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SECTION I
Application and approval
As the IGCP 598: Environmental change and sustainability in karst systems has been implemented successfully,
in 2016, with the lead of International Research Center on Karst of UNESCO(IRCK), Institute of Karst
Geology(IKG) united a worldwide research team apply a new IGCP programme. The critical zone in karst system
is research theme of it, and the working area covers a various type of climate, topography and karst geology. So
it attracts the interests of scientists from all over the world. Except the project leader: Prof. Jiang Zhongcheng
from IRCK/IKG, 8 co-leaders like Academician Yuan Daoxian, Dr. Zhang Cheng, Dr.Martin Knez, Dr. Chris Groves,
Dr.Augusto Auler, Dr. Jiang Yongjun, Dr.Bartolome Andreo-Navarro, Dr.Ezzat Raeisi from Slovenia, USA, Brazil,
Spain, Iran and China also made great contribution in applying process.

International Leaders Group
The application of this project was finished in
October 2016. It is the continuously 6th IGCP
project related to karst from 1990. The new
application concentrated on the earth critical zone
as a hot topic of geology research. Based on the
former achievements of karst geologists, and the
features of karst, this project aims to find the rule
of materials and energy processes, cycle and
sustainability in karst critical zone.

The summary of former 5 IGCP projects in Tales Set in Stone
In February 2017, the approval from IUGS and UNESCO
was signed by the president Qiuming Cheng and IGCP
Executive Secretary, Chief, Earth Observation Section Prof.
Dr Patrick J. Mc Keever respectively. It is a greatly
encouragement to karst geology, also a power to enhance
the comparative research on karst throughout the world.
With the international platform of IRCK, IGCP661 will
make a larger significance to the people’s living, nature,
The approval from UNESCO and IUGS as IGCP661 social and economic development related to karst.
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SECTION II
An Introduction to IGCP661
Significance
In terms of international cooperation, the implementation of five previous karst-related IGCP
projects since 1990 has proven that IGCP funding has been a very important platform for
bringing international group of scientists together with common interests, producing enormous
leveraging results supporting the initiation of international cooperation and the continued and
evolving development of modern karst sciences, including both understanding of the basic
processes at work forming and regulating karst systems and identification of solutions to
resource and environmental problems in karst regions related water access and quality,
ecological protection, landscape stability, and relations to global carbon cycling.
During the last 20 years, more than 200 scientists from more than 40 countries, including many
developing nations (quantified as low and middle income countries based on World Bank
criteria) have directly participated in these projects. As a direct result of communication
through IGCP, many bilateral and multilateral cooperative efforts have been established among
scientists in China, USA, Slovenia, Austria, Switzerland, Thailand, Iran, Indonesia, Vietnam,
Turkey, Italy, Germany, France, and other nations. The cooperative efforts have leveraged
enormous financial, technical and human resources, and a significant effort in the project
proposed herein is to better quantify this leveraging to provide a solid example that can be used
to support the effectiveness of UNESCO/IUGS in supporting cost sharing of research programs,
especially those with limited support from individual sources by themselves.
The critical Zone is composed of weathered bedrocks, thoroughly weathered rocks, and soils as
well as the biota that lives within and covers it. Water flows both downward and laterally,
creating chemical gradients and transporting solutes. The spatial distribution, thickness, and the
chemical and biological compositions of critical zone are controlled by the parent rocks,
landscape, climate (both water fluxes and temperature), and tectonic history.The conditions of
the Critical Zone are much more critical in karst systems. About 15% of the land in the world is
covered by some typeof karstified rocks and karst water has been estimated to supply drinking
water forabout one-fourth of the earth’s population.There is a growing societal need for data
and synthesis to quantify the impacts of changing land use, anthropogenic inputs into the
environment, and climate change on soil and water bodies. Establishing a critical zone science
research program in karst systems will connect scientists within kasrt community.
There are still critical unresolved questions concerning karst water environments and the
capacities of karst watersheds, including their epikarstic zones,responding to climate change
and especially to extreme climate events. The proposed project will move the study of karst
hydrological processes and their relations with environmental change forward, and improve the
technology and methods for karst environmental investigations and groundwater
vulnerabilityassessments for water resource protection.
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Karst resources, especially groundwater resource, are very important for urban development and
ecological reconstruction in many karst-rich countries and regions,with variationsin attitudes on the
relative importance of exploitation and environmental protection, and many relevant laws and
regulations have been established for water resources management. However, extensive and
widespread problems remain, which can be ameliorated through training and educating local people,
disseminating karst knowledge, communicating with government officials at different levels, and
increasing awareness of karst water resources and environment protection.
Karst systems are very sensitive to environmental change, which is to say that karst hydrogeological
processes are easily impacted by climate change and disturbance through human activities. This has
inmany cases led to catastrophic of water resource and other environmental problems. For example,
rainfall seasonal variation and over exploitation of ground water both can result in the movement of
groundwater basin divides; urbanization, agriculture activities, mining and other land uses can
rapidlyand seriously contaminate ground water quality, in turn influencing sources of drinking water
for large number of people.
The main purposes of this project are to significantly enhance the research on critical zone science in
karst systems, as well as to promote international cooperation and technology sharing on karst
environment protection, education and training. As the first UNESCO Category II institution in the
Geoscienes, the International Research Center on Karst still needs to work closely with IGCP, in turn
become a major international cooperation and research platform in keeping with the mission of IGCP
“Geoscience in the Service of Society”.

Present state of activities in the field of the proposed project
While there are numerous individual scientists around the world at universities, governmental
agencies and environmental consulting firms that undertake research in karst-related topics, and the
number is rapidly increasing, there are a few key laboratories/research groups that in many cases play
a leading role in advancing the field. Many of these individuals and laboratories have participated in
the past five projects and would contribute to the proposed one, if approved.
1.) International Research Center on Karst (IRCK) under the auspices of UNESCO in Guilin, China.
Established in 2008 the mission of IRCK is to spread and promote the understanding of karst dynamics
around the world, establish a base for karst research innovation, create a platform for international
exchange of karst scientists and ideas, and provide consultation and training services for economic
and socially sustainable development in the world’s karst areas.
2) Karst Research Institute ZRC SAZU, Postojna, Slovenia. Karst is a landmark of Slovenia. Almost half
of the country is karstic with about 10,000 caves registered. More than half of the population is
supplied by karst waters. An international term KARST is derived from the name of Slovenian region
Kras, an area also regarded as the cradle of scientific discipline - karstology. Karstology has become a
complex multidisciplinary science, covering wide range of earth sciences related to karst. Long
tradition of excellent research and unique position in the center of classical karst have established the
Institute as one of the most recognized karstological centers in the world.
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Karst is in the focus of the Institute’s research, including study of hydrology, geology, morphology,
ecology, microbiology and speleology as well as history of the science. The Institute‘s researchers
come from various backgrounds including geology, geography, physics, chemistry, biology and
microbiology, thus enabling a multidisciplinary approach. Research includes field studies, laboratory
investigations and numerical modeling. We conduct basic studies and applied studies. The Institute
hosts a karstological library, one of the most complete of its kind, laboratory specialized in water
chemistry, geological laboratory, and the Institute’s researchers are enrolled as lecturers at the
Postgraduate study of karstology at University of Nova Gorica.
3) National Cave and Karst Research Institute, Carlsbad New Mexico USA. The goals of the National
Cave and Karst Research Institute are to 1) advance cave and karst science by conducting,
coordinating, and facilitating research, 2) serve as a repository for and provide analysis and synthesis
of speleological (cave related) information, 3) foster partnerships and cooperation in cave and karst
research, education, and management programs, 4) promote and conduct cave and karst
educational programs, 5) promote national and international cooperative programs that further cave
and karst research, education, and stewardship, and to 5) develop and promote environmentally
sound and sustainable cave and karst management practices.
4) Ukrainian Institute of Speleology and Karstology (UISK) Simferopol, Crimea. The Institute
conduct research in karst hydrogeology, karst geomorphology, geospeleology, speleogenesis, high
mountain karst, gypsum karst, environmental problems in karst, cave survey, cartography and
visualization, and cave management.
5) Hoffman Environmental Research Institute, Bowling Green, Kentucky USA The mission of the
Hoffman Environmental Research Institute is to be a leader in basic and applied research that aims
to better understand landscape/atmosphere/water/human interactions. The Institute involves postdoctoral, graduate, and undergraduate students in all aspects of this work to increase their critical
thinking skills and technical expertise in the environmental discipline, and in combination with
extensive international ties, to prepare these students for success in a global society.
6) The Centre of Hydrogeology at the University of Malaga (CEHIUMA), Spain, develop wide activity
on research in karst media. Besides it offers relevant master studies and continuing education
courses, and organises international conferences and workshops focusing on karst hydrogeology,
often in close cooperation with the IAH Karst Commission.
The following list describes the major recent and upcoming international conferences and training
programs to give a sense of the current dimensions of international research and related
communication in the karst sciences.
1. The principal 2011 IGCP/SIDA 598 business meeting was held in Bowling Green, KY, USA, June 810, 2011 with a scientific program of “Karst Hydrogeology and Ecosystem”. More than 60
participants from 13 countries attended the meeting and many participated in field excursions to
eastern Kentucky and Tennessee (three days) and the Mammoth Cave region (one day).
In its 31st year, Western Kentucky University offered its Karst Field Studies Program in collaboration
with Mammoth Cave National Park Kentucky USA. Three courses were offered in June 2011,
including 1) Karst Geology, 2) Cave Survey and Cartography, and 3) Cave Archeology. A total of thirty
students from the United States participated in the week long workshops, with surveys at the end
showing that students throughout found the courses beneficial.
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The International Training Course on Karst Hydrogeological Investigation Technology and
Methodology, co-sponsored by the International Research Center on Karst (IRCK) under the Auspices
of UNESCO and the IGCP/SIDA 598 project “Environmental Change and Sustainability in Karst
Systems: Relations to Climate Change and Anthropogenic Activities”, was held from November 21 to
December 2, 2011. 17 geo-environmental researchers and managers from 9 developing countries
(Brazil, Ethiopia, India, Indonesia, Nigeria, Romania, Thailand, Vietnam and China) participated the
training course and 16 karst experts from 5 countries (America, Canada, China, Indonesia,
Switzerland) were invited as instructors for the karst hydrogeology course.
2. 5th International Symposium on Karst (14-16 October 2014, Málaga, Spain)
The International Symposium on Karst (ISKA), organized every four years in Malaga (Spain), of which
the 5th edition was held on 14-16 October 2014, the main annual meeting of the IGCP 598 project
of UNESCO “Environmental Change and Sustainability in Karst Systems” also was organized.
The symposia on karst that have been held periodically in Malaga (Spain) since 1992 are intended to
be an international forum for scientific debate on the progress made in research into karst
environments. The main objective of the 5th International Symposium on Karst (ISKA 2014) is to
discuss and disseminate the latest trends in research into karst media on the basis of the results
obtained with different methodologies in various karst areas in the world.
The following themes were addressed in the framework of this Symposium:
Karst Hydrogeology: water resources assessment, groundwater protection.
Methods to study karst aquifers: hydrodynamic, hydrochemistry, isotopes, dye tracers.
Karst Geomorphology and landscape. Geodiversity and Natural Heritage.
Mining and Engineering in Karst media: mining and large structures (tunnels, dams, etc.), CO2
storage.
Karst cavities: touristic caves, paleoclimatic and paleohydrological records.
Detailed information on these activities can be found in the web site http://www.cehiuma.uma.es
3. A course focused on environmental impacts and management of karst areaswas
organizedbetween November 23-27, 2011, by Instituto do Carste (Brazilian Karst Research Institute)
and had full attendance, with about 45 people, mostly consultants, but also students, academics and
people from environmental institutions. The course comprised three intensive days of lectures
followed by two days of field work in the nearby Lagoa Santa Karst. The course had the support of
UNESCO IGCP/SIDA 598, as well as many Brazilian organizations including the Ministry of
Environment. The course was considered by the participants as highly informative and will
definitively increase the awareness of this important but little known subject and likely contribute
towards better policies regarding Brazilian karst areas.
4. IGC Congress, Australia, August 2012
The IGC Congress is the each four-year meeting of the International Union of Geological Sciences.
This was the primary business meeting of IGCP598 in 2012 and had an IGCP/SIDA 598- sponsored
session, over 50 participants from 9 countries (USA, Germany, China, Australia, Romania, Russia,
Spain, Indonesia, Vietnam) attended the session: Karst: processes, environments and
paleoenvironmental records (IGCP/SIDA 598)
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This topic includes (1) fundamental research on karst geology, hydrogeology and geochemistry and
monitoring techniques; (2) factors impacting karst development and their changes; (3) carbonate
rock dissolution and carbon sequestration, carbonate deposition and (paleoenvironmental)
environmental and climatic records in tufa, travertine and stalagmites; (4) karst hydrogeology, water
resources exploration, and management; (5) karst ecosystems, fragility, human impacts and
environmental rehabilitation; (6) karst landscape and caves: natural heritage sites, Geoparks and
educational sites
5. International Symposium on Karst Water under Global Change Pressure, Guilin China, April 1013, 2013
This conference, co-sponsored by the China Geological Survey, brought together 138 scientists and
students from 13 countries and highlighted international efforts to understand how climate change
may be impacting water resources from karst aquifers, which have been estimated to supply onefourth of the world’s population with drinking water.
6. The International Training Course “Karst Hydrogeological Investigation, Dynamic Monitoring
and Application in River Basins”,co-sponsored by the International Research Center on Karst (IRCK)
under the Auspices of UNESCO, UNESCO Beijing and the IGCP/SIDA 598 project “Environmental
Change and Sustainability in Karst Systems: Relations to Climate Change and Anthropogenic
Activities”, was held from November 17 to 29, 2013. Eighteenstudents, geo-environmental
researchers and managers from 15countries (Brazil, China, Hungary, Indonesia, Iran, Malaysia,
Mexico, Romania, Slovakia, Slovenia, Thailand, Uganda, Vietnam, USA, Zimbabwe) participated and
16 karst experts from 6 countries (Austria, China, Iran, Serbia, South Africa, USA) were invited as
instructors.
7. The Workshop on Sharing Experiences in Karst Water Resources in the Middle EastFrom May 2729, 2014, the Workshop on Sharing Experiences in Karst Water Resources in the Middle East was
held in Ankara, Turkey at Hacettepe University as joint project of IGCP513 and the IHP MEDFRIEND
program. The workshop was very much a contribution in line with the goals of SIDA for IGCP598, as
the project has a mandate to enhance capacity building in Africa, the Arab Countries, and
Iran.Participants in the workshop represented 11 countries, including Iran, Lebanon, Jordan,
Morocco, Palestine, Algeria, Turkey, US, Spain, Switzerland, France and Spain. Professor Michel
Bakalowicz, head of the MEDFRIEND karst program who has extensive experience working in water
resources issues in the Mediterranean region, was instrumental in identifying and communicating
with participants. The event was excellently hosted by the Hacettepe University’s International
Research and Application Center for Karst Water Resources, led by renowned Turkish karst scientist
Professor Mehmet Ekmekçi. Appreciation is very much expressed to Professors Bakalowicz and
Ekmekçi who were key to the success of the event.
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General expected results from the Project
1. A better understanding of the hydrological and biogeochemical behavior of a wide range of critical
zones in karst systems in the context of karst aquifer evolution, the carbon cycle, the hydrologic cycle
and nutrition migration as bases for more reasonable and sustainable land use in karst areas.
2. A better understanding of particular water supply and other environmental problems associated
with human interaction with karst landscapes and aquifers, and using and sharing this information to
synthesize new and cost effective solutions.
3. A better understanding of the relationships between water movement and behavior in karst
systems and its relationship to ecological behaviors and health.
4. Widespread dissemination of the information obtained in the Project.
5. Beneficiate the Society with the results of the investigations on karst media in term of climate
changes and water resources.

Hartmann et al.,2014

About karst critical zone
The conditions of the critical zone are much
more critical in karst systems. The critical zone
is composed of weathered bedrocks,
thoroughly weathered rocks, and soils as well
as the biota that lives within and covers it.
Water flows both downward and laterally,
creating chemical gradients and transporting
solutes. The spatial distribution, thickness, and
the chemical and biological compositions of
critical zone are controlled by the parent rocks,
landscape, climate (both water fluxes and
temperature), and tectonic history.
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The Critical Zone is Earth's outer skin
NRC & CZO，2014

SECTION III
Contribution and sciences
1. Preliminary understanding on the Karst Critical Zone Constrained by Geological Setting,
Southwest China
Jianhua Cao, Zhongcheng Jiang, Bing Bai, Fen Huang, Hui Yang, Lichao Yang, Qukang Luo
a.Karst Dynamics Laboratory, MLR & GZAR, Institute of Karst Geology, CAGS/International Research
Center on Karst under the auspieces of UNESCO, Guilin 541004, China
Lead author e-mail address: jhcaogl@karst.ac.cn
The Earth’s Critical Zone, as the overlapping zone between/among lithosphere, hydrosphere,
biosphere and atmosphere, is the most dynamic part of geological environment that is most
directly associated with ecological process and human activities. It provides key enabling conditions
for the socio-economic development, including water, soil, mineral resources and food.
In order to address the resources and environmental problems facing socio-economic development
and global climate change, it is important to conduct systematic, ongoing and multi-disciplinary
studies on the Critical Zone as an organic integrity.
The Earth’s Critical Zone is characterized by:
1. Horizontal heterogeneity. Due to the difference in geological environment, hydrological
conditions, climatic features and human activities (land use, urbanization and mining), the Critical
Zone spreads high heterogeneity in terms of spatial distribution. The variation of geological
environment is one of the key natural factors for spatial heterogeneity of the Earth’s Critical Zone.
2. Vertical stratification. The Earth’s Critical Zone consists of above-ground plant canopies, soil
layers, aeration zones, and saturation zones, with interfaces formed between/among these layers.
The main interfaces include: soil-atmosphere interface, soil-vegetation interface, soil-rock interface,
aeration zone-saturation zone interface, surface water-ground water interface. All these interfaces
play an important role in controlling all the processes in the Earth’s Critical Zone, providing an entry
of point for human beings to regulate such processes.
The complex physical, chemical and biological processes in the Earth’s Critical Zone are coupled
into an integral part, which mainly encompasses four processes: geological, hydro-geological,
biogeochemical and ecological processes.
Geological process is mainly composed of tectonic movement, rock weathering, and the geological
features reformed and mineral elements released;
Hydrological process. With water as the key driver of the Critical Zone, large amount of matters are
transported in aquifers through the hydrological process, enabling the material and energy in the
critical zone to be redistributed at different tempo-spatial scales;
Biogeochemical process integrates biological and non-biological processes, changing the
distribution of nutrients (e.g., C, N, P) and materials at different tempo-spatial scales through water
flow and biological process. Such processes as activation, transport, deactivation and
sedimentation are involved and affect the resources and environmental properties.
Ecological process. By examining the interactions between plants, animals and micro- organism in
8

ecosystems, the science of ecological process aims to clarify the structures, functions, evolution,
biodiversity and services of ecosystems.
While geological process and geological carrier are the fundamental parts of ecological process,
hydrological and biogeochemical processes drive the ongoing movement of ecological process,
forming the ecosystems under special geological environment, and determining the structures,
properties and functions of the Earth’s Critical Zone. In karst Critical Zone, karst geological process
and ecological process are closely connected with each other through CO2 and H2O linkage.
Studies of the Earth’s Critical Zone are focused on two topics: interface process and scaling, or
monitoring and modelling.
Distinctions of Karst Critical Zone in Southwest China. The geological map with a scale of 1:500,000
was transformed into a map on the distribution of different carbonate rock types, according to the
description of various strata, lithology and thickness. Meanwhile, the carbon rocks are categorized
into two types: limestone and dolomite.
By overlying boundary lines of the provinces in Southwest China onto the distribution map of
carbonate rocks, outcrop areas of carbonate rocks by different strata, geological times, spatial
distribution in different provinces, Southwest China, were calculated. The results showed that:
(1) The carbonate rocks in Southwest China have a total outcrop area of 532,600 km2. They are
mainly found in Triassic, Permian, Carboniferous, Devonian, and Cambrian periods, with an outcrop
area of 135200, 101700, 83400, 79500 and 66100 km2, accounting for 25.38%, 19.09%, 15.66%,
14.92% and 12.41% of the total outcrop area respectively, or 87.46% collectively;
(2) In terms of outcrop area in Southwest China, Guizhou ranks the first (116,100 km2, with the
61.17% of outcrop area of carbonate rock to the total land area), which is followed by: Yunnan
(108,200 km2, 30.07%), Guangxi (82,100 km2, 34.73%), Sichuan (70,300 km2, 14.61%), Hunan
(63,600 km2, 30.07%), Hubei (51,800 km2, 27.91), Chongqing (30,100 km2, 36.84%), Guangdong
(10,200 km2, 5.84%);
(3) Of the outcrop carbonate rocks in Southwest China, the limestone outcrop and dolomite
outcrop cover an area of 275,100 km2 and 90,600 km2 respectively. In the meanwhile, the
proportion of dolomite grows with the aging of geological time.
The typical landform development in Southwest China is strongly affected by the uplift of the
Qinghai-Tibetan Plateau, which mainly occurred since 45Ma when the Indian Subcontinent and
Eurasian Continent plates had collided with each other. It is mainly divided into five stages with the
rough elevation of Qinghai-Tibetan Plateau during the intermittent uplift: <1000m, 1000-1500m,
1500-3000m, 3000-5000m, and >5000m. With the intermittent uplift of the crusts, together with
the zoning of geological units, the spatial heterogeneity of Karst Critical Zone, Southwest China,
was formed, which is mainly demonstrated in the following three aspects:
(1) Karst geomorphic types at macroscopic scale can be grouped into medium high mountain karst,
karst fault basin, karst plateau, karst trough valley, karst gorge, karst peak cluster, karst peak forest
and karst undulating hill, which constrain the natural resources, landscapes and environments at
land surface;
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Distribution map of major karst landscapes in Southwest China
(2) Underground caves and subterranean streams at macroscopic scale: a large number of
subterranean streams and underground caves occur at different depths in the karst areas of
Southwest China. According to the survey results, 2,763 subterranean streams are found in the
karst areas, Southwest China, with a total length of 12,678 km and a total catchment area of
300,000 km2. The total amount of underground water resources in the karst areas, Southwest
China, reaches up to 162.057 billion m3/a, with a recoverable or allowable amount of 53.441 billion
m3/a. Up to now, more than 270 subterranean streams have been exploited, accounting for only
10%, with an exploited amount of water resources of 6.565 billion m3/a, or 12.28%. The abundant
water resources are contained in these subterranean streams;
(3) Fragmented terrain at micro scale is endowed special properties of the karst underlying surface,
these are not only strongly affects the formation and evolution of water, soil and biological
resources, also the regional climatic and atmospheric environment.
Vertical stratification is arguably the most distinctive feature of karst Critical Zone in Southwest
China, which is mainly evidenced in the following three aspects:
(1) Thickness of the karst Critical Zone in Southwest China ranges from nearly 1,000m to several or
dozens of meters from west to east. For instance, the deep Tiankengs or shafts in Wulong,
Chongqing, have a depth of up to 700-800m, while the deep shafts and Tiankeng in western
Guangxi are 100-200m deep, and the subterranean streams in Guilin are only more than ten
meters deep, however accompanying with 5 layer caves;
(2) Multi layers of fossil caves have been formed due to many times of intermittent uplift of the
Earth’s crust, making it possible for us to study the dynamics of matter transfer in karst critical zone;
(3) The presence of epikarst zone is a key part and also poses a challenge to reveal and understand
the geological and ecological processes in karst critical zone system.
Material flow in karst Critical Zone is characterized by rich carbon and calcium. Rich calcium
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in karst Critical Zone derives from the rich content of calcium in carbonate rocks. In Guangxi and
Guizhou, for instance, the content of calcium ion in rainwater in karst areas reaches 2.9-6 mg/L,
while that in non-karst areas is often less than 1 mg/L; the content of calcium in limestone soils are
generally 4-10 times that in zonal soils; the content of calcium ion in underground karst water
reaches 50-120 mg/L, which is one order of magnitude larger than that in allogenic water; the
content of CaO in plant ash in karst areas is often 1-3 times higher than that in plants in adjacent
non-karstic areas.
Weathering and dissolution of carbonate rocks can remove large amount of atmospheric/soil CO2
into water, while the karst water with rich bicarbonate ion, can stimulate photosynthesis of aquatic
plants, and transform inorganic carbon into organic carbon, thus creating carbon sinks. The results
indicated that: the flux of atmospheric/soil CO2 consumed by carbonate rocks was estimated to be
0.1-0.6PgC/a. If a median value of 0.3 PgC/a is taken, the carbon flux will represent 17.65% of
carbon flux of terrestrial plants, and 37.5% of potential for soil carbon sequestration globally. In
China, the flux of atmospheric/soil CO2 consumed by carbonate rocks was estimated to be
0.016PgC/a, accounting for 21.3% of carbon flux of forests, 66.7-114.3% of that in shrubs, and 40%
of soil carbon flux. The carbon sequestration process is often enhanced through ecological and
hydrological processes under human intervention.
Carbonate rocks dissolubility and karst process in long term have a significant impact on the
structures and material cycle of the Critical Zone. In fact, it is strong interaction and interplay
between the karst geological process and ecological process in karst Critical Zone. It is important to
reveal two things: “interface process” and “scaling” on Earth Critical Zone. As a target geological
media to understand the scientific issues on the Earth’s Critical Zone, karst has the following
distinctive features and advantages: (1) The karst hydrogeological structure is characterized by a
double-layer of epikarst and underground. The epikarst is directly connected to underground
through karst fissures, dolines, sinkholes and shafts, both rapid and slow flows are involved when
water is transported from surface to underground. Development of karst subterranean streams is
subject to the regional erosion base level, rather than the surface topography. With the
intermittent uplifts of the Earth’s crust, the subterranean streams are transformed into caves. All
these make it possible for us to conduct dynamic monitoring on matter migration of the Critical
Zone. (2) Weathering and dissolution of carbonate rocks may produce large amount of calcium and
bicarbonate, which will fundamentally affect and constrain the species composition, biodiversity
and biogeochemical behaviors of terrestrial ecosystems, as well as the photosynthesis- respiration
and productivity of aquatic ecosystems. This means that frequent and close matter exchange
occurs between geological and ecological processes, both of them are equivalent importance. (3)
Formation and Structure of karst Critical Zone of karst Critical Zone has some correspondence with
the geological, climatic and hydrological conditions. As the material transport process is sensitively
response to climatic and environmental changes, stalagmites growing in caves can accurately
record the history of the response process. (4) Study on karst Critical Zone is designed to provide
scientific evidences for the sustainability of resources and environment, and promote the green
development of resources and environmental protection. In 2012, the U.S. Geological Survey (USGS)
published the Science Strategy for Core Science Systems (2013-2023), in which the Earth’s Critical
Zone was defined as the core target field. A “3M” technology was proposed: Mapping (to
understand composition and structure of the Critical Zone); Monitoring (to understand the
integrated mechanism between geological and ecological processes of material transport in the
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Critical Zone as time goes on); and Modelling (to assess and predict the resource, environmental
and ecological status at a watershed scale). One of the great technological challenges for
demonstration sites is monitor, data collection and relevant procedure of different interfaces in
karst Critical Zone.
*Cao J, Jiang, Z, Bai B, Huang F, Yang H, Yang L, Luo Q., 2017. Preliminary understanding on the
Karst Critical Zone Constrained by Geological Setting, Southwest China. In: Symposium
Proceeding of 11th International Symposium on Geochemistry of the Earth’s Surface, Guiyang,
China.
Critical Zone in China’s karst area: a hydrogeological Perspective
Junbing Pu, Daoxian Yuan, Jonathan B Martin, Mitra B Khadka, Jianhong Li
a. Key Laboratory of Karst Dynamics, MLR & Guangxi, Institute of Karst Geology, Chinese Academy
of Geological
Sciences, Guilin 541004, China
b. Department of Geological Sciences, University of Florida, Gainesville, FL 32611, USA
Lead author e-mail address: junbingpu@karst.ac.cn
As a highly heterogeneous and biogeochemically active zone of rock, soil, water, air and living
organisms, the critical zone is an important concept in holistic Earth surface science. The critical
zone extends from the top of canopy layer down to the bottom of aquifer and includes various
types of landscapes including karsts. Karst Critical Zones (KCZ) are characterized by six outstanding
features: (1) carbonate rocks are involved in various geochemical processes and represent Earth’s
largest carbon reservoir; (2) reaction kinetics are fast resulting in sensitivity to surrounding
environmental changes (climate and human activity); (3) pore spaces can be large (cave or conduit,
underground stream, lake or pond); (4) a large range of both above and below ground biota exists,
ranging from microbiota to macrobiota; (5) thicknesses can range from centimeters to kilometers
with complex formation processes that occur over seconds to tens of thousands of years; (6)
material and energy exchange rapidly and frequently between surface and subsurface. These
characteristics mean that KCZ face threats from many environmental problems including pollution,
global change, urban and population expansion, rocky desertification and groundwater exhaustion.
China’s karst area critical zone can be divided into six regions with specific characteristics that
controls responses to human-induced changes that are unique to each area. (1) One area is a
humid-temperate KCZ which is characterised by temperate continental monsoon climate (annual
precipitation of 400~700 mm and annual air-temperature of -4-8℃), surface flora of mixed
coniferous broad-leaved forest and meadow, chernozem and dark-brown forest earth with rich
organic matter, Paleozoic limestone and abundant recharge from allogenic water, and large caves.
(2) A semi-arid KCZ hosts the features of warm-temperate continental monsoon climate (annual
precipitation of 400~750 mm and annual air-temperature of 8-14℃), deciduous broad-leaved
forest, brown earth and large area loess, Cambrian and Ordovician limestone, and large karst
springs with catchment areas >1,000 km2. (3) An arid KCZ is characterised by arid continental

12

climate (annual precipitation of 200 mm and annual air-temperature of 0-16℃), bush and shrub,
desertified soil or grey desert soil, large area desert, strong physical weathering, special landscape
of high mountains alternate with huge inland basins, Paleozoic and Mesozoic limestone, weak
development of surface karst, low water-yielding of karst aquifer, and unique evaporate karst. (4)
The Tibetan plateau KCZ hosts the features of high average altitude of >4000m, unique plateau
climate (low annual precipitation of <300 mm and low multi-annual air-temperature of -5℃),
alpine meadow and steppe, meadow soil, widespread permafrost and thermokarst phenomenon,
strong freeze-thaw weathering, Mesozoic limestone, rare karst springs with low discharge of
<1m3/s and abundant travertine and tufa. (5) The KCZ in East Asia monsoon area is characterised by
abundant annual rainfall (>1200 mm), high annual air-temperature (>15℃), evergreen broad-leaf
forest, lime earth and red earth, Paleozoic limestone, particular peak-forest and peak-cluster
landscape, abundant underground streams or springs, numerous caves, thick vadose zone, drastic
change of groundwater level following rainfall and intense human activities. (6) The KCZ in the
Indian monsoon area hosts the features of relatively low annual rainfall (~1000 mm), higher annual
air-temperature (15~20℃), high average altitude of >1000m (Yunnan-Guizhou Plateau), evergreen
broad-leaf forest, monsoon forest and tropical forest, latosol, red earth and lime earth, high
mountains and deep gorges, karst graben basin coupled with karst mountain landscape,
underground streams or springs, numerous caves, ultra-thick vadose zone and intensive water-soil
erosion.
Future KCZ research in China should be directed towards: (1) focusing on interface process involving
air-water-soil-rock- organisms interaction and nutrient cycle; (2) establishing a series of long-term
integrating observation sites in situ covering different KCZ type in China according to the
suggestions of Critical Zone Observatory supported by NSF; (3) launching global correlation on KCZ
and building a global observatory network and data share; and (4) developing coupled system
models to reveal structure and function of KCZ evolution.
*Pu J, Yuan D, Martin J B, Khadka M B, Li J., 2017. Critical Zone in China’s karst area: a
hydrogeological Perspective. In: Abstract volume of 44th IAH Congress, Dubrovnik, Croatia.
Role of Hydro-geochemical Functions on Karst Critical Zone Hydrology for Sustainability of Water
Resources and Ecology in Southwest China
Xi Chen, Yi-meng Sun, Ri-chao Huang,
a.State Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering, College of
Hydrology and Water Resources, Hohai University, Nanjing, China
Lead author e-mail address: xichen@hhu.edu.cn
Targeting on sustainability of water resources and ecology in the complex karst critical zone, we
illustrated functions of the hydro-geochemical analysis on hydrology. In order to reveal hydrological
interaction between vegetation-soils/epikarst, the various flows within the karst subsurface profile,
and karst hydrology relevant with climate and landscape changes, we reviewed hydro-geochemical
analysis on tracing water sources for plant uptake, quantifying watershed outlet flow composition
and residence times, and evaluating long-term evolution among climate-landscape-hydrology.
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Application of the hydro-geochemical analysis for above aspects in the karst areas of southwest
China was summarized.
*Chen X, Sun Y, Huang R., 2017. Role of Hydro-geochemical Functions on Karst Critical Zone
Hydrology for Sustainability of Water Resources and Ecology in Southwest China. In: Symposium
Proceeding of 11th International Symposium on Geochemistry of the Earth’s Surface, Guiyang,
China.
Thermal and Chemical Responses of Karst Springs to Forcings at Multiple Time Scales
Alan E. Fryar1*, James W. Ward1,2, Brett A. Howell1, Thomas M. Reed1,3
1.Department of Earth and Environmental Sciences, University of Kentucky, 101 Slone Building,
Lexington, KY 40506-0053 USA;
2.Department of Physics and Geosciences, Angelo State University, 124 Vincent Nursing-Physical
Science Building, San Angelo, TX 76909-0904 USA
3.Amec Foster Wheeler, 2456 Fortune Drive, Suite 100, Lexington, KY 40509 USA
Lead author e-mail address: alan.fryar@uky.edu
Responses of springs to precipitation depend on factors such as climate, lithology, geologic
structure, relief, and land use/land cover (LU/LC). Numerous studies since the 1970s have
documented that water temperature (Tw) and chemistry in karst springs can vary at both stormevent and seasonal time scales. Infiltration of dilute meteoric water, either focused through
depressions (sinkholes) or diffuse through soil, displaces water within fractures and conduits.
Springs commonly respond to storms by an initial increase in discharge (Q), reflecting the relatively
rapid propagation of a pressure pulse, followed by a decrease in specific conductance (SC) and a
decrease or increase in Tw, depending upon the contrast between air temperature (Ta) and Tw. At
longer time scales, springs can exhibit flat, oscillatory, or erratic Tw patterns, depending upon the
effectiveness of heat exchange between water and the matrix.
To highlight the variety of responses and implications for understanding karst flow regimes, we
examine hydraulic, thermal, and chemical time-series data from springs in two humid temperate
regions with differing geologic and LU/LC settings. In the Inner Bluegrass region of Kentucky (USA),
Blue Hole spring drains the town of Versailles. The terrain is gently rolling (~250–290 m asl) and the
climate is mid-continental, with no pronounced wet or dry seasons. Fluviokarst is developed in flatlying Ordovician limestones. In the Middle Atlas region of Morocco, Sidi Rached and Zerouka
springs are located at ~1553 and 1616 m asl, respectively, on a plateau consisting of tabular, faulted
dolomitic limestones (Jurassic). Ribaa spring is located at the foot of the plateau (~879 m asl). The
climate is Mediterranean with dry summers, and the landscape is a mix of forest and rangeland. We
monitored Tw, SC, and stage (correlated to Q) at Blue Hole (2004-06), Tw and stage at Sidi Rached
and Zerouka (2014-15), and Tw at Ribaa (2014-15), all at 1-h intervals. Daily samples for deuterium
and oxygen-18 were collected at Zerouka (2014-15). In both Kentucky and Morocco, parameters
were compared with precipitation (P) and Ta data. We defined storm events as having total P ≥2.5
mm, with gaps ≤8 hr between rainfalls. During the 574-d study period at Blue Hole, there were 100
events, with maximum hourly P = 21.6 mm, maximum event P = 73.2 mm, and median event
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P = 8.4 mm. Events lasted from 1 to 38 h (median 10 h). Total P during the study period averaged
2.15 mm/d. Depending on the weather system, storms resulted in decreased or increased Tw.
Differences between maximum and minimum Tw values during events (delta Tw) were ≤ 5.58°C
and tended to be greater in winter and summer.
Storms generally resulted in SC decreases; exceptions included probable road-salt runoff in winter
and instances when accumulated salt may have been flushed from soils after dry periods.
Aggregating data from individual storms shows that as maximum Q increased, the minimum SC
value decreased and delta Tw increased. For the Middle Atlas springs, there were 40 events during
the 423-d study period, with maximum hourly P = 18 mm, maximum event P = 81.5 mm, and
median event P = 14.2 mm. Events lasted from 1 to 84 h (median 19.5h). Total P during the study
period averaged 2.38 mm/d. At Sidi Rached, three discernable event responses were
superposed on a sinusoidal Tw trend; at Zerouka, Tw was 11th International Symposium on
Geochemistry of the Earth’s Surface relatively constant (12.49–12.61°C). At Ribaa, Tw fluctuated
narrowly from 16.13 to 16.20°C from April to November, followed by more flashy behavior
through May (minimum = 15.89°C, maximum = 16.70°C).
Stage at Sidi Rached and Zerouka tended to track together, declining from May to late July – early
August, then rebounding from August to November. Values of deuterium and oxygen-18 at Zerouka
fluctuated with time but did not show pronounced seasonality, and they scattered around the local
meteoric water line.
We attribute differences in the behaviors of springs in these two regions to the lower intensity of
storms and the lesser extent of carbonate weathering in the Middle Atlas, as well as the greater
extent of impervious cover and urban land use in the Blue Hole basin. In the Middle
Atlas, there is more diffuse infiltration and slow, matrix-dominated drainage and refilling. In both
regions, clusters of precipitation events appear to “prime” the system, resulting in quick flow along
preferential pathways.
*Fryar A E, Ward J W, Howell B A, Reed TM, 2017. Thermal and Chemical Responses of Karst
Springs to Forcings at Multiple Time Scales. In: Symposium Proceeding of 11th International
Symposium on Geochemistry of the Earth’s Surface, Guiyang, China.
Sequestration of carbon as carbonate in the critical zone: insights from the Himalayas and
Tibetan plateau
Albert Galy1*, Yibo Yang1,2,3*, Xiaomin Fang2,3
1. Centre de Recherches Pétrographiques et Géochimiques (CRPG), UMR7358, CNRS-Université de
Lorraine, 15 rue Notre Dame des Pauvres, 54500 Vandoeuvre les Nancy, France;
2. Key Laboratory of Continental Collision and Plateau Uplift, Institute of Tibetan Plateau Research,
Chinese Academy of Sciences, Beijing 100085, China;
3. CAS Center for Excellence in Tibetan Plateau Earth Sciences, Beijing 100085, China
Lead author e-mail address: agaly@crpg.cnrs-nancy.fr
The carbon pool stored in soil carbonate is comparable to the soil organic carbon. Therefore,
secondary calcite precipitation in supersaturated catchment could be an important, yet poorly
constrained, carbon sink within the modern global carbon cycle. Chemical analysis of the dissolved
species transported by rivers, namely elevated Sr/Ca and Mg/Ca ratios but also heavy stable Ca
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isotopic compositions, witness the formation of secondary calcite in rivers draining arid regions.
However, in areas affected by active tectonics and rapid physical erosion, co-variations in the fluvial
Sr/Ca and Mg/Ca ratios could also be related to incongruent carbonate weathering processes. Here,
we present a model to assess the roles played by incongruent carbonate dissolution and secondary
calcite precipitation in modern weathering processes. We tested and applied the model to rivers
draining the Himalayan-Tibetan region. The results suggest that regional aridity in the drainage
basin promotes carbon sequestration as secondary carbonate but that for a given runoff,
incongruent dissolution of carbonate possibly related to rapid physical erosion amplifies such
sequestration. The isotopic compositions (13C/12C & 18O/16O) of detrital carbonate transported by
the main rivers in South and South-East Tibet imply that around 1% of the suspended material
transported by those rivers corresponds to secondary carbonate and can represent between 5 to
15% of the alkalinity flux. Most of these alkalinity transported as particulate material is,
nevertheless related to the weathering of carbonate lithologies and is also
subjected to dissolution prior its final storage in sedimentary basins. However, on glacialinterglacial timescale this will amplify the significant role of mountain weathering on climatic
variations.
*Galy A, Yang Y, Fang X, 2017.Sequestration of carbon as carbonate in the critical zone: insights
from the Himalayas and Tibetan plateau. In: Symposium Proceeding of 11th International
Symposium on Geochemistry of the Earth’s Surface, Guiyang, China.
Concentration-discharge patterns of weathering products from global rivers
Daniel E. Ibarra1*, Seulgi Moon2, Jeremy K. Caves3, C. Page Chamberlain4, Kate Maher5
1. Earth System Science, Stanford University, Stanford, CA 94305-4216 USA;
2. Earth, Planetary, and Space Sciences, University of California, Los Angeles, Los Angeles, CA 90095
USA;
3.Earth Science, ETH Zürich, 8092 Zürich, Switzerland;
4.Geological Sciences, Stanford University, Stanford, CA 94305-2115
Lead author e-mail address: danieli@stanford.edu
Quantifying the functional relationships relating river discharge and weathering products places key
constraints on the negative feedback between the silicate weathering and climate. In this study we
analyze the concentration-discharge relationships of weathering products from global rivers using
previously compiled time-series datasets for concentrations and discharge from global rivers. To
analyze the nature of the covariation between specific discharge and concentrations, we use both a
power law equation and a recently developed solute production equation. The solute production
equation allows us to quantify weathering efficiency, or the resistance to dilution at high runoff, via
the Damköhler coefficient. These results are also compared to those derived using average
concentration-discharge pairs. Both the power law exponent and the Damköhler coefficient
increase and asymptote as catchments exhibit increasingly chemostatic behavior, resulting in an
inverse relationship between the two parameters. We also show that using the parameters.
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We also show that using the distribution of average concentration-discharge pairs from global
rivers, rather than fitting concentration-discharge relationships for each individual river,
underestimates global median weathering efficiency by up to a factor of ~10. This study
demonstrates the utility of long time-series sampling of global rivers to elucidate controlling
processes needed to quantify patterns in global silicate weathering rates.
*Ibarra D E, Moon S, Caves J K, Chamberlain C. P, Maher K, 2017. Concentration-discharge
patterns of weathering products from global rivers. In: Symposium Proceeding of 11th
International Symposium on Geochemistry of the Earth’s Surface, Guiyang, China.
Ecosystem Service Delivery in Karst Landscapes: Anthropogenic Perturbation and Recovery
Timothy Quine1*, Dali Guo2, Sophie M. Green1, Chenglong Tu3, Iain Hartley, Xinyu Zhang2,
Jennifer Dungait4, Xuefa Wen2, Zhaoliang Song5, Hongyan Liu6, Heather Buss7, Timothy Barrows1,
Richard Evershed7, Penny Johnes7, Jeroen Meersmans8
1.Geography, College of Life and Environmental Sciences, University of Exeter, Rennes Drive, Exeter,
EX4 4RJ, UK;
2.Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences,
Beijing, 100101, P.R. China State;
3.Key Lab of Environmental Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences,
550002, Guiyang, P.R. China;
4.Rothamsted Research - North Wyke, Okehampton, Devon, EX20 2SB, UK;
5.Institute of the Surface-Earth System Science Research, Tianjin University, Tianjin 300072, China;
6.College of Urban and Environmental Sciences, Peking University, Beijing, 100871,
China;
7.University of Bristol, Bristol, BS8 1RJ, UK;
8.Cranfield University, Cranfield, Bedfordshire, MK43 0AL
Lead author e-mail address: T.A.Quine@exeter.ac.uk
Covering extensive parts of China, Karst landscapes are exceptional because rapid and intensive
land use change has caused severe ecosystem degradation within only the last 50 years. The 20th
century intensification in food production through agriculture has led to a rapid deterioration of
soil quality, evidenced in reduced crop production and rapid loss of soil. In many areas, a tipping
point appears to have been passed as basement rock is exposed and ‘rocky desertification’
dominates. Through the establishment of the “Soil processes and ecological services in the karst
critical zone of SW China” (SPECTRA) Critical Zone Observatory (CZO) we will endevaour to
understand the fundmental processes involved in soil production and erosion, and investigate the
integrated geophysical-geochemical-ecological responses of the CZ to perturbations. The CZ spans
a gradient from undisturbed natural vegetation through human perturbed landscapes. We seek to
understand the importance of heterogeneity in surface and below-ground morphology and flow
pathways in determining the spatial distribution of key stocks (soil, C, vegetation, etc.) and their
control on ecosystem service delivery. We will assess the extent to which the highly heterogeneous
critical zone resources can be restored to enable sustainable delivery of ecosystem services. This
paper presents the CZO design and initial assessment of soil and soil stability based on caesium-137
(137Cs) data.
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*Quine T, Guo D, Green S M, Tu C, et al., 2017.Ecosystem Service Delivery in Karst Landscapes:
Anthropogenic Perturbation and Recovery In: Symposium Proceeding of 11th International
Symposium on Geochemistry of the Earth’s Surface, Guiyang, China.
The global distribution of Earth ’s critical zone and its controlling factors
Xianli Xu1,2 and Wen Liu3
1. Key Laboratory for Agro-ecological Processes in Subtropical Region, Institute of Subtropical
Agriculture, Chinese Academy of Sciences, Changsha, China
2.Huanjiang Observation and Research Station for Karst Ecosystem, Chinese
Academy of Sciences, Huanjiang, China
3.College of Resources and Environmental Sciences, Hunan Normal University, Changsha, China
Lead author e-mail address: xianlixu@isa .ac.cn
The near-surface layer of Earth which provides essential elements for supporting life is now
recognized as the critical zone (CZ). This study provides the ﬁrst global assessment of the CZ
thickness (CZT) and its controlling factors by combining data sets of climate, vegetation height (VH),
water table depth (WTD), groundwater thickness (GWT), topography, and lithologic data. The
analysis shows that CZT ranges from 0.7 to 223.5 m with an average value of 36.8 m across
continental areas; CZT is thickest in midlatitudes (subtropical to temperate zones). The proportion
of aboveground part (VH) to CZT is 19.9 ± 16.7% (mean ±one standard deviation), while it is 80.1
± 16.7% for the underground part (WTD + GWT). A generalized linearmodel shows that compound
topographic index (ln(a/tan( b)), where a is the upslope contributing area and b is the slope degree
of the landscape) and potential evapotranspiration are the ﬁrst two major controlling factors on the
variations in CZT. This study opens opportunities for further advancing CZ science by providing one
of its most important properties — its thickness.
*Xu, X., Liu W., 2017. The global distribution of Earth’s critical zone and its controlling factors ,
Geophysical Research Letters, 44 , doi:10.1002 /2017GL072 760.
Controls on deep critical zone architecture: a historical review and four testable hypotheses
Clifford S. Riebe1, * W. Jesse Hahm1,2, Susan L. Brantley3
1.Department of Geology and Geophysics, University of Wyoming, Laramie, WY USA
2.Department of Earth and Planetary Science, University of California, Berkeley, CA USA
3.Department of Geosciences and the Earth and Environmental Systems Institute, Pennsylvania
State University, University Park, PA USA
Lead author e-mail address: criebe@uw yo.edu
The base of Earth ’ s critical zone (CZ) is commonly shielded from study by many meters of
overlying rock and regolith. Though deep CZ processes may seem far removed from the surface,
they are vital in shaping it, preparing rock for infusion into the biosphere and breaking Earth
materials down for transport across landscapes. This special issue highlights outstanding challenges
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and recent advances of deep CZ research in a series of articles that we introduce here in the
context of relevant literature dating back to the 1500s. Building on several contributions to the
special issue, we highlight four exciting new hypotheses about factors that drive deep CZ
weathering and thus influence the evolution of life-sustaining CZ architecture. These hypotheses
have emerged from recently developed process-based models of subsurface phenomena including:
fracturing related to subsurface stress fields; weathering related to drainage of bedrock under
hydraulic head gradients; rock damage from frost cracking due to subsurface temperature gradients;
and mineral reactions with reactive fluids in subsurface chemical potential gradients. The models
predict distinct patterns of subsurface weathering and CZ thickness that can be compared with
observations from drilling, sampling and geophysical imaging. We synthesize the four hypotheses
into an overarching conceptual model of fracturing and weathering that occurs as Earth materials
are exhumed to the surface across subsurface gradients in stress, hydraulic head, temperature, and
chemical potential. We conclude with a call for a coordinated measurement campaign designed to
comprehensively test the four hypotheses across a range of climatic, tectonic and geologic
conditions.
*Riebe C S., * Hahm W. J , Brantley S L., 2017.Controls on deep critical zone architecture: a
historical review and four testable hypotheses. Earth Surface Processes and Landforms 42, 128–
156.
Controls on solute concentration-discharge relationships revealed by simultaneous
hydrochemistry observations of hillslope runoff and stream flow: The importance of critical zone
structure
Hyojin Kim1* , William E. Dietrich2, Benjamin M. Thurnhoffer2, Jim K. B. Bishop2,3, Inez Y. Fung2
1.Earth and Engineering Systems Institute, The Pennsylvania State University, University Park,
Pennsylvania, USA,
2.Department of Earth and Planetary Science, University of California, Berkeley, California, USA, 3
Lawrence Berkeley National Laboratory, Berkeley, California, USA
Lead author e-mail address: hxk31@psu .edu
We investigated controls on concentration-discharge relationships of a catchment underlain by
argillite by monitoring both groundwater along a hillslope transect and stream chemistry. Samples
were collected at 1–3 day intervals over 4 years (2009–2013) in Elder Creek in the Eel River Critical
Zone Observatory in California. Runoff at our study hillslope is driven by vadose zone ﬂux through
deeply weathered argillite (5–25 m thick) to a perched, seasonally dynamic groundwater that then
drains to Elder Creek. Low ﬂow derives from the slowly draining deepest perched groundwater that
reaches equilibrium between primary and secondary minerals and saturation with calcite under
high subsurface pCO2. Arriving winter rains pass through the thick vadose zone, where they rapidly
acquire solutes via cation exchange reactions (driven by high pCO2), and then recharge the
groundwater that delivers runoff to the stream. These new waters displayed lower solute
concentrations than the deep groundwater by less than a factor of 5 (except for Ca). Up to 74% of
the total annual solute ﬂux is derived from the vadose zone.
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The deep groundwater’s Ca concentration decreased as it exﬁltrates to the stream due to CO2
degassing and this Ca loss is equivalent of 30% of the total chemical weathering ﬂux of Elder Creek.
The thick vadose zone in weathered bedrock and the perched groundwater on underlying fresh
bedrock result in two distinct processes that lead to the relatively invariant (chemostatic)
concentration-discharge behavior. The processes controlling solute chemistry are not evident from
stream chemistry and runoff analysis alone.
*Kim, H., W. E. Dietrich, B. M. Thurnhoffer, J. K. B. Bishop , andI. Y. Fung (2017), Controls on
solute concentration -discharge relationships revealed by simultaneous hydrochemistry
observations of hillslope runoff and stream ﬂow: The importanc e of critic al zone structure,
Water Resour. Res., 53 , doi:10.100 2/2016WR01 9722.
Expanding the role of reactive transport models in critical zone processes
Li Li1*,KateMaher2, Alexis Navarre-Sitchler3,Jenny Druhan4, Christof Meile5, Corey Lawrence6, Joel
Moore7, Julia Perdrial8, Pamela Sullivan9, Aaron Thompson10, Lixin Jin11,EdwardW.Bolton12, Susan L.
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18. Physical Sciences Division, Paciﬁc Northwest National Laboratory, Richland, WA 99352, United
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19. Department of Civil and Environmental Engineering, Massachusetts Institute of Technology,
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Models test our understanding of processes and can reach beyond the spatial and temporal scales
of measurements. Multi-component Reactive Transport Models (RTMs), initially developed more
than three decades ago, have been used extensively to explore the interactions of geothermal,
hydrologic, geochemical, and geobiological processes in subsurface systems. Driven by extensive
data sets now available from intensive measurement efforts, there is a pressing need to couple
RTMs with other community models to explore non-linear interactions among the atmosphere,
hydrosphere, biosphere, and geosphere. Here we briefly review the history of RTM development,
summarize the current state of RTM approaches, and identify new research directions,
opportunities, and infrastructure needs to broaden the use of RTMs. In particular, we envision the
expanded use of RTMs in advancing process understanding in the Critical Zone, the veneer of the
Earth that extends from the top of vegetation to the bottom of groundwater. We argue that,
although parsimonious models are essential at larger scales, process-based models offer tools to
explore the highly nonlinear coupling that characterizes natural systems. We present seven testable
hypotheses that emphasize the unique capabilities of process-based RTMs for (1) elucidating
chemical weathering and its physical and biogeochemical drivers; (2) understanding the
interactions among roots, micro-organisms, carbon, water, and minerals in the rhizosphere; (3)
assessing the effects of heterogeneity across spatial and temporal scales; and (4) integrating the
vast quantity of novel data, including “omics” data (genomics, transcriptomics, proteomics,
metabolomics), elemental concentration and speciation data, and isotope data into our
understanding of complex earth surface systems. With strong support from data-driven sciences,
we are now in an exciting era where integration of RTM framework into other community models
will facilitate process understanding across disciplines and across scales.
*Li, L., et al. (2017a), Expanding the role of reactive transport models in critical zone processes,
Earth Sci. Rev ., 165, 280–301.
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Designing a network of critical zone observatories to explore the living skin of the terrestrial
Earth
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The critical zone (CZ), the dynamic living skin of the Earth, extends from the top of the vegetation
canopy through the soil and down to fresh bedrock and the bottom of groundwater. All humans live
in and depend on the critical zone. This zone has three co-evolving surfaces: the top of the
vegetation canopy, the ground surface, and a deep subsurface below which Earth’s materials are
unweathered. The US National Science Foundation supported network of nine critical zone
observatories has made advances in three broad critical zone research areas. First, monitoring has
revealed how natural and anthropogenic inputs at the vegetation canopy and ground surface cause
subsurface responses in water, regolith structure, minerals, and biotic activity to considerable
depths. This response in turn impacts above-ground biota and climate. Second, drilling and
geophysical imaging now reveal how the deep subsurface of the CZ varies across landscapes,
which in turn influences above-ground ecosystems. Third, several mechanistic models providing
quantitative predictions of the spatial structure of the subsurface of the CZ have been proposed.
Many countries now fund networks of critical zone observatories (CZOs) to measure the fluxes of
solutes, water, energy, gas, and sediments in the CZ and some relate these observations to the
histories of those fluxes recorded in landforms, biota, soils, sediments, and rocks. Each U.S.
observatory has succeeded in synthesizing observations across disciplines; providing long-term
measurements to compare across sites; testing and developing models; collecting and measuring
baseline data for comparison to catastrophic events; stimulating new process-based hypotheses;
catalyzing development of new techniques and instrumentation; informing the public about the CZ;
mentoring students and teaching about emerging
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multi-disciplinary CZ science; and discovering new insights about the CZ. Many of these activities
can only be accomplished with observatories. Here we review the CZO experiment in the US and
identify how such a network could evolve in the future. Specifically, we recognize the need for the
network to study network-level questions, expand the environments under investigation,
accommodate both hypothesis testing and monitoring, and involve more stakeholders. We propose
a “hubs-and-campaigns” model that promotes study of the CZ as one unit. Only with such
integrative efforts will we learn to steward the life-sustaining critical zone now and into the future.
*Brantley, S. L., McDowell, W. H., Dietrich, W. E., White, T. S., Kumar, P., Anderson, S., Chorover, J.,
Lohse, K. A., Bales, R. C., Richter, D., Grant, G., Gaillardet, J., 2017. Designing a network of critical
zone observatories to explore the living skin of the terrestrial Earth, Earth Surf. Dynam. Discuss.,
https://doi.org/10.5194/esurf-2017-36.
Primary weathering rates, water transit times, and concentration-discharge relations: A
theoretical analysis for the critical zone
Ali A. Ameli1,2,3, Keith Beven3,4, Martin Erlandsson5, Irena F. Creed2, Jeffrey J. McDonnell1,6,7, Kevin
Bishop3,8
1. Global Institute for Water Security, University of Saskatchewan, Saskatoon, Saskatchewan,
Canada,
2. Department of Biology, Western University, London, Ontario, Canada,
3. Department of Earth Sciences, Air Water and Landscape Sciences,Uppsala University, Uppsala,
Sweden,
4. Lancaster Environment Centre, Lancaster University, Lancaster, UK,
5. Department of Physical Geography, Stockholm University, Stockholm, Sweden,
6. School of Geosciences, University of Aberdeen, Aberdeen, UK,
7. Department of Forest Engineering, Resources and Management, Oregon State University,
Corvallis, Oregon, USA,
8. Department of Aquatic Sciences and Assessment, Swedish University of Agricultural Sciences,
Uppsala, Sweden
The permeability architecture of the critical zone exerts a major inﬂuence on the
hydrogeochemistry of the critical zone. Water ﬂow path dynamics drive the spatiotemporal pattern
of geochemical evolution and resulting streamﬂow concentration-discharge (C-Q) relation, but
these ﬂow paths are complex and difﬁcult to map quantitatively. Here we couple a new integrated
ﬂow and particle tracking transport model with a general reversible Transition State Theory style
dissolution rate law to explore theoretically how C-Q relations and concentration in the critical zone
respond to decline in saturated hydraulic conductivity ( Ks ) with soil depth. We do this for a range
of ﬂow rates and mineral reaction kinetics. Our results show that for minerals with a high ratio of
equilibrium concentration (Ceq) to intrinsic weathering rate (Rmax), vertical heterogeneity in K s
enhances the gradient of weathering-derived solute concentration in the critical zone and
strengthens the inverse stream C-Q relation. As Ceq/Rmax decreases, the spatial distribution of
concentration in the critical zone becomes more uniform for a wide range of ﬂow rates, and stream
C-Q relation approaches chemostatic behavior, regardless of the degree of vertical heterogeneity
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in Ks. These ﬁndings suggest that the transport-controlled mechanisms in the hillslope can lead to
chemostatic C-Q relations in the stream while the hillslope surface reaction-controlled mechanisms
are associated with an inverse stream C-Q relation. In addition, as Ceq/Rmax decreases, the
concentration in the critical zone and stream become less dependent on groundwater age (or
transit time).
*Ameli, A. A., K. Beven , M. Erlandsson, I. F. Creed, J. J. McDonn ell, K. Bishop, 2017, Primary
weathering rates, water transit times, and concentration -discharge relations: A theoretic al anal
ysis for the critic al zone, Water Resour. Res. , 53 , 942– 960, doi:10.1002/ 2016WR019 448.
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SECTION IV
Implementation in 2017
After the approval, international research group implements IGCP661 in different countries. Monitoring is the
basic of critical zone, so the regulation of monitoring station is essential to promote the former international
network. the Monitoring station To fulfill this project successfully IRCK/IKG applied several domestic projects
to support IGCP661 for funding.
Karst critical zone monitoring network
One of the most essential problem of international comparative research of karst critical zone is it is lack of
a united regulation for monitoring to get the data, like geological, hydrological, meteorological and others
related fields to catch the basic information. Further more, the various chemical analyze methods and
different types of climate and geomorphology make the monitoring results hard to reach a clear rule. So
the monitoring station in China is trying to find a scientific way to concentrate the data and to figure our a
reasonable technic system.
1. Hydrogeological survey in key monitoring stations in China
As the geological settings is a basic background to set up the station, IRCK/IKG united the partner in China
to carry on a detailed hydrogeological survey. Guohua, Puding and Yangzhuang station stand for different
types of climate in China, meanwhile the karstification in these areas are various. After the data and maps
collection, the hydrogeology in these three station are clear, as showing below.

Puding

Hydrogeological Maps of
Guohua

Yangzhuang

2. Applying projects’ funding to support IGCP661
Chinese government has paid attention to global climate
change, rocky desertification, karst geoharzards and other
scientific issues relevant to karst for a long period.
From the end of 2016, IRCK/IKG began to apply the basic
research project in Chinese Academy of Geological Sciences
(CAGS), international geological survey project from China
Geological Survey (CGS) and other ways to catch more
funding to support IGCP661 implementation. Totally, 224
million RMB has been approved.
Approvals from CAGS and CGS for domestic projects
Now IRCK/IKG is applying a national level project on karst types definition and critical zone monitoring,
along the initiative One Belt One Road put forward by Chinese central government. During the application
process, friends from Iran, Thailand and Slovenia gave us a great help, and it is probably be approved in
August, 2017.
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The delegation from IRCK/IKG visited France and Slovenia to Introduction IGCP661 and present the
International Big Scientific Plan
In an effort to further promote and implement the International Big Scientific Plan on Resources and
Environmental Effects of Global Karst Dynamic Systems (the Scientific Plan), and win understanding and
support of UNESCO, a delegation of four members led by Prof. Liu Tongliang, Director of IRCK/IKG, visited
UNESCO headquarters in Paris on February 21, 2017 to present the progress of the Scientific Plan.
After having arrived in France, the delegation firstly met with Dr. Qiuming Cheng, President of IUGS, and Dr.
Wu Zhenhan, Vice President of Chinese Academy of Geological Sciences (CAGS)/Director of the Division of
Scientific and Technological Foreign Affairs of China Geological Survey (CGS). On the same day, the
delegation, accompanied by Dr. Yi Zhijun, Division Chief of the Permanent Delegation of the People’s
Republic of China to UNESCO, visited UNESCO headquarters in Paris and made an official visit to Ms. Flavia
Schlegel, Assistant Director-General of UNESCO. Ms. Schlegel spoke highly of the progress that the Scientific
Plan has made, making a promise to provide further support to its implementation. In addition, Mr. Han
Qunli, director of the Division of Ecological and Earth Sciences at UNESCO, hoped that the Scientific Plan
can be implemented more effectively and efficiently under the support of both the Chinese government
and UNESCO.
Subsequently, the delegation visited Mr. ShenYang, Ambassador of the Permanent Delegation of the
People’s Republic of China to UNESCO. He noted that, the Scientific Plan proposed by IRCK is just what the
Permanent Delegation wants to see. The initiatives like this can help enhance the influence and discourse
power of China in UNESCO, and contribute to addressing the people’s livelihood issues globally. Therefore,
the Scientific Plan is very meaningful both in China and the world at large.

The delegation and Mr. Wu Zhenhan meet with Ms. Flavia Schlegel and Mr. Shen Yang in Paris
On 22 February, the delegation joined the Annual Meeting of International Geoscience Program (IGCP) at the
UNESCO headquarters in Paris. As a representative of China, the only permanent member state of IGCP, Dr.
Wu Zhenhan delivered the annual report of China National Committee for IGCP, presenting in detail the
leading edge of China in terms of number and quality of IGCP projects, as well as the outcomes of two
Category 2 centers under UNESCO in China including IRCK. The afternoon session was attended by 20
experts, including Dr. Qiuming Cheng, Dr.Yi Zhijun, and Dr. Wu Zhenhan, Dr. Patrick Mckeever, as well as the
staff from the Section of Disaster Reduction and the Section of Geoparks, the Division of Ecological and Earth
Sciences at UNESCO. Dr. Cao Jianhua shared the general information and progress of the Scientific Plan with
the participants, who hoped to work with IRCK in terms of remote sensing, geological disasters mapping, etc.
to jointly implement this ambitious scientific plan. In particular, Dr. Qiuming Cheng and Dr. Yi Zhijun noted
that IUGS and the Chinese government will provide strong support and assistance to the plan.
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A specific meeting to debrief the Division of Earth Science at UNESCO
In the next two days, the delegation visited some famous institutions in Paris, including University of ParisSud (Université Paris-Sud), Academy of Sciences of France (Académie des sciences), and Institute of
Physical Geology of Paris (IPGP, Institut de Physiquedu Globe de Paris). Members of the delegation
discussed with the French experts on such scientific issues as karst hydrology and terrestrial carbon cycle,
and were briefed by the lab researchers the state-of-art instruments and technologies. The delegation was
accompanied by Dr. Chen Jiubin, a researcher from the Institute of Geochemistry of the Chinese Academy
of Sciences, and a winner of a grant from National Science Fund for Distinguished Young Scholars.
The delegation arrived in Slovenia on February 25. In the next three days, they visited the Karst Research
Institute (KRI) of Slovenia, communicating in detail with the researchers on a wide range of issues, such as
the joint implementation of the Scientific Plan, training of young researchers and technicians, and other
topics of common concern. They also had a study tour to the major polje, wild caves, and tourist caves,
and took samples at some observation sites in UNICA river basin study area, central and south parts of
Slovenia.

The delegation visits Karst Research Institute ZRC SAZU and field work
Before leaving Slovenia, the delegation visited to Slovenian Academy of Sciences and Arts, and held a short
meeting with Dr. Oto Luthar, Director of the Academy. During the meeting, while the delegation briefed the
work of IRCK and the progress of cooperative projects with Slovenia, Dr. Luthar expressed his strong support
to the cooperation between the two sides. The delegation returned to China on March 2, 2017.
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Applied a Technical Committee of Karst Ecology Standard of International Organization for
Standardization (ISO)
In order to establish a common standard in karst ecology, IRCK/IKG try to apply an international standard in
ISO. After several work meeting with domestic and overseas experts majored in karst, ecology and
standardization, this standard got the approval from the professional standardization committee in Ministry
of Land and Resources, PRC, and then IKG/IRCK submitted it to China National Standardization
Management Committee.
This Committee focuses on standardization of terminology, theory, management, technology, products,
technical transformation and other related fields of karst ecology.
The compilation and revision of international standards on karst ecology contain the standardization of
terminology, theory, management, technology, products, technical transformation and other related fields
of karst ecology. The standards are composed of three parts: the first part is the common basic standards,
including the standards of terms and theory of karst ecology, as well as the standards of the types,
information systems and vulnerability of karst ecosystems; the second part is the standards of management
and technology, including the standards of functional zoning of karst ecology, ecological technology,
ecological industry, functional assessment of ecological services as well as technical transformation and
utilization; and the third part is the standards of karst eco-products, including the types, development,
regeneration and utilization, safety and environmental protection etc. of karst eco-products.
If the new technical committee could be
approved, the first and second parts of
standards are highly recommended to be
promoted.
The
establishment
of
international standards on terms, theory
and technology that are applicable
worldwide are the basis to other related
standards. Afterwards, it is also highly
recommended to set up the standards of
key eco-products, the development of
products and the safety and environmental
protection.
Indications of the preferred types of
deliverable to be produced under this
proposal
1. Karst ecology terms
2. Basic theory of karst ecology
3. Karst eco-products
4. Karst ecological technology
5. Assessment methods of karst ecology
6. Information systems and maps of
regional karst ecosystems

The application form to ISO
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SECTION V
Next 4 years
In future 4 years, IRCK/IKG will lead the project to unite domestic and overseas karst geologists to implement it
sparing no effort. The support from Chinese side is a strong power to push us fulfill it successfully, and equally
important is the suggestions from scientist related to karst, geology, hydrology, biology, meteorology, botany,
pedology and other disciplines, making our research methods more scientifically to reach an excellent result.

Research area along the One Belt One Road
2018. 1) Continued individual project research and dissemination, 2) Communication among participants
via website, as well as conferences in Chongqing China, Vancouver, Canada, and Daejoens, Korea, 4)
summary of MOSTkarst fragile ecosystem restoration Project, 5) work on karst critical zones and
ecosystem special issue of Journal of Environmental Earth Science or ActaCarsologica, 6) establishment of
karst critical zone observatorymonitoring Index communication network
2019. 1) Continued individual project research and dissemination, 2) Communication among participants
via website, working group meeting and field seminar in Málaga University, Spain and/or Brazil, as well as
joint international Karst Commission Conference of the annual Geological Society of America meeting in
Denver, Colorado, USA, 3) Mid-project reports, submission and editing of peer-reviewed journal
manuscripts. 4) publication of geological carbon cycle special issue of Journal of Environmental Earth
Science or ActaCarsologica, 5)karst critical zone observatorymonitoring Index symposium
2020. 1) Continued individual project research and dissemination, 2) Communication among participants
via website, as well as working Group meeting and field seminar in Delhi, India during the 36th
International Geological Congress, 3) Planning for scope and outline of Project final report, 4) submission
and editing of peer-reviewed journal manuscripts. 5) karstcritical zone observatory publication
2021. 1) Continued individual project research and dissemination, 2) Communication among participants
via website and listserv, as well as the Final Project conference/workshop and field excursions, 3) editing
and submission of peer-review journal manuscripts, 4) final Project report.
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Appendix II: Contacts

Dr. Chris Groves
Hoffman Environmental Research
Institute, Department of Geography and
Geology, Western Kentucky University
1906 College Heights Blvd., Bowling
Green, Kentucky 42101 USA
Tel: +1 270 745 5974
Fax: +1 270 745 6410
Email: chris.groves@wku.edu

Dr. Jiang Zhongcheng
Institute of Karst Geology, CAGS
International Research Center on Karst,
UNESCO
No. 50 Qixing Rd. Guilin, 541004,
Guangxi, China
Tel: +86 773 7796677 Fax: +86 773
5813708
Email: zhjiang@karst.ac.cn

Dr. Augusto Auler
Instituto do Carste
Rua Barcelona 240/302
Belo Horizonte - MG
30360-260 – Brazil
Email: aauler@gmail.com

Academician. Yuan Daoxian
Institute of Karst Geology, CAGS
International Research Center on Karst,
UNESCO
No. 50 Qixing Rd. Guilin, 541004,
Guangxi, China
Tel: +86 773 5834232 Fax: +86 773
5813708
Email: dxyuan@karst.edu.cn

Dr. Jiang Yongjun
School of Geographical
Sciences,Southwest University
No.1 Tiansheng Ave., Beibei,Chongqing
400715, P.R.China
Tel:+86-23-68254191
Fax:+86-23-68252425
Email: jiangjyj@hotmail.com

Dr. Zhang Cheng
Institute of Karst Geology, CAGS
International Research Center on Kars,
UNESCO
No. 50 Qixing Rd. Guilin, 541004,
Guangxi, China
Tel: +86 773 7796593 Fax: +86 773
5813708
Email: chzhang@karst.ac.cn

Dr.Bartolome Andreo-Navarro
Centre of Hydrogeology of the
University of Malaga (CEHIUMA)
and Department of Geology
Malaga, Spain
Tel: +34 95 2132004
Fax: +34 952132000
Email: andreo@uma.es

Dr. Martin Knez
Karst Research Institute ZRC SAZU
Titov trg 2
6230 Postojna, Slovenia
Tel: +386 5 700 1900
Email: knez@zrc-sazu.si

Prof.EzzatRaeisi
Depart. of Earth Sciences, College of
Sciences, Shiraz University, Shiraz, Iran.
Tel: 98917-117- 0201
Fax: 987112284572
Email: e_raeisi@yahoo.com
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