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ABSTRACT

The rapid underground dissolution of gypsum, dmevolution of the gypsum karst in Lithuania andjl&nd,
results in subsidence problems which can make rmatistn difficult. The natural dissolution yieldsilphate-rich
groundwater of poor quality and the karst is susislepto the rapid transmission of pollutants.

In the north of Lithuania gypsum karst is devetbjpe Devonian gypsum. Here the towns of Birzai,vahs and
the surrounding countryside suffer subsidence amdesbuildings have been damaged. The majority efpibtable
water in these areas is derived from groundwatstratied from sandstone sequences that underligyfrsim. In
Lithuania conservation measures have been introdiaceontrol agriculture and prevent pollution leé gypsum karst.
These measures include environmentally-friendlymiiag, restrictions on land use and exclusion zoaesind
subsidence hollows.

In England subsidence caused by the dissolutidgPeafian gypsum has caused severe problems incihiyof
the town of Ripon. Numerous buildings have beenadged and new sites are difficult to develop. Heremél planning
regulations have recently been introduced to helmitigate against the worst effects of subsidemseilting from
gypsum dissolution.

INTRODUCTION

Gypsum is a very soluble mineral which can dissalt/a rapid rate. Where natural dissolution obsypes has occurred adjacent to
rivers it is common for one metre of gypsum to Esalved away in a year or so (Jargesl, 1981; James, 1992). Where this dissolution
has occurred or is occurring, underground cavesystan develop such as those explored in theigk(andrajchouk and Klimchouck,
1992), Germany (Biese, 1931; Pfeiffer and Hahn2)@nd Spain (Pulido-Bosch and Calaforra, 1993}aBse the dissolution rate is so
rapid gypsum cave systems can enlarge at a coabldenate, ultimately become unstable, and collaepssing subsidence problems at the
surface. The mechanism of collapse causes subalditeccia pipes to develop with subsidence hdlahere these break through to the
surface (Cooper, 1986, 1988, 1995).

In most countries where gypsum occurs in contattt water there are associated subsidence problenfarmland these are
inconvenient, but in urban areas they constituge@ogical hazard that can seriously affect devakat and human safety. Gypsum
geohazards affect the towns of Birzai and Pasvalysthuania (Paukstys, 1996), Ripon and DarlingterEngland (Cooper 1995 and
references therein). Elsewhere in Europe gypsurhageods are present in many towns and cities. amjgle, in Spain they have been
recorded in the city of Zaragoza (Benéoal., 1995) and the town of Calatayud (Gutiérrez, }9B6France they affect the outskirts of
Paris (Toulemont, 1984) and in Germany Stuttgatk msany towns peripheral to the Hartz Mountainsesusubsidence (Pfeiffer and
Hahn, 1972; Strobel, 1973). In addition to thesgngxes, gypsum dissolution and subsidence affeatsymore urban and rural areas in
these and many more countries. Some of these mi@abe the sites of future roads, reservoirs lbamugrowth. Thus, an appreciation of
gypsum geohazards is important for planning aneldement on a national, provincial and local scale.

In addition to the problems of subsidence, somenirizs such as Lithuania rely heavily on groundwdibr their potable water
supplies (Klimas and Paukstys, 1993; Paukstys, )19B@spite its mineral content sulphate-rich wadssociated with the gypsum karst
areas, is sometimes the only water supply thatbeanobtained. Abstraction of this water, or watent aquifers in continuity with the
gypsum karst, can result in subsidence both by divam of the water table and by increasing the tiiso of gypsum especially in the
vicinities of boreholes. Drawdown of the water¢atauses a loss of hydrostatic buoyancy, thetaféeaeight of cavity fill increases and
collapse can occur. Drawdown can also wash matiggber into cavities and aggravate the subsidaotdéems. Another problem is that
the rapid passage of groundwater, both throughstiome and gypsum karst, can lead to the swift imessson of pollutants from their



source to a potable water supply (Klimas and Pgsk3993). Gypsum karst, therefore, demands caméulagement and possible
protection if the land and water associated witrétto be used to their full potential.

GEOLOGY, SUBSIDENCE AND HYDROLOGICAL CONSIDERATIONBN THE GYPSUM KARST OF LITHUANIA

Geology
The karst area of northern Lithuania covers aR@M00 sq km, of which about 1000 sq km are congpo$ayypsum karst. The

gypsum karst area is well developed around thes@fiPasvalys and BirZai extending northwards lisativia (Figure 1).
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Figure 1. The location of the gypsum karst areaoirthern Lithuania and the agricultural protecteamation. 1. Land Group 1, less than
20 sinkholes/100ha; 2. Land Group 2, 20-50 sinldib@ha; 3. Land Group 3, 50-80 sinkholes/100h&aAd Group 4, more than 80

sinkholes/100ha; 5. Karst protection zone; (10@heaks 1 sq km

The gypsum in northern Lithuania is of late Devangge. It occurs in the Tatula Formation where tm@&n gypsiferous sequences are
present, interbedded with dolomites and marls @abj gypsum comprises about 70 percent of theesmgu The gypsum sequence is
underlain by dolomites of the Pliavinias Formatioduding the thin Jara aquiclude which overlies #andstone aquifer of the Sventoji
Formation and the argillaceous sandstones aquifdreoUpninkai Formation. Below this the Narva Clgrmation forms a regional
aquiclude that limits the karstic aquifer basirheypsum karst is locally covered by the thin f3-8olomite of the Ystra Formation, but
over most of the outcrop it is concealed by Quatsrmieposits which are up to about 20m in thicknésge Quaternary deposits are
glacial tills with lenticular belts of sand whiabrfin minor local near-surface aquifers.



Subsidence

The gypsum karst area of northern Lithuania hdsdeeeloped sinkholes that range in density frddn® 200 per 100ha (per square
kilometre). They range in size from a few metee§@m in diameter and are up to 12m in depth (Méssiius and Buceviute, 1986).
The sinkholes are concentrated in areas relatéitetwalleys and water divides of the MuSa, Levud d@yvesa rivers with the greatest
density of sinkholes on the Kirkilai geological eege. Here, in the bottom of one sinkhole, therals® a small accessible cave in the
gypsum. This cave, dedicated as a geological moni,riseup to 3.1m high, with 46m of accessible pgss; it is of phreatic origin with
water-eroded scallops on the roof, but it is noly dalf full of water (Laiconas, 1979). Elsewhémethis area, stream sinks of moderate
size, such as the sinking of the 8km long PoZemmiams, indicate more extensive cave developmentifiBrsprings, common in the
gypsum karst area, also suggest cave developmeitr karst springs occur along the Levuo Riverasvalys town, the Orija river near
Berklainiai Village and the Apa3éia river near Rik&i Village.

The majority of the sinkholes (61 percent) arel avahape and their long axes relate to the n@int girections in the gypsum which
are to the northeast, north and east (Marcittkeviand Buceviute, 1986; Buceviute and Marcinkevius, 1992). Lines of hollows also
appear to relate to these joint directions. Indhea of active karst more than 8500 sinkholes ezsept in an area of 400 sq. km
(Bucevtiute and Marcinkevius, 1992). By comparison with gypsum karst elseatiemay be expected that many of the subsidence
features are underlain by breccia pipes that exttertde base of the gypsum. This is suggested bshbtes in the gypsum karst, which
penetrate cavities, foundered strata and washeghiarials within the gypsum. The deepest bredgia go far found, in the RadviliSkis
region, extended to 96.4m in depth (Bu¢ate and Marcinkevius, 1992)

Active gypsum dissolution is indicated by the hagincentrations of sulphates in groundwater corfiimg the various karst springs
and also in the surface water of the main drair@geses such as the River Tatula. Active gypswssotlition is also shown by the
continuing collapse of the gypsum karst and theeldgwment of sinkholes, though their development tbayaggravated by water
abstraction and changes in the water table leWdlsere this collapse has occurred in urban aremsade has ensued in both Pasvalys and
Birzai.

Hydrogeological considerations

In the gypsum karst area of northern Lithuanianttaén water supply comes from the Devonian aquifEhey are exploited through
about 600 bored wells with individual yields oflveen 10 and 50#day. In addition to the scattered wells, borehatetbe waterworks of
Birzai and Pasvalys abstract 2000 and 26&@ay from the aquifers. These large-scale abstretiave caused a drawdown in the water
table of 7.5m since 1970 at Pasvalys, and 8m 4i86& at Birzai. The karst area is currently moeitbpy GROTA, under the auspices of
the Tatula Board (set up by Government decreepOatlrilled wells, dug wells and karst springs. Tdeailed results of long-term
monitoring and complex mathematical modelling & karst aquifers are presented by Paukstys (1986ddition to the effects of local
water abstraction, up to 110,000 m3/day is foretabe taken by the large town of Panevezys, 40r68buth of the gypsum karst area.
This amount of abstraction could have serious éutliawdown effects on the gypsum karst water. Becaliawdown is likely to
aggravate the subsidence problems, future watdraabsn from the near-surface gypsum-dolomite tkacpiifers has already been
prohibited, but this remote abstraction could begdaous. In addition to subsidence caused by drawdihe lowering of the water table
allows more aggressive groundwater to enter thewugykarst. Approximate calculations carried ouhgighe Lithuanian data show that
the lowering of groundwater by 1 metre increasesgypsum deficiency by 0.4g/l (Paukstys, 1996)addition to the degradation of
potable water, laboratory experiments and detafemical modelling show that common fertilizer campds within the gypsum karst
water can lead to enhanced gypsum dissolution &2)KL996). The preferred aquifer for large-seadter abstraction is the Sventoji and
Upninkai formations. These contain the best qualiyer, but with continued abstraction are thenesehecoming slightly contaminated
with water drawn down from the overlying aquifers.

In order to categorise the susceptibility of tigpsym karst to pollution, classification and anislygas applied to 19 variables; this is
the grade method of Dubliansktj al. (1990). It involved defining the controlling paneters of the karst system. Solubility was deffine
by four factors: lithology, thickness of gypsum dsits, content of soluble material and geologitraicture. Permeability was defined by
five factors: lithology of overlying sediments, dkihess of overlying sediments, density of sinkhalgs of the karst rocks and coefficient
of transmissivity. The availability of groundwatesas characterised by six factors: amount of effecfirecipitation, surface runoff,
subsurface runoff, downward infiltration, seepagemf neighbouring aquifers and groundwater gradidiie aggressivity of the
groundwater was characterised by three factorservgturation degree as TDS, temperature and pHddiiion to these factors, the
number of old karst features (breccia pipes andisilled areas) were also considered. Using tisihinique, an integral grade scale was
determined by summing up the separate active faofahe karst terrain. This allowed the kardteéaivided into areas of weak karst (32-
42 grades); medium karst (43-49 grades) and higét k80-59) grades. These grades relate closedhetalassification (Figure 1) of the
karst lands used for agricultural protection (P&#3996).



Stage Formation Map code/ Thick- Description Hydrological properties
member ness
metres
Q 0-20 Glacial till and sands Minor aquifer (@siplly sands);
fresh water TDS 0.5-0.84/l;
commonly polluted
Ystra Dys 3-9 Dolomite; fissured
Karst aquifer; very hard
mineralised water TDS 1.5-2.4¢/l
sulphate and calcium-rich,
commonly polluted
Frasnian
D Dstt" 11-15 Gypsum intercalated
E Tatula with marl and dolomite
v Datt* 37 Marl
(0]
N Dstt? 13-24 Gypsum intercalated
k with marl and dolomite
N Dskp/ 6-12 Dolomite; fissured Aquifer; mainly fresh bibanate-
Pliavinias Kupiskis calcium-magnesium water TDS 0.
0.8g/l, areas with sulphate-rich
water from above, some pollution
Dsss/ 13-18 Dolomite; clayey
Suosa
Dsj/ 2.0-2.9 Dolomite and marl Aquiclude
Jara
Sventoji Qsv 90 Sandstone, coarse- Good aquifer; large amounts of
grained intercalated with| fresh water, TDS 0.2-0.6g/l; traceq
siltstone and fine-grained of sulphates and nitrogen show
sandstone some local connection with the
overlying aquifers
Givetian Upninkai Dup 70-110 Sandy mudstone and
mudstone
Eifelian
Narva Dnr ~100 Calcareous mudstone | Low conductivity major regional
aquiclude

Table 1. The sequence of Devonian rocks in théhradrtithuania and their main lithological and hgtdigical properties.



GEOLOGY, SUBSIDENCE AND HYDROLOGICAL CONSIDERATIONBN THE GYPSUM KARST OF ENGLAND
Geology

In England gypsum karst and subsidence probleras naainly developed in the Permian sequence in easth England
(Figure 2).Gypsum is present in the Edlington amkly formations from just north of Doncaster, tlgbuRipon to Darlington and
Hartlepool. Up to 40m of gypsum are present inBtiington Formation and 10m in the Roxby Formafibable 2). Both these gypsum
sequences rest on dolomite aquifers and are cdppadnarl sequence. However, in the subsidences@mas the amount of dissolution
and collapse is so great that the marls are péefibtay subsidence pipes and form very ineffectiygicdudes. The Permian sequence is
capped by the Triassic Sherwood Sandstone Grougjer megional aquifer. In addition to the Perm@gypsum the majority of the
English mined gypsum is in the Triassic Mercia Made Group (Figure 2). Some subsidence has betea Besociated with this
gypsum, but since the gypsum is sandwiched in modstquicludes, subsidence is much more restiiciaeta. However, the dissolution
of gypsum from the near-surface mudstones has demadily disrupted the fabric of the upper parthef tmudstone sequence. This
disruption and associated weathering have comnmeslyted in the deposits presenting difficult grdor civil engineering purposes.
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gypsum workings

Figure 2. The distribution of the main gypsiferstraita in England showing the location of past @regent mines (asterisks), caves (open
circles) and subsidence hollow areas (solid dots).



Subsidence

The two gypsum sequences of the Edlington and Réotmations rest on the limestone aquifers of @aleby and Brotherton
formations respectively. The limestone dip slopetsaa catchment areas and the water is fed dowmttighe gypsiferous sequences,
before escaping into a major buried valley alomglitte of the River Ure (Cooper & Burgess, 1993)mplex cave systems are developed
in the gypsum and artesian sulphate-rich springdaaally present. Because of the thickness o§gyppresent the caves are large and
surface collapses up to 30m across and 20m deephieen recorded. The subsidence is not randongcouts in a reticulate pattern
related to the jointing in the underlying stratao@Per, 1986, 1989). Around Ripon a significantsétnce occurs approximately every
year (Cooper, 1995). The times of the subsideneats\show that some zones of subsidence are mire #@n others. Furthermore,
areas bounding the Ure valley are more subsidermreepdue to the localised escape of cave watertldouried valley gravels. In
England, gypsum caves and subsidence are not edrifinRipon; the subsidence-prone belt is aboln3-wide and extends from near
Doncaster to Hartlepool. Several areas along #lisshffer gypsum-related subsidence, though noa@s severe as Ripon. Subsidence
also affects the Darlington area, but in the urbistrict of this town the problems are lessenedhwy presence of thick Quaternary
glaciogeneic deposits (Cooper, 1995).

Hydrogeological considerations

The natural dissolution of gypsum results in laggentities of sulphate in the groundwater. Coneetly, in and around Ripon, many
springs, and waters in the glacial deposits are {i3-2.0g/l) in sulphate. Calculations suggest the volume of gypsum being dissolved
naturally each year at Ripon is about 12¥smkm. However, north of Ripon a figure of arodri0 ni/sq km may have been removed
since the last (Devensian) ice age. In additiorthts natural dissolution, abstraction of groundwdtigh in sulphates can remove
considerable volumes of gypsum from undergrourids éstimated (Cooper, 1988) that the volume qfsgyn removed by a group of
boreholes in a subsidence damaged area of Riptractigy 212 M| of water a year, was approximad n? per annum. It is likely
that much of the dissolution represented enlargewigjoints over a considerable area. Howeverheicinity of the boreholes, where
rapid groundwater flow occurs, severe dissolutibtihe gypsum beds could have occurred.
In addition to the dissolution problems the resedfitation of Quaternary deposits into the gypsunstkasay have resulted in surface
subsidence in the former. This could also haven le#hanced by localised lowering of the water talf@milar problems of glacial
deposits being displaced into gypsum karst, andimgusubsidence, have been suggested as a mechanishe development of
subsidence in the Darlington area (Cooper, 1995).

Formation/Group Thickness | Description Hydrological Properties
metres
TRI- Sherwood Sandstone Group00 Red sandstone with subordingltéajor regional aquifer
ASSIC mudstone beds, especially negarDS 0.15-0.3g/l mainly as CaGO
base
Roxby Formation up to 26 Red-brown calcareous Very leaky aquiclude with a gypsum
mudstone (marl) with up to | karst aquifer at base; sulphate-rich
10m of gypsum at base water
P
E Brotherton Formation 8-14 Calcitic dolomite, maiimly | Aquifer TDS~0.5g/l as CaCQ
R thin beds sulphate-rich in places
M Edlington Formation up to 50 Red-brown calcareous Very leaky aquiclude with a gypsum
,IA mudstone (marl) with up 180- | karst aquifer at base TDS 0.8-2.0g/l
N 40m of gypsum at base mainly as sulphate
Cadeby Formation up to 65 Dolomitic limestone, Major local aquifer
commonly massive, but locallyTDS 0.2-0.5¢/l as CaGO
porous and leached

Table 2. The sequence of the Permian and Triassks tin northeastern England and their main lithickl and hydrological properties.

PLANNING IN, AND MANAGEMENT OF, GYPSUM KARST AREAS
Hazard avoidance, the most cost-effective form of planning

The use of special building and development teghes, such as those outlined below, are expensivieanding is not available,
remediation or control schemes cannot be implerdeael it is impossible to legislate for special stauction regulations. However,
planning to avoid the worst of the hazardous ara@ad,to limit the aggravation of the subsidencélems, can be very cost-effective.
The winners are people who avoid paying for cortitos that subsequently fail, the losers are thwuile land that becomes less
valuable for development. Avoidance of the worsiarcauses less planning blight than developingaifieféing severe subsidence and
destruction of property and infrastructure.



It is largely impossible to avoid all developmevithin the gypsum karst areas. In towns such a®mRiwhere the margin of the
subsidence belt runs through the town it may besiplesto encourage more development outside oftisidence belt. However,
within the subsidence areas the first principlewdiding gypsum geohazards is generally not tadbnilexisting subsidence hollows.
This is because they may still be unstable, they maae ongoing dissolution below them, or they tmayilled with poorly consolidated
deposits (or waste materials) with a low bearingngith. The second principle is not to build onntegins of the existing hollows, or
between hollows in linear belts. This is becabsecbllapse of a hollow can lead to the chokinthefunderlying cave system. When
this happens, the dissolution area can be pushtw tmargins of the collapse and affect the adjagesund. In this way subsidence
hollows commonly occur in lines or close groupingse third principle is to avoid the most activeas where the majority of the recent
subsidence hollows have occurred.

Development and construction of buildings

The construction of buildings within gypsum karstjuires special measures. In England the GovetttsmBrepartment of the
Environment and Harrogate Borough Council (theall@ouncil to the Ripon area) have recently comimigsl a report on planning and
development in the subsidence-prone area (Thowmtsaln 1996). The report approaches the problems orfrmmts, construction and
planning. For construction it reviews the probkenad gives some possibilities for the types of fatioths suitable for use in subsidence-
prone areas. Options include raft foundations,ghtk foundations and reinforced strip foundatidie report reiterates the difficulties
and dangers of piling into gypsum karst, or ofrtgyto improve the ground by grouting, these facteese discussed by Cooper (1995).
Another approach to development is the use of derfoundations such as those suggested by Sorathan (1985), or the
construction of properties on linked foundationgtevent individual houses collapsing into subsidehollows. In addition to these
measures, precautions to protect services suchsasvgter, electricity and sewerage, are alsoatssir These precautions could include
flexible pipe work, flexible connections and prdies such as geogrid materials or reinforced sttppo

The second approach to the subsidence problermreended by Thomscet al. (1996) is through the planning regulatory process
To support this process the Ripon area has beg&tediinto three development control zones: (A) novk gypsum present; (B) some
gypsum present at depth; (C) gypsum present amestilsle to dissolution. Within zone A no spegénning constraints would be
imposed. In zone B, where the risk of subsidescamall, a ground stability report prepared by mpetent person would usually be
required and the problem should be consideredca [danning. The zone C area would be potentialbject to significant constraints
on development and local planning should take th@eeaccount. Also within this zone, developmensubject to controls. A ground
stability report prepared by a competent profesdiperson would normally be required before plegnapplications for new buildings,
or change of use of buildings, are determined. dstroases this report would need to be based eotadnnical desk study and a site
appraisal, followed by a programme of ground ingesibn designed to provide information needed detailed foundation design
(unless this information, such as boreholes, efista a previous study). Where planning consegtven it may be conditional on the
implementation of approved foundation or other gaiiion measures, designed to minimise the impaahyffuture subsidence activity.
One key to the implementation of this approachésuse of a proforma checklist to be completedsagmed by a competent professional
person. For the UK a competent person is defingtdrreport as Geotechnical Specialist who is "A@ted Engineer or Chartered
Geologist, with a postgraduate qualification intgebnical engineering or engineering geology, etjeiu at least to an MSc, and with
three years of post-Charter practice in geotechwoice Chartered Engineer or Chartered Geologist viiéh years of post-Charter
practice in geotechnics". In addition to thesdifications it is also desirable that the practigo has experience of the problems though
this is not formally stated. This procedure hastsstopted by Harrogate Borough Council, but idyjike be subject to minor changes
with experience of its use.

Development and construction of roads and bridges

Sudden failure of roads over natural and manmasties have led to collapses in which vehiclesehtallen into the resultant
cavity. It is largely impractical to engineer reagith design parameters of sufficient strengtisgan the larger subsidence features.
Even if this could be done the removal of suppantfbeneath such structures could ultimately resigtibsidence features migrating,
and the structures themselves failing catastrofyicea much larger way than non-protected stmegu One practical approach that was
adopted for a new bypass at Ripon was to incorpasateral layers of geogrid material into the erkbveamts of the road. If a
subsidence develops beneath the road, the arba stibsidence will sink, but should not fail catgstically. When subsidence occurs
its location will be obvious and some remedial meas can be undertaken. The use of geogrid materialso a satisfactory method of
protecting car parks and public spaces.

The development of bridges in such situationsfficalt. At Ripon the new road bridge has beenltbon the principle of having
sacrificial supports. The deck of the bridge hesrbstrengthened, and built as a continuous stejca that the loss of support of any
one upright will not cause it to collapse. A systeihmonitoring the loads on each support has beénito the bridge, and a warning
system installed to warn of any pier failure. tii#ion to these measures, extending the foundatibeach pier laterally to an amount
which could span the normal-sized collapses woivlel gn added degree of security.

Water abstraction
Some details of the dangers of water drawdownthadactive dissolution of gypsum are given abow ianCooper (1988) and
Paukstys (1996). Because it is possible to enhamitethe local dissolution and cause of subsideydbe drawdown of the water table



levels, careful monitoring and regulation of wadbstraction is essential in gypsum karst areasEnlgland and Lithuania attention is
genrally paid to water quality, but not so muchuiitat is given to the subsidence implications ofwabstraction.

Another factor that must be considered is thecetfépollution on gypsum karst. Because the gypkarst has rapid transmissivity,
in fissures and caves, it is important to consitlerimplications of agriculture and waste dispa@salvater quality. If the water is used
only for irrigation a moderate content of nitrate@lgphosphate may not be immediately problematitiathe water is to be used as a
potable supply then rapid fluctuations in contamisanay occur. In such areas, careful consideratiould also be given to protecting
the gypsum karst from accidental contaminationgijegje of chemicals, poor containment of farm wasind foul water disposal.

Karst water protection and agriculture

In the Lithuanian karst area, 27,600 hectare€ &jrkm) of intensive karst, with strict agricuétblimitations, and 166,000 hectares
(1,660 sg km) of karst protection zone have beesigdated by government decree. Within this aregu(E 1), four divisions of
agricultural land use have been defined based ynamkthe number of sinkholes per square kilomé&the categories and restrictions
imposed are:

Land group 1 (up to 20 sinkholes/100 ha). Graaps should compose at least 50% of arable lartenpial grass 40% and root
crops (potatoes and sugar beet) not more than Hagiilisers are limited to a maximum of 90 kg/tiaitrogen/phosphorus/potassium
(NPPt active ingredients) and 80 t/ha of manunéaZzinic herbicides and Chloroganic insecticidesg@ohibited.

Land group 2 (20-50 sinkholes/100 ha). Grairpsrshould compose 43% or arable lands and peregmaisg 57%. Root crops
(potatoes and sugar beet) are prohibited as settiag up of new orchards and gardens. Fertileserdimited to a maximum of 60 kg/ha
of NPPt and 60 t/ha of manure.

Land group 3 (50 - 80 sinkholes/100 ha). Perergniass and pastures only are allowed. Fertiliasgdimited to a maximum of
60kg/ha NPK. Mineral nitrogen fertilisers are ghited as are pesticides (except for fungicides).

Land group 4 (80 - 100 sinkholes/100 ha). Onladaesvs and forests are allowed. All fertilisers pedticides are prohibited. In all
the land groups a 25m radius protection zone isimed| around each doline. Within this protectiome only grass without fertilisers or
pesticides may be grown.

In addition to these measures it is illegal tolgponmonium water and liquid ammonium to the soflall four categories. It is also
prohibited to use aircraft for spraying chemicald enineral fertilizers. Ecologically sound agricudéil plans have been designed for each
land group. Biological agriculture is being intemed to the region. Thus, the protection of kaeger from pollution and the reduction
of human impacts on vulnerable karst groundwatewis official government policy. Funding from thational budget, therefore, is
being provided to enable the implementation ofibeessary protection measures (building of wastervweeatment plants, manure
storage facilities etc.). It is hoped that theddtiction of these protection measures will stedikarst development in the karst region of
Lithuania.

The Tatula Board, named after the karst River [@aia officially responsible for the protection thfe gypsum karst area and its
important groundwater resources. It was establisbezbmply with Resolution 589 of the GovernmentLidhuania, December 24th
1991. This resolution officially recognised the dtaarea and formalised protection and monitoringc@dures in the area. The
programme of measures was adopted by the Decrte dfithuanian Government by Resolution 719 on Saper 17th 1993. The
Tatula Board is funded through the Ministry of Awdiure from central government funds. It encoasagnvironmentally-friendly
agriculture and antipollution measures in the ggpg&arst area. It does this by organising trainiogrses at the local college, publishing
advisory brochures and encouraging organic farmtrgjso tries to help the funding of water treattnglants for treating effluent. To
limit the amounts of nitrate, phosphate and patas&intering the karst water, the Tatula Board higlpeers with interest-free loans for
developing environmentally-friendly (organic) agiicre. The farmers have to produce a 5-year basiplan and agree not to use
insecticides and fertilizers. There are currefdiyfarms working to sustainable bio/organic agticel These farms are all in the 3rd and
4th karst land groups with 50-80, or more thansitkholes per 100ha (per square kilometre). lfoalt agricultural categories, around
each sinkhole the law is that they must have a 28me of exclusion to agriculture and around someaath barrier to prevent runoff
entering the hole. The organic farming is monitobgdthe society for bio-organic agriculture (GAJAYhich checks to see that no
fertilizers are used. The Tatula Board has a progra which uses 11 institutes and organisationsowitor environmental aspects, such
as groundwater. They would like a more extensdwaitrto include waste water inspection and polfutiontrol.

In contrast, to the protection of the karst watdrithuania, some unsuitable practices have beéednin England. These include the
piping of surface water run off from roads intokiales to drain it away. In addition, during ther@9, some large sinkholes were filled
with domestic refuse. Any leachate from this Wwidlve drained directly into the gypsum karst watastesn and may threaten local
springs and wells supplying farms.

CONCLUSIONS

The presence of gypsum constitutes a geologi@@rdahat can be mitigated by careful planningis panning can be undertaken
on several fronts and at several different scafesm a national point of view the starting pomttie recognition of the gypsiferous areas
as special and potentially dangerous. At the lecale the hazards are best considered as paocalfyl applied planning and
development process. Local development plans drmuisider the implications of unstable land dssed with gypsum karst and
avoid the most unstable areas within, and adjacemsinkholes; this is the most cost-effective wéynitigating the hazard. Also on a
local to regional scale the interaction of grounevarawdown and recharge within the gypsum kaest aeeds to be considered. Since
water abstraction can trigger the subsidencepitlghbe carefully controlled.



Once the development areas have been defineiaaed can be further mitigated by careful contfobuilding and construction
designs. The use of special reinforced and extefulgdiations can be specified, along with protectcables and pipes servicing the
constructions. The implementation of these measteiasbe made effective by having local authoritytian and verification of the
investigation and design procedures adopted isuhsidence-prone areas.

Where the gypsum karst is also closely relatetthédocal potable groundwater supply, measuresdteqt the aquifer can be very
beneficial. These measures can include limitshentypes of agriculture, and education or reguiatm prevent pollution of the
groundwater, especially through runoff or illegedidage into sinkholes.
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