstification of present time mainly
developed underground and around the large and alive fracture
The climate in North China is semidrought, and the mean zones. Based on the fracture pattern and added the karst, often
precipitation is about 500-600 mm per year. Rainfall is uneven several periods, the groundwater flow zones formed. In the flow
distribution in time and space, precipitation of month 6-9 makes zones water level is relatively lower and have a good flow
up 70-80 percent of total of the year. Spring is the main form of condition. They collect and transfer karst water therefore they
discharge of karst water. Flow of dozens of springs is greater controle the ground water flow in a spring watershed. Furthermore
than 1 M3/s, and most of them Q max : Q min < 2. The infiltration in a spring watershed, different geomorphologic unit, often
of rainfall is the first source of springs and the permeation along consistence with geologic unit, usually has different sediment
rivers is the second. The flow of springs has a delay of one to  cover, vegetation cover and rainfall. Think of these factors we
several months relative to rainfall, and no such complete yearly can imagine that water from different flow zone come to spring
cycle as rainfall. The duration curve 6f flow neither a smooth at different time, this made the discharge curve fluctuate. It will
wavy line nor a smooth decay line, but a line with several be reasonable that we divided the spring watershed into several
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subwatersheds according to the distribution of main flow zones,
and each has its own characteristic of recharge to the spring
flow, and its own coefficient of permeability, decay speed and
delay period.

Model

Above discussion given us a conceptual model, through
analysing the regime we can understand the relation between
flow and rainfall, also we can get some informations about the
differences of the hydrogeologic conditions in a spring watershed.
In order to imitate to karst aquifer we have following restricted
conditions:

1. recharge proportion to the rainfall;

2. after a delay, the recharge of a subwatershed to spring
immediately reach the maximum, then decay following an
exponential function;

3. only one pore type in the aquifer in one subwatershed;

4. using month as time unit (certainly we can use shorter time
unit if the flow is sensitive to rainfall).

The model we suggested is as following:

J |
Q=j=1 Aji21emj+kj EXP(B;i)
Q, = spring flow of time k (m3/s);
A : «weight» of effect to spring flow, j subwatershed,;
Mi: : delay of j subwatershed (months);
B.: decay coefficient of j subwatershed,;
.+ mj +k, j: effective month rainfall of j subwatershed, i + mj
months before time k;
J : numbers of subwatershed;
| : numbers of months in which one time rainfall has certain
effect to spring flow.
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Recharge characteristic of a subwatershed can be discribed
by three parameters: A, B, M. Effective rainfall means the rainfall
when it is very small we take it as zero, and when the rainfall
intensity is very high, it ought to be correeted so as to keep the
approximate proportion relation between recharge and rainfall.

All parameters in the model can be estimated first as initial
value according to hydrogeologic conditions and obtained
discharge curve, then we refine A, B, M using a computer by
fitting the model with observed curve. Several groups of
parameters may have the similar degree of fitting, the
hydrogeologist can do some choice according to hydrogeologic
condition of that spring.

Using in Niang Zhiguan Spring

Niang Zhiguan Spring is the largest spring in North China
karst area, with a recharge area (watershed) of about 1.840 km?,
and its mean flow is about 12 m3/s. The watershed is divided
into 3 subwatersheds: S1, S2, S3, Fig. 1. On the discharge curve
we can find delays of about 0-1, 3-4 and 7-8 months. And
according to the discharge curve we take, | as 48 months. We
fit the model using flow data of 1961-1968, and got the results
as following:

A: 0,0123
0,0040
0,0057

B: 0,0016
0,0015
0,0004

M: 1
4
7

From the results we can understand that the spring water
mainly recharged by S1 and S2. The delay data seams indicate
that the permeation along rivers is an important source of S1, for
the M1 (delay of S1) much shorter than M2 and M3, and by
comparing M2 with M3 we know that the flow condition in S2 is
better than in S3.

Using these parameters we calculate the spring flow of 1969-
1976, the result does not deviate from that of observed very
much, thus we know that until 1976 the groundwater with draw
in its watershed had not given evident effect to the spring flow,
the decrease of spring flow is mainly caused by the decrease of
rainfall.

Conclusion

The existence of flow zones and differences between them
can affect the regime of karst springs. It is helpfull to take account
of the differences of hydrogeologic conditions in watershed when
we study the regime and the water resource distribution in the
spring watershed. The model can be a complement for other
methods. But still the decay function of subwatershed ought to
be studied theoretically, and the intensity of rainfall has much
influence to the recharge, it also worth to be studied quantatively.
Based on such development, the results from this model can be
used to evaluate the hydrogeologic condition and estimate the
coefficent of precipitation and the capacity of storage of different
subwatershed.

Reference
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Recent geohydrological studies at Crowsnest Pass, Alberta, Canada

S. R. H. Worthington

Department of Geography, McMaster University, Hamilton, Ontario,
Canada L8S 4Kl

RESUM

El Crowsnest Pass és una amplia obertura enmig dels massissos carbonatats del Paleozoic superior. El drenatge, orientat
segons les capes cap a la collada, resorgeix en dues importants surgencies (la font de Crowsnest i la font de Ptolemy) i en diverses
surgéncies menors. La coloracid inicial va revelar I'existéncia de corrents molt més rapids a la surgéncia de Corwsnest que a la de
Ptolemy (100 m. per hora i 16 m. per hora, respectivament), si bé paradoxalment, la variacié diurna del cabal és més important en
I'dltima surgencia. Les caracteristiques de I'aquiifer s'estan estudiant actualment, utilitzant tecniques fluorometriques, hidrologiques,
isotopiques, hidroquimiques, i les variacions del cabal d'aigua.

RESUMEN

El Crowsnest Pass es un amplio desfiladero a través de los macizos carbonatados del Paleozoico superior. El drenaje, orientado
segun las capas hacia el collado resurge en dos principales surgencias (la fuente de Crowsnest, la fuente de Ptolemy) y en diversas
surgencias menores. La coloracidn inicial reveld corrientes mucho mds rdpidas en la surgencia de Crowsnest que en la de Ptolemy
(100 m por hora y 16 m por hora respectivamente), si bien paraddjicamente la variacion digna del caudal es mds importante en la
ultima surgencia. Las caracteristicas del acuifero se estan estudiando actualmente, utilizando fluorometria, hidrologia, isotdpica,
hidroquimica y variaciones de caudal.

RESUME

Le Crowsnest Pass est une large bréche a travers les carbonats massifs du paleozoic superieur. Le drainage, orienté selon
les couches vers le col ressort a deux principales sources (la source de Crowsnest, la source de Ptolemy), et a plusieurs sources
mineures. Le tragage coloré initial a révélé des écoulements bien plus rapides a la source de Crowsnest qu'a la source de Ptolemy
(100 metres a I'heure et 16 metres a I'heure respectivement), bien que paradoxalement, la variation diurne de débit soit plus
importante a la derniere source. Les charactéristiques de I'aquifére sont actuellement étudiées, utilisant la fluorometrie, I'hydrologie
isotopique, I'hydro-chimie et les variations de débit.

Crowsnest Pass is a deep breach through massive Upper Spring (100 m/hr and 16 m/hr respectively), though, paradoxically,
Paleozoic carbonates. Strike-oriented drainage towards the pass the diurnal variation in discharge is much greater at the latter
resurges at two major springs (Crowsnest Spring, Ptolemy Spring)  spring. Aquifer characteristics are currently being investigated,
and at several minor springs. Initial dye tracing has revealed using fluorometry, isiotope hydrology, hydrochemistry and
much higher flow velocities to Crowsnest Spring than to Ptolemy discharge variations.
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Structural, lithologic and hydrologic controls on cave development at Friars
Hole System, West Virginia, USA

S.R.H. Worthington

Department of Geography, McMaster University, Hamilton, Ontario,
Canada.

RESUM

El sistema de Friars Hole, amb els seus 67 Km. de galeries, és el sistema de cavitats de longitud més gran que es coneix als
Apalaches. La cavitat s'ha desenvolupat en una sequéncia de calcaries de 200 m. d’espessor amb esquists argilosos i dolomies
menors que cabussen suaument cap el N.O.

Es coneixen tres tipus de sistemes:

Els sistemes d'aigties amunt son de fort pendent i cabussament i s'han format en zona vadosa.

Les xarxes intermitges que conecten les xarxes d'aigua superiors amb un col-lector i que ho fan perpendicularment.

Els col-lectors es troben orientats en la direccio dels estrats de pendent suau i s'estenen precisament dessota la superficie
piezometrica. Frequientment es troben en la interseccid de falles invertides amb un o altre dels dos plans d'estratificacio en la base
de la calcaria «unid limestone». L'enfonsament d'aquestes falles invertides ha provocat la ruptura del sistema de dissolucié que
condueix a la creacio d'amplis espais que vénen a representar el 30 % del volum de la cova. Sediments silicics clastics en tot el
recorregut de les parets inferiors de les galeries impedeixen la dissolucid de zones més inferiors, formant petits rierols d'aigua situats
bastant més amunt de la superficie piezométrica.

RESUMEN

El sistema de Friars Hole con sus 67 Km de galerias es el sistema de cavidades de mayor longitud conocido en los Apalaches.
La cavidad se ha desarrollado en una secuencia de calizas de 200 m. de espesor con esquistos arcillosos y dolomias menores
buzando levemente hacia el Nor-oeste. Se conocen tres tipos de sistemas:

Los sistemas aguas arriba son de fuerte pendiente y buzamiento y han sido formados en la zona vadosa.

Las redes intermedias que conectan las redes aguas arriba con un colector y le son perpendiculares.

Los colectores estdn orientados segun la direccion de los estratos de pendiente suave y desarrollados justo debajo de la
superficie piezométrica. Se encuentran frecuentemente en la interseccion de fallas inversas con uno u otro de los dos planos de
estratificacion en la base de la caliza «unidn limestone». El hundimiento a lo ancho de estas fallas inversas ha provocado la ruptura
del sistema de disolucion que conduce a la creacién de varios amplios espacios que totalizan el 30 % del volumen de la cueva.
Sedimentos silicicos cldsticos a lo largo de las partes inferiores de las galerias impiden la disolucion hacia abajo, formdndose
pequerios cursos de agua situados largamente por encima de la superficie piezométrica.

RESUME

Friars Hole system est, avec ses 67 km de galeries, le systéme de grottes le plus long, connu dans les Appalaches. La grotte
s'est développée dans une sequence de calcaires de 200 m d’'épaisseur avec des schistes argileux et dolomites mineurs plongeant
faiblement vers le nord-ouest. Trois types génétiques de réseaux sont connus:

Les réseaux amonts sont de forte pente, plongeants et ont été formés dans la zone vadose.

Les réseaux intermédiaires qui connectent les réseaux amonts avec un collecteur et sont perpendiculaires a celui-ci.

Les collecteurs sont orientés selon la direction des couches, de pente douce et développés juste en-dessous de la surface
piézométrique. lls sont frequemment trouvés a l'intersection de failles inverses avec I'un ou l'autre des deux plans de stratification
a la base du calcaire union limestone. L 'effondrement le long de ces failles inverses a provoqué la rupture du systéeme de dissolution,
aboutissant a la création de plusieurs larges espaces vides qui totalisent le 30 % du volume de la grotte. Des sédiments silicieux
clastics le long des parties inférieures des couloirs empéchent la dissolution vers le bas, créant des ruisseaux situés bien au-dessus
de la surface piézométrique.

Friars Hole System, with 67 km of passage, is the longest
known cave system in the Appalachian Mountains. The cave is
developed in a 200 m thick sequence of limestones, with minor
shales and dolomites, which dip gently to the north-west. Three
genetic types of cave passage are recognised. Inlet passages
are high-gradient, downdip, and were formed in the vadose zone.
Linking passages integrate the inlets with the main drains, and
are normal to the latter. Main drains are strike-oriented, low

gradient, and developed just below the piezometric surface. They
are frequently found at the intersection of a thrust fault and one
of two bedding planes in the basal Union Limestone. Breakdown
on thrust faults has disrupted solution patterns, resulting in several
large voids which account for 30 % of the cave volume. Siliciclastic
sediments on passage floors inhibit downward solution, causing
streams to be perched far above the piezometric surface.
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Hydraulics and dissolution kinetics of a phreatic conduit

Stein-Erik Lauritzen
Department of Chemistry, University of Oslo, Norway (NORWAY).

RESUM

El desguas subterrani del llac Glondal, a Swartisen (Noruega septentrional) és totalment freatic i s’ha pogut investigar mitjantgant
immersions a la cova, coloracions, hidroquimica i tecniques d'estimacié de la microerosio. La galeria té 580 m. de longitud, amb un
diametre mig de 5,0 m. El volum topografiat per immersid coincideix amb el volum calculat a través de calculs de coloracié i
descarrega. Tenint en compte la superficie del conducte, segons les observaciones dels escafandristes, el grau de dissolucié en
tot el recorregut del conducte és de I'ordre de E-7 mMols cm? seg’. Aquest fet esta en consonancia amb els resultats dels estudis
realitzats amb comptadors de microerosio, amb d‘altres experiments efectuats amb taules de pérdua de pes i amb els graus
publicats de dissolucid de la roca calcaria i dels nivells del pH en questic.

RESUMEN

El desagtie subterrdneo del lago Glondal, en Swartisen, Noruega septentrional, es completamente fredtico y se ha investigado
mediante inmersiones en la cueva, coloraciones, hidroquimica y técnicas de medicién de la microerosion. La galeria tiene 580 m.
de longitud, con un didmetro promedio de 5,0 m. El volumen topografiado por inmersion esta de acuerdo con los volumenes
calculados por calculos de coloracion y descarga. Teniendo en cuenta la superficie del conducto segun las observaciones de los
escafandristas, el grado de disolucién a lo largo del conducto es del orden de E-7 mMols cm? seg.”. Esto se corresponde bien
con los resultados de los estudios con medidores de microerosion, experimentos con tablas de pérdida de peso y los grados
publicados de disolucion de calcita y niveles de pH en cuestion.

SUMMARY

The underground outlet of lake Glomdal, Svartisen, North Norway, is totally phreatic, and has been investigated through cave
diving, dye tracing, hydrochemistry and micro-erosion meter techniques. The passage is 580 m long, with an average diameter of
5,0 m. The volume surveyed by diving is in accordance with volumes calculated from dye-tracing and discharge calculations. Taking
account of the surface area of the conduit, as calculated from the diver’s observations, the rate of dissolution along the conduit is
in the orden of E-7 mMoles cm? sec’. This corresponds well with results from micro-erosion meter studies, tablet weight-loss
experiments and the published rates of calcite dissolution at the pH ranges in question.

6. Introduction 6.3. Hydraulic Experiments
Water stage recorders and water sampling stations were

The purpose of this report is to present some preliminary arranged as indicated in Figure 2. The stage recorder was
results of hydraulic and hydrochemical experiments in a totally calibrated against Flugel and salt dilution gauging at a wide range
phreatic conduit of known geometry and dimensions.

Lake Glomdal, at the Arctic Circle in Northern Norway (Figure
1), meet the requirements of a natural laboratory. First, the system
is hydrologically well defined, with only one dominant input and
one resurgence. Second, in spite of its remoteness, local
geography and manpower allow thorough instrumentation and
sampling. Third, the entire system may be inspected through
cave diving to obtain a fixed geometric basis for the interpretation N
of hydraulic and chemical parameters. Geometric and hydraulic
considerations of this project is in press (Leuritzen et. al. 1986)

6.1. Site Description

The lake has no surface outlets, sinking as a small cove at
the contact zone between mica schist and a pure calcite marble
stratum. The outlet forms a short rapid, then sinks vertically down
into a conduit of 6 m diameter. The resurgence is of similar
dimensions, situated 500 m further downstream. The conduit is
accessible through two «Middle Entrances» about one third of
the downstream distance from the sinkhole. The entire cave was
explored and surveyed by cave divers in 1985 (lauritzen et. al.
1986). Direct observations and tape measurements of the
submerged conduit confirm that it is largely unbranched (i.e. a
true master conduit) and of uniform dimensions.

6.2. Scallop Morphometry

Discharges calculated from scallops through the cave do
accord the continuity equation, which support the diver's
observation of an unbranched conduit (Lauritzen et. al. 1986).
The conduit is largely circular or rectangular in cross-section,  rig 1 key map to the area. 1: Lake Glomadal; 2: Underground outlet of the lake.
averaging 5 to 6 m diameter, Figure 2. 3: Resurgence, catchment area 27.7 km.2
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Fig. 2. Vertical, longitudinal section of the cave. Flow from left to right. Surveyed
by cave diving, the middle entrances possess characteristics of truncation by glaciers
in the past.

of discharges. To investigate the phreatic nature of the conduit,
a multiple trace program was performed at a wide range of
discharges. Dye breakthrough curves were recorded by automatic
water sampling and fluorometer analysis in the field. Fluorescein
was used in all experiments. A selection of breakthrough curves
are shown in Figure 3a. Transit time varied between 30 and 200
minutes at 10 and 1 m3 s, respectively, long time versus log Q
plotted as straight lines with slopes close to -1 (i.e. 0,9 +/- 0,1,
Fig. 3b). This suggests that neither the cross-sectional area nor
the conduit length varied significantly with discharge. These are
characteristics of phreatic, full pipe flow (Smart 1981, Stanton
and Smart 1981).

From the cave volume and the surveyed conduit length, the
area of water/marble interface could be calculated. A circular
conduit profile yields 9,91 E7 cm?, whilst a square cross-section
corresponds to 1.12 E8 cm?. The circular approach was used in
the following calculations. Total hardness increase between sink
and resurgence was assumed to origin from direct corrosion of
the marble surface, and the average rate of dissolution could
then be calculated from discharge and the parameters discussed
above. Reaction rate as a function of discharge is shown in Figure
5. The data suggests that dissolution rate increases with
discharge, levelling out at a constant, maximum rate at high
discharges.
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Fig. 4. Conduit volume estimated by various techniques.
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Fig. 3. Results of multiple dye traces in the cave. a) (bottom): Dye (fluorescein)

break-throungh curves at varios discharges. The dye pulses are not standardised

with respect to the amount injected in each experiment. b) (top) Time of travel vic.

discharge. Full pipe flow should theoretically give a slope of -1.

Breakthrough curves are unimodal, except for very low
discharges and long transit times, suggestible of an un-branched
conduit with few side-pockets or open storage annexes.

Conduit volumes were calculated from discharge and transit
time for both the front and maxima of the breakthrough curves,
Figure 4. The cave divers' line survey was 580 m long, and the
best estimated volume based on the details of cross-sections is
13 500 m3. Error bars in Figure 4 represent largest and smallest
cross-section observed; the error bars in the dye calculations is
the total variation of all experiments. The volumes based on peak
fronts accord better with the surveyed volume than those based
on peak maxima.

6.4 Hydrochemistry

Water samples were drawn at sink and resurgence at a wide
range of discharges. Samples were analyzed for pH, conductivity,
temperature, Ca, Mg, Na, K, CI~, HCO,~ and SO42‘. Data are still
under processing, and only Ca+Mg (total hardness) for the
available samples will be considered here.
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Fig. 5. Reaction rate in the conduit as a function of discharge, compared to MEM
and tablet weight loss measurements.
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reading. Marble tablets were immersed for one year (Lund, in.
prep). The water samples shown in Figure 5 represent the period
of immersion.

The MEM stations are periodically dry, whilst tablets were
submerged all year around, except that they might have been
encapsulated in ice for some time. Both measurements thus
possess a bias towards slight underestimates of the annual mean
values.

6.6 Discussion and Conclusions

Cave diving, scallop morphometry and dye tracing
experiments all suggest that the cave is an unbranched master
conduit of large dimensions. Based on this, an estimate of the
reactive surface between marble and water may be done, having
in mind that both a cylindrical and a prismatic approach are
probable underestimates of the reactive area. Moreover, possible
minor tributaries of harder water of long residence times cannot
be corrected for. The resulting reaction rates are therefore not
absolute, being maximum estimates.

The apparent rate of reaction increases with increasing
discharge until a constant value is suggested at high discharges.
Constant rate do not seem to occur before discharge exceeds
10 m3 s'. For comparison, turbulent friction (DArcy-Weissbach
friction factor, see Lauritzen et. al. 1986) is not fully developed
before Q = 14 m® s, suggesting that the apparent corrosion
rate is a function of turbulence.

MEM and tablet weight—loss experiments are probable
underestimates, suggesting that the «true» rate of enlargement
of the conduit is in the order of E-7 mMoles cm? sec™. This rate
corresponds roughly to a radial increase of 0,8 mm a'. With a
conduit diameter of 6,5 m at the sink, an exponential growth
function of cross-sectional area with time (Renwick 1959),
suggests a total time of growth of 3xE5 years since it was on

the pre-cave stage (<1 cm diameter). A linear growth model of
passage radius at maximum growth rate, i.e. short time of transit
(Palmer 1981), suggests 4xE4 years of growth time. Both
approaches suggest that the origin of the cave conduit is well
back in pre-Holocene time. This is in accordance with the Middle
Entrances, which display diameters of about 2 meters and glacial
truncation after their formation.
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Les relations entre la surface et la nappe d’eau dans le karst du Burnot (Belgique)

Joseph Agie de Selsaten
Docteur en Hydrogéologie

RESUM

Un sistema de caverna i de «chantoir» particularment extens del procés avangat de cartificacio de la calcaria Givetiana de la
vall de Burnot (marge esquerre del Meuse, Bélgica).
L 'objectiu d'aquesta col-laboracié és el de fer publics els resultats d’una série d'observacions que permeten de resumir les relacions
entre la superficie i la capa freatica del carst, aquesta ultima aprofitada per a I'abastament d'aigua i la piscicultura.
Els tres punts negres d'aquestes relacions son, per ordre de gravetat: L'abo cador de deixalles del Bois-de-Villers, els pesticides i
els adobs de les explotacions agricoles de l'altipla i els enderrocs dels «chantoir» actius d I'altipla.

RESUMEN

Un sistema de caverna y de «chantoir» especialmente extenso del desarrollo avanzado de karstificacion en la caliza Givetiense
del valle de Burnot (margen izquierda del Meuse — Bélgica).
La finalidad de la presentacion es proporcionar los resultados de una serie de observaciones que permiten una sintesis de las
relaciones entre la superficie y la capa fredtica explotada para el abastecimiento de agua y la piscicultura.
Los tres puntos negros de estas relaciones son por orden de gravedad: El depdsito de desperdicios del Bois—de-Villers, los
pesticidas y los abonos de las explotaciones agricolas de la meseta y los escombros de tierras en los «chantoir» activos de la meseta.

SUMMARY

The especially spread tracery of cavers and «chantoir» attest the advanced expansion of the karstification in Givetian chalky
soil of the Burnot valley (left side of the Meuse — Belgium).
The purpose of this presentation is to give the results of a succession of observations enabling us to give the synthesis of the
. --.ations existing between the surface and the undergound sheet worked for water distribution and pisciculture.
The three black points of these relations are per seriousness order: dirt storage at Bois—de-Villers, pesticide and manures of
agricultural exploiiations of Platform and ground spoiled earth in active «chantoir» of the platform.
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Karst Hydrology asd Geomorphology of Belize

Dr. Thomas Miller

RESUM

Milers de kmP. de Belize presenten un important desenvolupament carstic, que constitueix una font vital per al subministrament
d'aigua del pais. La major part dels principals rius del pais es veuen afectats en gran manera per la naturalesa carstica de la regio.
Alguns d’ells es formen en alguna surgéncia carstica; d’altres, en atravessar algun terreny carstic, incrementen el cabal d’aigua que
circula pel sistema. Les investigacions, encetades a comengament de la década dels 70 varen proporcionar una idea general de
les caracteristiques hidroquimiques i hidroldgiques d’aquestes areas.

La geologia i la tipologia han influenciat el diferent desenvolupament carstic de les diverses areas.

RESUMEN

Millares de km?. de Belize presentan un importante desarrollo del karst, que constituye una fuente vital de suministro de agua
para el pais. La mayoria de los rios principales del pais estdn profundamente afectados, ya sea proveniendo de surgencia kérstica,
o bien anadiendo mayor afluencia de agua al atravesar terreno karstico. Las investigaciones empezadas a principio de los afos
1970 dieron una idea general sobre la hidroquimica e hidrologia de estas &reas.

La geologia i topografia han influenciado los distintos desarrollos kdrsticos en las diversas dreas.

SUMMARY

Thousands of km? of Belize are covered with karst, a vital water resource for the country. Most of the major rivers of the country
are profoundly affected, either having headwaters in karst, or by adding major influxes of water as they traverse karst terrane.
Research begun in the early 1979's has produced an overview of the hydrochemistry and hydrology of these areas.

Geologic and topographic influences have resulted in the formation of several areas of distinct karst development.

Belize is located in the southeastern section of the Meso-
American Karst Belt. Carbonate rocks form the uppermost
bedrock of more than a third of the country, ranging in age from
Paleozoic to Tertiary. Karst is present in at least 3000 km? of the
Cretaceous carbonates.

Topography and geographic distribution have created a
number of karst regions with distinctive characteristics. The two
major divisions are due to geologic distribution: the northern area
of the country has very immature karst present on Tertiary
carbonates. They are low-lying, often snwampy, with no known
caves. Shallow sinkholes and a few apparent cenotes are the
only karst features present, but some groundwater flow has been
reported. A terriginous clastic cover is present over much of this

Central

America

area.

The southern half of Belize is dominated by the low arc of
the Maya Mountains. Nearly all the carbonate rocks here are of
Cretaceous age, although some Paleozoic limestones occur. The
Cretaceous rocks are geographically separated by higher-lying
non-carbonate meta-sediments and intrusives, and their karst
development has been profoundly affected by runoff from these
rocks.

A significant difference in climate —chiefly rainfall- has been
created by the large topographic bulk of the Maya Mountains
between northern and southern Belize. The wet season in the
south is lengthier and more pronounced: mean annual rainfalls
of 200-450 cm greatly exceed the 100-150 cm of the north, with
consequently greater runoffs.

Surface Development

The Karsts developed on Cretaceous rocks in southern Belize
are by far the most extensive. Differing tectonic and erosion
histories have separated them topgraphically into five regions
with distinctive sur-and subsurface characteristics.

Four of the five regions form contiguous wholes (Figure 1);
the Toledo region alone consists of long, isolated, faulted ridges.
The tower karst of the Sibun area sets it somewhat apart from
the others, but even there large mega-dolines (cockpits) are
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occasionally present. Different textures are visible within each
region, in some cases due to past fluvial activity, but also to
lithologic and compositional variance. (Table 1).

TABLE 1. Cretaceous Karsts of Belize

Location Area Relief ~ Contiguous Cockpits  Poljes FfT*
Sibun 660  100m X X T
Boundary Fault 640  200m X X X F
Vaca Plateau 1.100 350 X X F
Little Qtz Ridge 610 700 X X F
Toledo 300 300 X F

* F. Fluviokarst present (Areas are in km?
T. Tower karst present

Many of the Cretaceous rocks have been heavily brecciated
and recrystallized, apparently due to tectonic action. A limited
number of analyses have shown only highly pure limestones in
both these and the bedded limestones. Linear orientation of
features north of the Maya Mountains on these rocks appear to
parallel the NE-SW orientation of faulting in this part of the country.

Evidence for well-integrated fluvial systems preceding
Karstification is present in several large areas, and suggested in
much of the remainder, especially near the carbonate/non-
carbonate contact. It has exerted a major influence upon surface
development. Remmants of past fluvial activity include the
presence of large poljes in two regions, and dry channels and
valleys. The lengths of these abandoned streamcourses correlates
well with their catchment size.

Enormous collapse shafts to 150 meters depth and 100’s of
meters in diameter occur, but form only a small percentage of
the total surface. Many are found in association with subsurface
streams.

Cavern Development

Approximately 80 km of passage has been surveyed in Belize
as of 1985. As previously mentioned, the surface karst has been
greatly influenced by invading non-carbonate streams. All but the
largest sink near the contact and are primarily responsible for
the large impressive caves of Belize. At present, these separate
streams appear to have each cut independently from sinkpoint
to resurgence: none are yet known to merge within the body of
the karst. These river caves commonly contain higher level fossil
passages, frequently offset, and often still used in exceptional
flow conditions. All carry large quantities of cobbles and smaller
clastics, and have frequent sumps,including those caves of the
Little Quartz Ridge region which are of relatively high gradient,
unlike the others, and have vertical relief exceeding 200
meters.

Large isolated chambers, occasionally of huge size (>300
meters in diameter) are known as individual high level caves in
the karst or as side chambers overlying the allogenic river
conduits. Their origins are nearly always obscured by massive
rock collapse. It is difficult to determine whether they represent
a prior phase of phreatic conduit development later guiding the
location of the trunk conduits, or have simply been randomly
intersected.

Most of the major caves known in Belize to date are in breccia.
In absence of bedding planes, joint sets and topographic dip are
the major influences on passage location and orientation. Fault
intersections are common, but serve primarily as foci of
breakdown and collapse. Where bedding has been observed, it
has corresponded with the overall local topographic dip.

Numerous stream inlets of diffuse flow origin in the carbonates
enter the large allogenic conduits as they traverse the karst. They
enter as springs from the walls, or from short, small passages
originating in sumps. They rarely carry significant clastic debris,
and are similar in hydrochemical and morphologic characteristics
to independent caves developed entirely within the various karsts

Swallet holes occur by the hundreds in the cockpit areas, often
located at the end of a channel cut in the bottom of the soil and
clay fill of the dolines. They are active only after heavy rains of
at least 12 mm. in the Caves Branch Karst. Isolated examples
located partway up doline slopes may reflect migration of the
cockpit bottom through time.

Hydrochemistry

Although total solute concentrations may vary between karst
areas in Belize, the general pattern of solution is similar. Flow
through the Karst either originates as direct rainfall or as invading
allogenic streams. Both are modified by passage through the
carbonates, and their subsequent mixing results in a wide
spectrum of waters dependent upon the season, individual
catchmen characteristics, flow—through time, etc.

Hardnesses of the allogenic streams increase from about 10
mg/L to 120 mg/L (as CaCO,) as they flow through the conduit
caves. This results both from additions of karst inlet water and
from solution of the conduit walls, although they usually remain
undersaturated with respect to calcite and dolomite throughout
their underground traverses. The authigenic karst inlet waters are
all saturated or super—saturated with respect to these minerals.
Mean total hardnesses vary between regions, from a minimum
of 190 mg/L in the Caves Branch of the Boundary Fault region
to a maximum exceeding 250 mg/L in the Chiquibul section of
the Vaca Plateau. Solutional removal rates calculated from these
figures range from 90-150 m3/km?2/yr. The ions removed are nearly
all Ca?2+, Mg?+, and HCO?-.

Although soil P.O2’s measured on limestone soils in Belize
have averaged O.7 %, authigenic spring P.O2's commonly exceed
1.1 %. This anomaly may be explained both by solution under
predominantly open system conditions and by intra—aquifer
production of CO, from decaying vegetation washed in during
floods.

The highly satured authigenic waters have produced enormous
volumes of precipitated calcite. Although growth may be
extremely rapid (at least one meter—high stalagmite is known to
have grown within the past 1000 years), the huge features present
(e.g. 30 meter stalagmites and columns 20m in diameter) appear
to be the result of the great age of devolopment of these tropical
karsts.

The numerous authigenic springs rarely exeeed 2 mé/sec and
most discharge only a few 10's of liters/second. Conduit streams
are fewer but may exceed 50 m8/sec following wet season storms.
Both conduit and authigenic streams may go dry in the dry season.

Summary

Karst in Belize is diverse and well-devoloped in both surface
and sub-surface forms, and ranges from below sea—level to 900
m elevation. An extensive geological and hydrological study now
under way will answer many of the questions concerning its age
and development. Over 100 km of cavern passage will be
surveyed by the end of 1986, most of it in massively brecciated
limestone.
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Karst of the Caves Branch, Belize

Dr. Thomas Miller

RESUM

Un carst extensament desenvolupat en calcaries del Cretaci, a la selva tropical, fou objecte d'un estudi hidroquimic, hidrologic
i morfolégic. Alguns centenars de mostres d’aigua van confirmar una correlacié positiva de descarrega y quimisme en una galeria
principal de la cavitat, deguts a la mescla de dos components d’un reservori acumulat durant molt de temps i a la pérdua del riu
superficial. El sistema obert, d'evolucid de solucid calcita amb produccid interna de CO,, por indicar-se per proporcions de separacio
del carbonat de 90 m?/km?./any

Es varen topografiar més de 40 km. de cavitats, el desenvolupament de les quals es troba fortament influenciat pel model de
fractura regional i el cabussament topografic.

RESUMEN

Un karst desarrollado extensamente en calizas del Cretdcico en la selva tropical, fué objeto de un estudio hidroquimico,
hidroldgico y morfoldgico. Algunos centenares de muestras de agua confirmaron una correlacion positiva de descarga y quimismo
en una galeria principal de la cavidad, debida a la mezcla de dos componentes de un reservorio largo tiempo acumulado y pérdida
del rio superficial. El sistema abierto, de evolucidn de solucidn de calcita con produccion interna de CO,, puede estar indicada por
proporciones de separacién de carbonato de 90 m?/km?P./ario.

Se topografiaron mds de 40 km. de cavidades, con desarrollo influenciado principalmente por el modelo de fractura regional y
buzamiento topogréfico.

SUMMARY

An extensive karst developed on Cretaceous limestones in tropical rainforest was the site of a hydrochemical, hydrologic, and
morphologic study. Several hundred water samples confirmed a positive correlation of discharge and solute concentration in a major
cavern conduit due to two-component mixing of long-term aquifer storage and pirated surface river water. Open-system calcite
solution evolution, with internal CO, production, may be indicated, with carbonate removal rates of 90 m*/km?/yr.

Over 40 km of caverns were surveyed, with development chiefly influenced by regional fracture patterns and topographic dip.

Introduction

The Caves Branch Karst covers an area of approximately 145
km? in the center of Belize, Central America. It consists of a
platform (at 40-300 m elevation) of heavilly brecciated Cretaceous
carbonates sloping northward away from the Northern Boundary
Fault. The Caves Branch River originates on the non-carbonate @
rocks of the 1.000-meter-high Maya Mountains to the south, then Karst
flows 10 km into its polje before sinking. Two smaller allogenic
streams debouch into the main polje: the three streams drain @-,
catchments totalling 90km?2. The Caves Branch was at one time
throughflowing to the sea.
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The Caves Branch lies in tropical rainforest. Mean annual
temperature and rainfall are 24°C. and 240 cm, respectively. Most
rain falls in the June to November wet season, as convective
precipitation, with recorded 24-hour maxima of 232 mm.
Evapotranspiration is calculated at™120 cm/year. @
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Cavern Features

Nearly 40 km of cavern passages have been explored in the
Caves Branch. The majority of these represent epiphreatic and
vadose trunk conduits 20-30 m wide transporting allogenic water
from the non-carbonate highlands through the karst to the
lowlands and coast. Second in known lenght are large (to 300
m length) isolated collapse chambers, probably of phreatic origin,
that appear to be randomly intersected by the trunk conduits.
Those caves produced entirely by rainfall falling directly on, and
routed through, the karst, tend to be small (< 1 meter diameter),
short, and often phreatic. In contrast to the large cobbles
transported in the trunk conduits, these latter caves contain little
clastic material.

The allogenic trunk conduits appear to be the foci of cave
development and integration. Through lateral passage
abandonment and vertical incision, nearly all have archieved
extremely low gradients (< 1 m/km). The conduits tend to parallel
regional fault patterns and observed photo-lineations as could be
expected from the near-total absence of bedding planes and the
extreme brecciation of the bedrock.

Over 10 km of large trunk passage parallel the surface course
of the Caves Branch River. At one time it took the entire flow of
the river: extreme infilling blocked the original ponor entrance
causing both paragenesis in downstream portions of the caverns,
and development of numerous small conduits pirating surface
river water back to the trunk cave conduits (Fig. 1).

Integration of the small channels (karst inlets) transporting runoff
from the karst surface appears to have occured subsequent to
full development of the trunk conduits. Radiometric dating gives
a minimum age of 102 (+/-4) k.y. B.P. for this.
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Hydrology

The geomorphic events which led to the development of the
caverns have also created an anomalous hydrochemical response
in the allogenic conduits with resulting total hardness/discharge
correlation dependent upon seasonally specific restrictions. The
conduit was monitored at a karst window called the Boiling Hole
(Fig. 2).

Waters that fall directly upon the karst emerge as high-hardness
springs in the trunk conduit. They are morphologically distinct
from the channels that progressively pirate water from the Caves
Branch River sufrace channel in the polje. Dry season hydrologic
restraints upon the karst inlet springs contribute to a «normal»
situation where solute concentration is inversely related to
instantaneous flow. In the wet season, hydraulic restraints upon
the other spring-type (water pirated from the surface river) permit
it to be overwhelmed during storm-induced pulses of the cockpit-
source water. These phenomena allow construction of a mixing-
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model whose predicted hydrochemical output is excellently
correlated with that actually recorded. Throughout the flow range
of 0.6 to 10 m3/sec, the mixing model developed for this
phenomenon had a statistically significant R2 of 0.86.

Aquifer Interior

Analysis of the baseflow data from the Boiling Hole and from the
karst inlet springs enabled inferences to be drawn about the
interior of the karst aquifer. A pronounced delay in flow response
at the start of each wet season was determined to be the result
of replenishment of 4.5 x 10% m® of water storage depleted during
the dry season. This gave minimum estimates of 0.5-0.7 % for
tzhg porosity of the aquifer, with actual values probably closer to
-3 %.

Soil CO, measured in the area had average values of 0.6-0.7 %,
considerably lower than the 1.1 % mean PCO, observed in the
karst inlet springs. The large porosity of the aquifer could explain
much of this disparity as due to open system evolution within
the karst (Fig. 3); the excess is probably due to intra-aquifer
production of CO, from decay of organic debris commonly flushed
into the karst aquifer from the rainforest.

The mean discharge-weighted total hardness for the karst inlet
springs was“ 190 mg/L, and with the calculated annual runoff
gives a solution removal rate of 90 m3/km?2/yr.

Summary

The hundreds of water samples analyzed from the Caves Branch
have contributed to a clearer understanding of karst solution
processes in the tropics. Physical exploration of 40 km of cavern
pasage in the area was crucial to comprehension and modelling
of the aquifer.
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First contribution to the Knowledgment of the hydrogeology of the Sagada
karst area (Mountain Province-Philipphines)(1)

P.Forti® and G.Boccalon®®

° Istituto Italiano di speleologia — Via Zamboni 67 — Bologna — Italy
°° Gruppo Grotte Treviso

RESUM

Durant I'expedicio espeleologica «Sagada 85» es dugueren a terme una série d'investigacions hidrogeoldgiques i hidroquimiques
per a definir les direccions del fluxe hidric a I'interior de I'aqiifer carstic i per a estudiar possibles interconexions entre les coves
d’'aquesta regid.

En el present treball es fa una relacio dels primers resultats aconseguits, acompanyats d’un esquema hidrogeologic de I'area
carstica de Sagada.

RESUMEN

Durante la expedicion espeleoldgica «Sagada 85» se llevaron a cabo observaciones hidrogeoldgicas e hidroquimicas para definir
las direcciones del flujo en el interior del acuifero kdrstico y para probar las posibles interconexiones existentes entre las cuevas

de esta region.
En el presente trabajo se relacionan los primeros resultados y se exhibe ademds un esquema hidrogeoldgico del drea karsitca

de Sagada.
SUMMARY

During the speleological expedition «Sagada'85» hydrogeological and hydrochemical observations were carried out in order to
define the flow directions inside the karst aquifer and to test the possible interconnections existing between the caves of this region.

In the present paper the first acheived results are reported and a hydrogeological scheme for the Sagada karst area is also
put forth.

Sagada V [dye immission
[J|ceck point
karst ; ca:es and :pridngs o
undergroun rainage ir.
. & 220 mt. —flow dir
— |, cuifer boundary
MANILA ~" Irivers
“=. |largest sink holes
X<Ciprincipal caves
limestone
impervius formations

Introduction

In January 1985 some Caving Groups of the Veneto Speleologi-
cal Federation and of the Italian Speleological Society carried out
an expedition to explore the caves in the Sagada karst area
(Mountain Province, Philippines) (Balazs, 1973).

During that expedition the ltalian Institute of Speleology had
the possibility to make analyses and dye tracing experiments ant
to collect water samples to be analysed in its laboratory, in order
to define the hydrogeochemistry and the hydrogeology of that
area and also to test the interconnection between the several
caves already known and those found and explored for the first
time during the «Sagada '85» expedition.

In the present paper, after a short geological sketch of the
area under examination, the results acheived from direct observa-
tions and from the laboratory analyses are reported. Then a first
draft hydrogeological schema is put foth.

Geological sketch

The karst area of Sagada is about 20 km2 (see fig. 1) and
consists of limestones about 200 m thick and deeply affected by
tectonic mouvements, the principal of which are strike slips. Quite
all the caves are aligned along the principal fault which has a
direction N-S, as the sinkholes which are grouped in a narrow
strip (about 2 km in width) are elongated in the same direc-
tion.

(1) Research done during the «Sagada '85» expedition organised by Spe-
leological Groups of the Veneto Speleological and Italian Speleological So-
Fig.l Hydrogeological sketch of the Sagada karst aquifer ciety.
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The high karstification degree along this fault suggest the
existence of a principal underground river in which all the waters
of the karst aquifer were collected. Moreover, the limestone out-
crops bend towards the fault, thus supporting this hypothesis.

Authors (Deharveng, 1980) suggested that limestones repre-
sent a syncline structure, but we partially desagree with this
opinion, because the whole karst area underwent rigid stresses
which caused the high fracturation degree of the limestones,
while no evidence was found of plastic deformations.

Moreaver no horizontal strata have been observed along the
fault line.

Phisico - Chemical analyses

During the expedition, due to the very difficult conditions in
which we have to operate, only few analyses had the possibility
to be carryed out in the field

In fact only Temperature, pH, EH and conductivity measure-
ments have been done (see tab. 1).

Tab. 1 Data taken in the field. Number before the cave names -

are the samo of those in fig. 1

Caves Temperature pH EH Conductivity
°C mV siem/cm
1 Latan 20.5 807 275 157
8 Tangeb 175 762 220 250
8 Tangeb 2 185 752 227 189
10 Demang 2 17.0 805 194 239
11 Agoio ige 185 794 270 202
12 Ambasing 183 790 203 200
14 Sumagin 173 800 243 237
19 Tatatia an 215 705 250 356
23 Balangagan 215 743 210 351

Samples of water have been taken from all the principal check
points and then they were fully analised in the laboratory of the
Italian Istitute of Speleology at the end of the expedition (see
Tab. 2).

Tab. 2 — Chemical analyses of he water samples collected
during the «Sagada 85» expedition. Numbers before the cave
names are the same of those in fig 1. Concentrations in meqg/1.

Caves Ca++Mg++ Nat+ K+  Cl- S04= HC03- NO3-
1 Latan 15 0. 078 005 006 10 15 0015
12 Ambasing 19 04 109 006 010 15 23 0012
15 Sumagin 26 02 074 005 006 15 27 0010
20 Tataia an 37 01 146 015 020 24 34 0015

The results were plotted in a Schoeller diagrams (see fig. 2)
to visualize the chemical behaviour of these waters, which seem
to be similar each other.

Dye tracing test

To test the hypotesis of the existence of a single principal
underground river linking all the different caves of the area a
tracing experiment was carried out, dissolving 5.2 kgs of Uranine
in the water sinking (about 45 I/s) near Latan (1 in fig. 1), while
active coal have been placed in Sumaging, Tataia ann and Balana-
gan caves (15, 20 and 23 respectively in fig. 1).

About 34 hours after the its immission, the dye was clearly
visible in the Ambasing spring (12 in fig. 1) where the rice-fields
were completely flooded by the tracer, and in the river inside the
Agoio Inge cave (11 in fig. 1)

Coal samples from Sumaging, Tataia ann and Balanagan were
collected after a week and all proved to be positive, the dye
content lowering from Sumaging to Tataia ann and to Balanagan.
The hydrological connection of all the caves of the Sagada karst
area was thus demonstrated.
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Discussion

The tracing test clearly indicates that all the Sagada karst
area is drained by a principal subterranean river directly connects
all the caves along the N-S faults. The presence ot the uranine
both in the Ambasing and Balanagan springs suggest the presen-
ce of a diffluence in the subterranean river between Latan and
Ambasing. Infact the water springing in Ambasing do not have
the posibility to reach for a second time the karst aquifer because,
due to the structural and geological settlement of the area, an
impervious boundary is placed just between the Ambasing river
and the karst aquifer (see fig. 1). This is confirmed also by the
remarkable differences in chemical composition of the waters of
the Ambasing river and those of Sumanging (12 and 14 respecti-
vely in fig. 1): in particular the Mg content is very higher in
Ambasing and this difference cannot be explained if the Suman-
ging water was partially derived from that of Ambasing. The high
Mg content of the Ambasing spring with respect to all the other
analysed waters can be justified by the fact that to the Ambasing
spring contibute also two small river flowing over marls and clays
which allow magnesium concentration.

Flow rates inside the aquifer are sufficiently high so that the
presence of large storage basins or semipermeable sills can be
rejected, as that of sand or clay interstrata: quite all the water
sinking in Latan flows in a subterranean river, which we actually
know only for some short paths, to reach the Ambasing and
Balangang springs.

The difference.in the observed tmeperatures have to be related
to local inlets of waters from the sruface which more or less
affect the temperature of the underground stream. The same can
be said of the pH and the EH which are deeply influenced by
the humic acids and other organic substancies brought inside
the system by metheoric waters.

The calcium carbonate content, as that of Sulfates, fallow a
normal trent of increase from the sinking to the spring, while the
conductivity shows differencies probably due to the same factors
affecting temperatures, pH and EH values.



The low nitrate content found in all the analysed waters proves
that actually no deep pollution problems arise even if it is still
normal to bury the deasd just in the cave entrance and often in
direct contact with the flowing water.

Conclusions

The expedition «Sagada 85» allowed the definition of the boun-
daries of the karst aquifer, which showed to be single. Moreover
the result of the tracing test has been very usefull to define the
hydrodynamic of the system and the flow directions inside the
aquifer.

On the other hand the chemical analyses, even if usefull,
cannot be suficient to describe fully the chemical behaviour of
the Sagada karst aquifer.

Therefore in the next future we have the intention to make

sytematic chemical analyses in order to solve also this pro-
blem.
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Les échanges carboniques au niveau du drainage karstique majeur -
Comparaison entre les rivieres souterraines des Vitarelles (Lot, France) et de
Remouchamps (Liege, Belgique)

Philippe Renault et Camille Ek

RESUM

L'any 1982, Renault va presentar un model de transferéncies carboniques endocarstiques entre la superficie i I'aquifer. Ell
considera que la superposicid d'una zona pedologica productora de CO, amb una zona seca amb contenidors elevats del Lot i
d'altres cavitats situades a un nivell superior de I'aqliifer (zona de contacte i intercanvis entre I'atmosfera subterrania i I'aquyifer)
determina dos tipus de perfils de les variacions de la pCO, a les galeries recorregudes per un riu subterrani corresponent a un
major drenatge: (1) les pCO, a nivell del riu subterrani sén inferiors a les pCO, de la zona seca subjacent quan aquesta Ultima esta
mal ventilada (per exemple els rius subterranis del Lot); (2) pCO, decreixents, aigies avall del riu subterrani, i superiors a la mitja
de la zona seca a l'exterior i, en el segon cas, una aportacié de CO, per part de I'aquifer. Es tracta de situacions tipus, resultants
dels caracters del sistema carstic local, interpretable en funcié del sistema d’observacid, a partir de I'estructura morfosedimentaria
del massis i del sistema meteohidrologic corresponent.

RESUMEN

Anteriormente ha sido presentado un modelo de transferencias carbdnicas endokdrsticas entre la superficie y el aquifero (Renault,
1982). El, considera la superposicion de una zona pedoldgica productora de CO2, de una zona seca con contenidores elevados en
el Lot, y cavidades a un nivel superior del acuifero donde el régimen de cambios en el contacto atmdsfera subterrdnea acuifero,
determina 2 tipos de perfil de variaciones de la pCOZ2 en las galerias reseguidas por un rio subterrdneo correspondiente a un mayor
drenaje: (1) los pCO2 a nivel del rio subterrdneo son inferiores a los pCO2 de la zona seca subyacente, cuando esta ultima estd
mal ventilada (por ejemplo rios subterrdneos del Lot) (2) pCO2 decrecientes hacia el tramo aguas abajo del rio subterrdneo, y
superiores a los promedios de pCO2 de la zona seca subyacente. En primer caso hay transferencia de CO2 de la zona seca al
exterior y en el segundo caso, aporte CO2 por el acuifero. Se trata de situaciones—tipo resultantes de los caracteres del sistema
kdrstico local, interpretable, en funcion del sistema de observacion, a partir de la estructura morfo—sedimentaria de macizo y del
sistema meteohidrolégico correspondiente.

RESUME

Un modeéle des trasferts carboniques endokarstiques entre la surface et I'aquifére a été présenté antérieurement (Renault 1982).
Il considere la superposition d'une zone pédologgique productrice de CO,, d'une zone séche a teneurs élevées dans le Lot, et de
cavités au niveau supérieur de I'aquifére ou le régime des échanges a l'interface atmosphére souterraine/aquifére détermine 2 types
de profil des variations de la pCO, dans les galeries suivies par une riviére souterraine correspondant a un drainage majeur: (1) les
pCO, au niveau de la riviere souterraine sont inférieures aux pCO, de la zone séche sus—jacent, lorsque cette derniére est mal
ventilée (par exemple riviéres souterraines du Lot), (2) pCO, décroissantes vers l'aval de la riviere souterraine, et en moyenne
supérieures aux pCO, de la zone séche sus—jacente. Dans le 1° cas il y a transfert du CO, de la zone séche vers I'extérieur, et,
dans le 2° cas, apport de CO, par l'aquifére. Il s'agit de situations—type résultant des caractéres du systéme karstique local, a
interpréter, en fonction du systéme d'observation, a partir de la structure morpho—sédimentaire du massif, et du systéme météohydrolo-
gique correspondant. '
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Structural, lithologic and hydrologic controls on cave development at Friars
Hole System, West Virginia, USA

S.R.H. Northington
RESUM

El Frias Hole System, amb 67 km. de galeries, és el sistema de coves més llarg que es coneix a la serralada dels Apalaches.
La cova s'obre en una seqliencia de calcaries de 200 m. de gruix amb capes més petites d'esquists i dolomies, que cabussen
suaument cap el N.O. Distingirem tres tipus genétics de galeries a la cova. Les galeries de I'entrada presenten una inclinacio
descendent i es van formar a la zona vadosa. Les galeries d'enllag comuniquen les entrades amb els drenatges principals i son
normals a aquests darrers. Els drenatges principals estan orientats segons les fractures, amb poca inclinacié i desenvolupats
justament a sota la superficie piezométrica. Hom les troba sovint en el punt d'interseccié d'una falla invertida amb un o dos dels
plans d'estratificacié de la calcaria basal. La zona de fractura de les falles ha modificat els models de dissolucid, originant amplies
cavitats, que suposen el 30 % del volum de la cova. Els sediments silici-clastics dels sols dels corredors impedeixen la dissolucié
de nivells inferiors, de tal manera que la circulacié queda relegada a una zona molt per damunt de la superficie piezométrica.

RESUMEN

El Frias Hole Sistem, con 67 km. de galerias, es el sistema de cuevas mds largo conocido en los Montes Apalaches. La cueva
esta desarrollada en una secuencia de calizas de 200 m. de grosor con espesores menores de esquistos y dolomias, que buzan
ligeramente hacia el Nor-oeste. Se reconocen tres tipos genéticos de galerias en la cueva. Las galerias de entrada presentan gran
inclinacion hacia abajo y se formaron en la zona vadosa. Las galerias de enlace unen las entradas con los drenajes principales y
son normales a estos Ultimos. Los drenajes principales estan orientados segun las fracturas, con escasa inclinacion y desarrollados
justo debajo de la superficie piezométrica. Se les encuentra frecuentemente en el punto de interseccion de una falla inversa, y uno
0 dos planos de estratificacion de la caliza basal. La zona de fracturacion de las fallas ha modificado los modelos de disolucion
resultando amplias cavidades que suponen el 30 % del volumen de la cueva. Los sedimentos silicicldsticos en los suelos de los
corredores impiden la disolucion en niveles inferiores, de tal modo que la circulacion queda colgada muy por encima de la superficie
piezométrica.

SUMMARY

Friars Hole System, with 67km of passage, is the longest known cave system in the Appalachian Mountains. The cave is
developed in a 200m thick sequence of limestones, with minor shales and dolomites, which dip gently to the north-west. Three
genetic types of cave passage are recognised. Inlet passages are high-gradient, downdip, and were formed in the vadose zone.
Linking passages integrate the inlets with the main drains, and are normal to the latter. Main drains are strike-oriented, low gradient,
and developed just below the piezometric surface. They are frequently found at the intersection of a thrust fault and one of two
bedding planes in the basal Union Limestone. Breakdown on thrust faults has disrupted solution patterns, resulting for several large
voids which account for 30 % of the cave volume. Siliciclastic sediments on passage floors inhibit downward solution, causing
streams to be perched far above the piezometric surface.

1081
Les systéemes karstiques des Alpes Ligures (Italie Occidentale)
Gilberto Calindri
G. S. Imperiese CAl
RESUM

Exposicid sintetica dels carsts dels Alps Ligurs: hi destaquem els caracters litologics i tectonics, el paper de les glaciacions
quaternaries i la morfologia carstica actual.
Es tracta de definir una tipologia dels sistemes hidrologics carstics en funcié del seu grau d'organitzacid, de les condicions
d'alimentacio i, especialment, de les dades hidroquimiques. Mesurem també, particularment, les taxes de disolucid total.

RESUMEN

Exposicidn en sintesis de los karsts de los Alpes Ligures: se destacan los cardcteres litoldgicos y tectdnicos el papel de las
glaciaciones cuaternarias y morfologia kdrstica actual.
Se trata de definir una tipologia de los sistemas hidroldgicos kdrsticos en funcion del grado de organizacion, de las condiciones de
alimentacion y especialmente de los datos hidroquimicos. Particularmente se miden las tasas de disolucion total.

RESUME

Exposé synthétique des karsts des Alpes Ligures: ont souligne les caracteres lithologiques et tectoniques, le role des glaciations
quaternaires et l'actuelle morphologie karstique.
On essaye de dégager une typologie des systémes hydrologiques karstiques en fonction du degré d'organisation, des conditions
d'alimentation et surtout des donneés hydrochimiques. En particulier ont fait I'objet de mesures les taux de dissolution totale.
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Le probléme des fontaines intermittentes précisé dans une perspective
systémique.

Philippe Renault

RESUM

Les intermiténcies carstiques van intrigar els naturalistes fins el segle XIX, per esdevenir més tard simples curiositats, episodica-
ment estudiades arran d’algun estudi hidrogeologic.
L'explicacié de les intermiténcies sempre ha tingut com a referencia una maquina hidraulica simple (sifé, presa d'aire, campana
barometrica,...), pero I'existencia d'aquests dispositius no ha estat mai observada, funcionalment, en el transcurs de cap exploracio
de la xarxa subterrania, riu amunt. Les recents descripcions espeleoldgiques de la zona seca i de la zona inundada, porten a la
revisié d'aquest fenomen, dins d'una perspectiva sistematica.
Els caracters hidraulics i geomorfoldgics de les sorgéncies intermitents, obliguen a una analisi dels fendmens de contacte entre les
zones seca i inundada, a partir de les variacions del cabal i del ritme d'emisid de les bosses d'aire que solen acompayar—los freqtient-
ment.

RESUMEN

Las intermitencias kdrsticas han intrigado a los naturalistas hasta el siglo XIX, después fueron consideradas como simples
curiosidades, episddicamente estudiadas a propdsito de un estudio hidrogeoldgico.
La explicacion de las intermitencias, siempre se ha referido a una madquina hidrdulica simple — sifén, toma de aire, campana
barométrica ..... -, pero la existencia de estos dispositivos no ha sido jamds observada, funcionalmente, en el curso de una exploracion
de la subterrdnea rio arriba. Las recientes descripciones espeleoldgicas, en la zona seca y en la inundada conducen a una revision
de este problema dentro de una perspectiva sistematica. Los caractéres hidrdulicos y geomorfoldgicos de las surgencias intermitentes
inducen a un andlisis de los fendmenos de contacto entre zona seca e inundada a partir de las variaciones de caudal y del ritmo
de emision de las bolsas de aire que las acomparan frecuentemente.

RESUME

Les intermittences karstiques ont intrigué les naturalistes jusqu’au XIX° siécle, puis furent considérées comme simples curiosités,
épisodiquement étudiées & propos d'une étude hydrogéologique.
L'explication des intermittences s'est toujours référée a une machinerie hydraulique simple, —siphon, prise d'air, cloche barométri-
que,...—, mais l'existence de ces dispositifs n'a jamais été observé, fonctionnel, au cours d’'une exploration du réseau souterrain
amont. Les descriptions spéléologiques, dans la zone séche et plongée, conduisent & revoir ce probléme dans une perspective
systémique. Les caractéres hydrauliques et géomorphologiques des émergences intermittentes induisent une analyse des phénoménes
d'’interface entre zones séche et noyée & partir des variations de débit et du rythme d’émission des bulles d’air qui accompagnent
le plus souvent celles-ci.

10106
Recent geohydrological studies at Crowsnest Pass, Alberta, Canada
S.R.H. Worthington
Department of Geography, McMaster
University, Hamilton, Ontario, Canada.
RESUM

Crowsnest Pass és una profunda fractura a través de carbonats massius del Paleozoic Superior. El drenatge de direccid, orientat
cap a la collada, ressorgeig en dues sorgencies principals (Crowsnest Spring i Ptolemy Spring) i en varies sorgéncies menors. La
coloracic inicial indica velocitats de transit molt més accentuades cap a Crowsnest Spring que no pas cap a Ptolemy Spring (100
my/h i 16 m/h, respectivament). Malgrat tot, i paradoxalment, la variacié diurna de la descarrega és molt superior en I'dltima sorgéncia.
Les caracteristiques de I'aquiifer es troben en fase d'investigacid, utilitzant-se, a tal efecte, fluorometria, hidrologia d’isdtops, quimica
de l'aigua i variacions de la descarrega.

RESUMEN

Crowsnest Pass es una profunda fractura a través de carbonatos masivos del Paleozoico Superior. El drenaje de direccién
orientado hacia el collado, resurge en dos surgencias principales (Crowsnest Spring y Ptolemy Spring) y en varias surgencias
menores. La coloracion inicial ha revelado velocidades de trdnsito mucho mayores hacia Crowsnest Spring que hacia Ptolemy Spring
(100 m/h y 16 m/h. respectivamente), sin embargo, paraddjicamente la variacién diurna en descarga es mucho mayor en la ultima
surgencia. Las caracteristicas del acuifero estdn siendo investigadas normalmente, usando fluorometria, hidrologia de isétopos,
quimica del agua y variaciones de la descarga.

SUMMARY

Crowsnest Pass is a deep breach through massive Upper Paleozoic carbonates. Strike-oriented drainage towards the pass
resurges at two major springs (Crowsnest Spring, Ptolemy Spring) and at several minor springs. Initial dye tracing has revealed
much higher flow velocities to Crowsnest Spring than to Ptolemy Spring (100m/hr and 16m/hr respectively), though, paradoxically,
the diurnal variation in discharge is much greater at the latter spring. Aquifer characteristics are currently being investigated, using
fluorometry, isotope hydrology, hydrochemistry and discharge variations.
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Diffuse flow and conduit flow in the Greenbrier Limestone at Locust Creek,
West Virginia, USA

S. R. H. Worthington

Department of Geography, McMaster University, Hamilton, Ontario,
Canada.

RESUM

Les dades recollides diariament al col-lector carstic de Locust Creek, han estat analitzades i han demostrat que els corrents
rapids constituien el 68 % de la descarrega anual. Es va deduir que I'acumulacio de la circulacié de base de la zona difusa havia
de ser 900 vegades més gran que el volum dels conductes submergits, mentre que I'acumulacio a la zona vadosa era 75 vegades
més gran. .

Els célculs efectuats han fixat una capacitat d'emmagatzement de la zona difusa de 0,028 i una transmisivitat de 457-2139 m°®
segons el grau de pressid superficial. Els célculs sobre la conductivitat hidraulica de la zona difusa han donat uns valors de I'ordre
de 22-97 m. per dia o bé de 88 — 412 m. per dia, segons si considerem una conductivitat hidraulica constant a I'interior de I'aquiifer
o bé que aquesta va disminuint de forma exponencial amb la profunditat. Es va calcular un factor de friccié de 63, a partir de la
cavitacio i de les dades referents a la circulacid del vei sistema de Friars Hole. Aixé ha permés de fer estimacions sobre la importancia
relativa de la circulacid per conductes i de la circulacié difusa de I'aquifer. Val a dir que la circulacié per conductes comprén del
80 % al 90 % del cabal total.

RESUMEN

Los datos enviados cotidianamente del colector kdrstico de Locust Creek, se analizaron y mostraron que las circulaciones
rdpidas constituian el 68 % de la descarga anual. Se estimd la acumulacion de la circulacion de base en la zona difusa ser de 900
veces el volumen de los conductos sumergidos, mientras que la acumulacion en la zona vadosa era 75 veces mayor que la ultima.
Los célculos han dado una capacidad de almacenaje de la zona difusa de 0,028 y una transmisibilidad de 457-2139 m® por dia,
segun el nivel de presion de la superficie. Los célculos de la conductibilidad hidrdulica en la zona difusa han dado 22-97 metros
por dia o bien 88-412 metros por dia, segun se considera una conductibilidad hidrdulica constante en el interior del acuifero o que
esto disminuya de forma exponencial con la profundidad. Se calculd un factor de friccion de 63 a partir de la cavitacion y las
medidas de circulacion partiendo del vecino sistema de Friars Hole. Esto permitio hacer estimaciones sobre la importancia relativa
de la circulacion por conducto y difusa en el acuifero, con conductos que comprenden 80 a 90 % del caudal total.

RESUME

Les donnés envoyées quotidiennement, du collecteur karstique de Locust Creek furent analysées, et ont montré que les
écoulements rapides composaient 68 % des envois annuels. L'accumulation de I'écoulement de base dans la zone diffuse se révéla
étre 900 fois le volume des conduits submergés, tandis que I'accumulation dans la zone «vadose» était 75 fois égale a la derniére.
Les calculs ont donné une storativité de la zone diffuse de 0.028 et une transmissibilité de 457-2139 m® par jour, selon le niveau
de pression de la surface. Les calculs de la conductibilité hydraulique dans la zone diffuse ont donné 22-97 metrés par jour ou
88-412 metres par jour, selon que I'on considére un conductibilité hydraulique constante a l'intérieur de I'aquifére ou que cela
diminue de maniére exponentielle avec la profondeur. Un facteur friction de 63 fut calculé a partir des vagues d’erosion et les
mesures d'écoulement a partir du proche systeme de Friars Hole. Ceci permit que des estimations soient faites sur I'importance
relative de I'ecoulement conduit et diffus dans I'aquifiere, avec des conduits comprenant 80 a 90 % du débit total.

10299

Some recent advances in karst water tracing in the Canadian Rockies

C.C. Smart
Department of Geography, University of Western Ontario, Canada.

RESUM

S’ha dut a terme un programa de coloracid de I'aigua dels aquiifers carstics de les Canadian Rockies amb el propdsit d'identificar
l'estructura de I'aqiifer. S'han utilitzat métodes d'hidrologia fisica, fluoresceina, isotops i coloracié termal, que s'han fet servir per
a generar estructures aquiferes hipotétiques que puguin ésser emprades en el desenvolupament de models de base fisica.

RESUMEN

Se ha efectuado un programa de coloracién del agua en los acuiferos kdrsticos de las Canadian Rockies con la intencién de
identificar la estructura del acuifero. Se han empleado métodos de hidrologia fisica, fluoresceina, isétopos y coloracion termal y se
han utilizado para generar estructuras acuiferas hipotéticas que pueden ser empleadas en el desarrollo de modelos de base fisica.
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SUMMARY

A programme of water tracing in karst aquifers of the Canadian Rockies has undertaken with the intent of identifying aquifer
structure. Physical hydrology, fluorescent tracing, isotopic tracing and thermal tracing have been employed, and have been used to
generate hypothetical aquifer structures which may be used the development of physically based models.

Introduction

Karst groundwater flow is predominantly controlled by the
form of the conduit network which is unique to each karst aquifer.
Techniques allowing the identification of the conduit network are
therefore fundamental to the study of karst hydrogeology. A
programme of water tracing has been initiated in the Canadian
Rocky Mountains with studies made in the Castleguard Karst of
Banff National Park (Ford 1983), and the Maligne Karst of Jasper
National Park (Brown 1972) in the Canadian Rocky Mountains,
and also in Glacier National Park in the Columbia Mountains (Ford
1969). These aquifers are suitable for such an investigation
because they are dominated by conduit flow, have very rapid
groundwater velocities, and great variations in flow regime over
a short season.

Methods used were primarily physical hydrology and
fluorescent tracing, with isotopic tracing, hydrochemistry and
thermal tracing as minor methods. Regular diurnal floods with
short term storm events superimposed on a six month melt season
allows efficient application of flood pulse methods (eg. Ashton
1966). Fluorescent tracers were those recommended by Smart
and Laidlaw (1977). Samples were collected by automatic water
sampler or were analysed directly using continuous flow
fluorometry. The tracer breakthrough curves were evaluated on
the systematic basis proposed by Smart and Ford (1982). In order
that this scheme may be applied, other processes must be
insignificant. In particular, the tracer must be truly conservative
and the breakthroug curve defined without error. Measurements
of Rhodamine dyes were corrected to a standard temperature,
and all traces were standardised to a one kilogramme injection.

P. Smart (1981) has demonstrated the need for replicate
tracing, not only to confirm the reliability of the breakthrough
curves, but also to document changes in system performance
under different flow conditions. Twelve traces were made at
Castleguard to a sample of six springs out of some 80, along
with measurements of discharge, carbonate and deuterium ratios.
In a continuation of this work, four traces have been made at
Maligne to 15 springs to supplement previous work by Brown
(1972), and Kruse (1980). Not only does discharge effect tracer
results, but short term changes in discharge are also important.
The Cascade Karst System in Glacier Park has very rapid
groundwater velocities and diurnal flow variations, and 57 traces
were made here to study the effect of unsteady flow. The
Castleguard results have been most fully interpreted, while the
Glacier Park and Maligne data remain preliminary.

4.0, MSECG
=
g
=
§ S
: g
e £
0.0 Qim0
4.0, MSSBS
iy
£
§ :
g g
g £
° v
0.0 35
2/8 Date On and Dote Off

-~

. Breakthrough curves defined by grab sampling and continuous flow fluorometry
on closely related springs. The bimodal breakthrough curve has not been detected
in the first case.

Results

Improvements in field fluorometric techniques are a major
outcome of these studies. The rapid travel times of tracer dyes
in alpine karst have led to the adoption of high precision,
continuous flow fluorometry as the preferred means of analysis.
Figure 1 shows the loss of information caused by an inadequate
sampling frequency. In Glacier Park, both Rhodamine Wt and
Fluorescein were used in simultaneous traces, with groundwater
velocities of some twa kilometres per hour. Continuous fluorometry
was essential, but two fluorometers and chart recorders were
necessary. The records of the 57 traces then had to be digitised
from several tens of meters of chart paper, an inefficient process.
Most recently, at the Maligne karst, a data logger has been
attached to a continuous flow fluorometer. This allows precise
calibration, very high frequency sampling and averaging,
automatic temperature correction, digital data storage and
electronic recovery of the breakthrough curve data. These
advantages are only at some cost; the instruments are expensive,
and logistically demanding. Routine point-to-point tracing, or
aquifers with more normal flow-through times are best approached
with more conventional techniques.

As an example of the development of underground linkages,
figure 2 shows a series of traces from Castleguard which suggest
a bifurcation in the flow route becoming more strongly
differentiated as discharge falls. Under the lowest flow conditions,
tracer dye has been stored in one route until it is flushed out on
a subsequent trace. P. Smart (1981) treats this condition more
fully. However, further traces under similar conditions failed to
produce the expected bimodal breakthrough curve, suggesting
that this is actually an unsteady flow phenomenon.

Discharge

Concentration

STORAGE AND DELAY

.‘(\0
« BIG SPRING

2. Breakthrough curves from a single spring under four different flow conditions
show progressive separation of two peaks.

Castleguard and Maligne karsts both exhibit numerous
springs, all of which are distributaries to a major system.
Breakthrough curves at these springs show a spatial auto-
correlation which reflects the network of distributary conduits
feeding them. Springs draining a single conduit show similar
breakthrough curves, while less closely related outlets have
different breakthrough curves. A means of differentiating spring
«families» is to evaluate the following function and to plot it against
system discharge:
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R is the dimensionless Distribution index

J C, Q, dt is the tracer mass recovered at spring i,

M is the mass of tracer injected,

J Q, dt is the volume of discharge at a single spring (i) over the
breakthrough period

Z/Q, dt is the total volume of discharge of the system over the
breakthrough period.

Flow conditions should be steady during the test, in which
case the average discharge may be used rather than the integrals.
Figure 3 shows a rough plot of R versus system discharge at
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3. Dimensionless tracer distribution index is used to indicate the distribution of
tracer recovery and the relationship between distributary springs.

Castleguard. In a perfect distributary system with complete
recovery, all the points should have R equal to one. There is poor
recovery of the tracer under high flow. Either some tracer is
destroyed, or a large amount passes out through an unmonitored
outlet, which is quite possible given the large number of springs.
Under low flow conditions, Tangle Spring and Artesian Spring
show over-recovery compared to the other springs, showing that
the preferential tracer route changes whith discharge.

Frost
Pot

Meadows
Karst Underflow

— Waterflow
---= Airflow

Spring

Castleguard

Lateral » Spring

Aquifer

4. A preliminary structural model of a part of the Castleguard karst aquifer, based
on tracer data.
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Discussion and conclusion

Space does not permit more full presentation of results, but
Figure 4 shows structural interpretation of the tracer studies on
a quasiautonomous aquifer lying beneath the data from
Castleguard. Figure 5 shows a structural interpretation of tracer
Castleguard Meadows. A full account of this work is given in
Smart and Ford (1986).
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5. A preliminary structural model of the Meadows Aquifer in the Castleguard Karst
based on tracing, physical hydrology, and carbonate and deuterium chemistry.
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The structural networks derived from field data are not to be
regarded as final statements, rather they shoul be considered as
intermediate hypotheses amenable to subsequent testing. This
can be done both through further field work, and by the
development of simulation models. In any case, the methods
employed move the karst hydrologist closer to a more accurate
understanding of the nature of the karst aquifer.
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Aspects of Karst erosion in the Venetian Prealps

RESUM

Ugo Sauro & Mirgo Meneghel

Dipartimento di Geografia del I'Universita di Padova

El comunicat tracta d’'un treball d'investigacio de I'erosio quimica de 19 conques de sorgéncies carstiques dels Pre-alps venecians

(Italia)

Basades en dades quimiques, climatiques i hidroldgiques, es valora I'escala de variacions de I'erosio quimica en el medi estudiat.

RESUMEN

El comunicado trata de un trabajo de investigacion de la erosién quimica de 19 cuencas de surgencias Karsticas en los Prealpes

Venecianos (Italia).

Basados en datos quimicos, climéticos e hidroldgicos, se valora la escala de variaciones de la erosion quimica en el medio

ambiente estudiado.

SUMMARY

The paper deals with a research work on chemical erosion of 19 karstic springs basins in the Venetian Prealps (ltaly).
On the base of chemical, climatical and hydrological data the variations range of chemical erosion in the studied environments

is evaluated.

This paper describes research aiming at evaluating chemical
erosion in the Venetian Prealps, on the basis of analysis of waters
from some karstic springs. Until now in Italy only a few publications
have illustrated research in this field, which is often only mentioned
within the framework of other investigations (1).

A deeper presentation of the results of this research has
already been reported elsewhere (2).

This research examined 19 springs in the Venetian Prealps
between Lake Garda and Val Cellina (fig. 1). These springs, with
sometimes very different average discharges ranging between
0.1 and 6000 litres/second and showing a relatively large range
of water temperature values, represent a significant sample of
the environmental situations most commonly encountered in the
Venetian Prealps.

o

MARE
ADRIATICO

Fig. 1 —Location of the examined springs in the Venetian Prealps. The numbers are
the same as in the following figures.

Data collection covered a period of about 3 years, from 1981
to 1984, during which the chemical analyses of about 500 water
samples were carried out in situ using portable (Hach) kits. Other
more complete analyses were carried out sporadically and only
for some springs in the Laboratory of Physical Geography of the
Department of Geography of the University of Padova, using a
water analysis spectrophometer (Hach DR-EL 2).

Data from more than 200 analyses from three of the springs
examined were also desumed from the literature (3, 4).

The rate of karst erosion was calculated for each basin on
the basis of the data from each spring. The following simplified

formula, which does not take ion and molecule concentration of
rainfall water into account, was used:

R'M
d

in which:
E = karst erosion in m3/km?/year

R = mean annual surplus (average depth of water subject to

run-off, expressed in metres: e.g., 0.451 m)

M= mean total hardness of water, expressed as mg/l of

CaCo,
d = mean density of rock (e. g.: 2.5).

The values of karst erosion for the 19 springs vary between 12

and 83 m3/km?/year, with a mean of 52.3 m3/km?/year.

In order to evaluate the influence of some environmental
parameters on the chemical and physical characteristics of the
waters and thus on the extent of chemical erosion, possible
correlations were examined. In particular, the following
environmental variables were compared: median altitude of the
basin; mean annual air temperature; annual precipitation; annual
potential ~ evapo-transpiration  with the following water
characteristics: discharge, total hardness, dissolved CO,, mean
temperature. Possible interrelations were also sought between
the last two parameters.

Some climatic features of the Prealp areas examined here are
illustrated in fig. 2, which shows that mean annual temperatures
decrease with altitude according to a mean gradient of —0.63°C
every 100 m; precipitation increases with altitude, ranging from
approximately 850 mn/year at altitues of about 100 m a. s. |. to
about 1600 mn/year at about 1300 m. It should be remenbered
that the Venetian Prealps, as the first series of reliefs north of
the Venetian plain, are often subject to orographic precipitations,
which are particularly abundant at higher altitudes.

Potential ~evapotranspiration (calculated according to
Thornwaithe's method) for the three stations chosen as
representative of various altitude belts in the Prealp environment,
shows values decreasing from 700 mm/year in the foothill belt
to 500 mm/year at 1100 m and then to 100 mm/year at 1700 m
(all approximate figures). Water surplus thus increases with
altitude, as shown by the values from the three stations, i. e.,
about 200, 900 and 1700 mm respectively.

In order to show better the influence of climate on karst water
properties, we considered not so much the actual altitudes of
the springs, but the median altitudes of their drainage basins,
defined on the basis of geomorphology and hydrology.
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Fig. 2 —Correlation of some physical variables in the Venetian Prealps against altitude:
1) regression line of the mean annual air temperature in centigrades from the data
of eleven stations (symbol +);

2) regression line of average temperature of the examined spring waters (symbol
O; median basin elevation taken);

3)average annual precipitations;

4)potential evapotranspiration.

For a given elevation the difference in mm between the lines 3 and 4 is the water
surplus.

Fig. 2 also shows water temperatures in relation to median
altitudes of the respective basins. The mean gradient turned out
to be —0.34°C every 100 m- clearly less than that of the mean
annual air temperature.

The variables among which interdependence was shown are
briefly considered here. The mean content of CO, in the water
turned out to depend on the median altitude of the drainage
basin (it should be noted how CO, values decrease with increasing
altitude, so that, over 1000 m, the quantity of dissolved CO, is
reduced to about one-third)

Total hardness values also decrease from about 245 mg/| at
low altitudes to about 140 mg/l higher up.

As regards chemical erosion, this clearly increases with
altitude, varying from about 25 m3/km?/year at lower altitudes, to
about 70 m3/km?/year higher up (Fig. 3). This variation is caused
by the strong increase in surplus water with altitude, which is
prevalent with respect to the reduction in hardness. Our values
of chemical erosion in the Venetian Prealps agree with those in
the literature for medium-latitude karst areas, both in ltaly (5, 6,
7, 8, 9) and elsewhere (10, 11).
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Modeling karst aquifer response to rainfall

RESUM

Winfield G. Wright
Virginia Polytechnic Institute & State University, Blacksburg, USA.

Un model d'element finit (anomenat HYDMATCH) pren dades hidrografiques conegudes de surgéncies d'aqiiifers carstics com
a resposta a la pluja i genera una relacié de regressio lineal de conductivitat de fractura cap al gradient potencial del sistema.
L'excés de pluja en forma d'energia potencial en engolidors i subconques es consumeix com a un element puntual i sofreix una



translacié cap a un element finit d'una dimensié engranatge fins a I'iltim nus, el qual representa la sorgéncia carstica. Una equacio
de circulacié per fractura, derivada de I'equacié de Navier-Stokes, determina la carrega de la surgéncia, utilitzant conductivitats de
fractura a partir de I'equacid de regressio i el gradient potencial del MESA.

Aspectes que precisen d'una millora encaminada a I'obtencidé d’'un model més precis de circulacid de I'aigua subterrania en els
aquiifers carstics son: una estimacio fiable de I'excés de pluja, una millor estimacio del fluxe de base i les condicions precedents
de I'aqiifer carstic. El model ha estat sotmeés a un test aqui, en un petit aquifer carstic, pero si la utilitat del model es provés en
aquiifers més grans, els resultats podrien acostar-se més al percentatge-wise de les actuals descarregues del sistema. Els models
d’aquest tipus podrien ésser utils, aleshores, per a predir descarregues d'inundacié i el temps de pas de contaminants en els
aquiifers carstics.

RESUMEN

Un modelo de elemento finito (lamado HYDMATCH) toma datos hidrogrédficos conocidos de surgencias de acuiferos karsticos
como respuesta a la lluvia y genera una relacion de regresion linear de conductividad de fractura hacia el gradiente potencial en
el sistema. El exceso de lluvia en forma de energia potencial en el sistema. El exceso de lluvia en forma de energia potencial de
sumideros y se entra como elemento puntual y sufre una traslacion hacia un elemento finito de una dimension engranaje hacia el
ultimo nudo, el cual representa la surgencia kdrstica. Una ecuacion de circulacion por fractura derivada de la acuacion de Navier-Stokes
determina la carga en la surgencia utilizando conductividades de fractura a partir de la ecuacion de regresion y el gradiente potencial
del MESA.

Zonas que precisan una mejora en orden a obtener un modelo més preciso de circulacion de agua subterrdnea en los acuiferos
kdrsticos son: una estimacion fiable del exceso de lluvia, una mejor estimacion del flujo de base y las precedentes condiciones del
acuifero, asi como el conocimiento de los limites de la cuenca del acuifero kdrstico. El modelo se ha sometido a un test aqui, en
un pequerio acuifero karstico, pero si la utilidad del modelo se probara en acuiferos mayores, los resultados podrian estar mds
cercanos al percentage-wise a las actuales descargas del sistema. Los modelos de este tipo podrian ser utiles entonces para
predecir descargas de inundacion y tiempos de paso de contaminantes de acuiferos karsticos.

SUMMARY

A finite-element model (called HYDMATCH) takes known spring hydrograph data from a karst aquifer in response to rainfall and
generates a linear regression relationship for fracture conductivity versus potential gradient in the system. Rainfail excess in the
form of potential energy from sinkholes and sub-basins is input to element nodes and routed down a one-dimensional finite-element
mesh to the last node, which represents the karst spring. A fracture-flow equation derived from the Navier-Stokes equation determines
discharge at the spring using fracture conductivities from the regression equation and potential gradient in the last element of the
mesh.

Areas in need of improvement in order to accurately model ground-water flow in karst aquifers are: a reliable estimate of reinfall
excess, a better estimation of baseflow and antecedent aquifer conditions, and the knowledge of the karst aquifer catchment
boundaries. The model was tested here on a small karst aquifer but if the performance of the model was tested on larger aquifers,
the results may be closer percentage-wise to the actual discharges from the system. Models of this type may then be useful to

predict flood discharges and contaminat travel times in karst aquifers.

Introduction

The hydraulic parameters (permeability and storage) of karst
aquifers have been determined by applying the Theis equation
to the recession curves of spring hydrographs (Tobarov, 1976).
Problems using this method arise due to different linear segments
of the log-log recession curve. White (1969) used the base-flow
recession curve to determine drainage basin coefficients
(discharge ratio, exhaustion coefficient, and response time).

Digital modeling has potencial for the evaluation of karst
aquifer parameter analysis. Thrailkill (1974) adopted equivalent
pipe-flow systems to predict flow directions and head distribution
within a karst system using the finite-difference method. Few
efforts have succeeded in simulating response of springs to
recharge due to rainfall in karst areas.

The objective of this paper is to present a model simulating
rainfallr-runoff and spring discharges in karst areas. Overland flow
is modeled using equations approximating rainfall-runoff on a
sloped surface. The characteristics of karst spring hydrographs
are used to estimate the hydraulic parameters of karst aquifers.
Introduction of excess rainfall and propagation of storm pulses
through the fractured-aquifer system are modeled using the finite-
element method. A finite-element model was constructed that
determines representative fracture conductivities—— using an
equation for fluid flow through a fracture-of karst aquifer by
iterating fracture conductivity in the system until the hydrograph
from a known rainfall event is matched. A linear regression
equation is established for potential gradients in the karst aquifer
system versus fracture conductivities. The model is verified by
comparing known spring hydrograph discharges from another
rainfall event to modeled discharges for that rainfall event.
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Hydraulics of karst aquifers

Karst aquifers causing the most theoretical difficulties in
paramete evaluation are aquifers which are dominated by fissures
and conduits. Conduits transmitting ground water are fractures
with different widths, different shapes, differing dregees of
sinuosity, varying sized pools, and conduit constrictions. The
composite spring hydrograph is representative of the rainfall on
different area subbasins and flow through combinations of above
and below ground characteristics.

Representing all these caracteristics in a conceptual model
for karst aquifer response to rainfall is a problem. The soils and
vegetative cover can be mapped and their effect on surface
runoff towards sinkoles estimad mathematically. The below-
ground water-transmitting fracutes have various shapes, lengths,
roughenesses, and sinuosities which must be lumped together
withina a single parameter of the subsurface flow regime. That
single parameter is the representative fracture conductivity of the
karst basin.

Energy in a karst Aquifer

Rainfall excess introduced into the conduit system through
the sinkhole is an energy addition to the aquifer. This energy can
be expressed by the Bernoulli equation as the sum of the velocity
head, pressure head, and elevation head (all in units of length).
The velocity head is an expression of the kinetic energy of moving
rainfall excess as it travels overland and sinks into the ground
at the sinkhole. The pressure head is the energy of the weight
of the fluid flow depth . The elevation head is the difference in
elevation between the conduit taking runoff from the sinkhole




and the spring at the base of the system. Elevation head, which
affects the gradient in the system, is the most difficult to define
in karst aquifers because input from the sinkhole subbasin may
travel vertically downward as vadose flow for considerable
distances before flowing horizontally towards the spring.
Therefore, the elevation head used should not be the altitude
difference between the sinkhole and the spring. Rather, make an
arbitrary estimate of 20 percent or 30 percent of this value.

Equations of Flow

Hydraulic conductivities of karst aquifers include the affects
of gravity and fluid friction. An accepted approach to solution of
viscous flow problems is by application of the Navier-Stokes
equations for laminar flow of a newtonian fluid. Fracture
conductivity for the problem of steady, uniform, one dimensional,
laminar, incompressible flow through a passage bounded by
plane, impermeable boundaries can be determined by integrating
the Navier-Stokes equation with respect to the passage
boundaries. The equation for fluid discharge that results is similar
to Darcy’s law —— Q=KAdh/dx.

There is, however, a basic difference between Darcy's
hydraulic conductivity and fracture conductivity determined by
the Navier-Stokes equation. Darcy's hydraulic conductivity
multiplied by the hydraulic gradient gives the seepage velocity,
which is equal to the ratio of flow rate and total area normal to
the flow direction and is less than the mean velocity in the pores.
In contrast, the fracture conductivity equation gives mean velocity
and, therefore, the hydraulic conductivity of the fracture does not
charcaterize the rock but only one opening.

Karst aquifer response to rainfall

The one-dimensional finite-element model (HYDMATCH) was
formulated using the Galerkin method for numerical representation
of the differential equations governing the problem. The model
was applied to an example karst basin to test the model
perfomance. The mesh information, initial and boundary
conditions, sinkhole subbasin runoff hydrographs, the given spring
hydrograph, and initial arbitrary fracture conductivities are input
into HYDMATCH. The model calculates potencials at each node
in the mesh for each time element specified. Potential gradient
for spring discharge is determined for the last element in the
one-dimensional finite-element mesh.

The overland flow aspect of rainfall-runoff was modeled using
Izzard's time-lag approximation fer surface runoff (in Chow, 1959,
p. 542). Izzard's equations use roughnees factor, slope, length
and width of runoff plane. Overland flow discharges were
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Figure 2. Potential gradient versus fracture conductivity determined from spring
hydrograph data for one-half rainfall (flux units are in cubic feet per second).

converted to potential energy for input to the sinkholes using the
Bernoulli equation. The results of overland flow modeling are
potentials which vary with time and can be plotted on a
potentiograph for input to sinchole nodes.

The initial conditions are input as potentials at each node and
represent the base flow of the system. Fluxes represent the soil
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Figure 3. Modeled discharges compared to actual discharges for one-inch rainfall.
Modeled discharges determined using potential gradient versus fracture conductivity
relationship in figure 2.
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or rock storage contribution to each element in the system. The
magnitudes of fluxes, in units of cubic feet per second, affect
the results dramatically. Theresfore, fluxes were varied for the
verification phase to determine the best match of the modeled
discharges to the observed data.

Estimates of porosity also dramatically affected the solutions.
Porosity muay represent the characteristics of the fractures
themselves or the characteristics of the entire basin. Porosity of
a fracture will usually be equal to one (1) unless severe
constrictions in the fractures prevent rapid flow. The porosityu of
the basin is the volume of voids within the volume of rock in the
aquifer. ;

HYDMATCH solves for potentials in the aquifer based on input
conditions, then it matches the known spring hydrograph by
determining fracture conductivities versus potential gradient in
the system. HYDMATCH exits the iteration procedure of the
calibration phase and reads new data for another rainfall, in this
case a one-inch rainfall. New potentials are created within the
system and fracture conductivities for the verification phase are
selected using the fracture conductivity versus potential
relationship from the calibration phase. Spring discharges are
calculated by the Navier-Stokes equation.

Example karst Basin

The city of Roanoke, Virginia is built on a karst aquifer
developed in the Elbrook dolomite. Discretization of the finite
element mesh coniders sinkholes in subbasisn |, II, lll, and IV as
the input nodes to Nininger spring (figure 1). The element

placements follow these sinkholes assuming that the sinkholes
were caused by the existence of subsurface conduits. Other
sinkholes in the sub-basins are considered as part of the runoff
lane.

° The results of potential gradient versus fracture conductivity
for the karst aquifer are shown in figure 2. The modeled
hydrograph are compared to an actual hydrograph from Nininger
spring in response to a one-inch rainfall (figure 3). The results
indicate that setting the porosity equal to one is most
representative of spring response to rainfall. Fluxes set at much
less than one produce reasonable results. This represents an
accurate statement of a typical karst aquifer system: discrete
fractures (porosity = 1) providing rapid transport of fracture
storage in the karst aquifer.
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La karstification: processus, modeles et exemples

RESUM

Michel Bakalowicz
Laboratoire souterrain, CNRS, Moulis.

Si bé la morfologia carstica classica i alguns dels procesos que originen els carsts son prou coneguts i han estat ampliament
desglossats, n'hi ha d'altres que sén mal coneguts o, inclus, ignorats. Per aquest motiu, a partir de la definicié hidrogeologica del
carst i dels conceptes termodinamics que li corresponen, segons les definicions de A. MANGIN, son definits els diferents procesos

naturals que és necessari de considerar en la génesi del carst.

Aixi doncs, a més del carst gravific classic, .on la gravetat i el CO, d'origen pedologic s'associen per a constituir el potencial
de carstificacio, es presenten mitjiangant alguns exemples, les carstificacions relacionades amb el termalisme, amb les emanacions
sulfuroses i amb les transgressions marines. Es proposa una primera aproximacio als anteriors criteris de reconeixement.

RESUMEN

Si la morfologia kérstica cldsica y algunos de los procesos que originan los karst son bien conocidos y han sido abundantemente
descritos, otros se conocen mal e, incluso se ignoran, por este motivo, a partir de la definicion hidrogeoldgica del karst y de los
conceptos termodindmicos que le corresponden, segun las definiciones de A. Mangin, son definidos los distintos procesos naturales

que es necesario considerar en la génesis del karst.

Asi ademds del karst gravifico cldsico en el que la gravedad y el CO, de origen pedoldgico se asocian para constituir el potencial
de karstificacion, se presenta mediante algunos ejemplos las karstificaciones relacionadas al termalismo, a las emanaciones sulfurosas
y a las trasgresiones marinas. Se propone una primera aproximacion a los anteriores criterios de reconocimiento.

RESUME

Si la morphologie karstique classique et certains des processus de mise en place des karsts sont bien connus et ont été
abondamment décrits, d'autres sont mal connus, voire méme ignorés; c'est pourquoi, a partir de la définition hydrogéologique du
karst et des concepts thermodynamiques qui lui sont associés, et tels que les a définis A. MANGIN, sont définis les différents

processus naturels envisageables dans la genése de karst.

Ainsi, a coté du karst gravifique classique dans lequel la gravité et le CO, d'origine pédologique s'associent pour constituer le
potentiel de karstification, les karstifications liées au thermalisme, aux émanations sulfurées et aux transgressions marines sont
présentées, avec des exemples. Une premiére approche des critéres de reconnaissance est alors proposée.
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Diffuse flow and conduit flow in the Greenbrier Limestone at Locust Creek,
West Virginia, USA

S.R.H. Worthington

Department of Geography, McMaster University, Hamilton, Ontario,
Canada.

RESUM

Es van analitzar dades referents a la descarrega diaria de la zona carstica de Locust Creek i aquestes indicaren que la circulacio
rapida representa un 68 % de la descarrega anual. L'emmagatzematge o fluxe de base de la zona difusa va resultar ésser 900
vegades el volum dels conductes submergits, mentre que I'acumulacio a les zones vadoses era 75 vegades més gran que aquest
darrer. Els calculs van donar una zona d'acumulacié difusa de 0,028 i una transmisivitat de 457-2.139 m°/dia, depenent del nivell
de la superficie piezometrica. Els calculs sobre la conductivitat hidraulica de la zona difusa donaren uns valors de 22-27 m/dia o
bé de 88-412 m/dia, depenent de si un d'ells assumeix una conductivitat constant dins de l'aquifer o bé presenta una disminucio
exponencial amb la profunditat. Es va calcular un factor de friccié de 63 de la cavitacid i s'efectuaren mesures de corrent des del
vel sistema de Friars Hole. Aixo ha permés de fer estimacions sobre la relativa importancia de la circulacié per conductes i de la
circulacid difusa dins I'aquifer, amb conductes, la circulacié dins dels quals constitueix el 80-90 % de la descarrega total.

RESUMEN

Se analizaron datos de descarga diaria tomados de la zona kérstica de Locust Creek e indicaron que la circulacion rdpida se
calcula en un 68 % de la descarga anual. El almacenaje o flujo de base en la zona difusa resulté ser 900 veces el volumen de los
conductos sumergidos, mientras la acumulacion en las zonas vadosas era 75 veces mayor que la ultima. Los célculos dieron, zona
de acumulacion difusa de 0,028 y transmisividad de 457-2.139 m®/dia, dependiendo del nivel de la superficie piezométrica. Los
cdlculos de conductividad hidrdulica en la zona difusa dieron 22-27 m/dia o bien 88-412 m/dia, dependiendo de si uno de ellos
asume una conductividad hidrédulica constante dentro del acuifero o presenta una disminucion exponencial con la profundidad. Se
calculé un factor de friccion de 63 de la cavitacion y las medicioones de corriente desde el vecino sistema de Friars Hole. Esto
permite hacer estimaciones sobre la relativa importancia de la circulacion por conductos y circulacion difusa en el acuifero, con
conductos cuya circulacion constituye el 80-90 % de la descarga total.

SUMMARY

Daily discharge data from the karstified Locust Creek catchment were analysed, and showed that quickflow accounted for 68 %
of annual discharge. Baseflow storage in the diffuse zone was found to be 900 times the volume of submerged conduits, while
storage in the vadose zone was 75 times as great as the latter. Calculations gave diffuse zone storativity of 0.028 and transmissivity
of 457-2.139 m®/day, depending on the level of the piezometric surface. Calculations of hydraulic conductivity in the diffuse zone
gave 22-97 m/day or 88-412 m/day, depending on whether one assumes a constant hydraulic conductivity within the aquifer or one
decreasing exponentially with depth. A friction factor of 63 was calculated from scallop and flow measurements from the nearby
Friars Hole System. This enabled estimates to be made of the relative importance of conduit and diffuse flow in the aquifer, with
conduits accounting for 80-90 % of total discharge.

10300
The Hydrogeomorphic Implications of a conduit aquifer model
C.C. Smart
Department of Geography University of Western Ontario, Canada
RESUM

Un model d’aqtiifer carstic pensat, més per a una millor compresié que no pas per a predir la descarrega, es basa en un simple
conducte de volum constant. La recarrega es produeix a partir d'uso corrent captat, el qual originara un augment del cabal d’aigua
del conducte i una replica instantania de la descarrega de la font. Els petits conductes individuals es desbordaran freqiientment a
la superficie durant les crescudes i la probabilitat d’excedéncia del fluxe a través de I'aqtiifer i per sobre de la superficie es defineix
com una funcid de la distribucid del fluxe i de la forma de I'aqliifer. La probabilitat de fluxe superficial €s un index del tipus d'evolucié
del paisatge. Aquesta probabilitat pot estar relacionada tant amb el tipus de la probabilitat d’excedéncia del fluxe com amb la forma
de l'aqiifer, de tal manera que evoluciona independentment del temps. Aixo proporciona un model de I'evolucid del paisatge carstic
al marge del temps, amb diferents nivells de relleu carstic i varies magnituds de reccarrega.

RESUMEN

Un modelo de acuifero kdrstico pensado para aumentar la comprension mejor que para predecir la descarga, se basa en un
simple conducto con volumen constante. La recarga es desde una corriente captada que ocasiona un aumento del caudal en el
conducto y una réplica instantdnea en la descarga de la fuente. Los pequerios conductos individuales se desbordardn frecuentemente
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en la superficie durante las crecidas y la probabilidad de excedencia del flujo a través del acuifero y por encima de la superficie
se define como una funcion de la distribucion del flujo y la forma del acuifero. La probabilidad de flujo superficial es un indice del
tipo de evolucion del paisaje. Esta probabilidad puede estar relacionada tanto con el tipo de la probabilidad de excedencia del flujo
como con la forma del acuifero, de modo que evoluciona fuera de tiempo. Esto proporciona un modelo de la evolucion del paisaje
kérstico fuera de tiempo con diferentes niveles de relieve kdrstico y varias magnitudes de recarga.

SUMMARY

A model of the karst aquifer designed to enhance understanding rather than predict discharge is based on a simple conduit
with constant volume. Recharge is from a single sinking stream which causes a rise in head in the conduit and an instantaneous
response in spring discharge. Small single conduits will frequently overflow at the surface during floods and the exceedance probability
of flow through the aquifer and over the surface is defined as a function of the inflow distribution and the form of the aquifer. The
probability of surface flow is an index of the style of evolution of the landscape. This probability can be related to both the form of
the inflow exceedance probability and the form of the aquifer, so that it evolves over time. This provides a model of the evolution
of karst landscapes over time with different levels of karst relief, and various magnitudes of recharge.

Introduction

It is the purpose of this paper to present a simple model for
a conduit karst aquifer, and to explore the link between the
hydrological behaviour of the aquifer and karst landscape
evolution.

The Model

The aquifer model employed is a simple abstraction, but this
is sufficient for the present work which attempts to understand
general principles rather than predict the flow of a particular
aquifer. The simple conduit aquifer (Figure 1) consists of a
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1. A diagrammatic representation of the simple conduit model.

horizontal phreatic pipe which conveys water between a vertical
shaft at one end and the spring at the other. A stream of discharge
Q enters the shaft, and the head developed in the shaft drives
water through the system. To retain computational simplicity, the
shaft is considered volumeless. Flow is governed by the Darcy-
Weisbach equation for steady uniform turbulent flow through a
pipe of circular section (eg. Giles 1977 p.99):

Q=hos r2<5(—49— L T 1
f
where Q = pipe discharge (m3/s)
A = pipe cross-sectional area (m?)
h=head at the shaft intake with respect to the spring
outlet (m)
r = pipe radius (m)
g = gravitational aceleration (9.81 m/s?)
f = Darcy-Weisbach friction factor
L = conduit length (m)

L is set at one kilometre. Fully developed turbulent flow and
constant relative roughness are assumed so that f is arbitrarily
taken to be constant at 0.33.
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Application of the Model

In the short term, head is the only variable controlling spring
discharge. There is a fixed relationship between head and
discharge so that if the distribution function for discharge is
known, then the distribution for head may be calculated. A
convenient way of expressing the long term distribution of
discharge is through the exceedance probability of particular
flows. As a first approximation this is an exponential distribution,
which allows for computational simplicity. The exceedance
probability of head may thus be expressed as:

p(h = H)=exp (-K C' HO%)

where h is a random value of head
H is a reference head level
K is a parameter of the exceedance probability of
discharge given by the reciprocal of the mean flow.
C' is a collective form parameter including all of the right
hand variables in the Darcy—Weisbach equation except
for h.

There is an upper limit to the head which can be developed
on a karst conduit. This may correspond to an internal overflow,
or to the available relief of the karst aquifer. This maximum head
will be termed the «thickness of the aquifer, H,», recognising that
it may depend on other factors. When the head required to drive
water through the aquifer is greater than H,, then surface runoff
will occur. The probability of surface runoff is given by the
probability of discharge equalling or exceeding the flow through
the aquifer under head, H,, which is given by:
p(surface overflow) = exp (-K C' H2%)

Implications of the model

There are several ways of interpreting the overflow condition.
For example, it implies that there is a finite maximum flow
expected from the spring, with a probability of occurrence equal
to that of surface overflow. There is no upper limit to the expected
flow on the surface.

It is possible to extend this reasoning to estimate the
geomorphic work done by underground flow and surface flows.
The simplest way of expressing this it to consider the probability
of surface runoff. Thus a very high probability of surface runoff
implies a fluvial landscape, and a low probability implies a
fluviokarst, and as the probability approaches zero, so there is
a true holokarst. Assuming that the exceedance probability of
flow over time does not vary, then the factors controlling the
landscape form in this model are clearly those that evolve over
long time periods: the length of the conduit, the friction factor,
and conduit radius. It is possible to envisage numerous ways in
which natural geomorphic evolution of a karst conduit may be
represented through these variables. For example, capture may



shorten a conduit, or collapse may increase the friction factor.
However, by far the most powerful single variable is conduit
radius, and for this reason it will be investigated here.

Once a karst system has genuine conduit flow, then the
conduit radius will increase through time, at a rate generally
depending on the square of the saturation deficit rather than on
discharge (Palmer 1981). As the conduit radius increases, the
value of de C’ will increase to the 2.5 power, and the probability
of surface overflow will decrease according to:
p(surface overflow) = exp (=K C r25 H_05
where C=C' / r?5

This function is drawn in figure 2 for a mean inflow discharge
of 1 mds, and several different values of H,, the «aquifer
thickness». This diagram demonstrates that the evolution of a
landscape from the fluvial to the holokarstic condition may be
regarded as a function of time. The «thickern aquifer absorbs the
majority of floods, and becomes holokarstic earlier than the
«thinner» aquifer. It is difficult to apply a time axis to the abscissa,
although Palmer (1981) implies that for recharge of uniform
chemistry, the conduit radius will be a linear function of time.
Applying Palmer's (1981) theory, the time to reach a 1m radius
varies between 4 x 10% to 4 x 107 years for saturation deficits
of 1 and 100 ppm., respectively. Figure 2 is valuable in that it
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2. The decrease in the probability of surface overflow with conduit radius (ie. time)
and aquifer thickness (available relief).

places the different karst landscapes in an evolutionary
continuum, and provides a clear indication of why holokarst
depressions frequently retain an inherited dendritic pattern (eg.
Miller 1981).

While it is clearly possible to add numerous qualifying
complexities to this model, for now only one other significant
variable will be considered; the mean discharge of the sinking
stream. This determines the parameter, K in equation 4. Large
streams are more likely to overflow than small streams for a given
size of conduit. Figure 3 illustrates this concept for streams with
a mean discharge over 4 orders of magnitude, and an exponential
distribution of flow exceedance. An aquifer «thickness» of 100 m
is assumed. Tiny streams very soon become entirely karstic, and
will not develop extensive fluvial forms. Such a stream will not
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3. The decrease in the probability of surface overflow with conduit radius as a
function of the mean discharge of the surface stream.

develop the valley network necessary to expand its catchment
area, and is unlikely to develop large caves. Larger streams,
either allogenic or autogenic will develop as parts of more
extensive fluvial valleys before becoming entirely karstic. The very
largest streams are likely to flood over the surface with great
frequency, regardless of the size of conduit developed, forming
fluvial valleys even when flanked by holokarst. These are the
rivers which form the well-known karst gorges.

Further work and conclusions

It is not possible to develop other aspects of the model here,
the main reason being that greater verisimilitude requires that
higher order assumptions must be made and the model becomes
less general. For example a further application might be the
simulation of climatic change. The difficulty is not so much in
running the model, but in quantifying the climatic and geomorphic
effects of climatic change.

In conclusion, the value of an abstract model of this kind is
that it clearly increases and formalises understanding of how
karst aquifers operate. While the assumptions are unrealistic, they
are at least explicit, and of general applicability. The major
unrealistic assumption is that of constant volume over time. This
could be overcome by developing several levels of conditional
probability, but there are no data on which to base this.
Alternatively, the problem may be tackled in the time domain, an
approach which has already produced interesting findings (Smart
1983).
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Characterisation of Carbonate Aquifers: A Conceptual Base

S. L. Hobbs, P.L. Smart
Department of Geography, University of Bristol.

RESUM

Els tres atributs fonamentals que regeixen el comportament dels aquiifers carbonatats son; la recarrega, I'emmagatzematge i
la transmissid. Al desestimar-se el reconeixement de la seva naturalesa independent s'ha creat una notable confusié bibliografica.
Nosaltres proposem un model en el qual aquests tres atributs son classificats entre membres finals que donin un camp tridimensional,
en el qual s'hi puguin situar els aquifers carbonatats. Per a la recarrega, els membres finals a considerar estan concentrats i les
entrades, disperses. Per a conductes de transmissid i circulacid difusa, aixi com per a emmagatzement alt i baix, retencio total. Les
implicacions d’aquest model estan considerades respecte als recursos aquiifers, desenvolupament i proteccio, i es tracten exemples
d'aqtiifers carbonatats del Regne Unit.

RESUMEN

Los tres atributos fundamentales que rigen el comportamiento de los acuiferos carbonatados son: recarga, almacenaje y
transmision. El fracaso de reconocer su naturaleza independiente ha representado una considerable confusion en la bibliografia.
Proponemos un modelo en el cual los tres atributos son clasificados entre miembros extremos que den un campo tridimensional
en el cual se pueden situar los acuiferos carbonatados. Para la recarga los miembros finales considerados estdn concentrados y
las entradas dispersas. Para conductos de transmision y circulacion difusa y para almacenaje alto y bajo, retencion total. Las
implicaciones de este modelo estdn consideradas con respecto a los recursos acuiferos, desarrollo y proteccion, y se tratan ejemplos
de acuiferos carbonatados del Reino Unido.

SUMMARY

The three fundamental attributes governing the behaviour of carbonate aquifers are recharge, storage and transmission. Failure
to recognise their independent nature has resulted in considerable confusion in the literature. We propose a model in which all three
attributes are ranged between end members giving a 3 dimensional field into which carbonate aquifers may be plotted. For recharge
the end members considered are concentrated and dispersed inputs; for transmission conduit and diffuse flow and for storage high
and low total retention. The implications of this model are considered with respect to water resources development and protection,

and examples of carbonate aquifers from the UK discussed.

Introduction

There is a substantial body of literature concerning the
hydrology of carbonate areas, however its utility is limited for two
reasons. First; there has been confusion over the processes
controlling spring behavior which, due to the lack of a clear
conceptual base has hindered the understanding of aquifer
function. Second; differences in nomenclature have prevented
adequate integration of results from different areas.

Some of the major problems associated with karst hydrological
studies are highlighted by the literature published in the late
1960's and early 1970's. Much of this considered aquifers either
in terms of the proportion of conduit to diffuse flow present
(Shuster & White 1971), or the quantity of swallet to percolation
water entering the aquifer (Newson 1971). Further, Pitty (1966)
introduced the terms autogenic and allogenic to describe water
that had risen on carbonate or non carbonate rocks respectively.
These three approaches were all derived from studies of springs
with essentially similar behavior, thus resulting in confusion
between the independent processes of flow and recharge.

More detailed studies in the late 1970's started to recognise
the importance not only of flow and recharge but also of storage,
however there remained considerable uncertainty as to which of
these was dominant in controlling spring response (compare Aley
1975 and Atkinson 1977). Further, the association of swallet
recharge with conduit flow and low storage was almost universal,
even after White's (1969 & 1977) conceptual model which stressed
their essential independence. The distinctions between the three
variables is thus emphasised here, and they are suggested as
the basis for a model representation of carbonate aquifers.

Recharge

Recharge is ranged between concentrated and dispersed end
members, the former being characterised by large inputs at

discrete points, and the latter by smaller inflows at a much larger
number of sites. The distinction between autogenic and allogenic
recharge made by Gunn (1985) is not employed here, as we
place emphasis on the mode of entry into the aquifer rather than
the source of water. The continuum of recharge types is shown
in Figure 1. The most important property used to define the
position of individual inputs on the spectrum is the discharge.
Because some sites such as subcutaneous drains remain dry for
long periods of time, and therefore have apparently low values
(Friederich 1981), the most satisfactory measure of discharge is
the maximum value. This emphasises their high capacity during
wet periods, which is of most significance for recharge.

In the case of surface flows major stream sinks represent the
most concentrated inflows and are unmatched in magnitude by
subsurface sources. We differentiate between these and loosing
streams (Aley 1975), where recharge may be more distributed,
losses occuring gradually along the stream, particularly when
unconsolidated sediments form the bed. Finally we recognise that
in many bare limestone catchments or those where significant

CONCENTRATED » DISPERSED
Loosing streams
— Surface
ISIrnm lmksl b Loc:‘l‘:'r:lco i inputs
Differential
j—tead input_, Condit
inputs
Subcutaneous Fissure and fracture Sub-surface
y drains Vadose  °°°P398  intergranular [ inputs

& shaft flows

High input variability ~e————————————— Low Input variability

Small b

High input discharge ~¢—————————— Low input discharge
Properties
Large

Figure 1. Range of recharge types and their properties as used in the model.
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concentration of runnof can occur, for instance on impermeable
soils or caprocks, recharge may occur directly into fissures and
shafts (Gunn 1981).

The hydrological response of local surface runoff is similar to
that of subcutaneous drains in the subsurface zone which may
also have a comparable capacity. At times of high recharge water
accumulates in the permeable subcutaneous zone because of
the limited capacity of vertical discharge routes in the underlying
unsaturated zone of lower permeability. Water therefore flows
laterally in the subcutaneous zone to discharge via high capacity
routes developed by preferential solution at geologically favorable
localities such as the intersection of major joints or open bedding
planes (Friederich 1981, Williams 1983). The capacity of these
routes may be matched by that of vadose and shaft flows (Figure
39, Friederich and Smart 1982). These result from the integration
of smaller seepages and flows. The essentially morphological
distinction between shaft and vadose flows is not usefull because
hydrologically they behave in an identical manner. In low porosity
carbonates the most dispersed recharge is via fissures and tight
fractures which have very low discharges but are often numerous.
In more porous limestones such as the Chalk of South East
Britain, intergranular seepage can also occur.

In aquifers where conduit flow is developed (see below)
recharge to the saturated zone can occur as a result of head
differentials between the conduit, whose response to storm rainfall
is rapid, and fissures in the adjacent rocks, which respond more
slowly (Onder 1985). There is a growing body of evidence in
support of this mechanism (Atkinson et al 1973, Dodge 1985),
but the emphasis has been on the role of surface inputs. Given
the rapid response that is possible in subcutaneous drains which
also directly feed the conduit system, we beleive that such
emphasis may be misplaced and this recharge process may also
be important where surface inflows are absent. However to date
no quantitative estimates of the importance of this process to
aquifer recharge have been obtained.

Flow

We follow the general consensus that flow in carbonate
aquifers varies between conduit and diffuse end members
(Atkinson and Smart 1981, Shuster and White 1971, White 1977),
as shown in Figure 2. Conduit flow occurs in large open channels
with relatively high velocities giving rise to turbulent flow. Diffuse
flow is confined to tight fractures and pores with small openings;
velocities are low and flow is laminar obeying Darcy’s law. Diffuse
flow can occur either as intergranular flow in porous limestones
or as fracture flow in dense limestones with low primary porosity.
The latter are similar in behavior to fracture flow aquifers
developed in igneous rocks, and are wholly characterised by
laminar flow.
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Heterogeneous » Hi geneous
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Figure 2. Range of flow types and their properties as used in the model.

Through time solutional modification of voids will occur. Where
massive limestones are involved this may result in the
development of cave conduits. These have high transmission
capacities which dominate flow through the aquifer, even though
large zones of diffuse flow remain between the conduits. In
contrast where more densely fractured carbonates are involved
there is a tendancy for more uniform solutional development,
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especially where these carbonates are associated with dispersed
rechage (Palmer 1984). Fissures (width — cm) are thus developed
from the initial fractures (width — mm) but flow does not become
concentrated. In some areas however zones of enhanced
fissuration occur giving rise to bands of dense fissure networks
separated by less developed areas. Atkinson (1985) has
suggested they form a separate flow type, but here we prefer
to consider them intermediate between fissured aquifers and
those with cave conduits. They are characterised by high general
transmissivities, but have much less spatial variability than conduit
aquifers.

The simplest methods of characterising flow type are by use
of tracer experiments, but hydrological modelling is needed to
produce quantitative estimates of the flow proportion in diffuse
and conduit routes (Atkinson 1977). Chemical properties and the
variability of discharge have also been used to characterise flow
types (Shuster and White 1971), however because they are also
dependent on the recharge process they may give ambiguous
results. Recent work suggests that radon concentrations in spring
waters may give an indication of the void size through which
transmission occurs.

Storage

The representation of storage in the model is problematic
because there is no consensus of opinion on the end members
to be employed. If a similar approach is adopted to that used
for recharge and flow, the continuum may be arranged in terms
of storage type from unsaturated to seasonally saturated to
permanently saturated storage (Figure 3). Such a scheme will be
usefull for resource development and permits the clear
differentiation of perched and saturated aquifer types. It also
corresponds in a general manner with a trend towards increasing
total volumes of storage (vertical axis of Figure 3). This is desirable
because in some cases essentially similar hydrological responses
may be derived from totally different storage zones, a factor
which has probably been responsible for the underestimation of
storage in the unsaturated zone of karstified aquifers.
Unfortunately the relationship is not universal, and it could be
argued that a continuum from high to low storage would be more
usefull. However because storage is cummulative over several
different locations in the aquifer this scheme does not permit a
simple physical interpretation, and is therefore at varience with
our general aim. Finally it is important to recognise that storage
depends as much on the topography and geology of the aquifer
system as on the flow type occuring (White 1969 and 1977). Thus
the separation of transit (conduit flow) and storage (diffuse flow)
water of Aley (1975) is not adopted here.

Individual components of storage are arranged on the
continuum according to their dominant state. Thus unsaturated
zone stores which may be partially air filled for much of the year
ranged near the unsaturated end member, with seasonally
saturated storage in unconfined aquifers occupying the central
zone, and permanently saturated storage as the other end
member. Deposits overlying the limestone prove a particular
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Figure 3. Range of storage types and their properties as used in the model.



problem in this arrangement. They range from thin limestone soils
throung thick unconsolidated deposits to in situ caprocks such
as sandstone and shale. For simplicity these have been
subdivided into soils with essentially unsaturated storage which
may reach field capacity during the wet season, and caprock
aquifers which are capable of developing a true saturated
groundwater body, and therefore have a greater storage
capacity.

There has recently been an increasing awareness of the
importance of the unsaturated zone storage in karstified aquifers
(Friederich 1981, Gunn 1985). The majority of this storage occurs
in the subcutaneous zone, which may be up to 10m thick and
have a greater effective porosity than the saturated zone. This
zone is seasonally saturated and a perched water body may
develop in it because of the lower permeability of the underlying
rocks. This underlying part of the unsaturated zone is termed the
transmission zone, and is associated with fissure, fracture and
intergranular seepage with low storage. The storage in
unsaturated conduits is also low. Perched aquifers include all the
types of storage discussed above but have no significant
saturated storage. This distinguishes them from confined and
unconfined aquifers where a true saturated zone is present.

In the saturated zone two important sub divisions are
recognised: Dynamic storage occurs above spring level in
unconfined aquifers. The water drains freely under gravity and is
responsible (together with any unsaturated storage) for
maintaining spring flows. Perenial storage occurs below spring
level in unconfined aquifers and throughout confined aquifers.
The volume of water in storage may be large, but changes in
head yield small amounts by elastic release processes (aquifer
compresion and water expansion). The volume of water in storage
may be large, but changes in head yield small amounts by elastic
release processes (aquifer compresion and water expansion). The
appropriate storage coeficient is thus the storativity which is
generally very low. It must be emphasised that considerable
groundwater flow may occur in the perenial zone both by conduit
and diffuse processes, thus the term static storage is avoided.
Perenial storage may provide a significant source of water supply,
because dewatering by pumping yields much greater volumes of
water by gravitational drainage.

A final storage type recognised is microporous storage. This
term is used to denote water retained at high tensions in bedrock
voids in both the saturated and unsaturated zones after cessation
of gravitational drainage. It is of most significance in carbonate
aquifers with well developed microporosity such as the Chalks
of South East England. Whilst microporous storage is of limited
significance in affecting the dynamic response of the aquifer, it
has a role in controlling water quality and is therefore included.

Storage is best measured in terms of the ratio of the storage
volume to the annual recharge. This eliminates the effect of
catchment size and emphasises the role of the confined zone
which has a very significant effect on spring response.
Conventional groundwater techniques may be used to determine
storage and recharge volumes, but recession constants may give
a usefull indication of relative magnitudes.

Discusion

Perched aquifers with little or no saturated storage have poor
potential for the development of significant supplies irrespective
of the nature of the recharge process (Figure 4). However, where
conduit flow occurs in these aquifers water may accumulate in
cave pools and be accessible directly throungh the cave system
(Waltham et al 1985). These supplies will however have a small
yield as they rely on unsaturated zone storage for
replenishment.

Where significant perennial storage is present, resource
development may be via boreholes providing that conduit flow
is absent. In fracture flow aquifers, borehole yields will generally
be low and a large number of wells will be needed to provide a
regional supply, but where fissures and particularly fissure
networks occur, well yields may be very high. The great
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Figure 4. Three dimensional representation of the proposed model showing the
influence of different typess of recharge, flow and storage on aquifer development
prospects.

heterogeneity of conduit flow aquifers introduces an unacceptable
degree of uncertainty into aquifer development by boreholes, and
in this case abstraction at springs and resurgences will be more
practical. This however limits storage to that in the saturated and
dynamic zones. Development of the perennial storage zone of
conduit flow aquifers whilst being highly desirable remains
problematic.

Karstified aquifers are frequently of the conduit flow type with
concentrated recharge and limited storage. This gives very rapid
response to storm rainfall which can result in severe flooding by
ponding of conduits and property damage downstream of springs
(Crawford 1984, Newson 1973). Where conduits or conduit
networks occur and recharge is concentrated, then there is a
high risk of groundwater pollution from surface sources. However,
where storage is large, residence times increase, resulting in
dilution and attenuation of polutants. Water quality will thus be
generally good. Dispersed recharge will similarly attenuate
pollutant transmission, even if conduit or fissure network flow is
developed.
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The prediction method of the principal directions of drainage in karst
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RESUM

El métode descrit ha estat probat amb éxit en diferents calcaries d’Espanya i a les geleres de Spitsbergen.

El métode es basa, a més, en dues simples hipdtesis de treball, en I'aplicacio de técniques d’estructura geoldgica i en la
projeccid estereografica.

Aquest és un instrument de prediccié simplement carstica, que proporciona un grau de precisio superior al 95 % en els onze
casos en que s'ha aplicat.

Té moltes possibilitats d'utilitzacio en el camp de I'enginyeria geoldgica.

Donada la quantitat d’hipotesis en qué es basa aquest metode, I'autor proposa nous camps d’aplicacid, alguns dels quals
encara no han estat assajats.

RESUMEN

El método descrito ha sido probado con éxito en distintas calizas de Esparia y en los glaciares de Spitsbergen.

El método se basa ademas en dos simples hipdtesis de trabajos en la aplicacion de técnicas de estructura geoldgica, asi como
también en la proyeccion estereogréfica.

Este es un instrumento de prediccion meramente kdrstica, que proporciona un grado de precision superior al 95 % en los once
casos en que ha sido aplicado. _

Tiene muchas posibilidades de utilizacion en el campo de la ingenieria geoldgica.

En vista de la cantidad de hipdtesis en que se basa este método, el autor propone nuevos campos de aplicacion, algunos de
los cuales no han sido probados todavia.

SUMMARY

The described method has been successfully tested in Spain limestones and in Spitsbergen glaciers.

The method is not only grounded on two simple work hypotheses but also on the application of structural geological technics
as well as on the stereographic projection.

It's a prediction tool purely karstic giving an accuracy degree superior to 95 % in the eleven cases, in which it has been applied.

Its possibilities of application comprise large fields of the geological engineering.

Seen, the amplitude of the hypotheses on which is based this method, the author proposes new application fields. Some of
them have still to be tested.
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1. Introduction

The drainage in karstic and classical aquifers is very different.
In karst, permeability occurs because there is a fissures intercon-
nection whose circulation involves rock dissolution.

For that reason, both are qualitatively different.

In karst, the dissolution resulting from water circulation brings
about an enlargment of holes or interconnected fissures, decrea-
sing consequently, its pressure drop. So, in consequence, the
hydraulic gradient of water flow grows, increasing the water circu-
lation and so, successively.

By means of a feed-back effect, onyl the fissures which receive
a stronger water circulation flow, get larger, to the detriment of
the others.

The result of that phenomenon is a tridimensional conducts
net which explains the high transmissivities as well as both direc-
tional and discrete characteristic of karstic aquifers.

When, the external conditions involve an hydraulic gradient
decrease, the system evolves towards paleokarst which is charac-
terized by a general tendency of conducts fillings. In the case of
hydrothermal karst, a lot of ore minerals have the same origin,
between them, we find a great number in Central Europe.

Dam building in karstic regions, where dam site offers excellent
conditions, in civil engineer’s point of view, presents frequenly,
serious likeage problems. Their corrections are resulting so expen-
sive as unforeseeable.

The aquifers, highly vulnerable to pollution and frequently,
used as water supply for towns as well as endorreic drainages
of some coastal karstic aquifers discharging directly into the sea
etc., explain the high socioeconomic costs involved for using this
bit of nature, into man’s benefits.

For all these reasons, some contribution which is an advance
in the karst knowledge, will bring an improvement of solutions in
its practical application.

After a lot of decades and 5 years of contrasting and testing,
we think that this method gives an advance in the knowledge of
karst, for this motive, we proceed to its diffusion.

2. Methodology

The method is based on two hypotheses, the first one is’

qualitative and the second one is quantitative.

1) Karst is predetermined by tectonic conditions suffered by
the rock massif. So, it determines the disposition of the tridimen-
sional net of drainage conducts, according to its geological his-
tory.

2) The most probable drainage directions are organized inside
plans which have the maxium component (1) and the intermediate
component (2) of each stress ellipsoid. In consequence, they are
perpendicular to the minor component (3) of each respective ellip-
soid.

Work field investigations were limited to the application of
structural geological techniques and also to the definition of stres-
ses suffered by the massif, giving Grolier, 1976), (Ragan, 1980),
(John 1962), (Park, Schot, 1968), (Shainin, 1950), (Stagg-Zienkie-
wicz, 1970), (Tjia, 1967).

A better solution is the microtectonic analysis, So. it's only
necessary, to classify tectoglyphs conjunctions which, we shall
use to define the searched ellipsoids. (Arthaud, 1969), (Arthaud,
Choucrune, 1972), (Arthaud, Mattauer, 1969), (Capote, 1975),
(Choukroune, 1969), (Eraso, Herrero, Saint-Aubin, 1983), (Grillot,
Guerin, 1975), (Guerin, 1973), (Hudson, Priest).

These conjunctions are principally:

— Stylolite — Veine (E-V).

— Stylolite — Fault (E-F).

— Veine — Fault (V-F)

— Conjugated Faults (F-F)

By applying the stereographic projection, we shall resolve for
each case, the ellipsoid in Wulff's net. (Philips, 1975).

By applying the second work hypothesis, we shall determine
the drainage plan.
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In practice, it's more interesting to work with the greatest
number possible of tectoglyphs conjunctions to determine the
probability degree of each defined mode.

For representing them, we shall apply the stereographic pro-
jection, but in this case, using Schmidt's net.

The result is a tridimensional polimodal with a quantified proba-
bility percentage for each of its modes giving the principal direc-
tions of the subterranean drainage. This result is valid for predic-
tions.

To make easier field data processing, the method is available
with three computer programs:

— GEORED: In which, we see Wulff's stereographic net
(equiangular) as well as Schmidt's net (equiaral) for some angle
of inclination and also for several parallels and meridians densi-
ties.

— GEODRE: In which, the position of the ellipsoid component
(1,2,3) as well as the drainage plans for each respective conjunc-
tion are calculated and drawn by plotter.

— GEOPOL: In which, for a determined plans or poles family,
the areas of equal concentration, for each wished are percentage,
are calculated and drawn by plotter.

3. Results

The method successfully in eleven examples, ten were carried
out in very different geological conditions of Spain karstic regions
(figure 1).and the eleventh was carried out into ice karst of the
Svalvard Archipelago Glaciers. (Eraso, 1983), (Eraso, 1986a), (Era-
so, 1986b).

. Larra

. Tous

. Libar

. San Clemente
. Canchales

. Soto de Ribera
. Alcorlo

. Beninar

. Miera

. Ojo Guarefia

Figure 1. Location of the Spanish examples

Its accuracy degree is very high, superior to 95 % in the cases,
in which, it was possible to quantify (9 of them).

The purposes of the study of the Spanish examples were:
The contrast in the case of large caverns nets whose topography
were possible to carry out; the leaks prediction in dam building;
the pollution progression in aquifers; the subterranean discharge
of fresh water into the sea etc...

The examples were chosen in order to bring a great variety
into the sampling. they were carried out into the «Macizo Pirenai-
con, the «Cornisa Ibérican, the «Cordillera Bética» and they were
located in the most various calcareous outcrops from the Cam-
brian to the Tertiary (Table 1).

The prediction given by the method has been confirmed in
the majority of cases by means of coloration with fluoresceine,
which has been used in some cases to modify the original enginee-
ring projects, in order, to adapt them to the actual situation.

The method contrast in the case of having available the topo-
graphy of large subterranean nets, can be carried out by means
of the polimodels shown in the figure 2, in this particular case in
two dimensions.

If we apply Kolmogorov's test to the accumulated curve, we
shall be able to quantify statistically, the validity of the described
method.



Table 1. Validity of the prediction method

EXAMPLE LOCATION COMPARISON BEET|  pEGREE OF SUCCESS
: ; PURPOSE WEN PREDICTION ~— =
No.| Karst | Geographical Geological AND REALIT Cualitative Cuantitative
Navarra Checking of the method . . . o
1| Larra Eyansia Cretaceous in limastenes Direct a priori Very high <5%
2| Tous Valencia Cretaceous Water lost in dam Directly Full < 2%
3| Livar Malaga Jurasic 2nd. Cycle thesis Direct a priori Full <15%
San Subbetic
4 lclemente]  Granada | prepetic Hyperreservoir Direct a posteriori | Full <1%
5 | Lacara Badajoz Cambrian Tegulation Dan :\?‘ﬁ:g‘;:f \l/r;in = Concordant —
6 S&g’ege Asturias Carboniferous | Thermal power plant Direct a posteriori | Full <1%
; Upper igati Indirect by Concordant -
7 | Alcorlo | Guadalajara | craiaceous | M9ation dam Kriging
) : Alpine Dam and tunnel for -
8 | Beninar Almeria Trigs water suply Full < 2%
N, . Lower ; ; : o e
9 [Rio Mieral Cantabria Cretaceous Pollution progression Direct a priori Full <1%
Ojo Upper Checking of the method ; o,
10 Gu_a]Leﬂa Burgos Cretaceous in limestone wry hugh =3k
Werens s Checking of the method ; "
11 | Kol Svalvard Glacier oy i, B Directly Full < 2%

4. Conclusions

At first. the described method is appicable to the following

fields:

— Knowledge of the karstic drainage net.

— Study and operation of karstic aquifers. (Kordk, Eraso,

— Pollution progression and contamination in karstic aqui-
fers.

— Leakages prediction in dams located in karstic regions.

— Carrying out of diaphragm walls and grouting curtains for
the impermeabilization in civil engineering jobs, in karstic re-
gions.

1985). — Detection of fresh water leakages in coastal karstic aquifers
and submarine springs.
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Figure 2. Comparison between both directional probability polimodals in several examples

48



— Saline intrusion in coastal karstic aquifers due to overwor-
king.

g_ Prediction of the mineralization directions interrelated with
paleokarst.

— Water intrusion in open pit mines located in karstic re-

ions.
E — Excavation under the water table in karstic aquifers.

And is generally, also used for the quantitative estimation in
the directional aspect of both karstification potential and validity,
in the theorical studies of karst.

The karstification process is very important and is not exclusi-
vely limited to a specific type of rocks. It has been observed not
only, in carbonatic rocks but also in quarzites of the Sarisarcinama
region (South part of Venezuela)-. We should be able to use this
nature phenomenon as work hypothesis, thinking that nature has
had enough time, during 600 millions of years, to carry it out, but
it's not enough...

If as work hypothesis, the concept of dissolution is amplified
to the concept of solid likeage, for instance: colloidal dispersion
or state change due to fusion then, it's possible to use the same
posings for the following aspects (Eraso, 1973), (Eraso, Pulina,
1985):

— Piping in clays core of earth dams.

— Lavic tubes produced in some volcanic rocks.

— Ice karstification in Subpolar Glaciers and its practical con-
sequence, the fresh water supply, for bases located in the Antarc-
tic periphery.

It has been tested sucess in the Arctic Circle. (Eraso, 1985b),
(Eraso, 1985c).
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The karst hydrogeology of Lukwi caves, Papua New Guinea

RESUM

Julia M. James
Department of Inorganic Chemistry, University of Sydney, Australia.

Les coves de Lukwi es troben a la provincia occidental de Papua Nova Guinea. Les coves van ésser explorades i estudiades
I'any 1985, a peticié d’OK Tedi Mining Limited, ja que s'obren a la part final d’una presa. Alguns quilometres de galeries subterranies
varen ésser descoberts en la calcaria de Warre, en una zona carstica d’uns 2 km?., amb complexes sistemes de cavitats i amb una
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gran varietat morfologica. La calcaria de Warre pertany al Miocé Mitja, i només s’ha pres en consideracio i ha estat explorada per
a estudiar el desenvolupament del carst durant un curt periode. El desenvolupament del carst és rapid, ja que I'area esta recoberta
de selva tropical i el carst de Lukwi reb, aproximadament, 8 m. anuals de precipitacions. S’han dut a terme estudis geologics,
geomorfologics i de la composicié quimica de I'aigua de la superficie i del subsol, a fi i efecte de poder establir una seqiiéncia en
el desenvolupament de les coves de Lukwi.

RESUMEN

Las cuevas Lukwi estdn en la Provincia occidental de Papua Nueva Guinea. Las cuevas fueron exploradas y estudiadas durante
el ario 1985 a peticion de OK Tedi Mining Limited ya que se encuentran dentro de la parte final de una presa. En la caliza Warre
fueron encontrados algunos kildmetros de galerias subterrdneas en una zona kérstica de unos 2 kmP. Hay complejos sistemas de
cavidades que contienen una soprendente variedad de morfologias de galerias. La caliza de Warre es del Mioceno Medio, sdlo se
le ha dado valor y ha sido explorada para el desarrollo del karst durante un corto periodo. El desarrollo del karst es rdpido ya que
el drea se cubre con selva tropical y el karst de Lukwi recibe aproximadamente 8 m. anuales de lluvia. Se han efectuado estudios
geoldgicos, geomorfoldgicos, hidrolégicos y de la composicion quimica del agua de la superficie y del subsuelo. Ello se utiliza para
presentar una secuencia para el desarrollo de cuevas en Lukwi.

ABSTRACT

Lukwi Caves are in the Western Province of Papua New Guinea. The caves were explored and studied during 1985 at the
request of Ok Tedi Mining Limited as they lay within a proposed tailings damsite. In the Warre Limestone several kilometres of cave
passage were found in a karst area of some 2 km?. Within this small karst area there are complex cave systems and these contain
a surprising variety of cave passage morphologies. The Warre Limestone is Middle Miocene and it has only been uplifted and
stripped for karst development for a limited period. Karst development is rapid as the area is covered with tropical rainforest and
the Lukwi karst receives approximately 8 metres of rainfall annually. Studies of the surface and underground geology, geomorphology,
hydrology and water chemistry have been made. These will be used to present a sequence for the cave development at Lukwi.
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L’evolution paleohydrologique et morphologique des Pyrenees Centrales:
exemple du massif karstique d’Arbas (France)

Michel Bakalowicz

Laboratorie souterrain, CNRS, Moulis,
09200 SAINT-GIRONS (France).

RESUM

Aquest massis, prou conegut pels espeledlegs, gracies al «réseau Trombe de la Coume Ouarnéde», esta constituit per varies
desenes de quilometres de cavitats i és un exemple remarcable per I'esglaonament de les formes carstiques i fluvials que presenta.
Les causes d'aquest fenomen han estat analitzades per a reconstruir I'evolucid paleohidrologica i morfologica d'aquesta part dels
Pirineus Centrals. L'evolucié d'aquesta regié des del Terciari, permet una millor comprensid de la carstificacié i una millor definicid
dels factors que intervenen en el potencial de carstificacid.

RESUMEN

Este macizo, bien conocido por los espeledlogos gracias al «Réseau trombe de la Coume Ouarnéde», esta consitituido por
varias decenas de kildmetros de cavidades, es un ejemplo remarcable por el escalonamiento de las formas karsticas y fluviales que
presenta. Las causas de este escalonamiento han sido analizadas para reconstruir la evolucion paleohidrolégica y morfoldgica de
esta parte de los Pirineos Centrales. La evolucid de esta region desde el terciario permite una mayor comprension de la karstificacion
y una mejor definicion de los factores que intervienen en el potencial de karstificacion.

SUMMARY

Ce massif, bien connu des spéléologues grace au réseau Trombe de la Coume Ouarnede, est constitué de plusieurs dizaines
de kilometres de cavités; c'est un exemple remarquable par |'étagement des formes karstiques et fluviatiles qu'il présente. Les
causes de cet étagement ont été analysées afin de reconstituer lévolution paléohydrologique et morphologique de cette partie des
Pyrénées centrales. L'évolution de cette région depuis le Tertiaire permet ainsi de mieux comprendre la karstificaction et de mieux
définir les facteurs intervenant dans le potentiel de karstification.
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Karst in Catalonia: geomorphological and hidrogeological aspects

Antoni Freixes i Perich
Servei Geologic de la Generalitat de Catalunya.

RESUM

Aquest treball és una sintesi preliminar de les grans arees karstiques de Catalunya. Es sistematitzen els karsts segons s'hagin
desenvolupat en: roques carbonatiques, detritiques (conglomerats i gresos) i evaporitiques (guixos,...). | es faciliten dades dels
exemples de karsts i/o sistemes karstics que per les seves caracteristiques geomorfologiques (espeleologiques) i/o per la seva
hidrogeologia son més remarcables.

RESUMEN

Este trabajo constituye una sintesis preliminar de las dreas kdrsticas mas importantes de Catalunya. Se sistematizan los karsts
segun se hayan formado en: rocas carbonatadas, detriticas (conglomerados y areniscas) y evaporiticas (yesos,...). Y se facilitan
datos relativos a los ejemplos de karsts y/o sistemas kdrsticos que por sus caracteristicas geomorfoldgicas (espeleoldgicas) y/o por
su hidrogeologia son mas remarcables.

SUMMARY

This is a preliminary synthesis of the wide karstic areas in Catalonia. Karsts are being systematized according to their development
in either carbonatic rocks, clastic rocks (conglomerates and sandstones) or evaporitic rocks (gypsum,...). Data proceeding from karst
examples and/or karstic systems which are remarkable for their geomorphological (speleological) characteristics and/or for their
hydrology, are also supplied.
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Evolution and dynamics of a karst in the Pyrenees: Aranonera, Alba and
Guells de Jueu

J. M2 Cervelld (*)
M. Monterde (*)
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(*) Equip d'Hidrogeologia Cérstica de la Facultat de Geologia.
Universitat de Barcelona.
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RESUM

En aquest treball s'analitzen les caracteristiques de tres arees karstiques de la zona pirenaica: Karst d'Arafionera (Serra
Tendenera, riu Ara), karst d'Alba (Maladeta, riu Essera) i karst dels Guells de Jueu (Maladeta-Artiga de Lin, riu Garona). Primerament
es discuteixen aspectes relatius a I'evolucio d'aquests karsts, remarcant el seu caracter polifasic, a partir d'observacions realitzades
en les xarxes espeleologiques preteérites i, d'aspectes geomorfologics més generals i, a continuacio, es facilita una sintesi de la
dinamica actual dels sistemes estudiats basada en dades, essencialment hidrogeoquimiques.

RESUMEN

En este trabajo se analizan las caracteristicas de tres dreas kdrsticas de la zona pirenaica: karst de Ararionera (Sierra Tenderiera,
rio Ara), karst de Alba (Maladeta, rio Esera) y de Glells de Jueu (Maladeta-Artiga de Lin, rio Garona). En primer lugar se discuten
aspectos relativos a la evolucion de dichos karsts, destacando su cardcter polifdsico, a partir de las observaciones realizadas en
las redes espeleoldgicas pretéritas y en aspectos geomorfoldgicos mds generales y, a continuacion, se facilita una sintesis de la
dindmica actual de los sistemas estudiados basada en datos, esencialmente hidrogeoquimicos.

SUMMARY

In this work the caracteristics of three karstic areas from the Pyrenees are analyzed: Arafionera karst (Sierra Tendenera, river
Ara), Alba karst (Maladeta, river Esera) and Guells de Jueu karst (Maladeta-Artiga de lin, river Garona). On the one hand, aspects
of relating to the evolution of these karst are discussed, specially stressing their poliphasic traits, according to the observation
carried out in, ancient speleological networks and in more general geomorphological aspects. On the other hand, a synthesis of the
modern dynamics of the studied systems is provided, based on essentialy hydrogeochemical data.
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Flood statistics, extreme flood events, and their importance to cave
development in the Green River basin (Mammoth Cave Area)

Elizabeth L. White

Department of Civil Engineering
The Pennsylvania State University

RESUM

El Green River, amb una conca de drenatge de 7.200 km?. per sobre de la mesura de Brownsville, és el curs nivell base per
als amplis sistemes de cavitats del National Park, prop de Mammoth Cave. El Green River discorre per una vall estreta amb un
canal situat a uns 6-10 m. per sobre de reompliments sedimentaris de Wisconsin. El drenatge dominant dels sistemes de cavitats
son eixos de gradient baix, alineats en séries des del nivell d’embassament del pis inferior fins a 60 m. per sobre del nivell
d’'embassament del pis superior, amb nivells principals separats tant sols de 20 m. Degut a I'estretor de la vall, les inundacions del
Green River van acompanyades de grans crescudes del riu, inundant-se la major part de les galeries subterranies compreses dins
la zona d'inundacid. Les analisis, fruit de seixanta anys de presa de dades, indiquen que un llarg retorn periodic de les inundacions
(100 i 1.000 anys) té lloc a galeries subterranies normalment seques, en intervals poc freqients. L'analisi des inundacions extremes
prediuen que les taxes mitjanes de cada 100 i 1.000 anys, son, respectivament, de 3,0 i 4,0.

RESUMEN

El Green River, con una cuenca de drenaje de 7.200 KmP. por encima de la medida de Brownsville, es el curso nivel de base
para los amplios sistemas de cavidades en el National Park y cerca de Mammoth Cave. El Green River discurre por un valle estrecho
con un canal colgado a unos 6-10 metros por encima de rellenos de sedimentos de Wisconsin. El drenaje dominante en los sistemas
de cavidades son ejes de gradiente bajo, alineados en serie desde el nivel del embalse del piso inferior hasta 60 m. por encima
del nivel del embalse del piso superior, con niveles principales separados solamente por 20 metros. Debido a la estrechez del valle
las inundaciones en el Green River van acompafiadas por grandes crecidas del rio con inundacion de la mayoria de las galerias
subterraneas que estan comprendidas dentro del rango de inundacion. Los andlisis de sesenta afios de recoleccién de medidas
muestran que un largo regreso periédico de las inundaciones (100 y 1.000 arios) acontecen en galerias subterrdneas normalmente
secas en intervalos poco frecuentes. El andlisis de las inundaciones extremas predice que las proporciones promedio de 100 arios
y promedio de 1.000 arios son 3,0 y 4,0 respectivamente.

SUMMARY

Green River, with a 7.200 Km? drainage basin above the Brownsville gage, is the base level stream for the large cave systems
in and near Mammoth Cave National Park. Green River flows in a narrow valley with a channel perched on 6 - 10 meters of Wisconsin
sedimentary filling. The master drains of the cave systems are low-gradient trunks arrayed in tiers from below pool stage to 60
meters above pool stage with major levels separated only by 20 meters. Because of the narrow valley, floods in the Green River
are accompanied by large rises in river stage with accompanying flooding of many caves passages that lie within the flood range.
Analysis of sixty years of gage records shows that long return period floods, 100 and 1000-year, result in flooding of normally dry
cave passages at infrequent intervals. Extreme flood analysis predicts the 100-year/mean and the 1.000-year/mean ratios are 3.0
and 4.0 respectively.
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The Expounding Of Recession Coefficient In The Hydrography Curve Of Karst
Systems

Baozen Chen
Geology Department of Nanjing University

Zalji Hong
Mathematics Department of Nanjing University

RESUM

L'article sobre «L'explicacio del coeficient de regressio en la corba hidografica dels sistemes cérstic» parla de tres diferents
equacions de decadéncia de les corbes hidrografiques i de diferents models hidrogeoldgics, obtenint-se tres coeficients de regressio,
respectivament. L'equacio de recessio exponencial i el coeficient de regressié dels sistemes carstics aplicada, per extensié als
sistemes aquiifers carstics té condicions estrictes. Es pot aplicar, tant sols, als sistemes d’aquifers carstic que s'assemblin al model
de reservori; pero no als medis permeables dels sistemes d’aquifers de fisures carstiques. Segons I'equacio exponencial és quasi
un prejudici, ‘en gran part de situacions, explicar la variacio del coeficient de regressio en «the territory of time» en els sistemes
d'aquiifers carstics indeterminats des del punt de vista dels multiples medis d’'un aqtiifer. El coeficient de regressié dels sistemes
d'aquiffers es relaciona, no només amb les caracteristiques de I'aqliffer, siné també amb la variacié de les propietats dels limits de
l'aqtiffer.
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RESUMEN

El articulo sobre «La explicacion del coeficiente de regresion en la curva hidrogrédfica de sistemas kdrsticos» habla de tres
diferentes ecuaciones de decadencia* de las curvas hidrogréficas de diferentes modelos hidrogeoldgicos, obteniendo tres coeficientes
de regresion respectivamente. La ecuacion de regresion exponencial y el coeficientee de regresion de los sistemas karsticos aplicada
extensivamente a los sistemas de acuiferos kdrsticos, tiene condiciones estrictas. Se pude aplicar solamente en los sistemas de
acuiferos kdrsticos que se asemejen al modelo de reservorio pero no en los medios permeables de los sistemas de acuiferos de
fisuras kdrsticas. Segun la ecuacion exponencial es casi un prejuicio en la mayor parte de situaciones explicar la variacion del
coeficiente de regresion en «the territory of time» en los sistemas de acuiferos kdrsticos cualesquiera desde el punto de vista de
los multiples medios de un acuifero. Para el coeficiente de regresion de los sistemas de acuiferos se relaciona no sélo con las
caracteristicas de los acuiferos, sino también con la variacion de las propiedades de los limites del acuifero.

SUMMARY

The article of «The Expounding of Recession Coefficient in the Hydrography Curve of Karst Systems» discusses three different
decay equations of hydrography curves of different hydrogeologic models, obtaining three recession coefficients respectively. The
exponential recession equation and the recession coefficient of karst systems applied to karst aquiferous systems extensively have
strict conditions. It can apply only in the karst aquiferous systems that likes the resorvoir model, but not in the permeable media
of karst fissure aquiferous systems. According to the exponential equation, it's almost a prejudice at most situations to explain the
variation of recession coefficient at the territory of time in the karst aquiferous systems everywhere from the point of view of multiple
media of aquiferous body. For the recession coefficient of aquiferous systems relates not only to the characteristic of aquiferous
media but also to variation of boundary properties of aquiferous body.

The research of recession characteristic in the hydrograph
curve of karst systems is at present time in accord with exponen-
tial equation, which was solved by Maillet in 1905.

Maillet exponential recession equation was derived from the
model of reservoir. The differential equation may be written as:

dh
—_— 4 = =
Adt Eh=0 |, ht=o h,

Where A is the area of resorvoir, h is the water table of
reservoir and €=Q/h is a constant that is related to discharge,
while Q is the amount of water passing through the exit of reservoir
at t time. The solution of differential equation may be obtained
as follows:

where o =

we call a, the recession coefficient of the water table of reservoir.

The karst aquiferous system model near by the river is another
practical hydrogeological model. Here the river penetrates all the
way through the aquifers. The differential equation and its condi-
tions of solution are expressed as:

2y dhy _M Ok

rbx("I ps k ot
hx,t)|,,=htx , 0<x<L
h(x,‘c)|x_°-=0 ; t>o0
oh _

. Px x-L-O , t >0

Were K and p are the hydraulic conductivity and specific yield
respectively, L is the distance between recharge area and exit
of groundwater flow, h(x)- the thickness of aquiferous body of
karst systems at initial time.

Using the methods of separation of variables, let the solution
of eq. (4) be

n(x,t) =- X(x)-T(t).
Therefore the first equation of (4) becomes

1 %X _2m 4T
X dx* Tk dt

Since it depends only on t on the right side of above equation,

only on x on the left side, so it's a constant, Let it be-AMA > o,
for practical meaning).
Thus eq. (4) becomes
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The first and second equations in (5) are solved, we obtained res-
pectively:
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Where C,, C, are two constants of integrals,
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Hence the general solution of first equation of (4) is
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Using initial and boundary conditions, we obtained at last that
the solution of (4) is

,(o<s<1 ,0<sF<1)

hix,t)=

he(X)

hixmby =2 t

f.12
o = k ho(L)
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Eqg. (7) is hyperbolical function. In the same way as eq. (3), we
call a, the first recession coefficient of aquiferous body.

If the thickness of aquiferous body is much larger than the
depth of cut of river, then the differential equation and the condi-
tions given about hydrogeology model are the following:
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Where H_ and H, are the thickness of aquiferous body at
the river bank and the watershed respectively. H is the thickness
of aquiferous body at any point along the x-axis.

Using the semi-infinite Fourier sine transform
— = ni

h =S hsin(Ax)dx (7\=T- y =], 2 e )
0
the first equation of (9) would become
(v~] (o] 3},
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where a=KHcp/u< After integration above equation, the first
and second equations of (9) would become

%—"t—+a?\zf = anrh,
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It's a first-order nonhomogeneous linear differential equation.
Its solution is

t

Using (11) for finding inversion of (10), we have
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dt

Calculating above integral by appropriate transformation, we
obtained at last that the solution of (9) is

h(x,t)=%"—8 e Ty = hyertc (7)
1.

In the above expression
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Let us assume &z = 4kHcp/(/JL2) ,
a, is called the second recession coefficient of aquiferous

body. Then eq. (12) becomes "
h(x,t)= h, erfc (j—i_,—?)

From previous discussion, we obtained three different reces-
sion coefficients of decay equation of groundwater systems with

different hydrogeological models. The hydrogeologists at home
and abroad have been doing a lot of work in the field about
groundwater regime. In the monography, Ycrobue @opmuupoba-
hue u npo1h03bl ecmecmbehh010 pexuu nog3uhblx bog by B.
C. Kobarebckuu in 1973, he wrote: «When aquifer structure of
discharge zone is relatively uniform, while the data mesured during
water table falling are used, the recession coefficient is a constant.
The recession coefficient of water table in the karst aquiferous
systems is liable to vary. When the water table decline at the
initial stage, the groundwater flow out from cave-tube, soon after
from karst fissure and then from the fine fissure and microkarst.
The value of a vary also from large to small correspondingly,...»
These are the most common opinion about recession coefficient
and it has formed the fixed method to obtain a.

In summary, we conclude with the following points:

1. from eq. (3) and (8), we can see that the water table
recession coefficient of aquiferous systems relate not only to the
characteristic of aquiferous media (i. e. specific yield, transmissi-
vity and aquiferous body geometry), but also to boundary proper-
ties of aquiferous body. Namely, the variation of recession coeffi-
cient is not necessarily due to the properties of multiple media.
Some scholars have pointed out that the recession coefficient of
water table in the year of raininess is less than in the dry year.

2. The water table decay equation with exponential function
is obtained from the reservoir model (From the heat-conduction
equation, we can only obtain the exponential function as simplified
solution). Eq. (7) and (14) are the accurate solution in the field,
we must utilize these two formulas as fully as posible. It must
be careful to use eq. (2).

3. The method to use data of water table with the aid of
exponential function to obtain the recession coefficient of aquife-
rous system is a means of curve fitting. People may use this
method to forecast the water table or amount of flow in future,
but their hydro-physics implication is not quite clear.

It is almost a prejudice at most situations to explain the varia-
tion of recession coefficient in the karst aquiferous systems
everywhere from the point of view of multiple media of aquiferous
body.

4. If we use the hydrogeological tests in field to obtain the
parameters of karst aquiferous systems, and then utilize the formu-
la of recession coefficient to calculate the value of a, it may be
discovered that the recession coefficient obtained from using
data of water table with the aid of exponential function is less
than the former one.
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Principle Characteristics of Karst Hydrology in China

RESUM

Song Lin Hua
Institute of Geography, Academia Sinica, Beijing, China.

Les caracteristiques hidrogiques del carst de les regions septentrionals de la Xina son molt diferents de les de la Xina meridional,
ja que tant condicions climatiques com l'estructura geoldgica, la litologia de les formacions calcaries, la geomorfologia, el sdl i la

vegetacio sén també molt diferents.

Les condicions hidrologiques del carst de les regions meridionals es caracteritzen per un gradient longitudinal més escarpat,
per la preséncia de conductes i de corrents ampliament distribuits, un elevat coeficient d'inestabilitat, una gran velocitat, una forta
fluctuacid de descarrega i una alternancia de les seccions superficials i sub-superficials dels cursos d'aigua carstica.

Les caracteristiques hidrologiques del carst de la Xina septentrional es distingeixen per un gradient hidraulic horitzontal, una
xarxa de fissures i corrents que circulen per conductes, una amplia zona de surgéncia de drenatge, un regim estable, un elevat
contingut de compostos quimics, una baixa proporcié de descarrega maxima, una minima velocitat del corrent i un llarg temps de

permaneéncia.

RESUMEN

En condiciones de diferentes climas, estructura geoldgica, litologia de formaciones carbonatadas, geomorfologia, suelo y vegeta-
cion, las caracteristicas hidroldgicas del karst en China Septentrional se distinguen mucho de las del Sur.

La hidrologia kérstica se caracteriza por el gradiente longitudinal mads escarpado, conductos y corrientes en cavidades distribuidas
ampliamente, elevado coeficiente de inestabilidad, gran velocidad, fuerte fluctuacion de descarga, nivel del agua y calidad responsable
de la lluvia, alternancia de la secciones superficiales y subsuperficiales de los cursos de agua karstica.

Las caracteristicas de la hidrologia del karst en China Septentrional son de gradiente hidrdulico horizontal, red de fisuras y
corriente por conducto, amplia zona de surgencia de drenaje, régimen estable, elevado contenido de compuestos quimicos, baja
relacion de descarga maxima y velocidad de corriente y largo tiempo de permanencia.

SUMMARY

In the conditions of different climate, geological structure, lithology of carbonate formations, geomorphology, soil and vegetation,
the karst hydrologic characteristics in North China greatly distinguish from the South.

The karst hydrology is characterized by the steeper longitudinal gradient, conduit and cavern flow broadly distributing, high
unstable coefficient, high velocity, strong fluctuation of discharge, water level and quality respounsible to rainfall, alternation of

surface and surbsurface sections of karst water course.

The characteristics of karst hydrology in North China is flat hydraulic gradient, network of solutional fissure and conduit flow,
large spring drainage area, stable regime, high chemical compound contents, low ratioes of max.-min. discharges and flow velocity

and long residence time.

Introduction

The carbonate rocks in China occupy about 3,440,000 Km?,
of which 910,000 Km? are exposed and inhomogeneously
distribute (Fig. 1, Table 1), about 450,000 Km? in the southwest
China including Guizhou, Guangxi, Hunan, Hubei, Sichuan and
Yunnan provinces; only 79,000 Km? in the north and northeast
China; and 270,000 Km? in Xingjiang, Qinghai, Xizang and Ningxia
provinces.

China is a typical monsoon climatic country with four distict
seasons and the rainy and dry seasons. In the south, the annual
average temperature may reach up to 15-25°C or more and the
precipitation generally 1,000-2,000 mm; in the north and northeast
China, it is about 0-13°C and precipitation 400-800 mm, while,
the northwest China is a typical plateau territoriality draught
climate with the annual average temperature varying in the range
of 0°-12°C and the precipitation generally less than 200 mm, but
in someplaces lower than 50 mm, the evaporation capacity is
very high, commonly 3,000 mm a year.

The geotectonics in China is very complicated. The north
China belongs the China-Korean Geoplateform with 7,000 m
thickness of marble, limestone, dolomitic limestone and dolomite
aged from Presinian to Mid-Ordovician Periods, but the thickness
of karstified limestone just less than 1,000 m. Since the Sinian,
the China-Korean Geoplateform is at the flucturative movements
upward and downward. The carbonate rocks are interbedded
with the sandstones and shales. During the early-middle
Ordovician, the great marine transgression was taken place in
north China, 200 m pure limestone and dolomitic limestone were
deposited. Since then, the China-Korean Geoplateform is lack of

the carbonate deposits and the earthcrusst was at the block
movement with uplifting and subsidencing.

Except the Kangdian Old land, the most south China belongs
to the pene-geoplateform. The carbonate rocks were deposited
from Sinian to Mid-Triassic Periods, the thickness may reach up
to 5,000-6,000 m. They have experienced several strong tectonic
movements and intensely folded and faulted. Since Miozoic, the
India Plate powerfully inserting into Asia Plate has been making
the Hemalaya Mountains greatly uplifting and the south China in
homogeneously uplifting too. The Xialong Gulf in Viennan is
subsidencing, South Guanxi nearly stable and Yunnan-Guizhou
and Qinghai-Xizang plateaus are greatly elevating. Since
Quaternary, the Guizhou Plateau has been elevated about 500
m or more, while the Qingzang plateau at lest uplifting 6,000 m.

The environment of palaeography great distinguishes from
south to north. Since mid-Ordovician, the north China was in the
environment of warm and humid erosion and inland deposit, and
there has formed the broad palaeokarst groundsurface on the
mid-Ordovician limestone and accumulated the thicker solutional
and weathering residual Alumyte. After that, carbonifereous and
Permian sandstone and shale with coal have been deposited in
the warm climatic conditions. During the Tertiary, it was warm
and humid environment and karst developed very well. It came
into the cool and dry stage since Quaternary.

In the south China, it was in tropic and subtropic warm and
humid environment. So the Fenglin and Fengcong have been
developed perfectly. As for the inhomogeously uplifting from the
east part to YunGui and QuingZang Plateaus, a series of karst
geomorphology patterns has been developed on the Guangxi-
Guizhou-Yunnan slope.
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CARBONATE ROCKS OF CHINA
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Tab'e 1 the area of carbonate rocks in China Based on Group of Karstology.institute of Geology. Academia Sinics, 1879
Province Carbonate R. Formations with Exposed Proportion of exp.
Carbonate R. Carbonate R. carb. R. in total
10% Km? 10* Km? 10* Km? province area (%)
Yunnan 241 19.8 9.7 26
Guizhou 15.6 14.5 8.9 51
Sichuan 36.0 17.0 8.2 15
Xizang 86.5 46.3 1.5 9
Guangxi 13.9 10.3 79 33
Guangdong 29 26 1.4 7
Hunan 11.3 8.2 58 27
Hubei 7.8 59 41 22
Henan 10.4 1.9 1.1 i
Taiwan 0.1 0.1 0.1 3
Fujian 02 0.2 0.04 0.3
Jiangxi 25 1.8 0.9 5
Zhejiang 2.2 0.9 04 4
Anhui 6.4 24 1.25 9
Jiangsu 45 0.3 0.2 2
Shangdong 8.7 1.5 1.0 7
Hebei 13.5 34 2.2 10
Shanxi 10.2 43 33 21
Nei Monggol 10.9 51 1.3 1
Liaoning 2.6 1.6 0.9 6
Jilin 1.0 09 0.3 2
Helongjiang 1.2 09 0.2 04
Shaanxi 5.1 41 21 10
Gansu 9.0 6.8 27 7
Ningxia 09 0.4 0.1 2
Qinghai 19.0 15.0 6.1 8
Xingjiang 38.2 298 9.0 6
Total 3443 206.0 90.7 9.7
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Table 2 Runoff character of underground drainage systems in South China

Subsurface Area Max. Min. Unstability
drainage system discharge discharge coefficient
Km? m3s-! mds-1

Disu 1,080 390 4.00 97.5
Shantan 150 6.64* 0.55 12.5
Huanghe 460 170 1.549 110
Yaohua 194 90 0.835 108
Shuilou 82 40 0.33 121
Loutizai 35 9 0.08 118
Dalongqing 29 20 0.335 60

* The usual discharge

Patterns of karst water flows

According to the dimentions of water-bearing space in the
medium the fracture flow (including pore water), solutional fissure
flow, conduit flow and cavern flow may be classified.

The fracture flow distributes and moves very slow in the pore
and fractures with 0.001-1.0 mm wide. It follows the Darcy's lamina
flow law.

The solutional fissure flow mainly distributes in the solutional
fissures with the width of 1.0-200 mm. The hydraulic properties
is very complicated and is deponded upon the Reynolds number
Re:

Re = P
m
where v is flow velocity, d is the dimention of pore or fissure. p
is fluid density and p is viscosity.

In the given area, the p and p of the karst water is not much

different, then p /n=C, then Re = Cvd.

Table 3 The velocity of groundwater in South China

Subsurface velocity
drainage system ms-!
Dalongqing 1,100
Xiaolongging 1,000
Naoshuiyan 2,674
Baoyan 14,900
Shantan 3,218
Hezai 312
1,598
Guocha 1,210
5,098

The experiments have suggested that when Re < 2,300, the
flow is laminar flow neverless how the velocity and fissure widens
are. When Re " 2,300, the flow sometime is laminar, but sometime
turbular, that according to the friction of the fissure walls.

Conduit flow is the water moving in the passage with 100-1,000
mm width. The water generallly flow very fast, may reach up to
ten thousands meters a day. It commonly is turbular flow including
the compressed and free surface conduit flows.

Cavern flow is special conduit flow in the cavern passage
with the properties of surface flow. A series of solutional and
erosion features and deposit forms including terraces may be
developed. So some hydrogeologists call them subsurface
river.

Based on the flow distributing structure, the flow may be
classified into surface flow, monoconduit flow, dendritic flow and
network flow.

Principle characteristics of karst hydrology in South China

Since the late Triassic Period, the South China is in the
conditions of warm and humid climate, vigourous vegetation, the
soil with aboundant organic materials with active bacteriums and
strong tectonic tilted movement, carbonate rocks being strongly
faulted, folded and interbeded with noncarbonate rocks. The
carbonate rocks have been strongly karstified. In the processes
of dissolution and erosion in the carbonate rock areas, the soils
on the carbonate hills have been rashed down and accumulated
for several meters in the depressions. So as the soils on the hills
is very thin. Karst hydrology in South China characterised as
follows:

1. In a carbonate terrain, the four flow patterns especial
conduit and cavern flows organistly constitute the subsurface

Table 4 Unstability coefficients of the main springs in North China

Spring Area Max. Min. Unstability
discharge discharge coefficient
Km? m3s-! mds-!
Longzici 2,300 6.18 40 1.52
Lancun 3,800 3.80 2.29 1.66
Shentou 2,500 9.48 6.4 1.18
Niangziguan 3,600 16.00 10.2 .57
Helongdong 2,400 38.50 57 6.80
Table 5 The decay coefficients of karst springs in North China
Spring Decay Spring Decay
coefficient coefficient
Niangziguan Spr. 0.0011 Guangshensi Spr. 0.00099
Wangaqu Spr. 0.0026 Longzici Spr. 0.0012
Yanhe Spr. 0.0027 Bai Spr., Xingtai 0.0020
Pingshang Spr. 0.0024 Helongdong Spr. 0.0028
Shentou Spr. 0.00068 Yuquanshan Spr. 0.0018
Liulin Spr. 0.002 Jinan Spr. 0.0037
Hongshan Spr. 0.0006 Wanfotang Spr. 0.012-0.069
Guozhuang Spr. 0.0016 BaiSpr. Huixian 0.0058
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drainage system. As the conduit and cavern flows well developed,
many hydrogeologists argue that the conduit flow and
underground river are the basical characteristics in the South
China. In the exposed limestone regions, the distribution geometry
of conduit flow and cavern flow is generally with mono-conduit
(or cavern), dendrictric and cumb system, while in the area with
excellent negative landforms, the network system of the conduit-
cavern flow are usually developed. In the limestone block between
two levels of the large scale karst depressions or karst basins
and poljes, the single conduit or cavern flow is completely formed.
However, the conduit flow or cavern flow is still recharged by
the fracture and solutional fissure flows.

2. The surface flow commonly become the underground flow
through sinkholls, funnels and fissures. Therefore, there are a lot
of water inputs in the drainage system.

3. The longitudual profile of the subsurface drainage system
ordinaryly take the shape of convex, concave or stepe curve. The
most subsurface drainage systems in Guangxi basin perhaps
form the concave, but in Guizhou are basically with the convex
or stepe curve with several knick-points. In someplaces, the
ground water falls appear in the caverns, the waterfall about 30
m high in Dragon Palace, Guizhou is a good example.

4. The cavern ceilings collapsing cause the cavern flow
exposed. In the quite flate area with big depressions or basins,
the conduit (cavern) flows develop in the block between the
depressions or basins where the surface flow well developed.
Therefore, the subsurface courses of the drainage system
interchange with the surface sections.

5. The subsurface drainage systems are directly fed by the
meteoric water, thus the groundwater regimes are determined
by and very responsible to the meteoric water. The hydrography
curve is like the dog's teeth. It is very evident that the surface
water strongly alternates with the groundwater and the travelling
time of groundwater is quite short.

6. In the rainy seasons, the conduit predominantly discharges
the conduit storage and the recharge of the surface water; in
the dry seasons, 90 % of discharge, the base flow of the
underground drainage systems, comes from the diffusion flow
stored in the fine fractures, pore space or small fissures. The
underground runoff coefficient M (Song, 1981) is about 3-4
Is~'"Km~'.

7. There are the multilevels of drainage bases. The ground
water in the higher level of geomorphological unit flow down to
the lower level of the unit. Hence, the groundwater flows step
by step from the watershed to the resurgence of the drainage
system.

8. In the flood seasons, the flood peak comes very fastly and

Table 6 Velocity of groundwater in North China

intensively. The ratios of flood discharge and lowest discharge
of the subsurface drainage system are very high (Table 2). The
velocity of groundwater may reach upto 800-14,900 md~' (table 3).

Characteristics of karst hydrology in North China

The whole North China was homogeously uplifting during the
end of mid —Ordovician to the early mid— Carbonifereous, that
made the carbonate rocks strongly dissolving and the ground
surface leveling. The networks of solutional fissures, conduits and
caverns were well developed near the ground surface and the
later two were partly filled up by the late sediments of completely
destroyed.

The North China was under the conditions of warm and humid
climate and erosion during the end —Triassic to end— Cretaceous,
the caves and conduits and the landscape of Fenglin-plain had
been well developed.

In the Tertiary with warm and humid climate and the earthcrust
was continuing to blockly elevated and subsidence. The area
east to the Taihan Shan was greatly lowed down to deposit very
thick sediments which covered the karst landform and filled up
the conduit and caverns. The Shanxi plateau uplifts and the
carbonate rocks were karstified and erosed. In the exposed
carbonate rock area, the conduit and caverns may continue to
be developed and formed the networks.

In the Quaternary, climate became cool, but the precipitation
in mid-Pleistocene was high to promote the conduit and cavern
net systems developed and combined together. The most big
springs have been formed since then and in some places, the
cavern flows like Helongtan spring, Hepei province, Shangwolong
cavern flow and Xienjiawai cavern flow in Liaoning Province have
been developed.

The characters of karst hydrology in the North China are as
follows:

1. The drainage area of karst drainages are generally large
(Table 4), such as Niangziguan Spring drainage area about 3,600
Km?, of which the exposed limestone occupies 1,800 Km2.

2. The stabilized coefficients of the springs are in the range
of 1.18-6.8, but most being 1.18-1.66. The max. stabilized
coefficient of karst drainage is still less than 10 (He Yueping,
1982). These sugust that the storage capacity of the carbonate
rocks is very high, and the decay coefficients of springs are very
low (Table 5).

3. The hydraulic gradients of karst aquifer are very low, for
example, Niangziguan spring drainage is 1.0-4.3 %, Blue spring
2-6 % and Longyan spring 1.18-8.0 %.

Spring Velocity Property of
md-? Water flow
Niangziguan Spr. 8.8-23.9 Net of fissure and conduit flow
Longzici Spr. 298 Net of fissure and conduit flow
Guangshensi Spr. 243 Net of fissure and conduit flow
Helongdong Spr. 456 Net of fissure and conduit flow partly cavern flow
Xuelang Spr. 1,500 Conduit and cavern flow
Longyan Spr. 288-580 Conduit flow
Shentou Spr. 376 Fissure and conduit flow

Table 7 The principle chemical property of karst water in Taiyuan, Shanxi Province

Spring Water Minerization Total Quality SOz Cl-
temperature hardness pattern

oC gi- °G mgl-1 mgl-1
Kuaihuagoukou 20.2 0.80 10.48 SH-CM 364.2 139
Fengyuogoukou 185 0.72 10.20 SH-CM 3457 135
Nanlao Spr. 18.0 0.60 8.94 SH-CM 266.7 15.0
Shanggouyie 245 1.40 21.50 S-CM 9126 177
Ping Spr. 25.0 1.55 23.40 S-CM 955.8 213
Xiliang Spr. 24 34.45 S-CM 1,534.6 288
Xingcun Spr. 424 48.31 S-CM 24159 2730
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4. The velocity of groundwater flow is also low even if the 7. Except the net fissure flow and conduit flow, the

conduit flow or cavern flow (Table 6). monogeneous conduit flow and cavern flow are well developed.
5. The regime of karst groundwater is senseless to the rainfall, ~ The underground stream with 6 km long and lowest discharge

for example, the max. discharge of Jingci spring is 3-5 monthes  0.11 m3™" in Yichun, Helongjiang has been discovered.

late responsible to 261 mm of rainfall in July, 1966 when the 8. The hardness and chemical composition contents of the

discharge was 1.655 m3s~" (lowest flow), but is started to gradually ~ ground waters is quite high (Table 7). The mean water temperature

increase from October, 1966. is higher than the mean ground temperature, that means the

6. Karst aquifers have greater storage and yield capacity. The  karst water deeply circulating.
transnision coefficients calculated from the test pumping of
boreholes in Wangyao, Zhangyuan and Wangfeng, Hebei are
1000-20000 m?d-', the max. 50000 m?2d:"
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Discussion of hydrological results obtained from the major resurgence at
Bungonia caves, NSW, Aust_ralia

Julia M. James and D. J. Martin

RESUM

La surgencia principal de les aiglies de la cova de Bungonia és una cavitat (The Efflux) que ha sigut inundada per un
esllavissament d'escarpament. La hidrologia d’aquest sistema ha estat estudiada a través de coloracions qualitatives i quantitatives,
i mesuraments del grau de corrent de base. L'exploracid, topografia i estudis geoldgics de les coves han ajudat també a la
interpretacio de la hidrologia. Aqui es presenten i comparen els resultats d'alguns experiments d'inundacid i bombeig, amb la finalitat
de buidar les galerias inundades. Les variacions historiques del nivell i del corrent, evidenciades a través d'aquests experiments,
permeten determinar les arees de la superficie dels diposits d'aigua, a partir dels diferents nivells i volums de les «freas» entre
aquests nivells. Comparant les aree de superficies de seccions conegudes del sistema amb les arees totals, obtingudes del
sifonament, es pot fer una prediccié del tamany i naturalesa de les galeries inundades de la cova.

RESUMEN

La surgencia principal de las aguas de la cueva de Bungonia es una cavidad (The Efflux) que ha sido inundada por un
desomoronamiento de escarpe. La hidrologia de este sistema ha sido estudiada por coloraciones cualitativas y cuantitativas,
mediciones del grado de corriente de base. La exploracion, topografia y estudios geoldgicos en las cuevas han ayudado ademds
a la interpretacion de la hidrologia. Se presentan y comparan los resultados de algunos experimentos de inundacion y bombeo,
destinado a vaciar las galerias inundadas. La historia del nivel y corriente de estos experimentos permite determinar las dreas de
la superfieie de los depdsitos de agua por diversos niveles y los volumenes de las «freas» entre estos niveles. Comparando las
dreas de superficies de secciones conocidas del sistema, con las dreas totales obtenidas del sifonamiento, se puede hacer una
prediccion de la talla y naturaleza de las galerias inundadas de la cueva detrds de The Efflux.

SUMMARY

The major resurgence of Bungonia cave waters is a cave (The Efflux) that has been flooded by a cliff collapse. The hydrology
of this system has been studied by qualitative and quantitative dye tracing, base flow rate measurements. In addition exploration,
surveying and geological studies in the caves have assisted in interpretation of the hydrology. The results of several syphoning and
pumping experiments designed to drain the flooded passages are presented and compared. The level and flow time histories of
these experiments allow pool surface areas for various levels and the phreas volumes between these levels to be determined. By
comparing the surface areas of known sections of the system with the total areas obtained from syphoning a prediction of the size
and nature of the flooded cave passage behind The Efflux can be made.

Introduction Excavation of the Efflux blockage was started with the aim of

clearing the caves of «foul aim (Bonwick, 1972). A trench was

All major caves at Bungonia drain to one spring, The Efflux.  excavated to lower the water level approximately 5 m and in 1967
Figure 1 shows the underground connections established by access was gained to a small cave with a sump. The sump was
water tracing. Qualitative water tracing indicates that there is a dived and it was reported that the bottom seemed to slope
combining of waters from two separated limestone areas close towards and opening surroundend by mud and loose rocks at a
to Odyssey Cave. Between Odyssey Cave and The Efflux it is depth of approximately 7 m. Further cave diving was out of the
believed that the combined waters follow the Folley -Point Fault question due to the loose rocks and the high probability that
(James et al., 1978). The pool in Odyssey Cave responds slowly lethal concentrations of carbon dioxide would be encountered in
to changes in the Efflux pool level and reaches the same any new passage. By 1967 the trench was over 30 m long and
equilibrium level. Figure 2 shows how these two pools are related. further excavation was not feasible. This left syphoning and
The Efflux Cave was blocked by a cliff collapse and buried pumping as the only alternatives for draining the flooded cave
beneath a boulder pile which was consolidated with tufa. passages. A number of syphoning and pumping exercises have
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FIGURE | BUNGONIA CAVES - QUALITATIVE WATER TRACES

5000
s e e AUOMCDN
8889 LECOMOR M8
0008 BOOAMSE WT
ARasRs  MOOAmE B
N cave rassas e

a L

been carried out to date. The most sucessful of these was in
1973 when the water level was lowered 10 m to a narrow horizontal
tube too dangerous to explore because of the danger of a sudden
release of wather further upstream (Bonwick, 1977).

Whilst the aims of gaining access to the passage behind The
Efflux and draining the connecting caves of fould air have not
been achieved these bulk water removal exercises have allowed
various hydrological investigations to be carried out.

Methods

Water tracing — Rhodamine B, Rhodamine WT, Fluorescein
and Leuchpor NBS have been used for water tracing. Three
quantitative traces were made using 80 g and 40 g of Rhodamine
WT (20 % solution) and 500 g of fluorescein. Samples were
analysed on an Aminco-Bowman Fluorometer.

Syphoning — A 72 mm ID PVC syphon pipe was installed at
The Efflux in March 1968. This pipe has been used to lower The
Efflux spring water level (Bonwick 1972). A U bend at the outlet
and extension pipes allow the flow rate to be reduced so that a
desired level may be maintained without the syphon breaking.

Pumping — Submersible electric pumps have been used on
several occasions to increase the rate of water removal while
syphoning and to allow the pool level to be lowered below the
practical limit of syphoning.

Flow rate measurement — A vertically-sliding V-notch weir
was used to measure the flow in the Efflux trench before the
sump was exposed. The free water surface areas of the pool
behind the sump at various levels were determined by daming
the weir and measuring the time rate of change in level (Bonwick,
1972 and Lambert, 1973). Syphon and pump flow rates were
measured by recording the time taken to fill a 210 L drum.

Water level measurement — In the early experiments water
levels were measured at various times using conventional cave

FIGURE 2 THE RELATIONSHIP BETWEEN ODYSSEY CAVE AND THE EFFLUX
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survey techniques. In August 1983 a water level recorder designed
and built by N.Michie was used in Odyssey Cave and The Efflux
sumps. Pool surface areas were determined on the basis of time
rate of change of level at known syphoning rates less the base
flow and during system recharge at the measured base flow.

Results and discussion

Qualitative water traces — The results of the qualitative
water traces are shown in Figure 1. These traces took times
ranging from days to months. In all of these traces large quantities
of dye (several kg) were used as it was believed that long retention
times would lead to high dye loss. The result was that the dye
could be monitored visually in the system. It was observed that
the disappearence of dye from the cave pools was extremely

FIGURE 3 DYE RECOVERY CURVES
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slow as mixing is poor. The dye only disappears from the input
point after a major flood has passed through the system. Because
of this long dye retention at the points of input quantitative water
traces in normal conditions were considered impractical.

TABLE 1 WATER TRACE RESULTS

EXPERIMENT DECEMBER 1980 APRIL 1983  AUGUST 1983
Dye Rhodamine WT ~ Rhodamine WT ~ Fluorescein
Quantity inserted 80 g 409 500 g
Dye recovery 70 % 80 % 80 %
Initial base flow 2 Ls-1 18 Ls~? 1.2Ls
Average base flow" 2 Ls 2Ls1 1.6Ls1
Volume removed by
syphoning and
pumping less base flow 250 m3 470 m3 270 m3
Volume from spring
before emergence of
main dye peak 864 m3 948 m3 893 m3
Volume from spring
preceeding maximum
dye concentration 4,000 m3 4,000 m3 3,500m3
Volume from spring ‘
preceeding dye
concentration returning
to background levels 11,000 m3 11,500 m3 10,500 m3

* Established from flow measurements when samples were collected

Quantitative water traces: — The flow of water at The Efflux
is ten times greater than that which can be measured in Odyssey
Cave. The pool in Odyssey Cave is therefore only a minor tributary
of The Efflux drainage. However, it is believed that the Odyssey
Cave pool is close to the main drainage conduit. It was hoped
that by inserting dye at this point immediately before syphoning
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FIGURE 4 EFFLUX LEVEL AND FLOWS FOR AUGUST 1983 EXPERIMENT
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and pumping commenced it would quickly flow into the main
conduit. Once in the main conduit, the dye would be dispersed
more rapidly allowing a normal dye recovery curve to be obtained.
Three such tests were carried out and the results are presented
in Figure 3 and Table 1. Smooth dye concentration curves have
been hand drawn as the erratic collection of samples and
measurement of flow rate does not merit more detailed
mathematical treatment. However, the raw data indicate that there
would be a fine structure imposed on the main curve if regular
sampling and flow measurements had been possible.

The dye traces are in good agreement and reproducible. The
dye recovery curves are all broad. The recovery curves endorse
the postulate that the more rapid entry of dye into the system
allows a reasonably complete dye recovery. The broad curves
and straight line sink to spring tracer velocities of 70-90 m day~'
indicate that water flow in the passages between Odyssey Cave
and The Efflux is restricted.

Water Flow Rates and Levels

— Lambert (1973) reported a base flow range of 1.4 to 2.6
Ls™'. A base flow of 1.2 Ls™' was measured in August 1983.
Figure 4 gives the level and flow time histories for part of the
August 1983 experiment. Level oscillations occurred at the lower
levels reached during this experiment. Sudden rises in level have
occured before (Bonwick, 1972) and were attributed to the
breaking of silt dams. The level recorder shows many of these
pulses have reproducible amplitudes and frequencies. Whilst
pulses can result from the breaking of dams it is suggested these
are the result of the making and breaking of a syphon.

Water volumes and pool surface areas — Figure 5 gives
the cumulative net volumes removed and surface areas for part
of the August 1983 syphoning. The system volume between 1.14
and 3.81 m below the sump overflow level is 175 m? for the
syphoning and 163 m® for recharge at base flow. The
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corresponding volume was 250 m? for the April 1983 syphoning.
These levels have been chosen for comparison purposes as they
comprise the most complete and meaningful data set. Prior to
the August 1983 experiment the sump had been held at the
-1.14 m level by the syphon.

Combined dye tracing and syphoning is in some respects
similar to flood pulse experiments which allow the volumes of
fully submerged conduits to be determined (Smart and Hodge,
1980). The lower water levels will, however, cause a drawdown
of diffuse flow water held in joints, fissures, and in this system,
sediments.

The area and volume determinations rely on the assumption
that changes in level at The Efflux are reflected elsewhere in the
system without appreciable time delay. Discrepancies in area and
volume measurements between syphoning and recharge and the
long dye travel times, even with syphoning, indicate that this
assumption may not be valid. These measurements are also
affected by the drawdown and recharge of the diffuse flow
component. Dams and the movement of sediments in the system
may explain some of the discrepancy between the April and
August results.

Conclusions

Conventional flood pulse experiments and a base flow
recession curve may provide more information on The Efflux
system. The level recorder has allowed more detailed pool area
predictions than was possible using Lambert’'s methods. The use
of this area data for predicting passage sizes is highly speculative
as the system appears to be more complex than a simple water-
filled conduit.




FIGURE 5 VOLUME AND SURFACE AREAS FOR AUGUST 1983 EXPERIMENT
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La hidrologia carstica és una ciéncia que tracta dels elements dinamics del carst, regularitats de formacid, influéncia del carst
sobre el corrent del riu, el seu régim i el balang hidraulic. La principal finalitat de la hidrologia carstica és la d'investigar les relacions
espai-temps de les aiglies de superficie i subterranies amb els procesos carstics. La hidrologia del carst inclou els problemes
d'interaccio de les aigies de superficie amb les subterranies sota les condicions dominants del carst, el regim de les aiglies
carstiques, el paper hidrologic del carst i el balang hidraulic de les zones carstiques, aixi com els recursos de les aiglies carstiques
i la seva utilitzacio i proteccio.
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A les regions muntanyoses, la metodologia de la hidrologia de la muntanya estableix les bases metodologiques de la hidrologia
carstica, a través de les quals es posen de manifest I'esséncia i el caracter d'interdependéncia natural del corrent amb factors
zonals i regionals. A partir d'alguns métodes ja conegutts, determinats métodes d'hidrologia carstica d'especial interés han estat
posats al punt i aplicats amb éxit, com per exemple el métode del «background» zonal i un méetode complex per a la determinacio
dels intercanvis d'aigua subterrania.

RESUMEN

La hidrologia kérstica es una ciencia de regularidades de formacion y elementos de dindmica del karst, influencia del karst
sobre la corriente del rio, su régimen y balance hidrdulico. La finalidad principal de la hidrologia karstica es investigar las relaciones
espacio-temporales de las aguas de superficie y subterraneas con los procesos karsticos. La hidrologia del karst incluye los problemas
de interaccion de las aguas de superficie y subterréneas bajo las condiciones de predominio del karst, régimen de las aguas
kdrsticas, el papel hidroldgico del karst y el balance hidrdulico de las zonas karsticas; recursos de las aguas karsticas, asi como
su utilizacion y proteccion.

En las regiones montanosas la metodologia de la hidrologia de la montana establece las bases metodoldgicas de la hidrologia
kdrstica a través de las cuales se revelan la esencia y el cardcter de interdependencia natural de la corriente con factores de las
zonas y de las regiones. Sobre la base de métodos dados, estos importantes métodos de hidrologia del karst han sido puestos a
y aplicados con éxito como por ejemplo el método del «background» zonal y un método complejo para la determinacion de los
intercambio de agua subterranea.

SUMMARY

Karst hydrology is a science of regularities of formation and dynamics of karst matters, influence of karst upon the river runoff,
its regime and water balance. The main task of karst hydrology is to investigate the space-temporal relations of surface and
underground waters with karst processes. Hydrology of karst involves the problems of interaction of surface and underground waters
under the conditions of karst domination, karst waters regime, hydrologic role of karst and water balance of karst areas, resources
of karst waters as well as their utilization and protection.

in highland regions, methodics of mountain hydrology establishes the methodologic foundation of karst hydrology through which
are revelaed the essence and character of natural interdependence of the run-off with zonal and regional factors. On the basis of
the given methods such important methods of karst hydrology have been worked out and successfully applied as the method of

zonal background and a complex method of subterranean waterchange determination.

THApoJIOTAs KapcTa — 3TO HAyka O 3aKOHOMEPHOCTAX (opmwpo—
BaHAA W JMHAMAKZ KapCTOBHX BOX, BUIMAHWA KapcTa HA pedYHoR CTOK,
ero pexmM M BOHHH# Casanc. ConmepraHMe TMIPOJIOTEM KapcTa COCTaB—
JAKT MpPOCJeMH: B3aWMONEICTEME MOBEDXHOCTHHX M ION3EeMHNX BOX B
YCNIOBUAX TOCNONCTBA KApCTa, DEXEM KapCTOBHX BOX, IMNIDOJOTHIEC—
Kaa poJb kKapcTa ¥ BONHHE OGaJaHC KapCTOBHX odyacTeit, pecypc
KapCTOBNX BOX, MX MCmons3oBamme w oxpasa / I /.

BugBjeRue TUIPOJNOTHYECKAX 3aKOHOMEDHOCTE} KapcTa — MOMHOI'0
¥ O4eHb CBoeoGpa3Horo faxTopa CTOKA, BECkMa TpyIHad 3ajnava,
ROTOpas pemaeTcA Jmmb Ha odmeM doHe JarmmadTHOZ cpemy ¥ Tma-—
TEJBHOT'0 aHAJM3a CJOXHHX HepelUleTeRmit {m3mxo-TreorpafuIecKAx
craseit,

B KapcTOBO-TMIDOJOrHYECKNX MCCJIENOBAHMAX HA NEpeNnHnft IuaH
BHIBUT@ETCA Npodiema ION3EMHOTO BOJAOOGMERA —~ CaMor'o XapaKTep-—
HOT'O SABNEHWSA JJIF MHTEHCWBHO 3aKapCTOBAHHNX TeppmTomtit, Beaen-
CTBHE NON3EMHOT0 BONOOOMEHA HADYmADTCA SOHANBEHE 3aKOHOMEpPHOCTH
CTOKA E BUIOM3MERTDTCA COYETAHWA 3JIEMEHTOB BOIHOTO GajaHca.
Macmrad monseMHOro BOXOOGMEHA OMpeleJAeT CTENeHbs BIMAHAA KapeTa
HA CTOK, €r0 peXmM M BOAHH{t Gayarc. TprRcopMamma MOINOMEHANX
NOBEPXHOCTHNX BOX B IVIyOWMHe KApCTOBOI'O MACCHBA 3&BHCHT OT YC-
JIOBM MOIJIOMEHWs, PA3EHTOCTH IVIyCHHHOTO KapcTa, DACCTOAHEA H
aMIUITYIN ypOBHER MERIy odaramd MOTJIOMEHMA W pasrpyskm. Ocodoe
3HAYEHME NUASETCA YCJOBAAM TOIJIOMEHMA MOBEPXHOCTHHX BOX ¥ B
3Toif CEA3M pa3NMUADTCA IUIOWANHAA MHUOAIHA, OvYaroBas HHJUmarms
7 AHMNBTpaImA,

B OTCYTCTBYM NMOCTOSHHHX 0YaroB NOTJIOMEHHS MOBEDPXHOCTHHX
BON, KOTZa HET BO3MOXHOCTYM MNpMMEHATH: METONH MpAMOTO Ompeneixe—
HNA HamnpaBNeHus IBUREHAS BOJ, MCIOJB3YETCST KOMIUIERCHHH MeToxn
M3yUeHus TON3EMHOTO BOJOOOMEHa., CMHCHI 3TOTO METOXA 3aKwIa-

erca B CJEXyKueM,

BesmumHa CTOKAa KapCTOBOI'O MCTOYHHKA WM TNON3EMHOR Dexw,

OpH JAHHHX KIMMATWYECKVX YCJIOBHAX ABIAETCA JMMATHPYRIMM TMOKS-—

3aTeneM ILTOmAIM $QKTUIECKCTO, BONOCO0Pa. A S TeXHEM 30HATRAND
THEIPONOTHIECKNT: P8H, MpoABRNTOMARA. B TOPHNX 0UNacTAX YeTKOR)
38°UCHMOCTRE. CTOKA O™ BHCOTH MECTHOCTH, CNOCOGC 3VeT onpene—
ey BHCQTHOTO PACTIONNREHNS, HOT3EMHOTO WM FaKTWYECKOra oac—
cefftBa RapcCTOBHX BOX. JevaibENe “MOpFOCTPYKTYPHME, JmTOMIOrEYEC—

Kef) ¥ THIPOre0JIOrnIecKn) aHAIMSK [USBOTMT YTOYHKTE KOHTYNH
HOX3EMHNX ' BONOCGODOB.

Yra3aHHEM METONOM VI@JOCh. VCTAHOBHTE KOHTYDH, ILTOMSRS X
BHCOTHOE DPACHQIQKEME, GaRTHIECKKX. BONOCGQPOB: inAlE BHCOROZEGHT-
PNX) K§PCTOBHX HCTOYHHROR ¥ NON3EMHNX PEK, B TOM Whcie Rpym—
Héj)jero kapcreBoro ncTourmKka Kaprasa - Mwmty. (Q,,.=9,3 Mcex.),
MT8XGETOCH W3 HEXD BHCOKQTOPHOTQ BAHOCKOTD Maccwss. ORe3&qaCh,
uro noxseMuu@ Bordcdoo MammTH dosree, 9eM B MECTh pP3 NPEBQCXOIAT
noBgnxeEQCTHHM, a 1Mo coepRefDBHCOTE —- mOYTHE Ra, 500 N,

Haymrawe GQuISEX OycTOT B LON3EMHON BOXOCSODE X2nCTORN
NeKH WM KDVIHOL'O MCTOYHMKA, Oflpenesger cneunmecmb XADaKTEP
HX DeREMA, K§K UIBECTHQ, QCREMACTHs 32MM XODOTO H3VIER:uIDHPBO-
aPoHCKOIL KaDCTOBOL Nefiepy ABIARTCS, VETVIRIYRIVMY DES €PEYa paMyr
1ANPOUNNYMATECKOM) CRCTEME  KNCURUNEORTHOR'0 KapCwunOLy ¥ >TOYHHKAE .
JcraHoz.eHo, 4TO B (ase pasEMTRA naBonka B HoBoadoHCKoft memepe
YPOBEHs BOIH B COOCMAXMMXCA KDYNMHHX NMON3EMHNX BONOEMAX MOBHM&—
ercAa dosiee 9eM HAa 2 M 3a 4ac, a B {a3e cmaja CHIXaeTcs ropasio
MelleRHee - He CoJsiee 4em Ha 0,25 M 3a uwac.

OnHako, y®e M3BECTHO, YTO KAPCT ABJAETCA HE TONBKO pEry-
mipyouuM ¢ax®opor pexuma CcToka. BBuny Gossmoro pasHoodpasus
ycroBuit fopMypoBaEia, TOTJVIOMEHUA, MON3EMHOTO TEYEHMA H pas-—
TPY3KH KapcTOBHE HCTOYHMKH MOTYT MMETh KaK yCTONUMBH{t, TaR &

HeycTo#umBHt pexuM, CymecTBYDT mepMOIWIECKH NECHTUPYDMME Kap—
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CTOBHE MCTOYHMKM, & TaKXe MCTOYHAKM C COXDAHWBIMMCA 30HANHHHM
XapaKTepOM DexuMma,

BeKpuTHE MO3aMYHOCTH THUIOB DEXEMA KapPCTOBHX ACTOYHMKOB
¥ NON3EMHHX DEeK CTaJO BO3MOXHHM JMIB HA OCHOBAHWM TeHETHYEC—
KOT'0 aHaJm3a MCCHENYyEeMHX BOIHNX OGBEKTOB, CHCTEMATH3AINHA H
Ka4eCTBEHHOZ OIeHKH BenyuMx faxToOpoB, BMADUMX HA DEXEM CTORA.
A 49T0 KacaeTCA KOJMIECTBERHOTO BHDAXEHWs CTeNeHM BIMAHAA KapcTa
Ha pexMM, TO OHO YNAETCA C NOMOmMBO Ieor padvecKoro CpaBHEHES
MeToZaMM 30HAJBHOrO (OHA ¥ 3TANOHHHX PER.

Teperwdeckuit monXox K mpodneMe IWIPOJOTEYIECKOR posm Rap-
CTa Mo3BOJAET BCKPHTH IJIaBHHE OCOGEHHOCTH RUMAHHES KapcTa HA
BONHHZ Canadc ¥ CTOK. MeTomamu 30HaNBHOTO HOHA H STANOHHHX
PeR, a Takxe MOJEBHMHM SKCIEDIMEHTAJBHHMA NCCJENOBAHAAMA ION-
3EeMHOr0 BONOOGMEHA OCYWECTBIAETCA KaUeCTBEHHAA ¥ KONAYECTBEH-
HAA XApaKTepUCTUKA BUMAHAA KapcTa HA SJIEMEHTH CTOKa pek Fosb-
moro KaBrasa.

YcTaHOBIEHO, 9TO AGCOJOTHNA M OTHOCHTENBHNZ TON3EMHNR B
MEHUMAJIBHEN CTOK KapCTOBO DEKWM 3aBUCHT He TOJBKO OT 3HARA
TOCNOACTBYIWEr0 BUIa ION3EMHOI'0 BOXOOOMEHA, HO X OT THIDPOJIO-
THYECKAX NPU3HAKOB BOX, yYACTBYKNMX B NQHHOM Ipomecce. Bmsamue
KapcTa Ha Non3eMHHt CTOK OCH2pyXMBAeTCA KakK N0 aGCOJNTHEM ee
BEJVIMHAM, TAK N IO JOJEBOMY ydacTHD NOI3EMHOTO MHTAaHEA B 00—
neM cToxe. I[peBumeHye adcoJOTHOR FaRTHIECKO# BEJMUMHH MON3EM-
HOTO CTOKAa HAN TEOPeTHYECKN OXMIAEMOll BeJmUmHO#t He BCE. .2
BJIeYeT 3a coOoil yBe/mMueHHEe NOJEBOI'0 YYaCTHA IOA3EMHOI'0 mATa-
HuA B odmeM cToke peku. I HaoGopoT - 3amwxeHMe acdCOTOTHOTO
$aKTUIECKOTr0 CTOKA He ABIAETCA 0GA3aTeNBHOR NPNIMHOR yMeHb—
MeHNa NOMM MON3EeMHOr0 MATAaHUA. VMEHHO B 3TOM X 3aRMM4aeTCA
cnemduIHOCTs BMUAHUA RapcTa Ha TOKa3aTeNM CTOKa, KOTOpas
onpefieNgeTCss MHORECTBOM BapMaHTOB NMON3EMHOT0 KapCTOBOI'O BOXO-
o0MesHa.

BmaxMe KapcTa HAa HODMY TOXOBOTO CTOKA OCHADYyXMBaeTCH
mme0 B €ro yBeswIeHVW, JHEGO yMeHbmeHmA, JacTHHM CJIyJaeM 3THX
IBYyX BUTOB BUMAHEA ARJAETCA BHYTDEHRee NepepacrpenesNeHyue CTOKa
B Oacceitie, 9ero no JNAHHEM HaGimneRnit B 3aMHRammeM CTBOpe
HeJb3s YJOBHTS.

VIHTeRCEBHOCTS ION3EMHOT0 BOXOOCMEHA XOpOMO WJLINCTDUDYETCH
RO3GIMIMEATOM IOX3EMHOT0 BOXOOOMEEa, KOTOPDHA NDENCTaBIAET
OTHONMEHWE QuKTHIECKOT'O CTOKA K TEOpeTHIeCKOMy. TeopeTWYecKH&
CTOK OmpeneJadeTcsd OO 30HANBHOMY (POEY, KOTOPHa B I'ODHHX oGiac-
TAX CO3[3aeTCH CBA3ED CTOKA C BHCOTO%, 30HANHHEHM (HOHOM IIA
ONEHRW CTENeHd RUMAHW: KapcTa Ea W3MEHIMBOCTE I'ONOBOTO CTOKA
CJIYXAT CBA3h MeXLy KOS(QUIMEHTAMA BafMall¥d W CpENHUMA BHCOTaMK
BOXOCCOPOB.

BunCHAETCA, 9TO MONQXVTENBHHZ ION3EMHHY BONOOCMER He
BCcerza odecrnedmBaeT NOBHNEHME 3apETyJMPOBAHHOCTH DEXMMA CTOKa
% Hao60pOT, OTPMIATENbHHZ NOX3eMHNZ BOXOOOMEH He 00A3aTeJNBHO
cjeyneT CUMTATh NPUIMHOR ee moEMkeHud., Ompeznendomee 3HAYEHHE
O[MIaeTCA PeXMMHNM IOKAa3aTessiM BOX, NMHIMADNMAX ydacTHe B
KapCTOBOM INOX3EMHOM BOLOOOMEHE.

Ha KapcTOBHX peRax, TepsIumX He3aperyjMpOBaHHYD 4acTh
CTORa, HAGMOIAETCA CHAREHEE BHCOTH NaBOXNHOB, & NpN OTHAYE

JacTH Ga3MCHOT'O0 CTORA 3aMeJaeTcsi BO3pacTaHWMe MX JOM B odmeM
cToKe., Ha perax nmmAMmMammix "gyxue" maBojNOYAHEe BONH, BO3pacTa-

DT CBOM, WM BO3HMRANT HOBHE I[MKA, KOTOpDHE, B OTCYTCTBMM Kap-
CcTa, NOJKHH OHJM mpo#TM Ha "HoHOpROMA" pexe. Pexnm, mTapummecs
NperMyIleC TBEHHO 3apery/m poBaHANMA KapCTOBHMA BOIAMM, Xapar-—
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TEPM3yDTCA IOHIKEHHOR IoJeR NaBOXKOB B oOmeM CTOKe.

llox3eMHHe pekw, OGpAa30BAHHHE B PE3YJIBTATE OYArOBOf# MH-
QUIDAIAN, W3-38 OrPAHNIEHHO! MpPONMYCKHOYM CIOCOGHOCTH IIOX3EMHHX
pycen, XapaKTepM3yDTCA CIJIAXeHHNMH, TOHMXEHHNMZ WM Jaxe 3Ha-
YATENBHO NOHNXEHHHMN IMRAMAH NABOXKOB, [0 CHHXDOHHNM 3aIMCAM
YPOBHEHM BONH YCTAHOBJEHH NpENeJBHNE DACXOAN HEKOTODWX IIOX3eM—
HHX DeK, KOTOpHE yIepXMBaDTCA HE3aBWCHMO OT NAJNBHEJmero IOBH—
meHud NONNOPHOI'O TOPM30HTA RaXl MECTOM IoIJomerwsd. Hampumep,
OpOmyCKHAA CnocoCHOCTS Jmmudana-llapayabCcKoro NMOA3EMHOT'0 TpPAaRkTa
cocrarnger 28 na/cex, a TruGyna-l3eBpynsckoro - IS5 W/cex.
Ode mom3emHNe DexE HAXONATCA B 3anagHof#t IpysEM B OTHOCATCA K
Gacceitay p.Puomm.

BaxpyM 3BEHOM I'MIPOJIOTHYECKEX HCCJENOBARMM ABIAETCA pac—
9eT BORHOrO GanaEca. B ycJOBEAX MATEHCHBHOI'0 NOL3EMHOTO BOXO-
OCMeHa CMEeXHHe TEepPUTODME DEe3KO OTMYAnTCA APYyT OT Apyra Co—
YeTaHHEM 3JIEMEHTOB BORHOTO GajaHca, YTO CO3JaeT 3HATATENBHHE
TPYZHOCTH B yCTAHOBJIEHNE TEPPMTOPMANBHNX 3aKOHOMEPHOCTE# BOI-—
HOTO GajaECa ¥ KROJMYECTBEHHOR ONEHKE BIMAHAAM RapCTa.

Mexdacce#HoBuZ ¥ BHyTpmOacceflHOBN# MON3EMHEHRt BOXIOOOMER
B TODHHX KapCTOBHX 0GNacTAX OmpefesdeT depeloBaEWe y4acTKOB
C MOJOXATENBHEM ¥ OTDMIATENBHHM BUMAHAEM KapcTa Ha CTOR. MHage
TOBOPA, MO COCENCTBY C 3aRApCTDBAHANMA IUTOMANAME, JIMNEHHNX
TOBEPXHOCTHOI'0 CTOKA, NOMXHH OHTH DACIOJIOXKEHH TEPMTODWE C
TOBHMEHHEM CTOROM. [IpMXOnHAA YacTh BOMHOTO GanaHCa BapEApYeT
B 3aBUCHMOCTY OT BHCOTHOT'O IIOJIOXEHHS TOT'O WM MEOTO y4acTKa
WCCJIeNyeMOro KapcTOBOTO MAcCUBa.

Tommusome#ica BepTURANBHOR 30HANBHOCTY CTPYRTYDH BOXHOI'O
GanaHca B KapcTOBOR OGNACTH HADYmMapLTCA ¥ OHM 3aBUCAT OT CTe-
TIeHEN 3aKapCTOBAHHOCTH ILTOmWAfed MHQmoauny ¥ MEWISTpAIMH, pa3-
BATOCTH TI'JyOWMHHOTO KapcTa, BHCOTHOT'O PACIOJNIOXEHES JMHUE pa3-
TDY3KE KapCTOBHX BOX.

JmHma pasTpPY3RM KapCTOBHX BOX, KOTOpas COENMHAET 049arn
pa3Tpy3KE MOTJIOMEHHOy BHNE MOBEPXHOCTHOR BJIATH, DasfenieT 06—
JacTh NOTJIOMERMS MM Ge3BOMHYD 49acTh MACCHBA OT 001acTH pas—
Tpy3KE By OCBOIHEHHOu e€e 4JacTH. CiremoBaTessHO, BORHNE CajanHC
KapcTOBOT'O MACCHBA, B BRIy ero ruaporpadwdeckoit cneimfwarocTH,
CrefyeT pacuMTHBATH BHNE JWHAM pA3Tpy3KW, HAXE Hee ® B WEJOM
N0 MAacCHBY.

OcoGerHOCTED BOXHOTO GajaHCA KapcTOBOM OGJIACTE ABAHETCA
HOHMXEHHOE, 10 CPABHEHMD C HERapCTOBHMY OGJNACTAMM, HCIADEHue
BCJIENCTBEE MHETEECHBHOTO NOTJOMEHAS NORNEBHX H TaJHX BOX 3aKap-
CTDBAEHOZ NOBEDXHOCTED BHNE JMHAA PA3TDY3KH. YPABHEHEA BOXHOI'O
GanasEca OTHENBHHX YacTeu KapCTOBHX MACCHBOB COXEDXAT WIEH —
NON3EMHH CTOK, KOTODHE Ka9€CTBEHHO OT/IMYAETCA OT IOJI3EMHOTO
CTOKa B DeK: HE3aRapCTOBAHHMX OGNAcTeR W He MOXET CIYXATH
NOKa3aTeseM GIaroNnpEATHOCTH CTPYKTYDH BOXHOrO GajaHca,

Bongu@t GajaHC b LEJNOM II0 KapCTOBOMY MACCHBY MOXET He
3aMHRATECA, €CJM 9aCTh NOI3EMHNX BOX DAacXOLyeTcA HAa MMTamme
apTe3MaHCKEX GacCeiHOB WM Xe pasrpyxaeTcd B BHIE CyOMa[MHHNX
HCTO4YHNKOB, CyOMapmHRAag ¥ CyCaKBaJbEAS pa3Tpy3KE KapCTOBHX
BOX BECEMA XapaKTEpDHHE ABJNEHMA B HAGMONADTCA BO MHOTMX Rap-—
CTOBHX odnacTax 3emm. Ha KaBraze cyOMapMHHHE MCTOYHEKE OTME-
9eHH y AGxa3croro nodepexia Yeproro MOpA B paftoHe KypopTOB
Tarpa-Tantram. ORa3ancs Ea NHEe HOBOTO BoXoXpamwmma METypcxof
T3C ® npeBpaTHiCA B CyCaKBaJbHHR B HeJABHEM INPOILIOM RDYMHHH
KapcToBuil ncTOYHRK JlerBemapa (Qcp_=0,8 u3/cek).

Tax®e, KaK ¥ NpH kaprorpadypOBAHIM SJEMEHTOB BOJHOIO



GanaHca ¢ 30HAJNBHEM UX COYETAHKEM, B YCJOBHAX TOCNOACTBE Kap-—
cra TpedyeTcs CHATE3 De3yIBTATOB IMIPOJIOINIECFHX, IEXDOTEOoN0—
TWYECKHX, KIMMATOJIOTMIECKMX HCCJIENOBaHM# ¥ yBA3HBAHME IpOLeC—
COB COCTABJNEHMA KapT, ¥O0 BOMHOGANAHCOEHE KapTH OTpaXapmT
3BeHEA ENWHOTO Ipouecca — KPYyTOBOLOoTa BOMH. B KapcTOBO-TMI-
PONOTMYECKUX JCCIENOBAaHEAX ocofoe 3HaYerWe NHUIaeTcsd JHUTOTeH—
HOMy 3BEHy KpyroBOpOTa, KOTOpOE BHCTYNAET KaK MOMHHA peruo—
BaXeHH# (aKTOD CTOKA.

PaspuTre Hapomsoro xo3siicTea I'pysuuckoi# CCP craBnT cepe-
e3HHe 3ajau Iepes TUIpoioruelt kapcra. B mepsyn odepens 3TO
OTHOCHTCA K YTOUHEHHD BOJIHHX DECYpPCOB DEeK KapcToBOil 0GJacTH,
uro TpedyeT IETaJBHOTO yueTa BIMAHMA KapcTa HA 3JEMEHTH CTOKa.
Vcxoma ¥3 MeTOIWYIECKUX OCHOB TEIPOJOTMM KapcTa, HMKaKEe 06006-
meHns B OLGHKe BJMAHMA KapcTa Ha CTOK HE NONYCTEMH I XapaKTep
€r0 OnpeneiseTcd IO KOHKPETHHM IDOSBIEHUAM.

BaxHuM pa3pesioM TEIPOJIOTHM KapcTa ABJIAETCA mpodaema
COGCTBEHHO KapCTOBWX BOX. OHM XapaKTeM3yOTCA BHCOKHM ReGnTOM
¥ COCPENOTOYEHHEMA OvATaMé pasTpyske. B BEIy Toro, 9To KpynHHe
KapcTOBHE MCTOYHMKE I'DysWM, B GOJHIMECTBE CJIydYaeB, OTJHMIADTCH
XOpOMAM KaQ4ECTBOM, OHM HCIOJB3YDTCA M MOTYT OHTH €me MCHOJIB30—
BaHH, [loaToMy HEOGXOIMMO pacHMpATE MacmTalH M3yIEHMS KapCTOBHX
BOZ H NOJHOCTHED MCHOJB30BATH HX DECYDCHHE MOTEHIMAN.

3a mocaenHee BpeMs BHABJIEHO W MCCJIEKOBAHO MHOI'O KapCTOBHX
nemep, HamooJjee MHTEDECHHE M3 KOTOPHX OCODYLYRTCA B CTAHOBATCH

00BEeRTaMA MACCOBOTO NOCEmeRnd, A4 ECe KpymnHHe KapCTOBHE memepH
NpenCcTaBIANT pycja NMON3EMHHX DeK, T'Xe BO3MOXHO IPOXOXIEHWe
IaBOJIKOB, Ee30macHOCTH 3KCILIyaTalmli TYPECTCKEX Iemep BO MHOI'OM
3aBACUT OT KBa/M{WIWPOBAHHOI'0 MX THAPOJOTHIECKOrO0 OGECIedeHnd.
ILia KapcTOBHX OGNACTe) THMMYHH (eHOMERANbHHE NMDOARJIEHNS,

TaKWe Kak: WCNOJMHCKME MCTOYRGKW, KDYIHHE NON3EMHHE DeKH,
Taydokue 03epa, XWBOIMCHYE BONONMANN W T.X. OHM OTHOCATCA K
DERKNM NpEPONHEM SBJICHMAM M HYXNADTCA B 0COGOM K HMM OTHOMEHMH.
HayGosee mHTepecHHE TEIpOJIOTMYECKHE OGBEKTH KapcTa NpPHUBJIEKapT
GoJIBMOe KOJMYECTBO IOCETHTENEH ¥ BOKDYT EMX BO3HMKRADT lEjINe
PeKpealmoHANEe KOMIUIEKCH. [IpuMepamst MOTYT CJyZHTE Iiydouafimee
kapcToBoe o03epo CCCP - Umpuk-kesp m Yeremcxue BONONANN Ha
CeneproM KaBkase. IIomo6Hy® mepcrnerTvBy wmenT B I'pysmu: Bomo-—
nax Term, mcno/mMHCKEE KapcTOBHE HCTOUHMKM Pewa, ymense peRm
Kupuxa, Bomomamu B MCTORaX p.,AGamd, KapCTOBHA KOMILIERC 03epa
AvTkesm u T.n. B CBA3E ¢ 5THM TpedyeTcs CO3IAHME HAYUHNX
TPENNOCHIOK IIT MX PA3yMHOTO WMCIOJB3OBAHAA, OXPaHH OT 3arpaA3-—
HEHVA ¥ WCTOMEHRd .,

IzreparTypa

Tyruneimemm T ,H., I979. KapcroBre Bomu Bossmoro Kamkasa
¥ OCHOBHHE IpOGJAEMH TEIDOJOTEH KapcTa.
W3n. "Menmmmepeda". 224 c., Témwmcm, CCCP,
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CCCP

[lemepAne OTAOXEHMS - YHHKanbHH HWOTOYHAK IeONOTHYEc-
KOt ® naneoreorpaduuecro#t WHfopmamn. HMedHo B AMX 3aneve-
TaeBaeTcAd HCTODAA Da3sBHTHA He TORBRO camoft memepHo# cWOTeMH,
HO W OKpyxanIfiXx TepprTopHit. CKazaHHOEe OCOSEeHHO COpaBexmmBO
InA ropaux permoHos ora CCCP, rme CRONBKO-HAGYNbL NOAHHE
paspesd 4YeTBEPTUYANX OTIOXEHHA He COXDaHANTCA Gnaromaps
KDYTHM CKNOH2M W &KTHBHO OpPOTERawmfM Opollecca NeHymalmH.

HMeHHO neuwepHHEe OTAOXEHWs YaOTO OKA3HBADTCHA 0COGEeHHO
OnaronpEATHHE NAA KOMIREKCHOTO I'@OAOTHYECKOrO M [aneor e0-
rpafu4ecroro msyueHns. Kax H3BeCTHO, NemlepH HEPeNKO CAyRA-
MM YKPHTHEM I NepBOGHTHOrO YenoBeRa M IMKMX XMBOTHHX. Ha-
XOIKA apXeONOrHYecKoro marepmana (apredexToB), Rocreit xABOT-
HHX B [ellepHHX OTNOXEHNAX NO3BOAADT NABATH MX NATHPOBRY K
donee MORHO BOOCTAHABIHBATh Naxeoreorpaf@yeckEe ycuomws gop-
MADOBAHHSA TONN DHXAHX OTIOXREHMR.

B coBercxoft miTepaType CyulecTByeT HECRONBKO Kuacchmdms=
Ramp#t ™OOB nemepaux ornoxexm#t (I, 2, 3, 4, 5, 1955 m mp.).
ITH KNACCHMMKRAIME GNM3KA Mexny COGOR M HEecKOXBRO NOMNOAHALT
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3.0. ¢ppugeHbepr, B.M. Myparos
Wnctutyt reorpagpum AH CCCP Mocksa CCCP

Ipyr mpyra. HecrRombRO GORbUYD TPaIAIED EMeeT H3yUeHAe Ne-
mepHHX OTIOREeHA® B HeXOTOPuX cTpadax 3ananmoit Esponw (lons-
wa, Jpamms, [Befnapmsa), OmHAXO M TAM OONPOGHAA RuIacCHMKa-
WA OewepHHX OTAOXEHH# HeM Hem3BecTHA.

Huxe NpABOIMTCA HEORONBKO YOPOWEHHAA KaaccHMRAINSA,
WAPOKO NPHMEHABUAACA B Newepax FODHHX CTPaH Ha bre Espomeft-

croft wactw CCCP.
06k memepHHX OTAOKEHWit B 3RAYATENBHOM Mepe ompenme-—

RAeTCA MX MonoxedneMm B Neumepe. C 3TOR TOYKA 3peHHA B Neue-
pax KOPMIOPHOrO THOA LEenecoO6PA3HO BHUENATH TPH OCHOBHHE
farpanbHue 30HH: BHYTDEHADD, OPHBXOIHYD K BHEWHOO. I'pan®-—

OH Mexny 3TAMA 30HAaMA, KaK OPaBANO, He GHBADT De3KMMH, W
OTHOXEeAMA pe3mMYHHX falManbHuX 30H CBA38HH NPYr C OPYroM
BechMa focTeneHHuMA nepexonamn. OTROXEHMS I'DOTOB BO MHOI'OM
OMm3KM OocankaM NpEBXONHO# 30AH, HO Oo0n8nanT ¥ HEKOTOpo#k cme-
mduko#t, 0 yeM GymeT CRE38HO HHXeE.

I. Buyrpeunas 3062 (BHe jpocTyna mHEBHOro cBeTa)
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3mech rocfoNCTBYOT YCNOBAA BHCOKOZ BNaxHOCTH W He3Ha-
qTenbHHX KonedaHm# TemmepaTypH. OCHOBHHMA WCTOUHHRamMM Fop—
MIDOBAHAA DHXNHX OTNOXEHHA CHyE&T:

I. [emepHne rmHy

[lpn nporeccax pacTBODeHMA M3BECTHARA, NPOTEKADUEX B
KapcTOBO! cncTeme, 3HAYMATEXbMaA 4a8CTh KaplOHATOB KanbIMA W
MarEmA BHHOCHTCH, a CPeI¥ OCTATOYHHX OPONYKTOB HAKAaNMABADT-
cA COelMHEeHMA HamMeHee NONBAXAHX JXEMEHTOB: KPEMHAA, xene—
38, anoMARAA. VMEHHO COemWHeHHS 3THX daeMeHTOB (mpemmymect-
BEHHO CHIMKATHHE) ¥ COCTEBAADT OPONYKT MAKCHMANBHOIO XHMI-—
YeCKOI'0 Da3nOXeHns M3BECTHAKOB - MeuwepHyo ramey. OGHYHO OHa
OHOPONHA, OnacTHyAa, odnamaerT XApPaRTEPHO! KDPacHOBETO-KO-
pruHeBO# orpackoff. O6pa3oBaHWe W HaKONAEHHE [ARA OPOMCXO-
IET BO BCceft KapcTOBOR cHcTeme, CBA38HHOR ¢ TOR WM WHOR me-
mepoft. [lo cmcTeme KaHANOB H MOHOPOB I'MMHA B KOHOE KOHIPB 0O-
cTymaeT B nonocTh meuwepH. [opoft MOXHO HaSnDIATh KAK OHa Te-
4eT, pasdaBneHHad BONO#, 0O CTEHaM, KarnaeT W3 OPraRHHX TPYG,

3anonHsger COoGO#t TPeuMHH B CTeHaX W Ha MOAY MemepH.
Caenyer WMeThb B BUIY, 9rO IAA Kaxjno# neweps sonocso-

POM CHYXAT M3BECTHAKOBHE Macc¥s, O0bem ROTODOro WHOrna Ha
MHOTO NODANKOB Npesnmaer o6beM camoft mewepHoit momoctm. [lo-
3TOMy MHTEHCHBHOCTH HAKONNEHWS PNMH 38BACAT He TONBKO OT
xOMMYecTBa npuMeceit B E3BeCTHARE, HO W OT BEIMWIHH H3BEOT-
HAKOBOI'O MaccWBa, CBA3&HNMOIO ¢ Nemepolt, & Takxe OT cTeNemH
ero KaBepHO3HOCTH. [0 MexaHWdYecKOMY COCTABY I'AWHH M3 pa3—
ANX feullep 30HH yMePeHHHX UMPOT BMOZHE CONOCTABAMH IpPYr' C
npyrom. [lo knaccudmramm® I.B.lycrosanosa (3) mx cnemosano
6H OTHECTH K KaTeropHAM I'IMHACTHX aneBpHTOB. Boodme xe, dUeM
0mxe K 3KBaropy, TeM MHTEHCHBHEEe MPONCXOIMT BHBETPHBaHMAE
u TeMm TOHbUe (MO MexaHM4ecKOMy COCTaBy) CTAHOBATCA OTIOXE-
HHESA.
2. 0 1oMIH W3IBECTHAROB

Odpymerre rauwd ¥ OTHENBHHX OGNOMKOB M3BECTHARA ¢ MO-
TONKA M CTEHOK Nellep - XapakTepHekumit mpomecc BHyTpeHHeR
30HH. [Ipr aToM, BOOGme I'OBOPA, MARCHEAanbHHE PasMepH I'AHG
MOI'YT GHTH Ka8K YyrONHO BEIMXX M KOHTPOMMPYDTCA TONBRO pa3—
MepamMs CBOGONHO% memepHO# monocT#. Hepenko KpyOHwe yoapmie
rou0H OCTAnTCA Ha MecTe W 06pa3yDT DOCTAMEHTH NAA CTanarMi—
TOBHX KONOHH. YacTM4HO I'anSH pacnanawrcA Ha uWedeHb, KOTOpHR
3arTeM OpHHMMAET y4Ya8cTHe B NOCTPOEHMH NeuwlepHHX OTnoxeHn#. HA-
TepecHo, 4YTO MpPONEeCCH OGB&IMBEAMA KDPYNAHX MacCc H3BECTHARA
OGHYHO OKE3HBAKTCA He CBA3AHHHMA HENOCPEeNCTBEHHO G 3eMue-
TpAceHHAMA . (Moxer OHTH 3MeCh OKA3HBAETCA HIEanbHas ApouHas
KOHCTPYKIMA MOTONKOB B MemepHHX 381nax W rarepesx, 4T0 nena-
er WX CYNEeCTBEHHO AHTHCeACMAYECKMMH).

JlpyrEM B 4acTo OpeodnamawifiM MNpoLEecCOM ABIAETCHS OT-
CnamBaHAe OT CTEHOK MenKMX OCNOMKOB W WeSHA. Ynasmie o6 noM-
R4 NONanaoT B EMOKYD (MMM OepHOIMYEcKn Da3XMXADUyoCcs) Nemep-
HyD M'IMHY W CMENMBAOTCA C Heft B TeXx WM HHHX OpPOmOpIMAX. Ba-
XHO NONYEPKHYTh, YTO NO 38XOPOHEHWs OGNOMKA, KAK MOPEBHIO,
WCOHTHBAOT HEKOTOpOe NepeMeweRMe BIOAb KaHana Neuwepu. 00
3TOM CBHIETENBCTBYET TO OGCTOATENbCTBO, UTO B GORLUMHCTBE

pas3pesoB OCNOMKI OCHBDPYKHBEOT HEKOTOPHE MDH3AAK! OPHeHTHPO—
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BaHHOCTE. JHWG He3HATEnbHut NMPOLENT ynasmero Mmarepnaza
ocTaeTcs Ha MecTe W He WCONTHBGET B NanbHefilleM HAKAKOrO He-
peMemeREs. JTOT MaTepEan Nerxo OMNO3HaeTcs B paspesax: o6-
NOMFW PacHONaranTCs B IMIMHMCTHX TOBMAX K8K GH BO B3BEWEHHOM
cocTOAHE. HampmMmep, MOTYT GHTH OfpalleHH BHE3 OCTPORA rpasHbD
HIN BepmHHOX mrpamananbrAoif dopMH.

C TeveHweM BpeMeHH OGIOMKM NOBOABHO GHCTPO CrRSXHBA-
prca. OnNHOBpEMEHAO C STHM NPONCXOIMT NATHHW3AIMSA KX NOBepX-—
HOCTH, @ 3aTeM WX I'DaHM HAYMHADT PasBenarbcs TO4eqHOR Ka-
BEPHO3HOCTHD. [lo-BAmMAMOMY, uoxiodnuﬁ Iporecc NEepBAYHOr'O BH-
BETPHBEHAS IDOTEKaeT NOBOIBHO GHCTPO, B TEYeHHE HEeMmOrHX
THCAYEeNneTAR, T.K. OCNOMKA, BHBETDERAHE COOTBETCTBYDUMM ofpa—
30M, MOXHO H2GIDHATH yX€ B OTAOKEHMAX C KyabTypoit 6poH30BO-
ro Beka.

B nanbHefimeM NOCTENEHHO MPOMCXOIMT MNONHOE DPa3NOXEHHe
06 IOMKOB. Bpems NONHOIr'O u.s p83NOXEHHA 3&EBWCHT OT YCIOBHR
yBnaxHeHHs TORIM ¥ pasMepoB OCGNOMKOB. YeM MeHBENE OGIOMOK -~
TeM GHCTpee OM pasparsercd. Cynsa 0O CHOAM, EMEOIMM 8pXeono-
TIEYEeCKy0 NAaTHPOBKY BpeMd HNOXAOrO DAa3XOXEHMs OCIOMROB M3Me-
prercs necATRaMm THcAdenerHit. HanpEmep, B cmoax, reomorx-
gecKu#t BO3pPECT KOTOPHX NATEPYeTCA PHCC-BDPMOM, & NO apxeo-—
ROTMYECKAM NEHHHM 3TO 8pXsMYHOe MYCThe, OTHEenbHHE OC NOMKA
W3BeCTHAKA elle COXPAMADT CBOD fopMy 38 CYeT TOHKAX KOPOYER

H& WX MOBEPXHOCTAX, HO B PyKe nerx0 OPeBPAWAnTCH B TPYXY.
BeposTHut BospacT mx: 80-I00 Thc.ner.

3. K30TMYecKad LaNbKA

Bo MHOr®x mewepax (Hanpmmep, BO BCeX H3BECTHHX HEM me-
mepax 3anandoro KaBkasa) BCTPeYaoTCA eIMHAYHHE Manbid, Open-
CTaBneHHHe YYXMuMA QN8 NaHAOro MecTa noporamu. OGHYAO 3TO
Menxme (I-2 cMm) ramsrw xopome#t, coBepmeHHO# m BechkMma coBep-—
meHAO#t ORATAHAOCTE. OTH ranbKi OONENaOT B Oemepy ¢ IHEeBHOR
NOBEpPXHOCTH 0O CHOXHHM CHCTeMaM KapCTOBHX XONOB. MOxHO npen-
gonaraTh, 4TO TEMM xe OYTAMA B Hee [DIanaeT W HEKOTOpOe KO«
IMYeCTBO NENADBMANBHOIO MEenKo3eMa, ONHAKO ONEHATH 3TO KOmMYe-

CTBO MOKa HE MNpemncTaBnfAeTCs BO3MOXHHM.

4. Opresorennye OTHOXeHEA
[IpenMywecTBEHAO O6pasyeTcA 38 CYET NOMEeTa NEeTyTAX MH-
weft ¥ MeCT@MM MOr'yT NOCTAI'ATh MOUMOCTH HECKORBKAX METDOB.
Mx MOXHO HCOOAB3OBATH NNA OOpeneneHws adCONDTHOrO BO3PACTA.
[lprcyTCcTRME NOMET& NEeTYYMX Mume} B psAme caydaeB CRa-
3HBAEeTCA Ha IBeTe NellepHHX OTAOXeHHit, OpHI8Bas HM GypoBa—-

THt OTTEHOK TO% WmM MSO% HMHTEHCHBHOCTH.
II. [pupxonAaa 30Ha (30Ha NPOHMRHOBERMA NHEBHOTO CBeTa)

JTa 30H& MoxmepxeRa OPAMOMY BIHAHED BNeneueproit (ma-
pyxHO#) openn. [I0aTOMy 3mech BOosmeACTEME BHEWHAX TeMOepaTyp-
HHX KOned&Huit ¥ E3MEeHEHNS BIAXAOCTH HENOCPEeNCTBEHHO CRA3H-
Baerca H8 fopmrpoBasvM oTmoxermi#t. Kpome TOro yepes BXON B
neuepy MOryT OPOHMKATH OTAOKEHMA DA3HHX I'eHEeTHYEeOKIX THOOB:
QINDBE @NbHHE, CKNOHOBHE, 30710BHE M 1p. [locnemHee 06CTOATENB—
CTBO OYeHb BE&XHO, T.K. HAOrNa NO3BONAET MNDOR3BOIATE NPAMYD

KOppenfiMp NelepHHX OTNOXeHH# ¢ BHenemepHuMA. Jins Oenelt re-
ONOr'MYEecKOro ¥ naneoreorpadMyeckoro aHamsa 3Ta 30HA Opef-



CTaBAseT MaKcMManbHu#t HHTepec. BO-NepBHX, EMEHHO 3KeCh OTAO-
XeHns Hemdomee YYTKO DearmpoBaNE HA H3MEHEHHS BHemHe#} npm-
ponHo#t 06CTaHOBKA. BO-BTODHX, WMEHHO 3IeCh pachnomaramich
CTOAHKE MNEepBOOHTHHX npIe#t X MecTa OOWTAHMA NUKAX XMBOTHHX.
[loaromy OTmOXEHMA SOHH B HeMGOnbllel CTemeHW HACHUWEHH &pTe-
faxramm, OpraHAYeCKIMH OCTATKaMA, ORIbIPH, YTO NpescraBnf-
eT UMPOKHEe BOSMOXHOCTW INS NATHPOBOR OTHENBLAHX GNOEB.

McroumMim marepmane, Cuaraomero OTAOXEHAS MPEBXOMHOR
30HH MOXHO OGBEIMHATE B TPH IPyNOH.

A. Ornoxemns, mocrynaoupie W3 BHYTDeRAeR 30HH

9TH OTNOXEHAS GHIM DACCMOTDEHH BHUE.

B. ABTOXTOHHHE OTIOXEHESA
I. JecrpaMammonHu}t megeHsb

llponeccH NEeCKBAMalWH, T.e. WeRymeHAd, OTCASWBEHHA CTe-
HOK ¥ NOTOZNRA femepH MPOMCXONAT B Pe3yiNbTaTe TeMOepaTypPHHX
KozedaHA#t ¥ OCOGEHHO YCHIMBEDTCA B XONONHHE HOEpHONH, B CRy-
Yae YacTOro mepexona TemmepaTyp depes o°.

Tonuy! NeCKBaMalMOHHOI'O WeGHA - THIMYHH NNA [EePHONOB
omemeHemmit, KOrja B ropax°*mRPOKO PacOpOCTPAHANNCEH MepHI Afi-
manbNue ycnomds. OMM THIMYHE He TOABKO Iafd BCEro anbmricxo-
ro nofoa, HO HBGXDHADTCS B I'OPMHX CTPaHEX M HECKOABRO ceBep-
Hee, NPDOTATHBAACH B NONOCE yMEpEHHHX UMPOT HA BOCTOR MO -~ -~
Kpaftreft mepe mepe oT CpemmseMHOro Mopa no Baitkaza.

HeooMHeHHO mecKBaMaIMOHHLI WedeHb MOXET CUHTATHECH Bax-
HeflUwM NaneORMMATHYECKAM NOKa3aTenex.

2. QpragoregHye OTNQKEHAS

Oprasoresdse OTNOXEHNS OPNBXONHOX 30HH OYEHb 4acTO
GHBEOT CBA38HH C NEeATeabHOCTHD yenopeka. Kpome TOro smech
MOr'R8 MOCEenATHCA M PacTHTEenbHOCTh.

TemHo-6ypue (10 wepHHX) ryMycMpOBEMHHE NPOCHOKKM, mpe-
UMYUlECTBEHHO CBA3AHHHE C NEATEenbHOCThD ADNelt NOCIeNMMX CTO-
neraft, Ha0NpIADTCA B OPAOOBEPXHOCTHHX 9YACTAX OTIOXeHHEt MMO-
rEx Oeulep. B TaKAX NPOCROAKAX COXEPXAHME I'yMyca BechMa BemM—
RO W MOXeT mocTErarhk 16-20%

B norpeGeHHux TOZUaX YACTO COXPAAADTCA 301bMHE NpocuoRt-
M, HepenRo cojmepxemyie ¥ yrmM. B NOpomax, BMeMaouMX NONOCHHE
npocnoftki, OGHYAO MOXHO l.ms)mna'rs KPacHOBaTHE MDAME3KA -
cnemH OGx¥ra. JTO BExHHI IXErHOCTHYECKA NPH3HEK, YRasHBE-
pa@t, 9TO Opocmoftm odpasoBamMCch Ha MecTe, 8 He Nompepra-
mCch NepeoTHOXEHHD.

B paccesHHOM COCTOSHME I'yMyC NPECYTCTByeT B GOXBEAN-
CTBE CHOEB OTAOKEHH# NpABXONHOR 30HH. Conepxasme paccesMHO-
ro rymyca Mecramm moctmraer I-I,5%, 4TO naeT BO3MOXHOCTB
ero ESBIEYeHHs OyTeM XAMAYECKO# OCGPRCOTKM 06pasupB M Onpe-
IeneHns aGCONDTHOI'0 BO3PACTA BMEMAMEX OTIOXEHHH.

B. Ornoxenms

I. AnaopuanbHpe OTAQXEHRA
Annppit cayxMT NOYTH HenpeMeHAHM XOMIOHEHTOM OTIOXEe-

ARt NpMBXONHEX vYacTeft NeuepH B Tex CAy4YaAX, KOr'Xa DasBuTHE
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NOCNENHNX H8 KaxKoM-maG0 aTame GuAO CBA38HO ¢ pevHO# ceThHD.
YacTO annppMit pacnoosaraercs B OCHOBaHMM paspesa. [Ipw aTom
non BMAAHMeM MPOLECCOB IMareHess, MNPONCXONAIMX B BHUEXEXa-
me TOonme nemepHux OTnoxemr#t moliMeHHue dalEA anIODBAA MOryT
H3MEHNTHhCA IO Hey3HABAeMOCTH. B 3TOM Cayyae YCTEHOBHATHL MX
reHesnuc ynaercs TOABKO C MOMOMBD XAMAYECKMX W MUHepanoru-—
YeCKAX BHENA30B: OHM MONMMAHEDARBHH M OTANYEDTCA WHHM XWMA-

YeCKHM COCTABOM.

2. CRAOHOBHE QTAOKeHHSA
CKnOHOBHE OTHOXEHWA MomanapT B NPHBXONHHE YacTH newep,
KOrja NHAMA NOCHEemHNX HMenT OCPATHHR YKIOH. B 3THX CRYY&AX
HHOrNa ynaeTcs NPOW3BECTH HENOCPEeNCTBEHHYD KORHEKCHD paspe-
30B DellepHHX ¥ CKNOHOBHX Haromnemwi#t, 4TO B&XHO nuA Oeneft pe-
IHOH&NBHOr0 I'e0NOTHYECKOrO ¥ Naneoreorpajuyeckoro aHanmmsa.

3. Qomopug QTIOXEHMA
Bo MAormx permoHax (ambmiftcru#t mosc 3anamHo#t Espomn,
Apmenms, Anraft) 2010BHE OTNOXEHWS HeW3MEHHO NPECYTCTBYDT B
OPEBXONHKEX Y&CTAX Nemep, NpAueM HATEHCHBHOCTH 30N0BOr0 IpE-—
BHOCA BO3pacTana B XORNOMNHHE JMOXA, KOIJa NPOHCXOIMAO paspe-
XBAHME, & TO H NONHOE YHWYTOXEHHE XecOB

1. Hepyxnes 3o0ma (TeppwTOpMA BHe MeWepH, NPEMHRADMASA
HeNOCPEeNCTBEHHO K MPABXONHOR 30Me)

B HapyxHO! 30He MHeulepHHE OTAOREHASA CMEmABAOTCA CO
CKIONOBHMA M [OCTEeNEeHHO PHKIMHABANTCHA. B JOROBAAX DE3KO pac-—
YneHeHHOro rOpHOro peanbeda, ONMAKO, MapyxHHe SOHH, K8K Op&-
BH10, CHIBHO PeNyIMpPYOTCA HEH BOOGWE OTCYTCTBYDT.

B HapyxNHX SOHE8X, KOr'JA8 TAKOBHE XODOWO DESBATH, WHOI'-
Ia ynaercd OOHYHHME I @ONOIMYECKAMA METONaMM MPON3BOIATH
KOHHEKCHD DaspesoB HewWepHHX ¥ BHeNewepHHX OTAOXeHwit.

TaxoBa npexnaraemMas TEOONOIMYECKAA KNACCHWKAIMA DHX-
IHX OTNOXeHW{t Memep, KOTOp&A MNPONMBAET CBET HA HX I'EHEesNe,
JI@aeT BO3MOXHOCTH GOnee NeTanbHO M3YYATh ¥ HATEPNpPeTEPOBATH
nonyuaeMue NaAHHE, BKADYAA A De3yNbTATH RHAIMTHYECKAX HOOnE-
mosamait.
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A simplified approach to the evolution of the natural CaCO, -H,0- air system
by suitable methods of numerical calculus.

M. Amelio, M. Carosi
Gruppo Speleologico Imperiese CAl-Italy

RESUM

Els autors examinen el sistema natural CaCO, -H,O-Aire, destacant les transformacions espontanies més interessants, comengant
per algunes condicions de no equilibri.

S'examinen, especialmente, les transformacions ocasionades per solucions aquoses de mescla d'aiglies naturals amb alguns
components quimics i el paper de la fase gasosa per a la determinacio de les condicions d’equilibri finals.

L 'aproximacid no és tedrica, peré amb una descripcié simplificada de la cinética de I'evolucié global del sistema i amb I'us d'un
ordinador personal, és possible un tractament mes senzill d’aquests sistemes quimics.

Per a demostrar la validesa de les simplificacions seleccionades, es realitzen algunes comparacions amb les dades tedriques
i les experimentals.

RESUMEN

Los autores examinan el sistema natural CaCO,H,O-Aire y destacan las transformaciones espontdneas mds interesantes
empezando por algunas condiciones de no equilibrio.

Ellos examinan especialmente las transformaciones ocasionadas por soluciones acuosas de mezcla de aguas naturales con
algunos componentes quimicos y el papel de la fase gaseosa para determinar las condiciones de equilibrio finales.

La aproximacidn no es tedrica pero es posible con una descripcion simplificada de la cinética de la evolucion global del sistema
y con el uso de una computadora personal, un tratamiento mas sencillo de estos sistemas quimicos.

Para probar la aptitud de las simplificaciones seleccionadas, se realizan algunas comparaciones con datos tedricos y experimenta-
les.

SUMMARY

The authors examine the natural CaCO,-H,0—Air system and take into account the more interesting spontaneous transformations
beginning from several non equilibrium conditions.

They examine, particularly, the transformations of water solutions formed from mixing of natural waters with several chemical
compositions and the role of gaseous phase to determine the final equilibrium conditions.

The approach is not theoretical but it is possible, by a simplified description of the kinetics of the global system evolution and
by the use of a personal computer, a more simple treatment of these chemical systems.

In order to test the ability of the chosen simplifications, some comparisons with theoretical and experimental data are performed.

Introduction Recently Y. Margaria and R. Durand (1983) proposed a
’ program of calculus to determine the aggressive or encrusting
The study of karstic areas demands knowledge of the chemism  nature of karstic water, suitable for a TI59 desk calculator or PC
of the circulating waters and its evolution, indispensable elements  Apple II.
for a total comprehension of the various hypogean morphologies A real system is found in chemical-phisycal equilibrium only
and those of surfaces. The elaboration of the chemical-physical in rare cases, and being able to provide for its evolution may be
data is usually quite complex, especially if a not oversemplified  very interesting; however, it can be done with a certain precision
description of the system is required, one that includes relatively ~ only in special cases. The kinetic equations of the main chemical
secondary aspects. To this end graphic methods have also been  reactions of the CO,-H,0-Carbonates system have been clarified
proposed. Among the most noteworthy we remember that of by various Authors who have studied it both from the theoretical
Roques (1972). and experimental points of view. In its application, the use of
The theoretical approach has increasing degrees of difficulty,  such equations, expressed mainly in differential form, is not easy,
depending of the greater or lesser approximation to the «real» and their validity is conditioned by certain selections of the
system that one wants to describe. Such elaborations provide boundary conditions. We thought, therefore, that we woult tackle
for the same calculations tath can be carried out using personal  the problem in a semiempirical way, carrying out the computing
computers, which have now become accesible to wide bands of  part on a PC with a program specially written in BASIC.
users due to lower costs and better configurations.
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Some general considerations on the CO,-H,0-Carbonates
system

The CO,-H,O-Carbonates system is usually schematized
considering the various reactions which the dissolution in water
of carbon dioxide and carbonates cause (fig. 1). In the first

mmol/l COy

Air Solution ’ Rock

- —-— -~ ~ -— 2= o
pc02—>c°2 — H2C03——HCO3——CO3 R MeC03

\H O/ ‘\\\ “-c- / Me2+/

H

Interface Interface

Fig. 1: Relationship between the principle species present in the threephase system
Air-Solution-Carbonates (drawing: C. Grippa).

approximation the system may be considered three-phase and
its evolution is conditioned by the kinetics of reaction. A
fundamental role is played by the motions of the gaseous and
liquid phases, as well as by the state of the solid surface, that
condition the rate of exchange a great deal, especially at the
interfaces. From the thermodynamic point of view, the system is
monovarying: it is therefore convenient, for karstic waters, to
choose couples of more easily measurable variables, to define
saturation curves like those shown in fig. 2 (e.g. [Me?],/pH
or [Me?*] ;/ P¢q, Roques 1964).

mmol/l CO2

4

o 1 2

mmol /1 Ca?¥

Fig. 2: Saturation curve (CO2) vs. [Ca?*] to 10°C and to 15 °C, according to Roques
1964, (drawing: C. Grippa).

In the case of phreatic circulation (two-phase case), a system
in thermodynamic equilibrium can exercise non corrosive or
encrusting action, unless in the case of mixtures with waters with
different CO, and/or Me2* concentrations (Bogli 1964). If the
system that will derive from it is not in equilibrium, the couple of
concentrations will be subject to variations depending on a linear
law dictated by the stechiometry of the reaction. In the case of
vadose circulation (three-phase case), it is the gaseous phase
that determines the conditions of equilibrium: the concentrations
of CO, and Me?* will assume values represented not by a straight
line, but by curves of equations not easily definable a priori. The
case of fig. 3 is emblematic:

ISCO

2 NS

o

1
]
1
1
1
1
1 vV /i J
B s el S T i
4 /-': '
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) ] 1
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_’J :;l pAI

1 2 mmol/I Ca2*

Fig. 3: Various states of equilibrium for a solution in phreatic (P) or vadose (V)
circulation: in the first case, it can dissolve a greater quantity of calcium, (p), in the
second, however, an excessive quantity must precipitate from it (v) (drawing: C.

Grippa).

a) case of phreatic circulation: the concentrations of
equilibrium are those of point P and the water is certainly
aggressive;

b) case of vadose circulation: the concentrations of
equilibrium are those of point V, imposed by the P.,, and the
water is encrusting.

The importance of considering all the phases present in the
system is therefore made obvious, since the composition of the
water alone can be insufficient to define its aggressive or
encrusting nature.

The rate of the exchanges at the air-solution interface depends
closely on the conditions of motion of the two phases, until they
can be considered infinite (instantaneous mass transfer)
compared to the rate of the other reactions of the «chain» (Roques
1964).

The case of laminar flow is different, with perturbations at the
interface practically absent (e.g. drops with formation times above
30'), or stagnant phases where the exchanges take place by
diffusion and the kinetics may be considered of the first order
(Reynolds number < 10%), also compared to the growth of nuclei.
Such fluodynamic conditions can facilitate the conservation of
metastable states even for long periods (e.g. low nucleation rate,
Girou, Roques 1972). Roques (1964) and Girou, Roques (1972),
studying experimentally the kinetics of precipitation of calcium
carbonate, registered the variations of pH in function of time,
obtaining two typical evolution curves to solution with a higher
or lower degree of oversaturation (fig. 4). These Authors also
related the various parts of the experimental curves to the current
chemical reactions and formulated kinetic equations up to the
third order, verifying their conditions of validity.

Numerical approach

In this note we propose a numerical approach of the iterative
type, to be carried out on a specially programmed PC. As we
have said, the most usual case is that where, besides the reaction
of dissolution of the carbonate, one must also take the exchange
of carbon dioxide at the air-solution interface into account.
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Fig. 4: Variation of pH and of the [Ca*] in function of time: curve 1, solution with
low degree of oversaturation; curve 2, solution with high degree of oversaturation.
(drawing: C. Grippa).

It seems simpler to consider the evolution of the system as
a serie of steps, alternatively of exchange and of «reaction»"), or
viceversa. In the plan of fig. 5, two successive steps locate one
point: the succesion of such points approximate the real «route»
followed by the system towards the state of equilibrium. Once
the equations that define the saturation curve, the kinetics of
exchange and those of «reaction» having been established, only
the part of calculus remains that can be done on a PC. This is,
however, formally more simple in the case of the exchange. For
the «reaction», the concentrations of equilibrium are located by
the intersection of the said curve with the straight line of gradient
(-1 mol CO,/1/1 mol MeCO,/1).
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Fig. 5: Graphic representation of the steps: E=exchange, R=«eaction» (drawing: C.
Grippa).

Nonetheless, the reaction of exchange will move vertically the
representative point of the system and it will be necessary to
make new calculations of the concentrations of equilibrium of the
«reaction» every time. Formally the intersection is determined by
resolving analytically the system composed of the equations of
the straight and the saturation curve. As several versions can be
proposed of this line (e.g. Ernst 1964, Roques 1964 etc.), every
analytical solution cannot be general: for this reason we preferred

1. By «reaction» we mean to express synthetically that which refers to
the reaction: CO,+H,0+CaC0O,;5Ca(HCOy),.

to choose a numerical method of calculus which definitely
converges in all cases of interest (bisection method).

To chek the quality of the program we made some tests that
simulate the evolution of the system starting from a certain number

of states of non-equilibrium. More precisely, states of
oversaturation or insaturation that imply or exclude the exchange
of CO, at the interface. In the pH/time plan of fig. 6, the
experimental points are marked, relative to an oversaturate system
of which various evolutions are simulated varying the rate
constants of the kinetic equations.

pH

20h__time

7o 5 10 15

Fig. 7: Variation of pH compared to time: taken experimentally from an oversaturation
system in evolution towards the state of equilibrium (from Roques 1964) (drawing:
C. Grippa).

In fig. 7 we have a case taken experimentally from Roques
(1964): the system, oversaturate with conditions close to those
chosen for the simulation, evolves varying-the pH in a very similar
way to that represented in fig. 6. The equation that expresses
the saturation curve by means of the [Me?*]/(CO,) couple, is the
following: &

4. 10K1—K2

CO,=
(€0, =2

M fp 184 + T

(Roques 1964), while the kinetic equiations (of the 1° order:

dC
dt

The mechanism of the steps and the choice of two equations
of the 1° order cannot interpret correctly the numerous reactions
that really take place, but constitute an empirical semplification
which allows an applicative approach to a very complex chemical-
physical system. The rate constants or the possible coefficients
that may be introduced and that have merely the function of
adapting the simulation of the experimental data, are to be
considered in the same way.

=-K(C- Ceq) ), are suitably integrated.

Flow chart and random test of the program

INPUT. The design of this routine provides for three phases
of input, each relative to the definition of the equations necessary
to the calculations: saturation curve, kinetics of exchange,
kinetics, of «reaction». Each phase is conceived with a criterion
of modularity, even though they are all similar in structure. In
carrying out the program it is therefore possible to define the
equation chosen in a predisposed set. Nonetheless it is simple
to introduce new equations, operating on the level of software.
So the input operations are reduced to the introduction of the
foreseen numerical constants. Before the program accedes to
the calculus routines, it is possible to correct the input data, that
are also submitted to plausibility tests. We are also told if the
system evolves from a state of oversaturation, equilibrium, or
insaturation.

CALCULUS. The salient part of the program consists of the
iterative routine for the determination of the concentrations of
equilibrium of the «reaction» (see Numerical approach). The
bisection method definitely converges with few iterations in all
the cases of interest: ten interations are, in fact, sufficient to
reduce the width of the interval to 1/1000 (1/2'°< 103). This
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Fig. 6: Simulation on computer: variation of pH in function of time. (drawing: C. Grippa).

recursive procedure is the one that, in terms of time, absorbs
most of the program, as we accede to it every time it is necessary
to determine the «contribution of the reaction». The co-ordinates
calculated in the two steps are collected in two vectors of 500
elements each. If the process needs a greater number of points,
the program would contract the group of data to 250, cancelling
every second one. Naturally samples of the new data would be
stored on the new rhythm. This operation can be repeated as
often as necessary, adjunsting to the new frequency of the
sample.

OUTPUT. In this phase the flux of data is directioned on the
printing unit or on the screen. The memorization of the data on
file is also provided for, to treat them with a graphic program.
This file is on a 5" 1/4 floppy disk. In fig. 8 an essential flow
chart of the program tested is shown. We also made a significant
debugging test, performing a series of random tests, on
concentrations chosen from a chance generation of numbers.
The program, written is BASIC-80 RELEASE 5.2, Microsoft, with
CP/M 2.2 operative system, occupies about 15 Kbytes of RAM
memory, and to use it, one needs an OS configurated to 56
Kbytes. Naturally, the program is available in MS-DOS. The PC
used is the R1 type of the Microdesign Company.

Concluding remarks

The proposed program allowed us to try every type of kinetic
equation compatible with the mechanism of the steps, which
gives it a marked flexibility. Starting from the experimental data,
it is possible to carry out interesting comparisons between the
evolutions simulated at the computer and those we arrived at
experimentally. One of the potentialities that has not yet been
developped is the possibility of fitting the experimental points,
like those shown in fig. 6, with functions of logarythmic or
polynomial type of the desired degree. Varying the rate constants,
it is therefore possible to define families of polynomials, the
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coefficients of which are in functional relationship with them. The
choice of these constants, closely connected to the regime of
flow of the system, at its degree of oversaturation etc., would
allow us to calculate the «answemn easily. As a rule, the
interpolation of experimental data allows for the opposite process,
so we can find out in this way the value of the rate constants
relative to the equations that, semiempirically, descibre the
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Hydrochemical data of Josvafo springs and the problem of Magnesium

Ferenc Cser, Gabor Izdpi and LdszIé Maucha
Budapest, Hungary.

RESUM

Durant un periode de varis anys s’han estat analitzant, sistematicament, les dades quimiques d’'algunes de les surgéncies de
la zona carstica de Josvafé (Nord d’ongria). Normalment s'obtingué una dada per setmana, perd durant les crescudes se'n recollf
una cada dia.

Les dades quimiques de les surgencies que normalmente gairabé no presentaven variacions sofrien grans alteracions durant
els periodes de crescuda d'alguns anys. La magnitud d'aquesta alteracio i el valor mitja de les dades de les surgencies son
caracteristics del medi geologic de les surgéncies i de la zona on s'han obtingut les mostres, aixi com de I'estructura dels aqdiifers.

Es va detectar també una relacio directa entre les dades i la pollucid.

La taxa estimada del Ca per a Mg de les roques de la superficie és inferior al nivell mitja en l'aigua de la surgéncia. El descens
del Mg sembla provenir del procés quimic de la carstificacid, p. ex. de I'index més baix de dissolucid de les roques que contenen
Mg, aixi com també de I'alt nivell de diposicid de cristalls de dolomia, respecte a la calcita.

RESUMEN

Durante un periodo de varios arfios se han analizado sistemdticamente los datos quimicos de algunas de las surgencias de la
zona kdrstica de Josvafé (Norte de Hungria). Normalmente se obtuvo un dato por semana, pero en las crecidas se obtuvo un dato
por dia.

Los datos quimicos de las surgencias que normalmente casi no presentaban variaciones sufrian grandes alteraciones en los
periodos de crecida de algunos anos. La magnitud de esta alteracion y el valor promedio de los datos de las surgencias son los
caracteristicos del medio geoldgico de las surgencias y de la zona de toma de muestras, asi como también de la estructura de los
acuiferos.

Se detecto una relacion directa entre los datos y la polucion.

La tasa estimada del Ca para el Mg de las rocas de la superficie es menor que el nivel medio en el agua de la surgencia. El
descenso de Mg parece provenir de la quimica de karstificacion, p. ej. de la tasa mds baja de disolucion de las rocas que contienen
Mg, asi como también del alto nivel de deposicion de cristales de dolomia respecto a la calcita.
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SUMMARY

Chemical data of some the springs of the Josvafé karstic area /Nord Hungary/ have been systematically analized for many
years period. One data per week were obtained usually but one data per day ot the floads.

The chemical data of springs which are usually practically unchanged have great alterations in the flood periods in some years.
The magnitude of this alteration and the mean value of the data of the springs are characteristic to the geological environments of
the spring and the catchment area as well as the structure of the aquifers.

Direct connection between the data and the pollution was detected.

The estimated ratio of the Ca to the Mg of the surface rocks is lower than the measured ratio of the spring waters. The loss
of the Mg is lead back to the chemistry of karstification i. e. to the lower rate of solution of the rocks containing Mg as well as to
the great rate of deposition of dolomitic crystals with respect to calcite.

Introduction.

The Josvafé area of karst is one of the most studied karst in.

Hungary. There is no industry in the catchment area of its springs.
There is two big plateau of the area, the northern and the southern
one. The northern plateau crosses the Hungaryan-
Czechoslowakian border. The very limited agricultural activity is
at the valeys, the plateaus are mainly covered by forest or bush,
their leggs are recultivated fields. The nonkarstic catchment area
of the southern plateau has the greatest agricultural activity.

The rocks at the surface are triassic limestones and dolomites.
The limestones containe Mg in a great amount /10-40 mole%/.
There are 5 great caves on the area /longer than 1 km/ and
many smaller ones. The longest cave of Hungary, the Baradla
cave /25 km/, the second longest, the Béke cave /10 km/ can
also be found here. Their springs the Jésva and also Barlang
spring as well as the Komlds spring are within 200 m distances.
Baradla cave has two independent springs.

The second greatest spring of the area is the Nagytohonya
spring. It leads the water of the northern plateau and a 1 km
long cave, the Kossuth cave is just at the spring. This cave
terminates in a deep syphone. This spring gives also the infiltrated
water of the Léfej spring, what is at the northern part of the
plateau with the highest altitude amoung all of the springs

with the exception of the smaller alteration of data in fload periods.
The data of the other springs show similar yearly run.

One part of the springs have great alteration in fload periods
/Joésva and Komlds on the Figures/, the other have smaller. The
former ones have open ponores thrugh what the rain or the
snow-melts may run very fast to the springs. Nagytohonya and
Kistohonya gives mainly water from the infiltrated waters. Lofej
spring, Babot-Kut have not open ponors, too. When the catchment
area of the Kistohonya spring is doubled, its water show similar
properties to that of Jésva spring.

It is interesting, that the different components of the water
are not running parallel. The great alteration of Ca does not
correspond to that of HCO;. The change in the Mg content is
smaller than that of Ca. There is no big alteration also in the
permanent hardnes.

The mean values of the components of many vyear
measurements are summarized in Table |. Table Il contains the
upper and lower limits of same measurements carried out in 1984
when a complete analyses was done inclouding the nitrates,
nitrites, chlorine and sulfate. These data of the dropping water
of Vass |. cave, those of the streemlets in the Baradla cave and
the rain water are included.

investigated. Table |
The Kistohonya spring is 2 km northern from the Nagytohonya  The mean values of the different components in the springs
spring just beside the Vass Imre cave /1 km/. Its permanent in mval units
. 2 gt
gz':\cijr:nn:;r;t area is cca 4.5 kmé but it is doubled among rare e H Ca Mg MCO, SO, C oH
Babot-kut is a spring of dolomites. It serves as a part of the | Kistohonya 686 53 151 710 056 003 015 7.05
water resource for Aggtelek, the village at the ponors of spring | Nagytohonya 729 573 162 557 074 006 012 760
Josva and also Barlang. Lofej 771 568 208 700 058 001 014 735
Komlds 761 692 073 711 - 004 021 750
Josva 671 599 078 521 026 016 021 750
Result Alsébarlang 689 630 063 629 036 011 025 730
e Babotki 693 500 192 750 0938 003 015 7.5
Figure 1-4 represents the data function of four springs in the
year of 1981. This year was peculiar as there were two strong Table I
floods. The data of the other years show similar characteristics  The extremes of the components in the water of the springs
in mval units
Kistohonya 1981 :
dw I T spring H Ca Mg HCO; SO, NO; CI pH
y 20 L A Oy " 820 665 283 740 - - - 139
3fsod 740 500 100 660 - - - 649
2: Nagytohonya 721 613 173 654 027 007 012 73
<l 3 Q 711 550 112 618 014 004 009 7.1
£ 2’ Komlds 754 684 091 679 026 - 039 75
B;; 639 571 051 575 011 - 028 72
g, . Ca Josva 675 613 091 625 023 019 024 73
g ™ 600 524 071 550 003 014 018 71
“ts Alsébarlang 739 679 061 711 017 075 021 80
£ W 407 404 010 39 004 009 017 76
‘f_ 7 Babotkdt 800 663 273 746 024 004 014 73
" %j .i‘ivqmw-/—\—/—f 679 489 142 604 009 - 005 43
£h pH ) drooping w. 636 619 027 550 031 025 013 78
| 500 470 011 33 014 - 009 71
JAN T FE8 T MAR ~APR WAV " JUN UL  AUG ~ SEP ~ OCT WOV  DEC rain . 353 210 - - 015 02 007 67
Figure 1. The most important chemical data of the water of Kistohonya spring in 1981 04 05t = - = = — 4
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Figure 2. The most important chemical data of the water of Nagytohonya spring in
1981.
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The mean value of the chemical components differ mainly
only in the Mg content. The springs of the northern plateau give
more Mg, than those of the southern one. In the reality, there
are greater area of dolomites in north with respect to south. The
mean ratio of Ca with respect to Mg is 2,5 in the springs of
northern part and cca 5 in southern one.

As the rocks contain more Mg with respect to Ca, we have
to state that there is loss in the mobility of Mg of this area. This
contradicts to the second-solution of limestones due to their Mg
content, where the waters should be more rich in Mg than the
original stones /Ganti, 1957/.

The problemm of Magnesium

According to Ganti, 1957, the spring waters should containe
more Mg than the original rock. Some analyzes were carried out
to solve the contradiction presented above.

The Vass |. cave crosses many times dolomites. There is a
syphone /Laguna/ in the middle of the to day cave. The stone
is dolomite where the syphon had developed. This syphon is
close for some months after floads. The water stored in the
syphon is over 400 m3 and infiltrats with a rate of 0,1 m/day in
the water level. If the second-solution of Mg is true, the water
should contain as much Mg than Ca, or more. We have many
analytical data /Cser, 1984, Czajlik, 1961/ what indicate a very
great Ca content with respect to Mg /10x/. The water of the
syphon has been pumped out in this year. The pumped water
floated 200 m-s along the cave and accumolated again at the
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Figure 3. The most important chemical data of the water of Josva spring in 1981

*Rockoko-gate. The analyses of the water showd a decreas in the
Mg content /to its half value/ with a small increas in Ca. /Ca:
6.3 mval, Mg: 0,65 mval, Ca,: 6.62 mval, Mg,: 0,31 mvall/.

The bottom of the syphon is a sinter. It has been broaken
and the material found there was analysed. The sinter had 57 %
material solved in 10 % HC1, with a Ca/Mg =1! The sinter was
a clay and small needles with equivalent Ca and Mg content.
The crystallographic analyse of the minerals is in progress.

The corridor after the syphon in limestone is filled with
carbonatous sand with a great Mg content.

Taking the facts into account we suppose the following
mechanism:

As the solubility of the dolomite is practically the same as
limestone /Hodgeman, 1061/ other parameters should be found
to explaine the smaller cavernes in dolomites than in lime stones.
This is the density of the dolomite, what is greater than that
expected by the addition-role. The greater density causes lower
rate of dissolution. The greater density may also cause a lower
crytical sise of crystalline nucleus what results in smaller crystals
when precipitate.

Komlds 1981
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Figure 4. The most important chemical data of the water of Komlés spring in 1981.

As a consequence we suppose that at saturated condition
dolomite microcrystals precipitate first and the water losses its
Mg content. This precipitated dolomite can be found as a sand
in the caves after the dolomite in the flow direction. Naturally,
these crystals are mixed with clay. Turning the water in agressive
the precipitated small crystals will be dissolved first in the
turbulent streem saveing the wall in such a way. This could be
the reason that there are smaller cavernes in dolomites with
respect to limestone.

This is only a hypothese, we have no data to prove its validity.

Thee problem of pollution

The Tables represent the mean and the extreme values of
ions in the waters. The NOj the CI ion are the most charascteristic
to the pollution. The data do not referre to pollution. We have
not found increas in NOzand CI in the water of springs Kistohonya,
Nagytohonya, Léfej and Babotkut. This is not true for Josva spring.
Among the data measured in 1980 the drastic increase in the
concentration of NO; and CI- was found. We cuold measure 0,94
mval concentration of nitrate what is at the limit of danger. This
was the indication what is at the limit of danger. This was the
indication of the infiltrated /washed/ fertilizers from Aggtelek. Th
Cl content was increased in winter periods indicating the
protection of the highways from the snow. An increase in the
chlorine to 1 val could be measured in Budapest in the Ferenc
cave at some stalctites.

The pollution reached our caves, too, although this is one of
the most protected area of Hungary.
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Conclusion

The chemical data of the springs referre to the chemical
processes both in the zone of infiltration both in the aquifers.
The springs with very small alterations in their composition
indicate, that the water comes directly from the aquifer
irrespective to the presence of an open cave in its vicinity. The
big caverns are formed in that time, when the erosion base was
above the presence height of the corridor. The today position of
the most important corridors in the aquifers should not be
connected directly to those of the past.

The loss of the Mg in the process of the karstification should
be investigated in more detail. The solubility data for the
dolomites, for limestones with great Mg content should be
measured accuratly.

The aquifers contain waters from the present as well as from

also to the future turning the waters in aquifers unusable in the
future.
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RESUM

La major part de l'aigua del sistema de cavitats de Bungonia (New South Wales, Australia) aflora en una unica surgéncia. Des
de l'any 1971, l'aquiifer que s'estén darrera la surgéncia ha estat objecte d'estudis hidroldgics i quimics molt complets. La coloracié
de l'aigua, el sifonament i experiments de bombeig, han establert que I'aquifer té una capacitat minima de 1.500 m°. Un mostreig
d’aigues i un programa d'analisis quimiques paral-lel als experiments més amunt detallats, han fet possible d’establir els nivells de
degradacid quimica de I'aqliifer, que corresponen a diferents nivells de cabal. Totes les mostres de l'aigua van ésser analitzades
especificant els tipus d'ions, I'oxigen dissolt, indicis de metalls i el carboni organic total. S’ha calculat I'apreciacid quimica en fase
aquosa, els indexs de saturacid dels minerals i I'equilibri de la pressié parcial del dioxid de carboni. Les pressions parcials de dioxid
de carboni sén molt elevades a les aiglies subterranies, mentre que les d'oxigen sdn baixes. La combinacio d'aquests dos factors
origina I'alliberament i el transport de traces d'ions metal lics. Aquests procesos poden ésser modificats posteriorment per la preséncia
de microorganismes.

RESUMEN

La mayor parte del agua del sistema de las cuevas del Bungonia, New South Wales, Australia, emerge en una unica surgencia.
Desde 1971 el acuifero que se extiende detrds de la surgencia ha sido objeto de completos estudios hidroldgicos y quimicos. La
coloracidn del agua, el sifonamiento y los experimentos de bombeo han establecido que el acuifero tiene una capacidad minima de
1.500 m®. Un muestreo de aguas y programa de andlisis quimicos durante los experimentos arriba mencionados, ha posibilitado
establecer los niveles de degradacion quimica en el acuifero, que corresponden a diferentes tasas de caudal. Todas las muestras
de agua fueron analizadas para cada tipo de idn, oxigeno disuelto, trazas de metales y carbono orgénico total. Se han calculado
la apreciacion quimica en fase acuosa, los indices de saturacion de minerales y el equilibrio de la presion parcial del diéxido de
carbono. Las presiones parciales de didxido de carbono son muy elevadas para las aguas subterraneas y las del oxigeno disuelto
son bajas. La combinacion de estos dos factores produce la movilizacion y transporte de trazas de iones de metales, estos procesos
son modificados posteriormente por la presencia de microorganismos.

SUMMARY

Most of the water from the Bungonia Caves system, New South Wales, Australia emerges at a single spring. Since 1971 the
aquifer behind the spring has been the subject of extensive hydrological and chemical studies. Water tracing, syphoning and pumping
experiments have established that the aquifer has a minimun capacity of 1500 m.%. A water sampling and chemical analysis programme
during the above experiments has enabled the amounts of chemical weathering in the aquifer to be established for different flow
rates. All water samples have been analysed for all major ionic species, dissolved oxygen, trace metal ions and total organic carbon.
Chemical speciation in the aqueous phase, mineral saturation indices and the equilibrium partial pressure of carbon dioxide have
been calculated. The partial pressures of carbon dioxide are very high for groundwaters and those of dissolved oxygen are low. A
combination of these two factors causes mobilisation and transport of trace metal ions, these processes are further modified by the
presence of micro-organisms.
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RESUM

En aquest treball es presenten una série d'observacions fisiques i quimiques a fi i efecte d’explicar I'evolucié de les propietats
quimiques de l'aigua al llarg del curs d'aigua que recorre la cova de Warm River i de Falling Spring Creek. El corrent comenga a
la cova de Warm River i esta constituit per una mescla de dos corrents: I'un, calid, alimentat per una surgencia termal i I'altre, fred,
alimentat per aigua subterrania poc profunda. L'aigua mesclada surt a la superficie, constituint el corrent que alimenta la surgencia.
La totalitat del curs d'aigua ve caracteritzada per un desprendiment de CO, i una progressiva precipitacié de travertins. L'atmosfera
de la cova posseix un elevat index de CO, (superior al 9,1 % del volum) i la precipitacid de calcita més baixa es ddna a les «cave
formes rimestones dams». A la superficie de I'aigua el desprendiment rapid del gas comporta I'abundant formacio de travertins. Els
coeficients d'aquests procesos sén quantificats utlitzant la composicid quimica de les mostres d'aigua i els calculs de transferéncia
de volum. Els coeficients de diposicid de travertins son més elevats en les zones amb corrent turbulent i quan el cabal d’aigua
minva, a l'estiu i a la tardor.

RESUMEN

Se presentan observaciones fisicas y quimicas para explicar la evolucion de la quimica del agua a lo largo del curso de agua
de la cueva de Warm River y Falling Spring Creek. La corriente empieza en la cueva de Warm River y estd formada por la mezcla
de una corriente cdlida, alimentada por una surgencia termal, y una corriente fria, alimentada por agua subterrénea poco profunda.
El agua mezclada sale a la superficie como corriente de alimentacion de manantial. La totalidad del curso de gua se caracteriza
por el desprendimiento de CO, y en precipitacidn de travertinos. La atmdsfera de la cueva posee un elevado contenido de CO,
(superior al 9,1 de volumen en %) y una precipitacion de calcita mas baja en las «cave formes rimestones dams». En la superficie
de la corriente el desprendimiento de gas mds rdpido conduce a una formacion extensiva de travertino. Los coeficientes de estos
procesos se cuantifican utilizando la composicion quimica de las muestras de agua y los célculos de transferencia de volumen. Los
coeficientes de deposicion de travertino son mayores en las zonas turbulentas de la corriente y durante las condiciones de bajo
caudal del verano y otorio.

SUMMARY

Chemical and physical observations are presented to explain the evolution of water chemistry along the flow path in Warm
River Cave and Falling Spring Creek. The stream begins in Warm River Cave and is formed by the mixing of a warm stream, fed
by a thermal spring, and a cold stream, fed by shallow groundwater. The mixed water emerges at the surface as a spring-fed
stream. The entire flow path is characterized by outgassing of CO, and travertine precipitation. The cave atmosphere is very high
in CO, (up to 9.1 volume %) and minor calcite precipitation in the cave forms rimstone dams. In the surface stream, more rapid
outgassing leads to extensive formation of travertine. Rates of these processes are quantified using the chemical composition of
water samples and mass transfer calculations. Rates of travertine deposition are greatest in turbulent sections of the stream and
during the low-flow conditions of summer and fall.

Introduction The thermal spring inside Warm River Cave exceeds 38°C.

The spring water flows through the cave as a warm stream and

Mixing of carbonate waters, carbon dioxide ingassing or
outgassing, and calcite precipitation or dissolution are the most
important geochemical processes occurring in carbonate aquifer
systems. Warm River Cave and Falling Spring Creek in Alleghany
County, Virginia, offer an ideal field site for observation of the
mixing of two carbonate waters in the subsurface and of calcite
precipitation resulting from CO, outgassing in the subsurface and
at the surface of the earth. This paper presents chemical and
physical observations to explain and quantify the evolution of
stream water chemistry inside the cave and along the surface
stream.

Location

The field site for the present study is located in the thermal
springs area of the folded and faulted western anticlines in the
Valley and Ridge province. The local geologic section consists
of a thick sequence of Lower Ordovician dolomites and Middle
and Upper Ordovician limestones. Like other thermal springs in
this area of Virginia and West Virginia, the spring issuing in Warm
River Cave appears to be fed by deeply-circulated meteoric water
that was heated under a normal geothermal gradient (Hobba et
al., 1979).

converges with a cold stream derived from shallow groundwater.
The mixed stream continues flowing through 305 m of cave
passage, approximately 37 m below the surface, before entering
a breakdown pile and then resurging as Falling Spring on the
surface (Holsinger, 1975). Falling Spring forms the stream called
Falling Spring Creek. Approximately 0.8 km downstream from
Falling Spring, where the stream breaches a small sandstone
ridge, the stream flows over a 18-21 m waterfall. The cliff is
covered in travertine and more travertine deposits are evident in
the stream bed immediately above and below the waterfall.

Methods

Three field trips for the collection of samples along the surface
stream and the accessible parts of the warm stream, cold stream,
and mixed stream inside Warm River Cave (Fig. 1) were
completed. The warm stream can be followed all the way upstream
from the junction of the two streams to where the hot spring
issues, but the cold stream can only be followed upstream for
about 40 m before breakdown blocks the passage. Breakdown
has also made it impossilbe to traverse the entire length of the
mixed stream to the point where Falling Spring emerges. Seven
aditional trips for collection of surface water samples were made.




Warm River Cave
Alleghany Co., Va.
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Figure 1. Map of Warm River Cave (after Lucas, 1971) showing locations of sample
collection points.

Surface water sampling sites ranged from three distinct springs
just outside the breakdown pile closing off Warm River Cave to
stream sites above and below the falls. Temperature, pH,
conductivity, and alkalinity were measured in the field.
Additionally, discharge was obtained by measuring flow velocity
with a current meter and determining the cross-sectional area of
the stream with a measuring rod and tape.

Water samples were collected in polyethylene bottles, stored
in a cooler, and returned to the laboratory. Immediately upon
delivery to the laboratory, all samples were filtered, split, and
refrigerated. Alkalinity titrations were performed within 24 hours
of collection. Ca?+, Mg?*, Na*, and K* were determined on
acidified samples by standard atomic absorption procedures.
802, CI, NO; and PO}~ were determined by lon
Chromatography.

The chemical concentration data, pH, and temperature for
each sample were input (Moses and Herman, 1986) to a
geochemical speciation model, WATEQF (Plummer et al., 1976).
This computer code, based on thermochemical data, calculates
the temperature-corrected saturation state of a water sample with
respect to mineral phases and the CO, partial pressure (PCO,)
with which the water sample is in equilibrium.

The chemical compositions at consecutive sampling points
along the flow path were used to quantify the masses of calcite
and CO, that must be transferred into or out of solution in order
to satisfy the observed evolution of water chemistry. An estimate
of reaction time was calculated from stream velocity and distance
between sampling points. Reaction times combined with the
results of the mass transfer calculations were used to calculate
rates of CO, outgassing and calcite precipitation.

Results

Analyses show that Ca?* and HCOj; dominate the chemical
character of the water at every point in Warm River Cave and
Falling Spring Creek. The other important ions are SO2- and Mg?*
whose sources are most likely the gypsum and dolomite units
lower in the Ordovician section. Na* is present in low
concentrations, and K* is elevated relative to Na* as has been
observed in other geothermal waters of the area (Helz and Sinex,
1974; Hobba et al., 1979). CI- and F~ are present in low
concentrations. NO; and PO3?-, concentrations are all below 5
and 1 mg/L respectively.

Evolution of water chemistry
The evolution of water chemistry along the flow path in Warm

River Cave and Falling Spring Creek is characterized by
outgassing of CO, (Fig. 2). A highly.charged solution issues at
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Figure 2. Log.Pcpp for water samples versus distance along the flow path. The
thermal spring inside Warm River Cave is taken as the start of the flow path (0 m).

the thermal spring where CO, may first escape the hot carbonate
groundwater. The partial pressures of CO, are extremely high
near the thermal spring —10~'9% atm (9.1 vol %). .The first two
samplig locations are above the partial sump at the upstream
end of the cave. As the warm stream leaves that restricted
environment to flow through the more open passages of the cave,
PCO, drops to approximately 10~#0 atm (1.5 vol %) for the rest
of the samples, including the cold stream.

The mixed stream of the cave emerges through a breakdown
pile to the surface as springs that display chemical compositions
similar to the cave stream. The stream from Falling Spring flows
along a relatively smooth and straight stream bed for
approximately 0.8 km until the falls and the smaller riffles near
the top of the falls are encountered. Water turbulence forces
more rapid outgassing of CO,. The samples collected above and
at the crest of the falls show significant loss of CO, compared
to the upstream samples. The rate of CO, outgassing in the
surface stream, after the initial surge of outgassing at the surface
spring, reaches a distinct maximum at the waterfalls. Although
the loss of CO, continues as the water flows on downstream,
the creek is still slightly supersaturated with CO, at the farthest
downstream sampling point. Approximately 8 hours elapse while
a volume of water flows from Falling Spring to the last sampling
point.

The loss of CO, from the stream leads to changes in the
saturation state of the water. As CO, is lost, pH increases and
the water becomes more supersaturated with respect to calcite.
Along most of the flow path the calcium concentration decreases
(Fig. 3) indicating that calcite is precipitating. The bicarbonate
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Figure 3. Millimolar Ca* and HCO3 concentrations versus distance along the flow
path.



concentration decreases even more dramatically (fig. 3). Both
calcite precipitatin and CO, outgassing are removal mechanisms
for aqueous bicarbonate.

Decreases in calcium and bicarbonate concentrations also
occur inside the cave (Fig. 3), indicating that some calcite is
precipitating along the warm stream. Rimstone dams are observed
inside the cave. However, the largest decrease in concentrations
in the cave results from dilution of the warm stream by the shallow
carbonate groundwater.

Physical evidence for extensive calcite precipitation exists in
the travertine deposits observed in the streambed in the last 100
m above the cliff and for at least 1.0 km below the falls. However,
it was only at the base of the falls that fresh white crusts were
observed on everything including undecomposed leaves and
twigs. Calcite precipitation occurs mainly where increased water
turbulence causes more rapid outgassing of CO, and, thus, a
great increase in the calcite supersaturation. At the crest of the
falls in July, the stream is more than 15 times supersaturated.
With this high degreee of supersaturation kinetic inhibitions on
calcite precipitation are overcome. Calculated calcite precipitation
rates show a distinct maximum at the falls at all times of the
year, although the magnitude of the precipitation rate is greatest
in summer.

There is a marked seasonal variation in the amounts of calcite
deposited along the surface stream. The greatest amounts of
travertine are deposited during the low-flow conditions of summer
and early fall. In those seasons, shallow groundwater causes the
least dilution of deep warm groundwater at the beginning of the
flow path. Net calcite precipitation was observed for all months,
but in winter and early spring there were short stretches of stream
where calcite was dissolving.

Conclusions

The processes of mixing of two carbonate waters, CO,
outgassing, and calcite precipitation all play a role in the evolution
of stream water chemistry in the present study. In Warm River
Cave, loss of CO, from a supersaturated solution, minor calcite
precipitation as rimstone dams, and, most importantly, mixing of
shallow groundwater with more concentrated thermal
groundwater explain the observed trends in water chemistry. In

Falling Spring Creek, CO, outgassing, especially localized in the
more turbulent reaches of the stream near the waterfalls, drives
the solution to high degrees of supersaturation with respect to
calcite. Travertine precipitation consumes dissolved Ca?* and
HCO; at a greater rate in the late summer and fall than in the
winter and early spring, but it is rerely adequate to bring the
supersaturated stream water to equilibrium with respect to CO,
or calcite.
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