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The globa l imp orta n ce of ka rst a quifers
Karst aquife rs constitute  valuable  fre shw ate r re source s for hundre ds of millions of pe ople  worldwide . In many countrie s and re gions,
groundwate r from karst aquife rs is the  m ajor source  of fre shw ate r for drinking wate r supply and agricultural irrigation. M any large
citie s, such as Vie nna, R om e , S an Antonio, Damascus and T aiyuan, re ly e ntire ly or pre dominantly on karst groundw ate r. In the
conte xt of climate  change  and population grow th (se e  inse t maps), the  pre ssure  on the se  fre shw ate r re source s is e xpe cte d to
incre ase .

M any karst aquife r syste m s are  conne cte d ove r large  are as and constitute  transboundary groundw ate r re source s. F or e xample , the
Dinaric Karst S yste m is share d be tw e e n northe ast Italy, S love nia, Croatia, S e rbia, Bosnia and He rze govina, M onte ne gro, M ace donia
and Albania. T he  S outhw e st China Karst, one  of the  world’s large st karst re gions, is share d be tw e e n se ve n Chine se  province s and
e xte nds across the  borde r into Vie tnam. T he se  e xample s highlight the  ne e d for transboundary wate r manage m e nt and fully
inte grate d wate r re source s maps.

Ka rst a quifers a n d ka rst terra in s
Karst aquife rs form in che mically soluble  be drock, mostly carbonate  rock, such as lim e stone  and dolomite . In the se  rocks, the
che m ical action of flowing wate r containing carbon dioxide  from the  atmosphe re  or soil zone  ge ne rate s a ne twork of hydraulically
conne cte d fracture s, conduits and cave s. Evaporite  rocks, such as gypsum, anhydrite  and halite , are  also highly soluble , but the ir
dissolution doe s not re quire  carbon dioxide . At the  land surface , karst landscape s ofte n de ve lop characte ristic ge omorphological
fe ature s, such as solutional sculpting of the  be drock (karre n), doline s or sinkhole s, and large  close d de pre ssions (polje s), but also
positive  landforms such as rock tow e rs, cone s and pinnacle s. M ost of the  rain and snowm e lt w ate r infiltrate s unde rground and
contribute s to groundwate r re charge , whe re as surface  runoff is scarce  or e ntire ly abse nt. R ive rs and stre ams from adjace nt non-karst
are as ofte n sink unde rground at the  contact with e xpose d, karstifiable  rock.

Cha ra cteristics a n d cha llen ges of w a ter resources in  ka rst
Karst aquife rs ofte n drain towards large  springs. M ost of the  large st springs on our plane t are  karst springs. T he  springs ge ne rally
display marke d discharge  variations in re sponse  to rainfall e ve nts or snowm e lt. S om e  karst springs have  maximum flow rate s
e xce e ding 100 cubic m e te rs pe r se cond, but run dry in drought pe riods. T his high de gre e  of hydrologic variability is a major challe nge
in the  utilization and manage m e nt of karst aquife rs, be cause  wate r supplie rs and consum e rs ne e d re lative ly constant and re liable
fre shw ate r source s. Karst wate r can also be  abstracte d from pumping w e lls, drainage  galle rie s, or from unde rground cave  stre ams.
De e p carbonate  rock aquife rs may constitute  important re se rvoirs of the rmal and mine ral wate r, which can be  use d for bathing or
ge othe rmal e ne rgy production. T he  the rmal springs and baths of Budape st are  a prim e  e xample  of the rmal wate r re source s in karst.

Expose d karst aquife rs are  particularly vulne rable  to contam ination. Che m ical and microbiological pollutants can e asily e nte r the
aquife r and spre ad rapidly through the  ne tw ork of fracture s and conduits, ofte n without e ffe ctive  proce sse s of filtration and se lf-
purification. T he re fore , karst aquife rs re quire  spe cific prote ction and manage m e nt approache s. Karst te rrains are  also challe nging in
te rms of hydraulic e ngine e ring and natural hazards. R e se rvoirs in karst ofte n face  the  proble m of large -scale  le akage  through
fracture s and cavitie s. S inkhole s and collapse s of unde rground cavitie s are  a major proble m in large  are as of the  Easte rn U S A and
e lse w he re .

The w ider sign ifica n ce of ca rbon a te rocks a n d ka rst a quifers
As the  proce ss of carbonate  rock dissolution involve s carbon dioxide  from the  atmosphe re  and the  soil zone , karst proce sse s are
natural sinks for this gre e nhouse  gas and play an important role  in the  carbon cycle . F urthe rmore , many karst landscape s host high
biodive rsity, both at the  land surface  and unde rground, including a large  numbe r of rare  and e nde m ic spe cie s. Karst aquife rs also
supply base flow to rive rs and groundw ate r-de pe nde nt e cosyste ms. S oils on karst are  use d for agricultural food production, but are
particularly vulne rable  to e rosion. F or e xample , in China, more  than one  hundre d thousand square  kilom e te rs of karst te rrain are
affe cte d by soil e rosion and rocky de se rtification. Karst landscape s and cave s have  high re cre ational, cultural and historical value s:
more  than 50 karst site s are  on the  list of U N ES CO  W orld He ritage  S ite s, for re asons, such as landscape , culture  and biodive rsity.
Last but not le ast, carbonate  rocks are  e xte nsive ly e xploite d in quarrie s and use d as building mate rial and for various te chnical
purpose s. All the se  value s and re source s unde rline  the  importance  of a global asse ssm e nt of carbonate  rocks and karst aquife rs.

WOKAM: ba sic con cep ts
T he  W orld Karst Aquife r M ap (W O KAM ) is inte nde d to incre ase  the  aware ne ss of the se  valuable  but vulne rable  fre shw ate r supplie s
and to he lp to addre ss global wate r re source s manage m e nt. W O KAM  was pre pare d in the  fram e work of the  W orld-wide
Hydroge ological M apping and Asse ssm e nt Programm e  (W HYM AP). T he  digital Global Lithological M ap (GLiM ) by Hartmann and
M oosdorf (2012) se rve d as an important basis for W O KAM . M any othe r re gional ge ological and hydroge ological maps, cross-
se ctions and lite rature  w e re  consulte d to improve  the  map, which was also validate d by a large  numbe r of re gional e xpe rts. How e ve r,
as the  type  and quality of information, as w e ll as the  availability of re gional e xpe rts, is ve ry diffe re nt in diffe re nt parts of the  world, the
re liability of  W O KAM   is spatially variable   (as is shown on the  small inse t map).

Cha n ge of p op ula tion  den sity between  1990 a n d 2010

S ource : Ce nte r for Inte rnational Earth S cie nce  Inform ation N e tw ork - CIES IN  - Colum bia U nive rsity, and Ce ntro Inte rnacional de  Agricultura T ropical - CIAT. 2005.
Gridde d Population of the  W orld, Ve rsion 3 (GPW v3): Population De nsity Grid & Population De nsity Grid, F uture  Estimate s. Palisade s, N Y: N AS A S ocioe conomic
Data and Applications Ce nte r (S EDAC). http://dx.doi.org/10.7927/H4S T 7M R B. Acce sse d 20-07-2017.

Cha n ge of p op ula tion  den sity [p erson s/km²]

T he  change  of population de nsity be tw e e n 1990 and 2010 is base d on the  Gridde d Population of the  W orld, Ve rsion 3 (GPW v3), consisting
of e stim ate s of human population for the  ye ars 1990 and 2010 by 2.5 arc-minute  grid ce lls. A proportional allocation gridding algorithm,
utilizing more  than 300 000 national and sub-national administrative  units, is use d to assign population value s to grid ce lls. T he  population
de nsity grids are  de rive d by dividing the  population count grids by the  land are a grid and re pre se nt pe rsons pe r square  kilom e te r.

Borde r be tw e e n e xpose d and
non-e xpose d karstifiable  rocks
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T he  first le tte r of the  IDs re fe rs to the  contine ntal location: A = the  Am e ricas, B = Europe , C = Asia, D = Africa, E = Australia/O ce ania
Abbre viations: C.S . = cave  syste m, n.d. = no data
Ple ase  note  that the  num be r of se le cte d springs and cave s displaye d on the  m ap is dictate d by cartographic constraints. A more  e xte nsive  database  is available
through the  W HY M AP vie w e r at ww w.w hym ap.org/whym ap-vie w e r.

M ixe d carbonate  and e vaporite  rocks

Cha n ge of mea n  a n n ua l p recip ita tion  between  the p eriods 1961-1990 a n d 1981-2010

S ource : Global
Pre cipitation
Climatology Ce ntre  
(GPCC), O ffe nbach 2017
DO I: 10.5676/DW D_GPCC/
CLIM _M _V2015_025

Cha n ge of a n n ua l p recip ita tion  tota ls [mm]

T he  change  of the  m e an annual pre cipitation is calculate d base d on the  land surface  pre cipitation climatology from rain gauge s of the
re fe re nce  pe riods 1961 to 1990 and 1981 to 2010. N ote  that the  numbe r of rain gauge  stations is highe st for the  1980s and 1990s, with up
to 50 000 stations, while  this numbe r de cre ase s be low 30 000 until the  ye ar of 2010.
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WOKAM: the ma p p in g a p p roa ch
T he  W orld Karst Aquife r M ap focuse s on groundw ate r re source s in karst aquife rs, which are  de ve lope d primarily in carbonate  rocks.
Evaporite s also constitute  important karst aquife r syste m s, but high sulfate  conce ntrations ofte n hampe r the ir dire ct utilization as
drinking wate r. R ocks that contain at le ast 75 % of soluble  mine rals are  typically karstifiable . T he  actual de gre e  of karstification can
vary gre atly as a function of various ge ological, hydrological and climatological factors; how e ve r, it is safe  to assum e  that e xpose d
carbonate  rocks are  karstifie d at le ast to som e  de gre e , unle ss prove n othe rwise . It is important to note  that e ve n a slight de gre e  of
unde rground che m ical rock dissolution can re sult in a typical karst aquife r with rapid groundwate r flow and contaminant transport,
e ve n whe n no acce ssible  cave s and ge omorphological karst fe ature s are  pre se nt.

WOKAM: ma p p in g un its a n d legen d
T he  mapping units “carbonate  rocks” and “e vaporite  rocks” re pre se nt pote ntial karst aquife rs. T he ir actual de gre e  of karstification and
hydraulic prope rtie s cannot be  de te rmine d consiste ntly at a global scale , but it is a de fe nsible  approach to assum e  that most e xpose d
carbonate  and e vaporitic rocks re pre se nt karst aquife rs. Lim e stone  and dolomite  are  the  most wide spre ad karstifiable  carbonate
rocks. Chalk is a fine -graine d bioge nic carbonate  rock, which de ve lops le ss promine nt karst fe ature s than classical lim e stone  karst.
How e ve r, in many re gions, for e xample  in the  U K and F rance , chalk aquife rs contribute  substantially to fre shw ate r supplie s. M arble
and othe r m e tamorphic carbonate  rocks also form important karst aquife rs in som e  re gions, for e xample  in Ethiopia and S outh Africa.

Carbonate  and e vaporite  are as w e re  subdivide d into continuous and discontinuous cate gorie s, base d on an are a’s share  of the
re spe ctive  rock type . In ge ne ral, are as with more  than 65 % of carbonate  or e vaporite  rock w e re  mappe d as “continuous”, whe re as
are as be tw e e n 15 and 65 % w e re  mappe d as “discontinuous”. Are as that contain more  than 15 % of e ach rock type  w e re  mappe d as
“mixe d carbonate  and e vaporite  rocks”. Zone s whe re  e xpose d karstifiable  rocks plunge  be ne ath adjace nt non karstifiable  formations
are  highlighte d by re d triangle s pointing to the  dire ction of non-e xpose d karstifiable  rocks, which may constitute  de e p or arte sian
aquife rs with fre sh or the rmal groundwate r.

T he  digital ve rsion of W O KAM , and the  pre viously re le ase d karst aquife r map of Europe  (Che n e t al. 2017), also display two othe r
mapping units re pre se nting non-karstifiable  form ations. How e ve r, for the  sake  of clarity, this printe d world map focuse s on karstifiable
rocks and the re fore  use s a modifie d color sche m e .

WOKAM: Addition a l ka rst a quifer in forma tion  p resen ted
W O KAM  also pre se nts a se le ction of important karst w ate r source s and cave s (se e  table s). Karst wate r source s include  conve ntional
karst springs, the rm al springs, submarine  springs, w e lls and othe r w ate r abstraction structure s. W ate r source s w e re  primarily
se le cte d on the  basis of the ir discharge  during low-flow conditions, which is more  re le vant in te rms of w ate r supply than the  m aximum
discharge . T he  re gional importance  was also conside re d. F or e xample , a spring in an arid re gion that is use d for wate r supply has a
highe r re gional importance  than an unuse d spring in a hum id re gion. T he re  are  se ve ral e xample s of large  karst springs that ran dry
due  to ove re xploitation, such as the  famous springs of Bahrain. How e ve r, such ancie nt springs are  not displaye d on the  m ap.

Cave s w e re  se le cte d base d on a combination of the ir dim e nsions and the ir re gional importance . Cave s associate d w ith important
fre shw ate r re source s and cave s that are  the  longe st or de e pe st in a large  karst re gion, w e re  assigne d a high re gional importance .
T he  se le ction of w ate r source s and cave s is to som e  de gre e  subje ctive  and also re fle cts the  re gional diffe re nce s in data availability.
In re gions with high spatial de nsity of large  karst springs and cave s, many important fe ature s cannot be  displaye d.

Con clusion
W O KAM  allows a more  pre cise  global quantification of karst syste ms. T he  map will he lp to incre ase  aw are ne ss of karst groundw ate r
re source s in the  conte xt of global wate r issue s and will se rve  as a basis for othe r karst-re late d re se arch que stions at global scale s:
for e xample  those  re late d to climate  change , biodive rsity, food production, ge oche m ical cycle s and urbanization.

T his te xt is base d on a pape r by the  W O KAM  te am (Che n e t al.,
2017), which de scribe s the  de taile d mapping proce dure  and
include s a de taile d re fe re nce  list for furthe r information.

Referen ces:
Che n e t al. (2017) T he  W orld Karst Aquife r
---M apping proje ct: conce pt, mapping proce dure
---and map of Europe . Hydroge ology Journal.
Hartmann & M oosdorf (2012) T he  ne w global
---lithological map database  GLiM : A re pre se n-
---tation of rock prope rtie s at the  Earth surface .
---Ge oche m istry Ge ophysics Ge osyste ms. W orld Karst Aquife r M ap  1 : 40 000 000       BGR , IAH, KIT, U N ES CO        Be rlin, R e ading, Karlsruhe , Paris 2017


