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1. BACKGROUND AND INTRODUCTION

1.1 Background and Organisation

The International Symposium on Groundwater Discharge in the Coastal Zone was jointly sponsored and
organised by the Russian Academy of Sciences (RAS) and the Land-Ocean Interactions in the Coastal Zone
(LOICZ) Core Project of the International Geosphere-Biosphere Programme (IGBP). The initial impetus
stemmed from the recognition that an understanding of the biogeochemical dynamics of the coastal zone (a
primary LOICZ objective) requires knowledge of all inputs, and that in some locations the contribution of
groundwater discharge, although not as easily recognised as oceanic exchange or surface flow, could be
important.

An initial rationale for the meeting was developed at the Second LOICZ Open Science Meeting (see LOICZ
Meeting Report No. 9: The Dynamics of Global Change and the Coastal Zone). Subsequently, a Scientific
Organising committee was formed and a planning meeting was held at which meeting structures, objective,
and organisational responsibilities were determined (see LOICZ Meeting Report No. 13). Members of the
Scientific Organising Committee were:

Prof I.S. Zektser - Chairman, Water Problems Institute, Russia

Dr A. Aureli - University of Catania, Italy

Dr R.W. Buddemeier - Kansas Geological Survey, United States

Dr R.G. Dzhamalov - Water Problems Institute, Russia

Dr Fei Jin - Institute of Hydrogeology and Engineering Geology, P.R. of China

Dr V.V. Gordeev - P.P. Shirshov Institute of Oceanology, Russia

Dr H. Loaiciga - University of California, United States

Dr J.C. Pernetta - LOICZ Core Project Office, The Netherlands

Shortly before the Symposium was held, Dr. Pernetta left the LOICZ CPO, and was replaced on the
organising committee by Mr. Paul Boudreau, LOICZ CPO.

It was agreed at the organisational meeting that the Symposium should focus on the following key Issues
with respect to groundwater fluxes in the coastal zone:

o classification of regions, types, and influences on groundwater discharge;

o methods of analysis and presentation of data relating to groundwater discharge;

¢ the location and need for further development of data sets; and,

¢ co-ordination of data and information exchange.

1.2 Conduct of the Symposium

The Symposium was attended by over 50 invited participants representing 16 countries (Annex 2 is a
directory that includes all participants, as well as others who have expressed interest in the topic), and was
held at the Hotel "Uzkoe," Moscow, July 6-10, 1996. The scientific presentations were divided into five
Themes:

Theme 1: "Main Problems of Studying the Interaction between Ground and Sea Water"

Theme 2: "Methods and Approaches to the Groundwater Discharge Assessment in the Coastal Zone"
Theme 3: "Classification of the Coastal Zones According to the Types of Groundwater Discharge, Climatic
and Hydrogeological Conditions"

Theme 4: "The Main Directions of the Further Investigations Concerning Groundwater Discharge"

Theme 5: "Methods and Recommendation Concerning Data Collection and Processing"

Theme session 1 consisted of keynote presentations designed to identify the context for the more focused
sessions. Each of the subsequent theme sessions consisted of a keynote presentation, brief introductions to
the posters, a period for poster viewing and discussion, and a summary session for general discussion and
recommendations. Session rapporteurs provided written reports of theme discussions. During the course of
discussions it became clear that some issues required more detailed review than would be possible in
plenary discussions, and a total of seven Ad Hoc Working Groups were formed. Following meetings and
informal discussions throughout the Symposium, Working Group reports were presented in plenary on the
final day. All discussion and Working Group reports are contained in LOICZ Meeting Report No. 17, as are
the annotated program, participant list, abstracts, and conclusions and recommendations (which are also
contained in Annex 1 of this Proceedings volume).



1.3 Preparation of this Proceedings

In view of the perceived importance of building upon the success of the Symposium in establishing links
among the diverse topics and researchers with relevance to coastal groundwater discharge, the LOICZ CPO
agreed at the post-Symposium meeting of the Organising committee (LOICZ Meeting Report No. 17) to
undertake publication of a Proceedings volume. Because of time and budget limitations associated with the
duration of the Editor's presence at the CPO, it was necessary to have the volume finalised prior to mid-
December, 1996. Accordingly, all participants were invited to submit camera-ready and/or electronic
versions of papers or extended abstracts derived from their Symposium presentations, with a nominal
deadline of 1 November, 1996. The response was gratifyingly strong, especially in view of the short time
available.

The submissions were classified by the Editor as papers (section 3.1 of this volume) or extended abstracts
(section 3.2), and in some cases were edited for clarity or format. It should be noted that because of time
constraints, neither the classifications nor the editorial changes have been submitted to the authors for their
approval. The Editor accepts responsibility and apologises for any errors that may have been introduced in

this way, in hopes that the overall process has resulted in a generally improved publication.

In the interests of inclusivity and integration of this fragmented technical field, it was decided to include the
original program abstracts from the Symposium for those participants who were unable to submit a paper or
extended abstract. These original abstracts are reproduced in section 3.3. For similar reasons, the directory
of scientists in Annex 2 includes not only the symposium participants, but also others who have expressed
interest or are known to be active in the field.

This report is being distributed to all individuals in the directory as well as to standard LOICZ and IGBP
distribution lists; additional copies may be obtained on request from the LOICZ CPO at the address
indicated in this report.

1.4 Acknowledgements

These scientific developments owe much to the insight of J. C. Pernetta, first LOICZ Core Project Director,
and V. V. Gordeev, LOICZ SSC member, who recognised the relevance of groundwater flux to LOICZ
objectives and the long-standing interests in this area of scientists at the Russian Academy of Sciences. For
the success of the Symposium, thanks are due to the members of the International Organising Committee,
but most especially to the Local Organising Committee and to all who worked tirelessly to provide the
participants with guides, translators, transportation and supplies, often under challenging circumstances.
Paul Boudreau of the LOICZ CPO provided organisational support throughout the process and played a
major role in the meeting Secretariat; Cynthia Pattiruhu, Mildred Jourdan and Annaig Renault made
important contributions to the meeting organisation and preparation of the Proceedings. Finally, particular
thanks are due to the participating scientists who took it upon themselves to make the effort of meeting
deadlines and communicating across both disciplinary and linguistic barriers in order to realise the
combined potential of their individual efforts and interests.

Robert W. Buddemeier, Editor
28 November 1996



2. COASTAL GROUNDWATER FLUX ISSUES -- AN OVERVIEW
R. W. Buddemeier

2.1 Introduction

In 1980, Johannes published what was probably the first general review of the ecological significance of
groundwater flux to the coastal zone (Johannes, 1980). The first sentences of that review were: “The
literature on submarine groundwater discharge (SGD) is scattered and fragmentary. Collectively, however, it
suggests that SGD deserves more attention than it has received from marine ecologists.” There is little to
suggest that progress has been made in the intervening 16 years, except for the fact that we should add to
Johannes’ category of “marine ecologists” other groups such as coastal oceanographers, marine and
terrestrial geochemists, hydrologists and geohydrologists, resource managers, conservationists, and others.

What follows is a highly personal attempt to combine the traditional proceedings overview (highlighting and
connecting the themes and issues developed by the individual contributions) with some analysis of why the
scientific field of SGD-related studies has remained so fragmented, and what may be done to rectify that. If
justification for this approach is needed, | present it in the form of the following anecdote.

When it became clear, in the latter part of 1995, that the conjunction of interests in SGD by the Russian
Academy of Sciences (RAS) and the Land-Ocean Interactions in the Coastal Zone (LOICZ) Core Project of
the IGBP would result in a small symposium on the subject, the question of suitable participants arose. |
sent e-mail messages to a dozen or so colleagues whom | judged to be interested in or knowledgeable
about the subject. Almost all responded - some with statements of personal interest, but most with
suggestions of others to contact. | followed up on these suggestions, receiving in turn still more names of
researchers, whom | also contacted. Even in the responses of this “third generation” of network contacts
there was no cross-linking -- people on any one branch of the “contact tree” seemed unaware of the other
branches. This was all the more remarkable and distressing because of the limited nature of the selection —
all based on the initial contacts of one person, and almost all developed-country, mostly English-speaking
scientists. | decided that if the enthusiasm were that great and the connections that poor, the Symposium
would be justified as a communication exercise if nothing else. .

This judgement was confirmed when, at the end of the Symposium, | asked several participants if they
thought it had been worthwhile. One replied “It has been great — for the first time | don’t feel like my
students and | are working all alone.” In an absolute sense, of course, they were not “alone,” but they clearly
were isolated from the others with common interests -- and this in spite of the fact that they work at an
institution with stable funding, good access to the scientific literature and to communication media, etc.
Why? One cannot blame just the individuals -- it is the scientific system that has failed, or at least has not
been adequately developed.

2.2 The Symposium

Given the limitations imposed by available funding, the short organisational lead time, and the specific goals
and interests of the sponsoring institutions, participation could not be expected to be completely balanced or
representative. Workers in the field of global geochemical cycles were not heavily represented -- to a
significant degree because their interests are well-defined and they already represent a cohesive group.
There was a definite effort to recruit participants and to suggest topics of discussion that would address
LOICZ programmatic concerns (Gordon et al., 1995; Pernetta and Milliman, 1995; see also Section 1:
‘Introduction and Background, and Buddemeier, this symposium). This effort was far from completely
successful, perhaps fortunately, and there was a wide diversity of disciplines, environments, countries and
scientific issues represented, which made their enthusiasm and agreement all the more significant (see
Annex 1 of this proceedings, and Buddemeier (1996).

The scientists of the former Soviet Union and allied countries have had a long tradition of research into
general issues of SGD, especially at regional and global scales but also with reference to specific local and
regional issues. The work of the Water Problems Institute of the RAS is reflected in the results summarised
by Zektser and by Safronova, and in the methods description of Dzhamalov. This is almost certainly the
largest group and the most long-term effort devoted to the estimation of regional SGD. It is unfortunate that
the detailed primary literature for these studies is available only in Russian. Lack of access to and review of
the primary data and methods used has almost certainly limited application of these of these interesting
results by other scientists.



The results of these studies that are currently available lack the spatial and temporal resolution required for
most LOICZ biogeochemical modelling (Buddemeier; see also discussion of discharge zonation by
Koldysheva). However, the regional groundwater budget developed for part of the Sea of Japan by
Boldovski exemplifies not only the problems and uncertainties in the process, but also the kind of systematic
assessment of fluxes and their spatial distribution that will be useful in interpreting and predicting the results
of marine biogeochemical studies.

Khublyaran addressed the “inverse SGD” problem — saline water intrusion into coastal aquifers. His
approach, from a theoretical and methodological standpoint, was complemented by the mechanistic
descriptions of seawater entry into karst aquifers by Drogue and by Mijatovi¢, and also by the impact studies
discussed by Li and Zhao, and by Lin and Liao. As a consequence of the absence or reduction of SGD,
saline water intrusion provides an excellent example of the importance of groundwater flux in determining
the characteristics of the terrestrial side of the coastal system.

Saline water intrusion is only one concern of water resource management, and a special case in the
spectrum of subsurface coastal fluxes. The broader, integrated issues of regional water management were
emphasised by the contributions concerning China (Lin and Liao, Li and Zhao). A prerequisite for
management is understanding of the hydrologic system; the papers by Tulipano and Fidelibus, Perry and
Velazquesz-Oleman, and Tadolini and Spizzico all discussed techniques and presented results of combined
isotopic, geochemical, and hydrologic investigation of complex aquifer systems. Such geochemical studies
can provide integrated signals that may better reflect system behaviour than individual sampling points,
especially in heterogeneous formations. Jacobson and Graham present an unusual study combining
hydrogeologic assessment in connection with management of a human health problem - mosquito breeding
grounds. A generalizable methodological contribution was presented by Ganoulis in the form of a novel and
potentially powerful approach — the use of arithmetic based on fuzzy logic theory — to the vexing problem of
recharge.

The hydrology and geochemistry of coastal systems are clearly of interest to the LOICZ project from the
standpoint of natural functioning, but water resources and their exploitation by human populations are key
elements in coastal population and economic development — which are major drivers of global change. The
relationships among hydrologic systems, water resource development, and human activity is thus very
relevant to the socio-economic component of LOICZ research and integration.

Although pollution is not by itself a priority issue for LOICZ, it is a major motivation for groundwater and
coastal research. Voronov, Kuzmitskaya and Shvartz reported on one proposed study of groundwater
transport of pollutants to part of the Baltic Sea, and Souveri discussed another co-operative effort with
similar goals. Everett discussed assessment of the effects of hydrocarbon pollution, and Kim and Rhie
provided an overview of groundwater contamination problems and sources in Korea.

Two of the primary focal issues for LOICZ are global change - including climate change - and the
relationship of the coastal zone carbon cycle to the biogeochemical functioning of coastal ecosystems. The
former topic is represented by two papers addressing very different scales. Loaiciga develops a general
approach for estimating the effects of climate change on groundwater flux and salt transport to the oceans
on a global or large regional scale, while Oberdorfer uses model simulations to study the effects of sea-level
rise on the groundwater discharge of a coastal river basin.

In the field of marine biogeochemistry and its relationship to SGD, Burnett et al. and Moore both report on
the use of isotopic tracers to probe the extent of groundwater discharge and sediment interactions in ways
very similar to the study of Tadolini and Spizzico in a terrestrial aquifer. Chanton et al. use in methane in a
similar fashion; although it is a non-conservative tracer, it has the advantage of being a sensitive product of
sedimentary carbon metabolism. Tribble and Hunt directly address the question of the influence of island-
derived nutrients on the metabolism of the nearshore zone -- an issue that is of growing interest in view of
the recognition of widespread nutrient contamination of coastal groundwaters. Such studies provide direct
links with the LOICZ biogeochemical model approach (Gordon et al., 1995).

One of the outcomes of considering the marine studies in conjunction with terrestrial investigations was the
recognition of basic differences in concepts and terminology between the fields. In marine studies,
sedimentary porewater is the functional equivalent of groundwater or soil moisture on land. It is also the
“compartment” through which the submarine discharge of groundwater occurs. However, there are active
fluxes and reactions between sediments, porewater, and the overlying marine water that have little or
nothing to do with the transport or reaction of groundwater of terrestrial origin. The exchange of solutes
between sediments and overlying water can be enhanced by a factor of 3 to 5 above molecular diffusion
rates by macrobenthic activity (Aller, 1992), and by two orders of magnitude as a result of physical forcing
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(wave action and sediment percolation) (Lohse et al., in press). Clear definitions of what parameters are
measured, and of what is meant by the terms used, are both important and challenging as the scientists
approach the same subject from different sides of the intertidal zone.

There are, of course, many ways to divide or classify the various studies reported. In addition to topic,
method, region or environment, and especially the scale of study are all relevant.

In terms of specific environments studied, it is instructive to look at the contributions with some bearing on
karst formations. Specific karst studies are reported from the Mediterranean (Mijatovi¢, Drogue, Tadolini
and Spizzico, Tulipano and Fidelibus), but the Yucatan peninsula investigation of Perry and Velazquesz-
Oleman also addresses karst phenomena. Moreover, karst-like formations and behaviour are important to
the carbonate platform and island studies reported by Burnett et al.,, Chanton et al., and Tribble and Hunt.
Further, the role of karst in specific problems is mentioned by Voronov et al. (groundwater pollution
discharge) and by Lin and Liao (land collapse). In spite of the common hydrogeologic environments and
similar methodologies in several cases, the reference lists for these papers have almost no citations in
common except in the case of co-operative and coincident studies.

This lack of common references or cross-citation is a general phenomenon throughout the papers, but is
particularly noticeable when the topics are closely related. Much of this is no doubt due to the differences in
study locations and to the somewhat informal nature of publications in proceedings volumes; it is also a
logical consequence of the anecdote about the non-intersecting network with which | started this summary.
However, it definitely leaves the impression that researchers in the field do not regard themselves as a
interactive body of scientists building on developments of common interest. Are they the victims of this
viewpoint, the perpetrators, or both?

2.3 The Relative Merits of Problems and Solutions -- An Editorial

In looking for reasons for the fragmentation of the fields of study related to SGD, and for means of
integration, there is one problem that can be attributed to the combination of researchers and funding
agencies. | term it the “Necessity of Uniqueness” problem, and it is one that affects coastal zone research
(and indeed, much environmental research) in general. Nobody wants to pay to duplicate research that has
already been done. In order to justify proposed research, an investigator will therefore explain that the
reason for carrying out work very similar to what has already done in a similar setting is that the proposed
new research site is unique, and that the answers obtained elsewhere cannot be applied to the different and
important problems faced here and now. From saying that to believing it is a short step, often promptly
followed by completely forgetting about the existence of the other (by definition not relevant) research. We
must remember that the enterprise of science is based on a community process of review, validation,
interpretation, and extension of results, not the random collection of similar facts and observations.

However, | retain sufficient optimism and faith in my profession to believe that there is a genuine desire to
make connections and that there are structural and cultural problems that interfere with a more cohesive
approach to the subject of SGD. To understand these, it is useful to focus attention on differences among
the practitioners, and how these may contribute to the divisions.

One obvious difference is between the terrestrial and the marine scientists. These two groups generally join
different societies, attend different meetings, and publish in different journals. Perhaps more seriously, they
may lack experience with gaining access to relevant literature in the other disciplines, and may not know
how to select (or search for) titles or keywords that would make publications more widely accessible to
interested colleagues. However, the solution to these difficulties is to some degree already available. There
are in existence a number of journals, newsletters and societies dealing with various aspects of coastal,
estuarine, or continental shelf research, and there is corresponding experience with relating terrestrial and
marine interests and approaches. Operationally, it seems clear that none of these have done a completely
adequate job of addressing the range of issues relating to SGD, but it also seems clear that this is an
interdisciplinary area where existing entities could meet much of the need with relatively minor modifications
of direction and expansion of activities.

Similar arguments could be made for any other mix of specialities -- engineers, chemists, geologists,
resource managers, and others all have less-than-perfect communications between groups. However, at
each of the boundaries there can be found organisations, individuals, or institutions with a commitment to
improving interactions. The challenge is not so much in creating new organisations as it is in identifying the
existing ones that can do the job, convincing them to make the effort, and educating the interested scientists
about where to seek information and assistance.



However, the issues discussed above - the problems of interdisciplinary communication - are well-
recognised residuals of the developmental pathways of Western science, and there are at least some
means of addressing them. Two other sets of distinctions which also have historical roots are less tractable.
One of these is the distinction between fundamental and applied research.

A significant feature of the mix of contributions to this Symposium is the division between the work that has
a general descriptive or fundamental component (although perhaps with obvious applications), and those
that might best be described as primarily applied -- problem- or management-oriented. Although the two
types of studies may address essentially the same processes, issues, and environments, they appear to
draw upon each other’s results only in a rather limited and perfunctory way, if at all. This does not
necessarily reflect lack of mutual interest; indeed, when brought together in person, the two sets of
researchers interacted with interest and enthusiasm.

Unfortunately, there are clearly some institutional barriers to strengthening this sort of interaction through
traditional means of scientific communication. One is a system of status and rewards, at least in some
societies, that treats applied research as less desirable than fundamental research -- and that tends to
enforce separations of funding, literature, and effort. This inhibits outreach from the “basic science” side; on
the “applied” side, researchers are often under time and resource pressures that make it difficult to develop
and publish their findings, much less derive larger applications or significance from them (most of us have
had experience with program managers who tolerate shortfalls, but feel cheated or betrayed if the
researcher manages to produce more than was contracted for, or is willing to take scientifically defensible
risks in extrapolating information to apply to practical scenarios).

In my opinion, existing institutions offer little hope for solving these problems in a useful period of time, in
spite of the fact that many developed countries are busily dismantling their fundamental research programs.
Fortunately, however, technology has developed a way around the problem. Modern electronic
communications, database capabilities, and “search engines” offer a means to connect individuals with
common interests to each other, or to sources of literature or data that are not reliably accessible through
the traditional abstracting or citation search services. For this approach to be effective, some institution or
organisation would have to serve as the “metadata” Center, maintaining and transmitting the information on
individuals, studies, and publications. However, this is not an excessively difficult task, and can have
substantial rewards if access to information or individuals is important to the organiser. The directory of
researchers presented in Annex 2 of this proceedings is printed from the LOICZ (MS Access) contact
database; it is available as a starting point, as is a preliminary compilation of references (available as a text
file or EndNote library).

The third distinction, between developed and developing country science, cuts across the first two in rather
different ways. On the one hand, it can be argued that many developing countries are relatively free of the
disciplinary and fundamental vs. applied tensions, since they have not had the “luxury” of following the
Western trajectory of developing their science establishments. It has even been suggested that developing
country scientists may be intrinsically better adapted to interdisciplinary problem solving than many
developed-country researchers because of the variety and urgency of the problems faced in developing
countries (J. C. Pernetta, pers. comm.); the fact that many of such issues are economically-driven lends
urgency to the LOICZ approach to integrating natural and socio-economic assessments.

However, if these problems are less in developing countries, the problems of communication and
information dissemination are substantially greater. Time and resource constraints on publication are
compounded by language problems, difficulty of access to the international literature (much less that of
other individual countries) and research community, and in some cases, by culturally-determined
approaches to scientific communication that are at odds with the Western scientific traditions.

These problems can also be addressed through informal incorporation into a “metadata” network, but
significantly more effort will be required than the basic effort described above. Regional or national contact
points or repositories will be needed in situations where individual researchers do not have the facilities to
go “on line” regularly, and muitilingual translators or facilitators will be needed to establish contacts and
information transfers once mutual interests are identified. To some extent the type of organisation described
in the LOICZ Implementation Plan (Pernetta and Milliman, 1995) -- with regional and research nodes,
national contact and committees, etc., could provide a model. However, LOICZ depends on volunteer
efforts by interested organisations for its own implementation plan, and lacks resources to do more than
facilitate groundwater-related exchanges as one component of its own development.

Given this scenario, it will be extremely interesting to look back in another ten to twenty years and see
whether there has yet been any change in the situation originally described by Johannes (1980).
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GROUNDWATER FLOW IN THE COASTAL ZONE OF THE EAST SIKHOTE-ALIN' VOLCANOGENIC
BELT ‘
BOLDOVSKI, Nikolai V.

1. Abstract

The East Sikhote-Alin’ marginal-continental volcanogenic belt is situated in the south. of the Far East of
Russia. This belt is spreading along the north-western shore of the Japan Sea. Part of this belt extends
under the water of the Japan Sea. The total area of the belt (subaerial and subaqueous parts) is about of
130000 km®. The estimation of groundwater flow in the coastal zone of the East Sikhote-Alin’ volcanogenic
belt was carried out using four components: baseflow, stream underflow, spring flow and subaqueous
ground-water discharge. As a result of investigations, it has been found that the basic groundwater flow is
concentrated in the baseflow component and is equal approximately to 2.9 L/s-km®.

2. Introduction

The development of the marginal-continental volcanogenic belts is a unique feature of the Pacific Rim.
Extending along the Asian, Australian and American coasts these belts form a system of massive
volcanogenic belts. The Cordillera-Andean volcanogenic belt consists of a series of volcanic arcs which
frame the eastern side of the ocean from Alaska to southern Chile. On the western side of the Pacific the
East-Asian (Itzikson and Krasnyy, 1959) or Chukotsko-Katasian (Tectonics of Eurasia, 1966) volcanogenic
belt extends from the Chukotski Peninsula on the north to the Indochina Peninsula (Vietnam) on the south.
There are fragments of marginal-continental volcanogenic belt along the Pacific coast of Australia and in
Tasmania. These marginal-continental volcanogenic structures were formed during the Mesozoic and
Cenozoic eras. A system of faults, which served as conductors for the eruption of magma is largely
responsible for the formation of the belts. The East-Asian volcanogenic belt is broken down into several
small belts among which is the East Sikhote-Alin’ volcanogenic belt (ESAVB). In this paper the ESAVB “is
defined as a continuous linear arrangement of volcanic formations, deposited on the folded basement”
(Sinyukov, 1986) on the continental shore of the south of the Far East and adjacent marine environment of
the Japan Sea (Figure 1). The ESAVB is an overlapped structure of the Sikhote-Alin’ geosynclinal folded
system. Late Precambrian metamorphic rocks, Palaeozoic terrigenous-siliceous, volcanogenic-sedimentary
rocks and Mesozoic marine, coastal-marine and continental geosynclinal deposits underlie the volcanic belt.
This basement is overlain by Upper Cretaceous, Palaeocene, Neogene and Early Quaternary volcanogenic
rocks of various composition and volcanogenic-sedimentary deposits. Intrusive rocks are wide-spread and
represented by Precambrian, Palaeozoic, Mesozoic and Cenozoic intrusives from acid to ultrabasic
composition.

Figure 1. Location of the East Sikhote-Alin’ volcanogenic belt (subaerial and subaqueous parts).



Geological analysis of various parameters allows an interpretation of the hydrogeological conditions and
groundwater flow in the coastal zone. Based upon groundwater flow characteristics two large-scale
hydrostratigraphic systems can be identified: volcanogenic hydrogeological basins and volcanogenic
hydrogeological adbasins. Both hydrogeological systems extend into adjacent water areas.

Volcanogenic hydrogeological basins are composed of relatively undeformed stratified Paleogene,
Paleogene-Neogene, Neogene and Early Quaternary flows and tuffs of basic to intermediate composition
with interbedded clastic sediments. These rocks have high primary cavern porosity and are moderately
fractured. Stratal groundwater flow is mainly typical for the volcanogenic hydrogeological basin.

Volcanogenic hydrogeological adbasins are composed of intermediate to acidic rocks that are often
deformed. Primary cavern porosity is low and groundwater occurs predominantly in fracture zones.
Volcanogenic hydrogeological adbasins are mainly characterised by fracture types of groundwater flow.

This paper details the methods for the estimation of groundwater flow in the coastal zone of the ESAVB
using four components: baseflow, stream underflow, spring flow and subaqueous groundwater discharge.

3. Baseflow

The magnitude of baseflow to streams can be obtained by the direct estimation method of mean long-term
river discharge for 5 winter months (November, December, January, February, March) of low-water flow
regime. Information of stream discharge is available at 32 stations on the 24 rivers, and the period of record
ranges from 4 to 42 years (Table 1).

In addition, we also used the hydrograph separation method as one of the variants of baseflow estimation.
This method involves a direct line connection of the points of minimum discharge of river runoff at the
beginning of spring and at the end of autumn. Such hydrograph separation permits an estimation of the
mean annual baseflow. 12 hydrographs for the years of dry, wet and normal total discharges were
constructed for 4 stations. The lowest dlscharges are in March and February. Fundmgs of mean annual
baseflow for the dry years are 0.5-1.5 L/s-km?, for the normal years - 1.8-4.0 L/s-km? and for the wet years -
2.0-6.5 L/s-km? (Tables 2-5).

Here one should compare the mean annual baseflow (Tables 2-5) with baseflow determined by calculation
for the winter period (Table 1). Thus, the mean annual baseflow of the Tumnin station on the Tumnin Rlver
by the hydrograph separation is 2.1 L/s-km? and mean long-term baseflow for winter period is 2.0 L/s-km>.
The mean annual baseflow of the Tuluchi station on the Tumnin River by the hydrograph separation is equal
to 1.8 L/s-km?, and mean long-term baseflow for the winter period equals 1.73 L/s-km®. The mean annual
baseflows of the Unty station on the Samarga River and Artemovo station on the Serebryanka River by the
hydrograph separation are 4.0 and 3.3 L/s-km®, respectively, and mean long-term baseflow for winter period
are 2.8 and 3.0 L/s-km?, respectlvely The analysns of all data shows that the Iargest part (60% of the
subaerial portion of the ESAVB) is characterised by values of baseflow from 2-3 L/s-km?.

Table 1. Baseflow characteristics of the East Sikhote-Alin’ volcanogenic belt at hydrological stations.

Station # and name; mean elevation of the Mean winter Area Years of
drainage basin, m baseflow for a guven drainage record
- | period, I/s-km? basin, km®

1. Tuluchi (Tumnin River); 589 1.73 11300 13
2. Tumnin (Tumnin River); 586 2.00 13900 18
3. Vysokogornyy (Muli River); 742 2.52 154 6
4. Dzhigdasi (Muli River); 648 2.03 1410 28
5. Khutu-Datta (Khuttu River); 659 2.37 6590 8
6. Tumnin (Buya River); 363 1.69 31 17
7. Grossevichi (Botchi River); 523 5.02 2810 5
8. Unty (Samarga River); 719 2.79 7280 21
9. Peretychikha (Edinka River); 655 3.78 2100 13
10. Nakhtakhe (Kaban’ya River); 637 6.15 1060 10
11. Kuznetsovo (Kuznetsova River); 678 3.82 393 4
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Station # and name; mean elevation of the Mean winter Area Years of
drainage basin, m baseflow for a given | drainage record
period, l/s-km? basin, km?
12. Maksimovka (Maksimovka River); 603 2.99 2160 23
13. Amgu (Amgu River); 377 4.87 489 15
14. Belembe (Taezhnaya River); 497 2.72 678 5
15. Artemovo (Serebryanka River); 500 2.96 2070 6
16. Cheremshany (Cheremukhovaya River); 578 2.88 81.6 28
17. Krasnorechensky (Rudnaya River); 808 3.54 42.4 10
18. Dalnegorsk (Rudnaya River), 584 2.87 293 33
19. Brinerovka (Rudnaya River); 518 2.46 545 7
20. Gorbusha (Gorbusha River); 484 4.06 83.1 14
21. Kavalerovo (Zerkal’'naya River); 492 2.14 280 19
22. Bogopol’ (Zerkal’naya River); 436 2.60 1510 29
23. Gornorechensky (Vysokogorskaya River);570 1.49 518 6
24. Mikhaylovka (Avvakumovka River); 554 2.13 625 5
25. Moldovanovka (Avvakumovka River); 513 2.25 909 15
26. Vetka (Avvakumovka River); 433 2.57 1740 42
27. Permskoe (Avvakumovka River); 302 2.85 644 6
28. Shcherbakovka (Margaritovka River); 582 3.35 447 22
29. Margaritovo (Margaritovka River); 468 2.80 763 29
30. Milogradovo (Milogradovka River); 480 3.19 770 15
31. Chernoruch’e (Chernaya River); 383 3.59 475 21
32. Zvezdochka (Kievka River); 546 4.37 2270 5
Table 2. Baseflow of the Tumnin River (station Tumnin). -
Months of record Normal year (1952) Dry year (1954) Wet year (1957)
Mean Mean Mean Mean Mean Mean
monthly monthly monthly monthly monthly monthly
discharge, | baseflow, | discharge, baseflow, | discharge, | baseflow,
m¥s I/s-km? m%s I/s-km? m%s I/s-km?
October 37.5 2.7 8.0 0.6 45.0 3.2
November 40.0 2.9 8.0 0.6 40.0 2.9
December 21.1 1.5 20.9 1.5 24.5 1.8
January 21.8 1.6 6.1 0.4 43.3 3.1
February 17.1 1.2 1.9 0.1 26.9 1.9
March 15.5 1.1 14 0.1 234 1.7
April 27.5 2.0 3.0 0.2 25.0 1.8
May 32.5 2.3 4.0 0.3 30.0 2.2
June 32.5 2.3 5.0 0.4 35.0 2.5
July 35.0 25 6.0 0.4 40.0 2.9
| August 35.0 25 7.0 0.5 40.0 2.9
September 37.5 2.7 8.0 0.6 45.0 3.2
Mean annual baseflow, l/s-km® 2.1 0.5 25




Table 3. Baseflow of the Tumnin River (station Tuluchi).

Months of record Normal year (1973) Dry year (1974) Wet year (1981)
Mean Mean Mean Mean Mean Mean
monthly monthly monthly monthly monthly monthly
discharge, | baseflow, | discharge, | baseflow, | discharge, | baseflow,
m%s l/s-km? m%/s l/s-km? m®/s I/s-km?
October 35.0 3.1 10.0 0.9 15.0 1.3
November 40.0 3.5 15.0 1.3 10.0 0.9
December 18.1 1.6 14.9 1.3 8.9 0.7
January 14.1 1.2 13.9 1.2 21.7 1.9
February 8.0 0.7 12.7 1.1 9.0 0.8
March 4.1 04 11.4 1.0 7.7 0.7
April 5.0 0.4 20.0 1.8 40.0 3.5
May 10.0 0.9 25.0 2.2 40.0 3.5
June 20.0 1.8 22.5 2.0 40.0 3.5
July 25.0 2.2 20.0 1.8 30.0 2.6
August 30.0 2.6 17.5 1.5 30.0 2.6
September 35.0 3.1 15.0 1.3 20.0 1.8
Mean annual baseflow, l/s-km* 1.8 1.4 2.0
Table 4. Baseflow of the Samarga River (station Unty).
Months of record Normal year (1964) Dry year (1976) Wet year (1981)
Mean Mean Mean Mean Mean Mean
monthly monthly monthly monthly monthly monthly
discharge, | baseflow, | discharge, | baseflow, | discharge, | baseflow,
m%s I/s-km? m¥s I/s-km? m¥s I/s-km?
October 50.0 6.9 18.0 2.5 105.0 14.4
November 56.0 7.7 20.0 2.7 95.0 13.0
December 16.7 2.3 14.3 2.0 47.0 6.5
January 12.9 1.8 7.8 1.1 7.8 1.1
February 8.8 1.2 3.9 0.5 5.9 0.8
March 13.2 1.8 3.5 0.5 5.2 0.8
April 18.0 2.5 4.0 0.6 10.0 1.4
May 24.0 3.3 7.0 1.0 25.0 34
June 29.0 4.0 10.0 1.4 42.5 5.8
July 34.0 4.7 12.0 1.6 57.5 7.9
August 40.0 5.5 15.0 2.1 75.0 10.3
September 45.0 6.2 17.0 2.3 90.0 12.4
Mean annual baseflow, I/s-km® 4.0 1.5 6.5
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Table 5. Baseflow of the Serebryanka River (station Artemovo).

Months of record Normal year (1981) Dry year (1978) Wet year (1984)
Mean Mean Mean Mean Mean Mean
monthly monthly monthly monthly monthly monthly
dlscharge baseflow, dlscharge baseflow, dlscharge baseflow,
m¥s I/s-km? m®/s I/s-km? m¥s I/s-km?
October 9.0 4.3 2.7 1.3 15.0 7.2
November 9.0 4.3 2.9 1.4 15.0 7.2
December 5.5 2.6 4.1 2.0 10.9 5.3
January 7.4 3.6 2.0 1.0 7.3 3.5
February 4.8 2.3 1.4 0.7 7.1 3.4
March 4.2 2.0 1.0 0.5 6.6 3.2
April 5.5 2.6 1.0 0.5 7.0 3.4
May 6.0 2.9 1.6 0.8 8.0 3.9
June 6.5 3.1 1.8 0.9 10.0 4.8
July 7.0 3.4 2.0 1.0 12.0 5.8
| August 8.0 3.9 2.2 1.1 13.0 6.3
September 8.5 4.1 2.5 1.2 14.0 6.8
Mean annual baseflow, I/s-km* 3.3 1.0 5.1

Also, the relationship between baseflow and mean elevation of drainage basin was determined. Five types
of dependences were recognised. They are shown by the curves in Figure 2. Curve | characterises baseflow
within the basement rocks, curves I, 1ll and V within the volcanic rocks and curve IV within both the
basement rocks and the overlying volcanics. Notice that on curve | the baseflow increases from 1.73 up to
2.79 L/s-km?® with increasing mean elevation of drainage basin. Orographic effects, climate, and proximity to
the sea influence on baseflow of station 8. Climate appears to exert more influence on baseflow on curve II,

as it increases from 2.25 L/s-km? (statuon 25) up to 2.99 L/s-km? (station 12) from west to east. The baseflow
changes from 1.69 up to 3.82 L/s-km? on curve lll. There is also a dependence of baseflow on the elevation
of the drainage basin in curve IV. Curve V exhibits large baseflows from 4.87 up to 6.15 L/s-km?. Here, the
drainage basin is composed of volcanogenic rocks containing more than 30% highly cavernous basalts.

Apparently this aspect of the geological structure of the drainage basin contributes to increased baseflow to
streams. There are some stations for which baseflow is not consistent with the general trend of
dependences. Such stations are not taken into account when drawing curves.
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Figure 2. Dependence of baseflow (horizontal axis, L/s-km? on mean elevation of the drainage basin
(vertical axis, m). Dependence curves of winter baseflow on drainage basin elevation: I(b) - water-bearing
fracture zones of basement rocks; li(e),lll(e),V(e) - water-bearing complexes and fracture zones of effusive
rocks; 1V(e/b) - water-bearing complexes and fracture zones of effusive and basement rocks. Explanation: 1
(solid circles)-station #, 2 (solid squares)-station #, the data of which were omitted from the plotted curves.
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As might be expected, there appears to be a strong dependence of baseflow on the geology of the drainage
basin. This dependence is shown in Figure 2. Curve (l) characterises the baseﬂow of water-bearing fracture
zones of bedrocks, and baseflow varies from 1.73 up to 2.79 L/s-km® The drainage basin of stations
7,10, 13 (curve V) are composed of 30-40% cavernous basalts. Here, baseflow ranges from 4.87 up to 6.15
L/s-kmZ.

As shown in Figure 3, there is a tendency toward increased baseflow towards to the sea. At distances up to
5 km from the sea, baseflow varies little from the average and is equal to 5 L/s-km? or more. At distances
from 5 to 40 km there is large variation in baseflow. At distances greater than 40 km, the sea appears to
have little influence.
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Figure 3. Dependence of baseflow (horizontal axis, L/s-km?) on the distance of the station from the sea
(vertical axis, km) for two classes of station elevation. Explanation: 1-station #, the elevation of which is less
than 100 m, 2-station #, the elevation of which is more then 100 m.

Based on the information presented above we can make a conclusnon about the contributions of baseflow to
rivers in the ESAVB. The baseflow for the winter period is 2-3 L/s-km? over the larger part of the terntor)é
the south and central regions of the territory (along the shore) these magnitudes mcrease up to 6 L/s-km

the north part of the territory the baseflow modules are sometimes less then 2 L/s-km®.

4. Stream Underflow

Stream underflow is defined as the groundwater flow in alluvial sediments under the river or stream
channel. To estimate the stream underflow, all rivers of the region flowing into the Japan Sea were divided
into three categories. The first category applies to the Tumnin River (length of 364 km), the second category
is rivers with length of more than 150 km (Koppi, Samarga), and the third category - with length from 50 to
150 km (25 rivers). Rivers with length of less then 50 km were not included for the calculations of stream
underflow as they generally have no alluvium or its thickness is relatively insignificant.

The Tumnin River is the largest in the region, both in terms of drainage basin area and runoff. Two wells
near the mouth of the Tumnin River valley indicate thicknesses of at least 36 m of Quaternary alluvium. But
bedrock was not reached, therefore alluvial sediments of 40 m thickness were used in the calculations.
Alluvium is typically fine-grained sand in the upper part (up to § m) of the section and sand and gravel in the
lower part (up to 40 m). The average hydraulic conductivity of these sediments estimated from these wells
was 4.0 m/day. The cross-sectional area of alluvium in the 2.5 km-wide valley is 100000 m®. The magnitude
of stream underflow of the Tumnin River is estimated at 288 m*/day with stream gradient of 0.0007.

The Samarga and Koppi Rivers belong to the second category. The valley width of these rivers near the
mouth averages 2 km. The thickness of alluvial sediments is 30 m and the hydraulic conductivity is 8.0
m/day The gradient of these rivers is 0.001, and the stream underflow of the Samarga and Koppi Rivers is
480 m%day.

Twenty five rivers belong to the third category. The valley width of these rivers averages 1 km. The
alluvium thickness equals 20 m and is composed of sand, loam, sandy loam and pebbled-rubbly sediment.
The hydraulic conductivity is 12.0 m/day. The average gradient for these rivers is 0.0015. Hence, the
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magnitude of stream underflow for these rivers averages 360 m¥day. The total magnitude of stream
underflow for all rivers which belong to this category is 9000 m®/day.

Thus, the total quantity of stream underflow from the eastern slope of the Sikhote-Alin’ into the Japan Sea is
10240 m*/day or 118. 5 s, and the module of stream underflow from the territory of 90000 km? (subaerial
part) is 0.0013 L/s-km®.

5. Spring Flow

Comparatively small groundwater discharge in the form of spring flow has been identified and estimated
along the coast. The term spring flow is used for direct flow to the Japan Sea not entering into the river
network. The estimation of the quantity of spring flow is realised by the delineation of zones occupied by the
bays and zones of steep banks at the coast. On the whole the length of coastline contributing spring flow
from the Sikhote-Alin’ eastern slope is near 2000 km. About 1/4 of this coastline is occupied by the bays
(i.e., near 500 km).

The linear spring flow averages 0.8 L/s-km on the bays. Since the length of the bay coastline is 500 km then
the average spring flow discharge for such zones will be near 400 L/s. The average spring flow for the steep
abrasion bank zones is 0.3 L/s-km. Then, the spring flow discharge for the similar zones of the whole
coastline is 450 L/s. Thus, the general spring flow is approxumately 850 le and the area module of spring
flow (applied to the whole area of the drainage basin) is near 0.01 L/s-km?; the linear flow module for the
2000 km coastline is about 0.4L/s-km.

One peculiarity of the magnitudes of spring flow should be noted. It concerns zones where are exposures of
effusive rocks, represented by cavernous basalts and their tuffs, for example in the regions of Palaeocene-
Eocene, Oligocene-Miocene, Pliocene-Early Quaternary rocks, and other similar complexes. Thus, in the
regions of Tabo, Susheva, Chikhachevo, Siziman Bays, and also in the regions of such rivers as:
Sobolevka, Peya, Nel’'ma and others, the spring flow is very intensive with local spring discharge up to 5 L/s
and with linear module averaging 1.75 L/s-km.

Groundwater discharge from volcanic rocks of the eastern slope of the Sikhote-Alin’ in the form of icings is
of great interest. Icings are defined as groundwater discharge in the exposures of the shore line in the form
of ice. More then 300 large and moderate size icings and also a large number of small ice accumulations
have been located. They are attached to the various water-bearing strata, complexes, and fracture zones.
The majority of icings are connected with the zones of spreading of Pliocene-Eocene and Oligocene-
Miocene basalts in the regions of Tabo, Chikhachevo, and Siziman bays and others. Icing distributions,
which characterise the groundwater discharge from the topographic divides, occur in specific patterns. They
are fixed on the slopes along the coast and they occur along geological contacts and fracture zones Icing
volumes were determined in key reglons as they melted, and volumes were as much as 300-500 m°. The
linear storage module averaged 30 m%km (approxnmately) The total, ice storage in the region (Rudnaya
Pristan’-Nikolaevsk-na-Amure) was near 45000 m®. The icings are formed from November to Aprll
Therefore the linear flow module from icings is near 3.5 L/s-km, and flow module from melting of icings in
the coastal zone averaged over the study area is 0.00004 L/s-km®. Thus, the total area module of spring
flow (including icings) is 0.01004 L/s-km?, and the linear module is about 3.9 L/s-km.

6. Subaqueous Groundwater Discharge

At present, it is impossible to estimate accurately the quantity of groundwater discharge into the sea.
Discharge points appear to occur in zones of basalt sequence outcrops of Palaeocene-Eocene, Oligocene-
Miocene and Pliocene-Early Quaternary ages. It appears that groundwater discharge is concentrated in fault
zones. Subaqueous groundwater discharge has been mapped at the depth of 1 up to 15 m in the coastal
area (from the coast up to 1 km) of the Japan Sea in the region of Tabo-Chikhachevo bays (the length of
coast line here is nearly 32 km). In Tabo Bay proper, submarine observations identified springs from 1-2 cm
and rarely up to 10 cm in height. Gas bubbles emanating from the springs aided in their identification.
Discharges were estimated at 0.001 L/s. Sampling of these springs revealed they were of lower salinity than
sea water. Water salinity from the springs varies from 26.1 to 29.4 g/l in comparison with sea water salinity
of 35 g/l in the Japan Sea (Table 6). Numerous (more then 30) fresh groundwater discharges were
discovered along the coast during low-tide, filtering through the beach pebbles with discharges from 0.1 up
to 0.2 L/s. In addition, in the north part of Chikhachevo Bay 300 m from the Tatarka River mouth the water
is fresh during low-tide, indicating a significant amount of groundwater discharge.

Thus, value of subaqueous groundwater discharge into the sea or through the beach pebbles in the region is
up to 10 L/s. The linear module of subaqueous flow in this region is estimated at 0.31 L/s-km. Groundwater
discharge in the form of springs in beach pebbles are observed in the other regions, in particular near the
Peya and Maksimovka Rivers.
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Tab|e 6. Sea water chemical composition in Tabo Bay.

[~ Sample location # Distance from the Depth of sampling, m Formula of water
coast, m chemical
composition
648 1000 12 Cl 92
*54 Na77Mg17
648a 1000 from surface Cl 93
M28.9 N
Na 79 Mg 16
648b 500 7 Cl 93
M26,1 P E———
Na 76 Mg 18
648c 500 from surface Cl 92
M28,2 rO——a
Na 79 Mg 16
648d 250 6 a9
M27,9 P ———
Na 78 Mg 17
648e 250 from surface Cl 92
Mag0 ——
Na 79 Mg 16
648f 100 1.6 Cl 94
M28.6 e
Na79Mg17
648g 500 N-E # 648 12 Cl 94
Mg ———
Na 79 Mg 17
648h 800 N-E # 648 8 Cl 94
M28,5 e
Na 79 Mg 16
648i 300 S-W # 648 11 Cl 92
M28,6 T MO A 14
Na 78 Mg 17
648j 800 S-W # 648 10 Cl 94
M29.0 OV Y
Na79Mg16
648k 800 S-W # 648 from surface M Cl 93
28" 'Na 78Mg 17
648l 1000 S-W # 648 25 Cl 93
M4 ———
Na 80 Mg 16
648m 200 W # 648 4.5 Mpgg __C1 93
" Na79Mg17
648n 200 W # 648 from surface M Cl 94
?%2 'Na 80 Mg 16
6480 400 W # 648 4 Cl 94
M28,6 P
Na79Mg17

7. Conclusions

Having identified and quantified the groundwater flow components, it is possible to estimate the total
groundwater flow in the coastal zone of the ESAVB. Baseflow to the rivers during the winter period was
determined to be 2.87 L/s-km?. Stream underﬂow was estimated to be 0.0013 L/s-km? while spring flow
(including icings) is estimated at 0.01004 L/s-km?. Subaqueous groundwater dlschar%e was estimated to
have a linear module of 0.3 L/s-km. Hence, the module of area flow is nearly 2.9 L/s-km®, and the module of
linear groundwater flow (consisting of spring flow, icings, and subaqueous discharge) for coastal zone is 4.2
L/s-km. Thus, baseflow to rivers is the largest component of the groundwater flow. The aforementioned
magnitudes are minimum groundwater flow components for the ESAVB.
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*GROUNDWATER FLUX TO THE OCEAN: DEFINITIONS, DATA, APPLICATIONS, UNCERTAINTIES
BUDDEMEIER, R.W.

1. Abstract

There are a wide range of reasons and applications for the study of groundwater relationships in the coastal
zone. This diversity, in combination with the range of disciplines and of time and space scales involved,
complicate the use of data derived from specific studies for purposes by other researchers with different
application interests. The challenge is particularly great in the case of local type or case studies designed for
global or regional extrapolation, since errors or inappropriate assumptions will be greatly magnified. This
paper examines the conceptual approaches, data needs, and limitations of various types of studies, and
makes recommendations concerning precautions and presentation of resuits.

2. Introduction

The definitions and techniques used for the study of groundwater discharge to the coastal ocean are very
scale- and problem-dependent, and the differences inherent in various applications undoubtedly contribute
to the scientific fragmentation of the study of groundwater discharge to the coastal ocean (see Section 1,
this Proceedings). This paper focuses on the needs implicit in the global biogeochemical modelling task of
the Land-Ocean Interactions in the Coastal Zone (LOICZ) core project of the International Geosphere-
Biosphere Programme (Holligan and de Boois, 1993; Holligan, 1990; Pernetta and Milliman, 1995). There
are two reasons for this focus: organisationally, the requirements of this effort led LOICZ to co-sponsor the
Symposium and attendant review of coastal groundwater processes; scientifically, applications at this
“meso-scale” (tens to hundreds of km) in the coastal ocean place the greatest demands on system
conceptualisation and understanding.

3. Applications and Issues

The following incomplete list of applications permits a general overview of some of the typical
approximations that are used in coastal groundwater studies - and that are generally not applicable to many
of the problems of LOICZ applications (which are summarised below).

1. Global (or regional long-term) geochemical and water budget studies — there are many such
efforts addressing (for example) the role of the ocean in natural global climate cycles. Some recent
examples that specifically address questions involving groundwater flux and composition are publications of
Milliman and co-workers (Milliman, 1993; Milliman and Droxler, 1996). Such studies, focused on time
scales comparable to or longer than whole-ocean residence times and on budgets at the ocean basin or
regional scale, can appropriately ignore the complexities of the coastal zone and consider the ocean as one
or a few relatively simple homogeneous reservoirs. Estimates or measurements used for this purpose may
serve to establish magnitudes or boundary conditions for more detailed studies, but almost invariably lack
the spatial and temporal resolution needed for coastal ocean budget models.

2. Coastal water resource studies — although often too localised, these may address scales
appropriate to coastal biogeochemical modelling. However, they tend to ignore the details of discharge
pathways, and to treat the ocean as a simple uniform sink (in the case of fresh water loss or contaminant
transport) or source (in the case of saltwater intrusion). Further, attention is usually focused on a single
dominant aquifer (often but not always the shallowest) to the exclusion of other groundwater bodies and of
surface water-groundwater interactions. If focused on the time scales of aquifers the temporal resolution will
be inadequate for coastal processes, but studies that address interactions on seasonal or tidal time scales
my be appropriate to the marine biogeochemical budgets. In most cases boundary conditions or limiting
estimates of flux are the most that can be extracted.

3. Marine geochemistry or biogeochemistry studies — such studies often focus on the scales and
compartments of interest to LOICZ, but the marine research perspective can be difficult to couple to the
concepts and data of terrestrial hydrology. For example, “groundwater” to a marine chemist may be
operationally defined as any fluid that has interacted significantly with sediments or rocks — see, for
example, (Moore, 1996) -- whereas this grouping of circulating marine porewater with fresh and mineralised
water of terrestrial origin complicates the budgeting process.

In pursuit of the goal of determining the role of the coastal oceans in the global cycle of carbon and other
key substances (Smith and Hollibaugh, 1993), LOICZ has adopted a hierarchical approach to globalization
of the highly dispersed coastal data sets available (Gordon et al., 1995). The strategy is to use budgetary
data to identify process controls and functional (e.g., source or sink) roles of generally identifiable types of
coastal environments or habitats. Then, development of coastal typologies (LOICZ, 1996; Pernetta and
Milliman, 1995) is intended to provide a framework for extrapolation of data from well-characterised
environments to the much larger global inventory of functionally similar but unstudied environments -- and
also to provide a methodological basis for incorporating social science components relating to the human
dimensions of global change (Pernetta and Milliman, 1995).
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Hydrologic issues enter this process at two key points —- in quantifying inputs to specific coastal budgets,
and in characterising types of coastal environments in terms of behaviour that will support extrapolation to a
global “model.” Both are important, and their combined requirements represent a significant challenge.
Beyond the hydrologic questions are the key issues of hydrochemical fluxes — especially of nutrients, but
also of carbon compounds and of other materials, natural or anthropogenic, that may affect biological and
chemical cycles in the coastal zone. However, understanding of solvent behaviour is typically a prerequisite
for predicting the action of solutes, so an initial focus on hydrology is essential. '

4. Coastal Hydrologic Processes and Pathways _
Construction of accurate material budgets within the coastal zone requires careful attention to the definitions
of pathways and fluxes. Figure 1 shows a simplified schematic illustration of the coastal zone. Materials
may enter a defined volume of the coastal ocean by precipitation from or exchange with, the atmosphere, .
inflow of terrestrial surface water, discharge of groundwater, exchange or reaction with sediment porewater,
and by ocean water fluxes. Loss terms typically include longshore and offshore transport, sedimentation or
sediment reaction, and transfer to the atmosphere (by evaporation, suspension, or gas exchange). Fluxes
from the marine environment into terrestrial water bodies (aquifers and estuaries) may be significant in
terms of impact on the fresh water environment, but usually negligible compared to other loss termsin the .-
coastal ocean budget. ' '

FLUXES
OF
C.N,P

COASTAL
SHELF

ESTUARINE
ZONE

Figure 1: Stylised schematic view of the coastal zone, emphasising the different pathways of groundwater
discharge and the distinctions among the terrestrial compartment and the “estuarine zone” and the “open
shelf zone” within the marine compartment.

Figure 1 indicates two distinct subsets of the coastal marine environment - one, the “estuarine zone,” is
intended to represent the typically narrow width of the marine environment that is most influenced by land,
and which often has relatively high levels of variability as well as productivity. The estuarine zone includes
true estuaries, but is further represented by a narrow band of nearshore water masses in locations where
there are not streams adequate to form traditionally-defined estuaries (as illustrated in Figure 2). It is the
area of the ocean most subject to direct anthropogenic alteration. On a global average, this zone is not
dominated by fluxes from the world’s major rivers; advective processes are primarily oceanic, and terrestrial
inputs are often a mix of groundwater and runoff from local, ungauged (sometimes small) watersheds.
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NE ZONE"

Figure 2: Plan view of the coastal zone, showing the relationships among the estuarine zone, open shelf
zone, gauged and ungauged streams, and groundwater discharge to the ocean and to streams.

The remainder of the coastal marine environment is referred to here as the “coastal shelf zone.” This is the
open-water part of the continental shelf that is dominated by oceanic advective processes and characterised
by more nearly oceanic water characteristics. Figures 1 and 2, considered together, illustrate both a
conceptual and an operational problem in considering hydrologic inputs to the coastal zone. Conceptually
(and essentially be definition), most surface water flow enters the coastal ocean through the estuarine zone.
Although this is a convenient assumption for shallow groundwater (Johannes, 1980), it is not necessarily
correct; confined aquifer systems, karst formations, etc., may result in either localised or distributed
discharges of groundwater relatively far out on the continental shelf or slope. This situation is illustrated in
Figure 3, along with indications of processes that must be considered “groundwater’ in the larger
geophysical sense, although not in the terms usually employed by water resource hydrologists. These
offshore discharges are likely to be insignificant in terms of the water budget of the “coastal shelf zone,” but
because it is likely to be more highly mineralised it may be biogeochemically significant, and the flux of
groundwater may also have an amplified influence on porewater environments and the benthic community
(Tribble, 1990; Tribble et al., 1992). Large-scale physical phenomena with major geochemical implications,
such as sediment erosion, deposition, and slumping, may also be linked to offshore groundwater fluxes
(Rona, 1969).
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Figure 3: Cross-sectional views of the coastal zone, illustrating the types and pathways of fluid movements
that may be considered “groundwater” for various purposes.

5. Problems of Measurement and Definition:

One part of the operational problem alluded to above may be seen in Figure 2 - the fact that the most
nearshore river gauging stations are often well inland of the major estuary and delta systems. Where good
monitoring records exist, gauging stations can provide data not only on total flow, but also dissolved and
suspended solids loads and on runoff-baseflow (groundwater separations). However, the best (and often
only, or last) data set available is typically above not only the estuarine zone, but also much or all of the
coastal plain -- the biogeochemically active terrestrial portion of the LOICZ region of interest. It is generally
recognised that coastal runoff and groundwater discharge in between gauged streams is not included in
river input data; somewhat more subtle is the fact that available river data often do not account for a
substantial amount of distinctive flux in the lower reaches of the river.

Figure 4 illustrates in greater detail some of the uncertainties and potentials for error that arise when efforts
are made to consider specific inputs to the estuarine zone with time constants suitable for comparison with
marine data obtained on the scale of water residence times -- typically quasi-synoptic data oriented toward
times of hours to weeks. This level of detail is required by the “typology” approach to achieve globalization
of coastal zone data. Assumptions which may be valid or a source of minor error on the global scale may
cause very large distortions in coastal process models at the local scale; if these errors are then amplified
and propagated through the globalization process, the outcome could be prejudiced.

The terrestrial portion of the coastal zone is an area of high human activity (agricultural, urban and
industrial), with attendant perturbations and high gradients in water and contaminant fluxes. The problems
of pathway identification and flux measurement discussed above become more critical at local scales; often
aquifer characteristics and chemical sources are not well understood, and even where they are, there may
not be adequate measurement points or data -- local authorities and researchers tend to focus on the best
resource or the worst problem, rather than the widely-distributed marginal-quality water that may carry most
of the chemical load or system-relevant “signal.” This is illustrated in Figure 4 by the chemical
inhomogeneity of the shallow aquifer. Where salinity increases and surface contamination decreases with
depth, Darcian flow estimates based on a limited number of measuring points may be highly misleading.
Additionally, there may be problems of estimating consumptive water use (and therefore effective gradient
or flux) between the sea and the lowest inland measuring point (monitoring well or gauging station).
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Combining confined (orperched) and
unconfined aquifer heads may give

Regional hydraulic gradients may not invalid gradient estimates.

represent actual ocean discharge if
there is groundwater withdrawal or

high evapotranspiration in the coastal
zone.
EVAPOTRANSPIRATION @

Salt flux estimates may be in error if the water
<= quality in deeper aquifers or in seawater intrusion
zones is confused with phreatic aquifer flux.

MINERALIZED

RESHWATER

Figure 4: Detailed and expanded cross-section of the terrestrial coastal environment, depicting problems
inherent in generalising limited measurements to obtain system-level water and chemical fluxes.

6. Requirements for Integration and Application of Data

It is not realistic to expect that all measurements, calculations or publications of data relevant to coastal
groundwater fluxes will suddenly conform to the needs (Gordon et al., 1995) or standards (Boudreau et al.,
1996) of the LOICZ project. However, one of the reasons for highlighting the disciplinary diversity in the
origins and applications of the data is to encourage researchers both to seek out and to provide the data that
will make their results more broadly useful --and in doing so, to encourage integration of the field of study.

In publishing or compiling groundwater flux results, a wide variety of information should be considered,
included, or referenced. Examples include geographic co-ordinates of drainage basins or aquifer units,
coastline segments, and well or study sites. Information on the sources of both water level and groundwater
chemistry data. The groundwater data should include land and water level (or head) elevations, relevant
times of measurement, and depth or elevation of the screened (sampled) interval. Measured or assumed
hydrogeologic parameters and stratigraphic aquifer characteristics are also required for interpretation -
which means that information on methods of measurement or derivation is needed.

The challenge of effectively integrating and comparing diverse hydrologic and oceanographic
measurements and models, often at very different spatial and temporal scales, demands extensive
documentation of both primary data and methods, as well as rigorous analysis of uncertainties. The
difference between semiquantitative groundwater flux estimates and determinations best adapted to
budgets will be very great in terms of the quality of documentation and analysis required. At least as
important, however, is the fact that estimates can be quite useful if the assumptions, methods, and
uncertainties are specified. = Without this evaluation, estimates produced for one application may be
seriously misleading if used for others.

7. Summary

Measurements or estimates of groundwater and associated chemical fluxes, especially over substantial
areas or time periods, are notoriously uncertain. “Groundwater discharge” may include the base flow
component of stream and river discharge, direct seepage from phreatic aquifers though the intertidal and
shallow subtidal zones into the coastal ocean, nearshore springs, deeper offshore discharge (as from
confined aquifers), or any combination of these. Depending on the measurements made and definitions
used, combining groundwater flux estimates with independent estimates of fluvial inputs and oceanic fluxes
can result in over- or under-estimates (for example, double-counting river base flow as both river input and
groundwater flux, or failure to account for riverine groundwater discharge between the lowest gauging
station and the mouth). From the standpoint of accounting convenience it is probably best to treat all
streamflow as surface water, but this runs the risk of obscuring some geochemically important pathways.
Additional complications arise when one considers issues such as short-term interactions between streams
and alluvial aquifers, or lateral “interflow” of water within the normally unsaturated zone -- processes which
may be hydrologically but not biogeochemically insignificant.
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Hydrologic calculations may overestimate fluxes by neglecting evapotranspiration losses in the coastal
plain. Vertical stratification of both flow rates and water quality in coastal aquifers can lead to serious
mismatches in calculation of chemical fluxes, as can ocean water intrusion into the aquifer. Assignment of
chemical compositions to the hydrologic fluxes requires careful matching of data sets, and consideration of
the correspondence between the two types of data, their sources, and their uncertainties.

Complete reporting of data and methods, and consideration of the wide range of potential applications for
data relating to groundwater in the coastal zone are recommended. This will not only serve the needs of
integrative projects such as LOICZ, but will also provide definition and cohesiveness to an important field of
study that is now highly fragmented.
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TRACING GROUNDWATER FLOW INTO SURFACE WATERS USING NATURAL #2RN
BURNETT, William C., CABLE Jaye E., CORBETT, Reide D., and CHANTON Jeffrey P.

1. Abstract

Several investigators have suggested that nutrients, especially nitrogen species, may be delivered in
ecologically-significant amounts to coastal environments and lakes via submarine groundwater discharge
(SGD). This process may be particularly important in areas where groundwater has become contaminated
with nutrients from septic systems. Delivery of other soluble contaminants (metals, radionuclides, etc.) via
this process may also be important in some circumstances. We have been examining the flow of
groundwater into surface waters both by direct measurements using “seepage meters” and by use of 2?Rn
as a natural tracer. Radon is a useful as a tracer because: (1) it is 2-4 orders of magnitude more
concentrated in groundwater compared to surface waters; (2) it is conservative; (3) other inputs and outputs
from the system in question can be estimated relatively precisely because of known source/decay terms;
and (4) its radioactivity makes it relatively easy to measure, even at very low concentrations.

We summarise here our findings in two environments: (1) an uncontaminated area of the coastal north-
eastern Gulf of Mexico off Florida; and (2) a freshwater lake (Par Pond) built as a cooling reservoir for two
nuclear reactors at the Savannah River Site in South Carolina. The studies in Par Pond were enhanced by
the availability of independent water budget information. A simple box model approach was used to interpret
our radon data in terms of inputs of groundwater to the lake — these inputs were shown to be of the same
order as direct rainfall, the only other significant input to the lake. Our results for the Gulf coast area showed
that coastal water 2?Rn and CH, inventories varied directly with measured groundwater seepage rates.

2. Introduction

Groundwater may be an important source of nutrients and other dissolved constituents to the coastal ocean
and other standing bodies of water (Kohout 1966; Kohout and Kolipinski 1967; Johannes 1980; Capone and
Bautista 1985; Capone and Slater 1990; Valiela et al. 1990). However, the only estimates available for the
global magnitude of submarine groundwater discharge (SGD) are based on water balance calculations,
which yield widely varying results (Nace 1970; Garrels and MacKenzie 1971; Zektser et al. 1973). On a local
and regional scale, estimates of the location and magnitude of groundwater flow are scarce, because
measurements cannot be performed easily and sites of SGD are not always obvious. Since the chemical
composition of groundwater and its rate of advection determine the effects of SGD on the overall chemical
budget of receiving waters, the contribution will be significant when either flow rates or the ratio of
components in groundwater relative to the surface waters is sufficiently high.

In addition to freshwater, many dissolved constituents, both natural and anthropogenic, can be carried by
SGD to surface waters. Sewage, mining waste, and other soluble refuse percolating into an aquifer may
eventually enter coastal waters via groundwater discharge. Depending on the concentrations and flow paths
of these contaminated plumes, the ecology of the coastal waters could be impacted. It was shown, for
example, that nutrient loading of several bays in New England increased eutrophication, thus increasing fin-
and shellfish kills (Valiela et al. 1990). This nutrient input was attributed partially to sewage-contaminated
groundwater as well as river water. In another example, when sediment pore waters from Great South Bay,
New York, were analysed for nutrients, Capone and Slater (1990) recognised that contaminated
groundwater accounted for up to 50% of the total nitrogen input to the bay. The importance of SGD to the
coastal zone has also been documented in the Florida Keys (Lapointe et al. 1990); Australia (Johannes
1980); Jamaica (D'Elia et al. 1981); and the Yucatan Peninsula (Hanshaw and Back 1980).

Relationships between groundwater, the substrate through which it flows, and the receiving waters are of
significant environmental concern since the magnitude of SGD is not yet assessed along most of the world's
coastlines. One potential means of evaluating groundwater pathways and fluxes into the coastal zone is
through natural tracers. The conservative nature and short half-life of ?Rn (t;» = 3.83 d) make it a strong
candidate for tracing groundwater discharge. Although CH4 has other sources and sinks in the marine
environment, its use in conjunction with the chemically inert 22Rn makes a convincing case for tracing
groundwater discharge in the coastal zone (Bugna et al. 1996).

3. Northeast Gulf of Mexico

Our study site is near the Florida State University Marine Laboratory (FSUML) at Turkey Point, Florida,
within the Big Bend region (Figure 1). This area consists of a broad carbonate system containing one of the
United States' largest freshwater reservoirs, the Floridan Aquifer. This aquifer is part of the layered marine
limestone and dolomite St. Mark's Formation, which is overlain by a clay, silt, and sand surficial aquifer
(Hendry and Sproul 1966). Dissolution of carbonate rock within the deeper formation creates direct conduits
for groundwater flow supporting offshore seepage and spring flow into the Guif of Mexico. In addition, SGD
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can enter the ocean from the unconfined, water table aquifer as nearshore seepage (Bokuniewicz 1980;
Cable et al. 1996a).

We established a seepage meter transect near FSUML to evaluate groundwater flow through the sediments
in shallow nearshore waters. This transect consisted of 5 seepage meters placed approximately equal
distances apart and extending 480 m perpendicular from the shoreline. Direct seepage measurements were
made using methods developed by Lee (1977). Samples for 22Rn and CH, analysis were collected from the
overlying water column at each station along the transect on the same days that seepage rates were
measured.
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Figure 1. A map of the study site shows the location of the seepage meter transect. Insets show 222pn
(dpm-L™") and CH4 (mM) groundwater concentration frequency distributions for wells bordering the
field site near FSUML.

Samples were collected from 59 private residence wells to determine concentrations of 222n and CH, in
groundwater along the shore bordering our field site. A frequency distribution of 2?Rn and CH, analyses (n =
98) of these wells between March 1992 and August 1994 revealed concentrations up to several orders of
magnitude greater than would be expected in seawater (insets; Figure 1). While groundwater *?Rn
concentrations below 4,000 dpm-L'1 represented 83% of the data, “?Rn values as high as 23,500 dpm-L"
were measured. Most CH, concentrations were less than 10 mM with a secondary frequency maximum at
130 mM (inset; ingure 1). The results indicate a large spatial variability and non-uniform relationship
between CH, and ““Rn source terms within the aquifer. Despite this variability, measured concentrations of
the trace %ases were always orders of magnitude higher in groundwater than in seawater. Typical oceanic
values of “?Rn and CH, are 0.1 to 0.5 dpm-L™ and 2 to 3 nM, respectively.
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We examined the relationships between 2 Rn and CH, inventories and seepage in several ways including
measurements from a single station (#1; the most shoreward seepage meter) for each of 14 separate
sampling events (Figure 2). In this case, the 22Rn and CH, concentrations were mtegrated over the
measured water depth (m) and related to the corresponding seepage rate (mL-min"-m?) measured on that
day. Assuming that the y-untercepts in these plots represent the diffusional supply (seepage = 0) of these
tracers, we estimated the *?Rn inventory supported by molecular dlfoSIOﬂ to be 1240+970 dpm-m?
(seepage rate = 0; r = +0.804; p < 0.05) and a CH, inventory of 730 mmol-m?2 (r = +0.717; p < 0.05). The
large error in the CH, inventory reflects an anomalously high concentration measured during November
1994.
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Figure 2. Relationship of trace gas mventorles to measured seepage rates (mL-m2min™) ata single statlon
during 14 collection periods: (A) 2?Rn (dpm-m™; r = +0.804; p < 0.05); and (B) CH, (mmol-m?
+0.717; p < 0.05).

These results led us to believe that these tracers respond directly to variations in seepage and that the
magnitude of nearshore groundwater flow in this area is highly significant. By integrating the water flux
results with distance from-the shore to the end of the seepage meter transit (Figure 1), we estimate that
there is flow approximately equivalent to a first magnitude spring '

(>1.7x105 L x min-1) just from the area shown.

4. Par Pond, Savannah River Site

Par Pond, a former thermal cooling reservoir, is located near the eastern edge of the U.S. Department of
Energy’s Savannah River Site (SRS) in western South Carolina (Figure 3). The reservoir was built in 1957
to augment the cooling requirements for the "P" and "R" nuclear reactors, built to produce plutonium and
tritium for the atomic weapons program. Since the construction of the pond by the U.S. Army Corps of
Engineers, an earthen dam 20 meters high and 1370 meters long has maintained the water level in the
reservoir.
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Figure 3. Map of Par Pond, Savannah River Site showing the locations of sampling sites and wells used for
this study.

In the Spring of 1991, a depression was found in the downstream side of the impoundment. The reservoir's
water volume was drawn down because of concern that failure of the Par Pond dam would be a threat to
public safety and to the environment. The water Ievel was lowered 6 meters over approximately a 90-day
period beginning in June, 1991 — exposing 5.3 km? of radiologically-contaminated sediments (Whicker et
al. 1993). In March 1995, Par Pond was refilled to its original water level using water pumped from the
Savannah River, and the water level is now being maintained at 61 £ 0.3 m (200 + 1 ft) above mean sea
level (msl).

Par Pond occupies an area of approximately 10.1 km? wnth a maximum water depth of 18 m. The mean
depth is 6.2 m and the volume is estimated to be 6.3x10” m®. It is a warm, monomictic lake which normally
stratifies from May through September, turns over in October, and is well-mixed from October through April.
The Par Pond watershed is underlain by the Hawthorn, Barnwell, McBean, Congaree, and Tuscaloosa
Formations, ‘which contain aquifers separated by confining clay layers (Williams and Pinder 1990). The
groundwater hydrology is such that both upward and downward vertical flow gradients occur in the area. The
general horizontal transport of groundwater is thought to be towards the south at Par Pond (Westinghouse
1992).
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In order to evaluate the groundwater contribution into Par Pond using 2Rn, all possible sources and sinks
must be considered. A mass balance equation may be used to describe this reservoir assuming a one-
layered system:

(VC); +Jpenthic + ACRa =~ (WC)y —J A —ACRy =0

where v is the flow rate into or out of the system (m*min™); C represents the radon activity (dpm -m®) either
entering (i = input) or leaving (o = output) the system lis the decay constant of ??Rn (min™"); ICg. and ICg,
accounts for production and decay of radon (dpm m>.min™") in the water column, respectively; Jam is the
radon flux lost to the atmosphere (dpm-m™>min”); and Jpennic represents the combined advective and
diffusive flux (dpm-m™-min’ ) to the overlying water column All terms in this equation can be expressed
either as a flux (dpm-m 2.min™) or a velocity (dpm-min™) if the area of the reservoir is taken into account.

After an assessment of the 2?Rn inventory for the reservoir and the surface sources and sinks, the mass
balance equation was used to calculate the total benthic flux, representing both diffusive and advective
components. The total benthic flux (Jsenmic) Will exceed the estimated diffusive fluxes if there is also an
advective flux present. However, the co-dependence of diffusion and advection requires that the two terms
be considered together. Through the application of a one dimensional, vertical advective-diffusion model
initially developed by Craig (1969) to describe radiocarbon profiles in the deep sea and later applied by
Cable et al. (1996b) to model #*?Rn fluxes from sediment, the flux of radon supplied to the overlying water is
estimated using:

dC 22Cc  aC

—=K,— +to—+P-AC
dt o9z oz
where C is the radon concentration in the sediments; z is depth positive downwards; K, is the vertical
2c
diffusivity; F and 3, e the 2Rn concentration gradients across the sediment-water interface for
z z

dnffusmn and advection, respectively; w is the vertical advective velocity defined as positive downward
(m-min™); P is a zero-order production term of radon in the pore fluids due to recoil and other processes
after production via 2Ra; and IC is radioactive decay. In order to model radon activity in sediments, K, is
set equal to Dg, the effective wet sediment diffusion coefficient.

This model allows for manipulation of the advective velocity in determining the total benthic flux required to
balance the observed inventories in the water column. When fluid advection is included in this benthic
exchange model, such as the case of groundwater seeping through sediments, it is necessary to estimate
the radon concentration in these interstitial fluids to evaluate the total flux. Thus, the model aIIows
determination of the average seepage velocny assuming one can measure or estimate the ?’Rn
concentration in the advecting fluids, the ?Rn inventory in the overlying water, and the total benthic flux
(Jpentnic) required to support this inventory.

Due to variations in flow rates and water column ?Rn concentrations in surface inputs and outputs, a range
in values, rather than only an average, was used to estimate the upper and Iower limits of the “““Rn balance
(Table 1). Water samples were obtained from Pond C (minimum:10800 dpm-m™ maxnmum 18800 dpm-m®)
and streams entering North Arm (minimum: 1.02x10° dpm:- m™, maximum: 1 71x10 dpm-m). The addition
of 22Rn into Par Pond can then be estimated based on these concentrations and the upper and lower flow
rates into Par Pond. The loss of radon via flow through Par Pond Dam was calculated based on: (1) the
activity of the bottom 6 meters of water (minimum: 2330 dpm-m™, maximum: 7380 dpm-m™®), since the
siphons which regulate water flow are located i m the near bottom water and (2) the minimum and maximum
flow rate for the study period (0.24 and 1.70 m*-sec™, respectively).

Mlnrmum inputs were used along with the maximum outputs to calculate the maximum benthic input of

222Rn which would correspond to the greatest groundwater flow estlmates Conversely, the maximum inputs
and minimum outputs were used for estimating the minimum 2??Rn benthic source term. If advective
transport through the sediments were unimportant, diffusion and stream inputs should balance radon deca 1y
and other outputs. However there is a significant imbalance in the ?Rn budget (0.0 to 5.9 dpm-m™-min
average = 3.1 dpm-m2min™') which indicates that there must be another important source of radon to. the
lake. Thus, advective transport of radon in groundwater appears to be an important component of the total
benthic flux (Jpenmic)- Since advection appears to be important, diffusion cannot be included directly in the
.mass balance calculation due to the inter-dependence of these two terms. After this term is removed from
the balance, the total benthic flux (eg advectlon and diffusion) needed to bring the radon budget into
balance is between 2.8 and 7.8 dpm-m™-min”, with a best estimate of 5.5 + 1.0 dpm-mZmin
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In order to estimate a volumetric discharge of groundwater based on the radon balance using the advection-
diffusion model, a radon concentration term must be assigned to the advecting fluids. If there is no
advective flux through the sediment, the pore water ??Rn will reach an equilibrium concentration with the
#%Ra in the saturated sediment (Ceq x F'). An average porewater ??Rn equilibrium concentration of
(1.10£0.24)x10° dpm-m® (n=7) was estimated based on sediment equilibration experiments. This
concentration could be considered as a minimum fluid 2®Rn concentration since the pore fluids should
equilibrate with the sediment if there is no advection. An estimated maximum concentration was taken as
the geometric mean **Rn concentration (Cq) Of the groundwater wells, (1.72+0.64)x10° dpm-m™. The
estimated total flow of groundwater into Par Pond will ultimately be constrained by this range in
concentration of radon in the advecting fluids. Using these estimates, one may now calculate fluxes of
groundwater into the lake needed to bring the observed radon inventory into balance. Although this
approach does not indicate where the groundwater originates, it does allow for estimates of the total
discharge. It should be possible to use the *’Rn observations in the overlying water to locate areas of
higher and lower groundwater inputs. :

Table 1: Input and output *?Rn fluxes estimated for Par Pond. Data are presented as a maximum and
minimum as well as an average to account for most experimental uncertainties.

Minimum Maximum Average

Parameter (dpm-mZ-min™") (dpm-mZmin™) (dpm-m™-min™)
Input:
Diffusive Flux' 1.9 3.4 2.4+0.1
North Arm Stream?® 0.046 0.15 0.087 +0.033
Pond C? . 0.0088 0.11 0.027 + 0.034
Total 1.95 3.53 25+0.1
Output:
In Situ Decay® 2.9 6.0 49+1.0
Atmospheric Evasion 0.11 1.8 0.67 £0.16
Par Pond Dam? 0.0039 0.074 0.023 + 0.025
Total 3.01 7.87 56+1.0

'From Corbett et al., 1996.

®Maximum and minimum values are base on the highest and lowest values of flow rate and the
corresponding water concentrations of 2?Rn

3Calculated from the maximum and minimum values of the total ??Rn inventory multiplied by the
decay constant of 2?Rn.

When flow velocities are converted to total discharge over the studg area, the estimated groundwater
discharge into Par Pond based on the 222Rn balance is 0.35+0.16 m>sec™, with an upper limit of 0.76
m3.sec”. This assessment agrees reasonably well with the values obtained from traditional water budget
calculations (Table 2). This study indicates that a radon tracing approach can further constrain, and perhaps
improve, final estimates of groundwater contributions into standing bodies of water.

Table 2: Estimated groundwater flow rates and discharge based on two independent assessments: (1)
water balance; and (2) radon budget. Data for the water budget is presented as an upper limit
since we were unable to quantify sheetflow.

Groundwater Groundwater
Experimental Method Velocity Discharge
(cm-day ™) (m3.sec™)
Water Budget <0.79£0.10 <0.92+0.13
Radon Budget
Range 0.15-0.64 0.17-0.76
Best Estimate 0.30 £0.15 0.35+0.16

-27 -



Based on the combined water budget - radon balance approach, groundwater provides between 0.17 to 0.76
m>sec™ to the reservoir, equivalent to 0.9 to 4.0 meters of water distributed over the entire lake during the
study period. This represents 10 - 33% of the total estimated inflow from all sources into the lake. Since
much of the total input to the lake is via active pumping, the groundwater flow actually represents a much
larger fraction of the total natural inputs. Should pumping be discontinued, groundwater could supply as
much as 52% of the inputs into Par Pond.
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METHANE AS AN INDICATOR OF GROUNDWATER DISCHARGE: EXAMPLES FROM THE NE GULF
OF MEXICO AND FLORIDA BAY, FLORIDA, USA.
CHANTON Jeffrey P., BUGNA, Glynnis C., and BURNETT William C.

1. Abstract

The concentration of methane in groundwaters was 1000 times greater (61+9 puM) than concentrations in
nearshore (62+7 nM) and continental shelf waters (2715 nM). Methane budgets for these waters of the NE
Gulf of Mexico were consistent with the hypothesis that groundwater seepage or seawater recirculation
through the seabed is the dominant source of CH4 relative to benthic diffusive flux, riverine flux and in situ
water column production. Seepage/recirculation methane inputs into the water column of the study area
may account for 83-99% of the total CH4 inputs In Florida Bay, we used the natural tracers radon and
methane to survey for inputs of groundwater to the estuary. The greatest tracer concentrations were
consistently near the Florida Keys, a chain of limestone islands formed from an ancient coral reef. Direct
measurements of groundwater seepage confirmed the inferences made from interpreting the tracer data.

2. Introduction

Use of seepage meters to determine groundwater discharge to surface waters can be very time consuming.
Our group has investigated the use of geochemical tracers to detect the input of groundwater to the marine
environment. Both radon and methane have been investigated; this paper will briefly describe our methane
work. Methane was used by Kulm et al., (1986) as a tracer of hydrothermal activity. In the results presented
here, we show that

1. methane (and radon) concentrations are elevated in the groundwater of our study area,

2. a linear relationship exists between methane amount and seepage quantity, and

3. based on a budget approach, seepage is the main input term for methane in the waters of our study area.

The study area is located offshore of Florida, USA, about 80 km south-west of Tallahassee, where Florida
State University (FSU) is located. We collected groundwater samples from shallow wells; marine waters
were collected near the coast and in offshore zones within a ~ 620 km2 area which included the inner shelf
in the north-eastern part of the Gulf of Mexico. The area referred to as the nearshore zone is the area within
the barrier islands and sand shoals known locally as "reefs." A seepage meter transect was installed
perpendicular to shore near the FSU marine lab (FSUML). Five seepage meters were placed in the transect
which extended ~ 500 m offshore. Subsequently seepage measurements and samples for CH4 were taken
on a monthly basis.

Offshore in continental shelf waters we have observed an estuarine-like circulation. Fresh water from land
runoff overlies the more saline Gulf waters. During the summer a strong density gradient develops, and
warmer, less saline water floats over deeper water, forming a natural chamber over the bottom sediments.
Our site in the offshore waters is denoted "K tower."

3. Methods

We collected groundwater samples from wells with a 60-mL syringe which had a three-way stopcock on the
end. Samples were analysed within 6 hours. Other water samples were collected with a pump into 60-mL
BOD bottles. These samples were always analysed within 12 hours. Dissolved methane concentrations were
determined by using a Shimadzu 8A flame ionisation detection (FID) gas chromatograph. Nutrients were
measured in groundwaters: well waters, springs, sinkholes and rivers. After filtration (0.45 pm) we analysed
for phosphate, silicate (Strickland and Parsons, 1972), ammonia (Bower and Holm-Hansen, 1980), and
nitrate (Braman and Hendrix, 1989). Chlorinity was determined by using a standard silver nitrate titration
technique. We used seepage meters to determine groundwater seepage into the coastal zone (Lee, 1977;
Cable et al., 1996¢).

Separate methane budgets for the nearshore and offshore bottom waters within our study area were
produced to estimate the main source of CH4 to the waters of the study area. Sources of methane which we
considered included were benthic diffusion, groundwater seepage, riverine input and in situ production.
Sinks or loss terms which we considered included methane oxidation and the flux across either the air-water
interface in nearshore waters or across the thermocline in offshore bottom waters.

We used benthic chambers to determine the total (advective + diffusive) flux of CH4 across the sediment-
water interface. The chambers had on an open port to allow seepage during the experiments. Fifty nine L
clear plastic chambers were used for nearshore work, and offshore we used a seepage-meter type drum.
The total CH4 flux was calculated from the increase in methane in the chambers over the incubation period,
the chamber size, and the incubation time.
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A peeper (porewater equilibration sampler ) was used to measure porewater concentrations of methane at
1-cm intervals (Hesslein, 1976). Offshore, SCUBA divers collected porewater samples using perforated end
stainless steel tubes. The flux of methane flux across the sediment-water interface due to molecular
diffusion was calculated from the porewater CH4 gradient by use of Fick's law (Berner, 1971).

River methane flux to the nearshore waters were calculated by factoring their dissolved CH4 concentrations
by their annual mean flow rates and dividing by the area of the sampled nearshore waters. Flow rates were
taken from the USGS river data for north-west Florida in 1981 and 1993. An area of 120 km? was used in
the calculations

To determine net methane production and/or oxidation in the water column we followed the methods of
Shanks and Edmondson, (1989) to produce marine snow. We rotated 2IL of sea water in glass carboys.
Marine snow formed in a day. Headspace samples were withdrawn on a daily basis and analysed on the gas
chromatograph.

4. Results And Discussion

The mean concentration of CHy in well water was 86+11 puM (n=56; Figure 1), and values for ammonia,
phosphate, silicate and nitrate+nitrite were 10£1 pM (n=58), 1.9+0.2 uM (n=59), 130£15 uyM (n=30) and
0.25+0.05 uM (n=21), respectively (Figure 1). There was a significant correlation between ammonia and
methane (r = +0.751, p < 0.005). Sinkholes and springs had CH4 values of 540+290 nM (n=5) and
1600+£1100 nM (n=10), (Figure 1). These systems have lower methane and ammonia and higher nitrate
concentrations than those measured in well waters. The methane river value was 35070 nM (n=9; Figure
1). The rivers contained 29+14 dpm-L-1 222Rn (n=9), 2.1+0.4 yM ammonia (n=7), 0.48+0.23 yM phosphate
(n=7) and 69128 uM silicate (n=7) (Figure 1). Fu and Winchester (1994b) reported nitrate concentrations of
16.410.7 pM, 42+3 uM and 3.630.4 pM in the Apalachicola, Ochlockonee and Sopchoppy Rivers,
respectively.

222Rn values were high in well waters and springs (Figure 1). Well water was enriched in CH; and
ammonia, and depleted in NO3+NO,, but springs were depleted in CH4 and contained NO3+NO.. The wells
apparently sampled more reducing portions of the aquifer than did springs.

Methane concentration and seepage rates in the nearshore decreased going offshore (Figure 2). We
calculated CH, inventories by integrating concentrations with respect to water depth along the transect and
distance from shore. Seepage inventories were determined by integrating the measured seepage rates with
distance from shore. Over 14 sampling periods integrated methane and seepage showed a positive
correlation of +0.69 (significant at p < 0.05 (Figure 2c)). suggesting that an increase in seepage results in an
increase in dissolved CH4 concentrations in coastal areas. Similar results have been shown for Radon
(Cable et al., 1996a,b).

Over a hundred offshore sites were sampled for water column 222Rn and CH,4 from July, 1992 to
September, 1994. In offshore waters methane concentration increased with depth to 20-25 nM, especially in
summer in the presence of a strong pycnocline. The data suggested a common benthic source for radon
and methane.
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5. Methane Budgets

Total benthic flux experiments, conducted to measure both diffusive and seepage methane flux gave a
mean value of 21.622.7 nmol-m2-min-! for nearshore waters (n=9; Table 1) and 1.6+0.9 nmol-m2-min1,
n=12 for offshore waters. The offshore flux was 14 times lower than the nearshore benthic flux.

Table 1. Sources and sinks of methane in the NE Gulf of Mexico water column in the nearshore
environment and for the bottom waters of the inner continental shelf near the K-Tower site. From Bugna et
al., 1996*.

source/sink nearshore K-Tower
(nmol-m2-min-1)

sources

net methane production 0.810.7(3) -

total benthic flux 21.6£2.7 1.6£0.9
molecular diffusion 0.6x0.5 0.013x0.008
total benthic flux - molecular diffusion 21 .01-2.8(b) 1.62£0.9
riverine flux 2.910.3
sinks ©

net methane oxidation 0.410.5@ 0.5+0.4

flux to the atmosphere 25.0+3.0 B

flux across the thermocline 1.1+1 _0(9)

(a) observed in three incubation experiments

(b) total CH4 flux contributed by three rivers (Carabelle, Ochlockonee and Sopchoppy)

(c) observed in eight incubation experiments

(d) calculated as the difference between the total source flux and net methane oxidation; calculated

fluxes across the air-water interface based on measured methane concentrations and wind speeds

yielded values ranging from 11 to 34 nmol-m 2-min~1, with a mean value of 23+6 nmol- m2 min-*.

(e) calculated as the difference between the total source flux and net oxidation; fluxes across the

thermocline calculated from measured methane concentrations ranged from 0.80 to 16 nmol-m-

z-min': with a mean of 52 nmol-m2-min-! (n=9). However, 50% of the values were < 2 nmol'm -
-min

*Taken from Bugna et al., 1996 Geochimica et Cosmochimica Acta, copyright 1996 with permission from
Elsevier Science Ltd., The Boulevard, Langford Lane, Kidlington OX5 1GB, UK.

Diffusive methane fluxes were calculated from concentration gradients with Fick's law. For nearshore
waters, the mean diffusive CHy flux was 0.6+0.5 nmol-m2-min-!, 44 times smaller than the measured total
benthic flux (Table 1). Offshore, a methane diffusive flux of 0.013 nmol-m2-min-! across the sediment-water
interface was calculated. Offshore, the diffusive methane flux was about 2 orders of magnitude smaller than
the diffusive flux.

Apparently some processes other than diffusion play an important role in transporting methane from the
sediment. We can rule some possible factors such out ebullition, which was never observed in our study
area, and irrigation, as macroinfauna are scarce in the sandy sediments.

Using benthic flux values and porewater methane concentrations the seepage rates required to support the
measured benthic fluxes were predicted by assuming that the seepage supplied methane to the chambers
at a rate equal to the seepage rate times the methane concentration.

seepage rate (mL-m2:min') = (Jpenthos - Jdiff)/[CHalpw) (1

where Jpenthos and Jdiff are the total (advective+diffusive) and diffusive methane fluxes coming from the
sediments in nmol-m=-min-1, respectively, and [CH4]w is the porewater methane concentration in pmol-L-".
At three sites, the seepage rates predicted (using Eq. 1) and the measured seepage rates were comparable,
implying that the resulting methane flux to the water column may be due to upward advection of porewater
methane due to groundwater seepage.
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If the total flux measurements (Jpenthos) depend only on molecular diffusion and advection (seepage), then
the methane flux due to advection (Jseep) Would be the difference between Jpenthos and Jdiff. The methane
fluxes, due to seepage (Jseep) for nearshore and offshore waters are thus 21.0+2.8 and 1.6+0.9 nmol-m-
2.min , respectively (Table 1).

For the nearshore methane budget, a total riverine CH4 flux to nearshore waters of 2.9+0.3 nmol-m=2-min-!
(n=3) was obtained, an order of magnitude lower than the seepage flux.

In nearshore experiments, net methane oxidation rates ranged from 0.1 to 2 nmol-L-1-day-! while in offshore
experiments rates ranged from 0.04 to 0.2 nmol-L-'-day"! (n=4, Table 1). Rates were converted to an areal
basis by multiplying the oxidation rate by the water depth. This resulted in a net oxidation rate of 0.8+0.7
nmol-m2-min-! (n=8) for nearshore waters and a value of 0.5+0.4 nmol-m=2-min-! (n=4, Table 2) for offshore
waters. On an areal basis, the mean net nearshore and offshore oxidation rates were comparable because
offshore waters were deeper. These values were low compared to total benthic fluxes.

Table 2. Tracer concentrations by region, and significance (difference) relative to Key Basins in Florida Bay,
Florida, USA. Key Basins were defined as sites located on the Florida Bay side of the upper Keys (Key
Largo, Plantation Key and the Matecumbe Keys). North Coast Sties were along the Everglades Coast in
muddy bottomed areas. Mid NE sites were in the Northeastern areas of the bay and typically had very little
sediments overlying a rock bay floor. Mid Bay sites were typically basins within the mud-banked areas of the
middle bay. (See Chanton and Burnett, 1995).

Region 222Rn : 226Ra CH4 Seepage
Rate

dpm/L,s,np dpm/L s, n, p nMs,n, p mL x m2 min-1
Key Basins 3.23 (1.98, 21) 1.30 (0.56, 21) 46.1 (23.2, 21) 20 (19)
Mid Bay 2.03 (1.16, 28, .005) 1.24 (0.34, 28, 0.32) 17.0 (8.9, 27, 0.00) 6 (2
N. Coast 1.37 (1.01, 5, 0.03) 0.73 (0.40, 5, 0.02) 21.8 (18.5, 5, 0.02) 8 (6)
Mid NE 2.44 (1.92, 10, 0.15) 1.25 (0.39, 9, 0.42) 12.5 (6.5, 10, 0.00) -

In addition to methane oxidation, sinks of methane were the flux across the air-water interface in nearshore
waters and across the thermocline in offshore bottom waters. The methane flux across the air-water
interface was calculated using the equation from Macintyre et al. (1995)

Jair-water = k(Cw - aCatm) )

where Jair-water is the methane flux across the air-water interface in nmol-m-2-min-1, Catm is the
atmospheric methane concentration in nmol-m3, Cyy is the dissolved methane concentration in nmol-m=, a
is the Ostwald solubility coefficient, and k is the gas exchange transfer coefficient in m-min-1. NOAA coastal
wind speed data from north Florida range from 1.6 to 3.4 m-s' and were used to estimate "k." We
calculated k values that ranged from 1.9x10 to 5.6x104 m-min-! (Macintyre et al., 1995).

For offshore bottom waters, the flux across the thermocline (Jiermociine) Was calculated by using equation
(3), and assuming steady state.

Jthermociine = Kv(AC/ Az), (3)

where Ky is the vertical eddy diffusivity in cm2-s1 and (AC/ Az) is the measured methane concentration
gradient across the thermocline. We used a Ky value of 0.2 cm?-s™! (e.g., Ward et al., 1987; Ku and Luo,
1994). Fluxes across the thermocline were estimated to range from 0.8+0.2 to 16x0.7 nmol-m2-min-! with a
mean of 5+2 nmol-m2-min~! (n=9). Summaries of the sources and sinks of methane to the nearshore and
offshore waters are shown in Table 1. The Jajr-water aNd Jthermocine Values required to balance the methane
input terms were 25+3 and 1.1%1.0 nmol-m2-min-! for nearshore sites and K-Tower, respectively. Nearshore
air-water methane fluxes calculated using measured methane concentrations and wind speed ranged from
11 to 34 nmol-m2-min-! with a mean of 23+6 nmol-m2-min-'. For offshore waters, the methane flux across
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the thermocline required to balance the methane budget was only 25% of the calculated mean value of 5+2
nmol-m=2-min-1. However, the range of calculated fluxes across the thermocline was high, and over 50% of
the values obtained were less than 2 nmol-m2-min-! (n=5), which were within the range of the Jthermocline
value required to balance the methane budget for offshore waters.

Even though not strictly conservative, we suggest that CH4 may be a good tracer of SGD into coastal
waters. In general, groundwater had concentrations 3 orders of magnitude higher than coastal and
continental shelf waters, which had mean methane concentrations of 62+7 nM (n=51) and 27+5 nM (n=133),
respectively. It was also demonstrated that the predominant source of methane to the water column is
consistent with a benthic source. Measured seepage rates factored by porewater methane concentrations
are sufficient to support measured benthic fluxes. Additionally, CH4 and seepage inventories measured at a
nearshore seepage meter transect were correlated suggesting that dissolved CH,4 is derived from
groundwater discharge.

7. Application to Florida Bay

The purpose of our work in Florida Bay was to perform a preliminary evaluation of the significance of
groundwater discharge as a source of nutrient elements to this large shallow coastal lagoon lying between
the southern tip of the Florida mainland and the Keys. The seagrass die-offs and water quality problems
observed in the bay could be related to excess nutrient loading (LaPoint and Clark, 1992). Groundwater-
derived nutrients, therefore, whether from sewage or natural sources, may be important to the overall
budget of Florida Bay. Groundwater flow rates in the limestone in the Florida Keys are as great as 3.7 m d*!
(Lapoint et al., 1990).

We have attempted to locate areas in the bay where groundwater seepage is more pronounced by
reconnaissance surveys of the concentrations of radon and methane in the bay waters. These trace gases
appear to function as natural indicators of seepage of groundwaters into standing bodies of water (Cable et
al., 1995a,b; Bugna et al., 1996). Using the tracer information as a guide, we made direct measurements of
groundwater seepage at selected sites using an instrument design modified from Lee (1977).

As shown above, for results from the NE Gulf of Mexico study sites, the results of the tracer analyses for
groundwater samples collected on and offshore of Key Largo exhibited elevated tracer concentrations
relative to surface waters. Therefore the first criterion for the application of these tracers to the problem of
estimating groundwater discharge to Florida Bay was met.

In Florida Bay surface waters radon concentrations varied from <1 dpm/L to >20 dpm/L while methane
varied from 5 to 100 nM. Samples from the Key Basins were more elevated in groundwater tracer
concentrations (e.g. radon and methane) than were samples from the other regions (Table 2). The tracer
results suggest that the greatest groundwater seepage into Florida Bay occurs from and along the Keys, and
that seepage in mid-bay, East Bay and North Bay sites is of lesser importance. A lack of correlation
between radon and methane in surface waters was observed, but this is not a source of concern as the
correlation between these tracers was not observed in groundwaters in the Keys either. Radon in
groundwater is elevated because of production from radium while methane is produced from the decay of
organic matter. While both processes occur within the aquifer and result in elevated tracer concentrations
within groundwaters, they are not linked.

The results of direct measurements of groundwater seepage are grouped in three geographic groupings: (1)
open bay; (2) northern and eastern Florida Bay; and (3) areas near the Keys. In presentation of the seepage
results, we report a mean and standard deviation for the seepage rate for each location averaged over at
least two days of repeated measurements (Table 2). As predicted from tracer concentration, greatest
seepage was observed in the areas near the Florida Keys.

8. Acknowledgements

This work was funded by the Ocean Sciences Division of the National Science Foundation, EarthWatch,
Inc., the Florida Department of the Environment and the NOAA Seagrant Program.

-35-



9. References

Berner R.A. 1971. Principles of Chemical Sedimentology. McGraw-Hill, Inc.

Bower C.E. and T. Holm-Hansen. 1980. A salicylate-hypochlorite method for determining ammonia in
seawater. Can. J. Fish. Aquat. Sci. 37, 794-798.

Braman R. S. and S.A. Hendrix. 1989. Nanogram nitrite and nitrate determination in environmental and
biological materials by Vanadium (Ill) reduction with chemiluminescence detection. Anal. Chem. 61,
2715-2718.

Bugna, G.C., J.P. Chanton, J.E. Young, W.C. Burnett and P.H. Cable. The importance of groundwater
discharge to the methane budget of nearshore and continental shelf waters of the NE Gulf of
Mexico. Geochimica et Cosmochimica Acta, in press.

Cable J., G. Bugna, W. Burnett and J. Chanton. 1996a. Application of Rn-222 and CH4 or assessment of
groundwater discharge to the ocean. Limnol. Oceanogr. (in press).

Cabile, J., W. Burnett, J. Chanton, and G. A. Weatherly. 1996b. Estimating groundwater discharge into the
NE Gulf of Mexico using 222Rn. Earth and Planetary Science Letters, in press.

Cable, J., W. Burnett, J. Chanton, P. Cable and R. Corbett. 1996¢c. Field evaluation of seepage meters for
coastal marine work. Est. Coast. Shelf Sci., in press.

Fu J.-M. and J.W. Winchester. 1994b. Inference of nitrogen cycling in three watersheds of northern Florida,
USA, by multivariate statistical analysis. Geochim. et Cosmochim. Acta 58, 15691-1600.

Hesslein R.H. 1976. An in situ sampler for close interval pore water studies. Limnol. Oceanogr. 21, 912-914.

Ku T. and S. Luo. 1994. New Appraisal of Radium 226 as a large-scale oceanic mixing tracer. J. Geophys.
Res. 99, 10255-10273.

Kuom L. D. et al. 1986. Oregon Subduction Zone: Venting, Fauna, and Carbonates. Science 231, 561-566.

Lapoint, B. and M. Clark. 1992. Nutrient inputs from the watershed and coastal eutrophication in the Florida
Keys. Estuaries 15, 465-476.

Lapointe, B.E., J.D. O'Connell and G.S. Garrett. 1990. Nutrient couplings between on-site sewage disposal
systems, groundwaters, and nearshore surface waters of the Florida Keys. Biogeochemistry, 10,
289-307.

Lee D.R. 1977. A device for measuring seepage flux in lakes and estuaries. Limnol. Oceanogr. 22, 140-147.

Macintyre, S., R. Wanninkhof and J.P. Chanton. 1995. Trace gas exchange across air-water interface in
freshwater and coastal marine environments. In Biogenic Trace Gases: Measuring Emissions from
Soil and Water (ed. P. A. Matson and R. C. Harriss), pp. 52-97. Blackwell Science Ltd.

Shanks, A. L. and E.W. Edmondson. 1989. Laboratory-made artificial marine snow: a biological model of
the real thing. Mar. Biol. 101, 463-470.

Strickland J.D.H. and T.R. Parsons 1972. A Practical Handbook of Seawater Analysis. Fisheries Research
Board of Canada.

Ward B. B., K. A. Kilpatrick, P.C. Novelli and M.|l. Scranton. 1987. Methane oxidation and methane fluxes in
the ocean surface layer and deep anoxic waters. Nature 327, 226-229.

-36-



GROUNDWATER DISCHARGE AND FRESHWATER-SALINE WATER EXANGE IN KARSTIC COASTAL
ZONES
DROGUE, Claude

1. Abstract

Coastal zones consisting of karstified carbonate rock can be the sites of very large underground flows of
water into the sea and, in some cases, massive entry of sea water into the karst subsoil. Among the regions
studied, the Mediterranean coasts of southern and south-eastern Europe and the Middle East possess
representative examples of these phenomena.

Exchanges of fresh water and salt water are caused by hydrodynamic mechanisms related to the formation
and structure of karst networks, hydraulic gradients at the interface between the land and the sea and the
contrasts in density between sea water and underground fresh water. Thus, in the Mediterranean,
underground springs and deep coastal aquifers formed during ancient marine regressions. One of the most
marked occurred 7 to 9 million years ago (during the Messinian) with regression to nearly 2,000 metres
below the present level. There was also a 150-m regression during the Wiirm glacial stage 35,000 years
ago. Springs and caves that formed then are now below sea level. Some are known at 30 m below sea level
in the South of France, as much as 60 m below sea level on the coast of former Yugoslavia, 80 m below
sea level near the coast of mainland Greece, 180 m below sea level off the Lebanon, etc. Brackish water
flows from them at discharges of 10 to 30 m*s™ or more.

Hydraulic gradients at the coast are caused by the following factors : the flow of underground water,
fluctuations in sea level resulting in particular from tides and wind and dlfferences in the density of
underground fresh water and sea water (the difference is about 0.0264 kg dm™ at 25° centigrade in the
Mediterranean).

These factors can sometimes cause a reversal of the current and massive penetratlon of sea water into the
karst, for example 0.3 to 0.4 m® s on the island of Cephalonia in Greece and in the South of France.

Tidal waves may be propagated in the karst for distances of several kilometres. The difference in phase
and the reduction in amplitude of these waves are used for calculating the diffusion features of the aquifer.

2. Introduction

Karstic aquifers in coastal zones can discharge large quantities of underground water into the sea. The
special feature of these flows—in companson with those of other types of aquifer—lies in the occasional
flow concentration, which can reach 30 m® s at karstic springs. These springs may be on the coast or at
sea at depths of up to several tens of metres. The flow state (discharge) of underground water depends on
the piezometric conditions in the aquifer (infiltration of meteoric water and infiltration of watercourses) and
fluctuations in sea level. With, for example, the effect of ocean tides, complex hydrodynamic mechanisms
result in certain regions in the phenomenon of massive inflow of sea water combined with equally
substantial outflow of underground brackish water.

These phenomena are the consequences of the special way in which karstic aquifers are formed. Several
examples are described here.

2.1 The Formation Of Coastal Karstic Aquifers

Substantial flow of underground water in massive carbonate rock can only take place after the degradation
of the rock as a result of first, tectonic fracturing, and then, the karstification of the fracture planes by
aggressive water. With a coastal carbonate rock massif, if sea level is stable during a karstification period
(0.5 million years is sufficient), springs will form at this level on the coast (Figure 1 A).

In diagrammatic terms, two types of development may then occur: either a comparative fall in sea level
(regression), with the springs left ‘hanging’ above the sea, as can be seen in particular in south-east Java
(Figure 1B), or a rise in sea level (transgression) and the resulting submersion of the springs. This can be
observed today in coastal karstic aquifers around the Mediterranean (Figure 1C).
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Figure 1. The effects of fluctuations in sea level on the creation of coastal karstic springs. A, former sea
level; B, marine regression; C, marine transgression.

Indeed, in the Cainozoic era, the Mediterranean was in a closed basin with a hot climate. The sea level then
fell to nearly 2,000 m below the present level during the Messinian (7 to 9 m.y. BP) (Hsu et al. 1978;
Steckler and Watts, 1980). After a general relative transgression to - 110 m, the Wiirm glacial stage
occurred 35,000 y. BP (Monaco et al. 1972). These marine transgressions therefore submerged the springs
that had formed during periods in which the Mediterranean had been at a low level. For example, some are
known at 30 m below sea level in the South of France, as much as 60 m below sea level on the coast of
former Slovenia, 80 m below sea level near the coast of mainland Greece, and 180 m below sea level in

Lebanon.

2.2 Underground Flows Connected With The Sea In Coastal Karstic Aquifers

The features of karstic underground water flows in coastal zones are firstly the existence of flows of several
tens of cubic metres per second from time to time from coastal or underwater springs, and secondly the
possibility of occasional massive intake of sea water by the aquifer. This sea water mixes with the
~ underground water and flows out in brackish form. The most frequent case is probably that of coastal
springs whose natural flow is reversed during very high tides as the level of the sea is temporarily higher
than that of the underground water near the coast. The current is reversed at half-tide and low tide, the sea
water is discharged and normal flow retumns at the spring. This was described in particular in the Bahamas
(Stringfield and Legrand, 1971; Kohout, 1960) and on the Adriatic coast of Croatia (Kuscer, 1950). At Spring
Bayou in Florida (USA), brackish water from the estuary of the Enclote River flows underground for 3kmto
Tarpon Lake when the water level in the lake is lower than that of the river.

These are both examples of inflow alternating with outflow. It is more rare to observe intake of sea water
occurring simultaneously with the discharge of underground water. Two examples of this phenomenon are
described below.
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In the South of France, the flood flow of the coastal Roubine Spring can reach 6 m*.s™. The flow is only 0.1
to 0.2 m® s during low water periods. Intake of sea water occurs during these periods of small flow (Figure
2 and 3). A salt water current enters the spring, shdmg below the outﬂow of underground water. The highest
flows observed were 0.20 m®s™ sea water flowing in and 0.18 m® s™ underground water flowing out (Drogue
and.Bidaux, 1986). The underground water dlscharged is brackish, wuth conductivity of 4.2 t0 4.3. ms.cm™ at
28°C; the conductivity of the sea water inflow is 48 to 56 ms.cm™, whereas that of the uncontaminated
karstic underground water is 0.6 ms cm™ (Figure 2). The superposutlon at the spring of two flows in opposnte
directions is caused by the difference i |n density. The density of the underground water is 0.924 kg dm™ and
that of the sea water is 1,0258 kg dm™. Intake occurs during a tide (amplitude 0.4 in the region) coinciding
with wind that raises the sea level.
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Figure 2. - Roubine Spring (South of France) Example of the time-evolution of conductivity @) and
temperature (O) in the spring into which the salt-water flows, compared with water levels in the spring @)
and with wind direction (arrows). A, No inflow of salt water, but start of return flow is indicated by a fall in
temperature. This is fresh water in the channel affected by the outside temperature. B, Inflow has started
suddenly and is revealed by stable conductivity ; however, temperatures are irregular. this is the effect of
the thermal heterogeneity of the water in lagoon. The lowest temperature of the water flowing in is 14.9°C;
the highest is 19.8°C (the temperature of the spring water is 17.8°C). C, Inflows ceases suddenly. The
spring flows normally once more. Inflow occurs when there is a rise in water level of 0.35 m caused by
easterly winds. (Drogue and Bidaux, 1986)
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Figure 3. - Roubine Spring (South of France) Diagrammatic representation of the karstic aquifer and the
organisation of flows. Fine arrows, fresh water; bold and shaded arrows, salt water. The flow of salt water
that runs into the spring must descend by gravity through the aquifer (A) to the deep salt water
encroachment (B). This flow is then carried to submarine springs. There is thus double contamination of
underground water by sea water : from below in the aquifer and from above. Note that the large-scale flow
of water into the spring carries large quantities of organic matter into the underground zone ; this could form
the basis for a totally unknown biotope. (For reasons of simplicity, the arrows in A do not show any
dispersion that may take place in the aquifer). (Drogue and Bidaux, 1986)
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On the south coast of the island of Cephalonia in the lonian archipelago in Greece, an almost permanent
sea current of up to 0.4 m® s™ enters the karstic subsoil. Maurin and Zoetl (1967) used a tracer to show that
the sea water reappears on the other side of the island at brackish springs. The apparent underground route
is 15.km long. Various hypotheses were put forward for over a century to account for the phenomenon
although none has been supported by experimental data (Crosby and Crosby, 1896; Fuller, 1906; Glanz,
1965; Zolt, 1974; Bogli, 1978; Cooper et al. 1964; Stringfield and Legrand, 1969). A new study

demonstrated the hydrodynamic mechanism (Drogue and Soulios 1988; Drogue, 1989).

A permanent current crosses the lonian archipelago from SSE to NNW (Figure 4 and Figure 5). Because of
this, the sea level on the side of the island facing the current (where inflow occurs) is higher than the sea
level on the opposite side (where the sea water reappears). Comparative levelling using laser sighting
showed a difference in level of up to 0.30 m, £0.02 m, according to the wind direction. Sea water intake is
the result of this hydraulic gradient and is maintained by the differences in densities (density currents) of the
sea water (1.0258 kg dm™ at 28°C) and the underground water discharge (1.0002 kg dm™)
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Figure 4. - The island of Cephalonia in the lonian Sea Location of the seawater inflow zone (sinkholes) and
the Sami springs where resurgence of salt water occurs (Drogue, 1989).
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Figure 5. - a) Diagram of underground flow in the karst in Cephalonia between sinkholes where there is
inflow of sea water and the brackish springs (vertical exaggeration 3 : 1). Inflowing salt water is mixed with
fresh water (infiltrated rainwater) in the deep karst. (b) Simplified representation, not to scale, illustrating.the
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