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1. Introduction
Lake Kivu, located on the border of Rwanda and the Democratic Republic of Congo is
one of the world’s most unique lakes, and at the same time, potentially one of the most
dangerous. Sitting at 1460 m elevation, the lake is the highest of the great lakes in the
western branch of the East African Rift (Fig. 1).

Figure 1. Location of Lake Kivu within the northern sector of the Western rift, East
Africa. The ~1450 m-high Lake Kivu drains southward to Lake Tanganyika through
the South Kivu volcanic province, and it is dammed to the north by the Virunga
volcanic province, a chain of active (Nyiragongo, Nyamulagira) and dormant
volcanoes. Red triangles are active volcanoes; orange stars are locations of 2008 and
2010 earthquakes; black squares are locations of permanent seismometers and GPS
(Kigali, Rwanda; Mbarara, Uganda, and Goma Volcano Observatory network).

The lake currently overflows to Lake Tanganyika to the south, but the modern drainage
was formed after volcanic damming severed a former overflow to Lake Edward and to
Lake Victoria. The maximum water depth is about 480 m, and much of the northern basin
of the lake is 400 m or deeper. The uniqueness and the danger of Lake Kivu arises from

its density stratification in which water temperatures rise below 70 m because warm,
saline springs enter the lake at depth. In lakes, water temperature normally decreases
with depth because the density of water is greatest near 4°C. The inverted temperature
structure of Kivu is maintained because salinity also increases with depth and offsets the
increased buoyancy that increasing temperature imparts to the water column.
Consequently, the water below 70 m and especially below 260 m is both saline and gascharged (supersaturated in CH4 and CO2 at STP) due to the deep springs that are a source
of warm, salty, and carbon dioxide-rich water. The danger in the Lake Kivu system is
that a limnic eruption (or violent degassing) such as has happened at Lakes Monoun and
Nyos in Cameroun could result from one or a combination of several possible scenarios
including: 1) increasing gas concentrations at depth, 2) upward displacement of deep
water, or 3) variation in temperature or flows of the deep springs. An important
difference from those other lakes is the volume of contained gas in Lake Kivu is
approximately 1000 times greater than the Cameroonian lakes that erupted and the
pressures are even greater because of the greater lake depth. Consequently, the energy
release from a degassing event would be much greater and the human toll much greater.
There is evidence in the paleolimnologic record of Lake Kivu and from genetic analysis
of the fish fauna (and extinctions) that catastrophic turnover events have occurred in the
past although the causation is those events is undefined.
The groundwater sources for these warm, saline springs gain their salt and gas content by
interacting with the local volcanic rocks and soils, and from carbon dioxide degassing
from the magma feeding the active Nyamulagira and Nyiragongo volcanoes just 10 to 15
km north of the lake. The relative proportions of the two contributions (groundwater
draining volcanic soils, direct magma degassing) remain unknown. In addition to CO2
microbial methane production contributes significantly to the total gas charge with the
sources of methane production poorly constrained. Likewise, the distribution of volcanic
vents and possible eruptive centers beneath the lake remains poorly constrained although
the current low resolution bathymetry does indicate cone-like structures on the lake
bottom. The salts and CO2 increase the density of lake water below 260 m, trapping the
dissolved CO2 and methane in the deep waters, with very slow vertical transport of gas
and water due to the stable stratification (Fig. 2; Schmid et al. 2005).
About two thirds of the dissolved methane in the lake water is produced in the lake by
anaerobic bacteria directly from carbon dioxide and the remaining third by bacterial
decomposition of organic matter (Deuser et al. 1973). Recently increasing methane
concentrations at depth have been reported (Schmid et al. 2005) with a suggestion that
methane concentrations could exceed in situ saturation within one hundred years making
a gas eruption increasingly probable. It has been suggested that altered carbon cycling in
the upper mixed layer has led to higher sedimentation of organic carbon and increased
production of biogenic methane, but in fact it is as likely that geogenic methane
formation may also have increased so the source of the increase is unknown. Even the
reported increase in CH4 is uncertain because of the plethora of methods that have been
used and the low frequency of measurements over the last 60 years. Although both
methane and CO2 are supersaturated below 260 m, the lower solubility of methane

Figure 2. Vertical profiles of temperature (T), salinity (S), and dissolved gas
concentration in Lake Kivu in February 2004. The orange line is the CO2
concentration calculated from pH and alkalinity, the red line is the CH4 concentration
assuming a constant CH4/CO2 ratio, the open circles show the gas concentrations
measured in November 2003, and the triangles show the CH4 concentrations
measured with the Capsum Mets sensor. The oxygen concentrations measured with
the CTD probe and using the Winkler method are shown by the magenta line and the
magenta circles, respectively (Schmid et al. 2005).

results in it being closest to supersaturation at in situ pressures and most likely to initiate
a degassing event (which would then strip CO2 leading to positive feedback yielding the
release of large volumes of gas). If gas concentrations are increasing, then active
methods to relieve the gas pressure are urgently required. Fortunately the methane
reserves are large enough to be attractive for energy production and several leases are
underdevelopment to extract the methane for electricity production. However, this is a
unique energy source and novel engineering will be required to extract the gas safely.
Even with more traditional hydrocarbon extraction and a history of safe extraction from
deep subaqueous reserves, the recent blowout in the Gulf of Mexico reminds all that great
care must be taken with gas rich reserves as the released forces can be enormous if not
contained.
Although the stratification of the lake has been stable since it became known to science,
in the 1930s, the sediment record suggests that the lake has overturned with significant
vertical mixing at least five times in the last 6,000 years (Haberyan and Hecky, 1987)
when the unique thermohaline stratification likely originated in Kivu. These events

appear to be tied to volcanic events, but the exact perturbations (underwater magmatic
eruptions, rapid heating, earthquake-triggered landslides causing vertical displacement, or
pre-release increases in gas concentrations or a combination of such events) that led to
the overturns are unknown. Also it is uncertain whether the turnover events effected
complete mixing of the entire lake volume or some fraction of the upper water column.
All that is clear from the available microfossil record is that the aquatic productivity of
the upper mixed layer ceased for a substantial time interval giving rise to unique
sedimentary deposits. The timeline for these overturn events is also consistent with
results from the analysis of the genetics of haplochromine fish species (cichlids) in the
lake.
The Kivu fish fauna is unique among the African lakes, which are famous for their
endemic cichlid species flocks. In contrast to the species-rich condition of the other lakes,
Kivu has the lowest species diversity of the African great lakes despite genomic evidence
(Verheyen et al. 2003; Elmer et al. 2009) that the cichlids in Kivu were ancestral to the
highly developed species flocks in Lakes Edward and Victoria (Fig. 3).

Figure 3. Proposed colonization pathway from ancestral haplochromine stock of Kivu
leading to origin of endemic species flocks in Lake Edward-George and Victoria
(Verheyen et al. 2003).

The lack of diversification of species in Lake Kivu is almost certainly due to setbacks and
extinctions in the evolutionary process as the lake itself has similar habitat characteristics
that have led to great diversification in the other lakes. Verheyen et al. (2003) suggested
that an arid period such as led to the desiccation of Lake Victoria at the end of the
Pleistocene may have caused the setback in the genetic diversification of the Kivu
incipient species flock. However, although the water level of Lake Kivu did decline by
as much as 300 m during the late Pleistocene, it was still a deep and relatively fresh lake
(Haberyan and Hecky 1987). It is more likely that the most extreme extinction event
coincided with the violent initiation of the modern thermohaline circulation
approximately 6000 years ago.

Current estimations of gas concentrations indicate that, if a large perturbation mixed the
lake completely vertically, up to 300 cubic kilometers of carbon dioxide and 60 cubic
kilometers of methane could be released into the atmosphere, assuming all of the
dissolved gas in the lake is released at standard temperature and pressure. The
instantaneous release of such large quantities of carbon dioxide and methane poses a
severe suffocation hazard to the estimated 2 million people who live on the shores of the
lake. On the other hand, the safe and controlled extraction of the methane will be a
critical economic development tool in this energy-starved region, as recognized in the
resource sharing treaty between Rwanda and the Democratic Republic of Congo. But
even a successful and safe extraction process will require the disruption of the
delicate balance of biological, limnological, and volcanological processes in the lake
that have resulted in the current structure and properties of the lake. The multidisciplinary group assembled for the workshop identified large gaps in our
knowledge of this complex system, as outlined below, highlighting the critical and
urgent need for more data to guide large-scale extraction enterprises.
Urgency to increase our understanding of this complex system arises from the dynamics
of the Kivu rift-lake system. Earthquakes and volcanic eruptions during even the last 100
years of historical record bear witness to the geological turmoil in the region. Some
noteworthy geophysical events are:
a) Recent damaging earthquakes: 3 February 2008, moment magnitude Mw = 5.9;
28 January 2010, body wave magnitude mb = 5.2; 5 October 2008, body wave
magnitude mb 5.3 (Fig. 1).
b) Regular volcanic eruptions at Nyiragongo and Nyamulagira. Lava flows that
entered or reached Lake Kivu’s shores since 1900 include: Nyiragongo 2002
(Smets et al., 2010a); Nyamuagira 1948 (Tuttle et al., 1990), 1938-40, 1912
(Fig. 1).
c) Landslides along the greater than 1000 m high escarpments bounding the rift
valley, and the deeply incised volcanic terrain, with the most recently
documented in southern Uganda in March 2010.
These regional earthquake, volcanic, and landslide hazards are in addition to any
technical issues related to large-scale methane extraction projects. These natural events
are of sufficient energy and magnitude and frequency that they could jeopardize even a
well-designed system unless the system is hardened against these risks. Without
understanding of the processes which led to significant and violent overturns of the past
5000 years, any designed system for extraction may be put at risk and in the worst case
could aggravate the risk of a future limnic eruption. The certainty of the presence of
significant geological hazards amplified by the unique condition of Kivu which poses its
own risks, all point to the urgent need for more basic research and dedicated monitoring
projects to determine a variety of unknowns about the lake and its environment and thus
better define the hazards in the Lake Kivu system (e.g., d’Oreye et al., 2010).	
  	
  
A three-day workshop sponsored by the Office of International Science and Engineering,
National Science Foundation was convened in Gisenyi, Rwanda on the shores of Lake

Kivu. The primary aim of the workshop was to bring together for presentations and
discussions a set of scientists working in all of the pertinent disciplines: tectonics and
volcanology, physical and biological limnology, evolutionary biology, spatial science, as
well as hydrocarbon exploration and extraction engineers. These 58 scientists and
engineers came from six North American and European countries, and five African
countries. Each had direct experience working in the Lake Kivu area, other anoxic lake
or active volcanic systems within the East African Rift, or brought expertise directly
applicable to the Lake Kivu system. The discussions summarized the state of scientific
knowledge in the Lake Kivu system and set the stage for breakout sessions that defined a
consensus set of questions for collaborative and multi-disciplinary research programs that
would address the research priorities in the context of regional capacity building and
development.
Below in Sections 2, 3 and 4 we outline the guiding science questions and list the
priority research implementation activities recommended by the breakout groups
focusing on specific aspects of the complex, inter-connected tectonic-lake-biosphere
system.
2. Tectonics and Volcanology of the Lake Kivu System
Lake Kivu partially fills the fault-bounded depression known as the Kivu rift in the
northern sector of the Western rift system. Active or dormant volcanoes dam the
northern end of Lake Kivu, and a line of poorly understood Holocene volcanoes lies
along the southwestern shoulder of the rift (Fig. 1). Twenty potentially damaging
earthquakes with magnitudes greater than 5 have been recorded on the global seismic
network since 1970, yet there exist only one AfricaArray seismic station in Kigali,
Rwanda, one Global Seismic Network seismometer in Mbarara, Uganda, and 3-5 Goma
Volcano Observatory seismic stations on the south side of Nyiragongo and Nyamulagira,
DRC (Fig. 1). Continuous GPS stations in Kigali, Mbarara, and the Goma Volcano
Observatory network of 5 stations around Nyiragongo and Nyamulagira, as well as a
newly installed line of stations in Rwanda crossing the eastern rift shoulder leave most of
the Kivu rift unmonitored for tectonic deformation and premonitory volcanic activity.
This station distribution limits our ability to detect all but the largest earthquakes, and
limits location accuracies to 10 km or more away from the Virunga volcano network.
The station distributions are wholly inadequate 1) to provide a baseline for geohazard
assessment; 2) to map active faults in this heavily vegetated, heavily populated, region, or
3) to provide real-time information on volcanic eruptions or earthquake activity.
Much of the densely vegetated region bordering the southern and northern margins of the
lake is underlain by < 12 My lavas. The Virunga province at the northern end of the lake
hosts two of the most active volcanoes in Africa: Nyiragongo and Nyamulagira. The
flanks of Nyiragongo and Nyamulagira host mazukas, where suffocating CO2 fumes
emitted from volcanic fissures collect in ground depressions (Vaselli et al., 2002/2003;
Smets et al., 2010b).
The Tectonics and Volcanism breakout group emphasized the need to develop earthquake
and volcanic hazard mitigation programs that considered the rift lake system as a whole,
and that would lead to broader regional partnerships and scientific exchanges, training,

and education opportunities. These strategies should also consider the economic
potential of the rift setting for geothermal energy and methane gas extraction and inform
future development of the region of the risks posed by the frequency and magnitude of
geologic activity inherent to the Kivu region
Only a few seismic profiles and lake bottom cores exist from the early 1970’s (e.g.,
Degens et al. 1973; Wong and Von Herzen, 1974; Haberyan and Hecky, 1987), providing
few constraints on the lake bottom morphology and the geological conditions over the
past 12 My of rift history (Fig. 4). The largest faults bounding the lake have been

Figure 4. Location of sediment cores recovered in 1971 and the only two seismic transects
(solid lines) available from Lake Kivu. Gross stratigraphy of three cores illustrating
distinct marker beds and ash layers with carbon dated intervals indicated. Cores 10 and
13 in the northen basin terminated in massive ash layers that plugged the core tubes. From
Degens et al. 1973.

mapped from satellite imagery and verified through field studies, but little is known of
sedimentary infill structures beneath the lake. These sedimentary strata under Lake Kivu
would record the fault history since the origin of the lake basin approximately one million
years ago (Degens et al. 1973), or identify major landslides interleaving sediment
deposits capable of triggering an overturn. Thus, detailing the basin morphology, and
unraveling its history are critical to our understanding of the lake system, and its changes
with time. Has all or part of Lake Kivu overturned in the past? Are there active or
ancient volcanic centers beneath the lake? The Lake Kivu system is a comparatively
closed system, providing a unique opportunity for geothermal and hydrocarbon
exploration but great care must be taken in exploiting these unique resources.

Answers to the science questions below, prioritized by the working group, have
fundamental bearing not only on the Lake Kivu system, but also on the other anoxic lake
systems within East Africa.
1) What are the CO2 inputs to the lake system from volcanoes and fissures
beneath the lake bottom, along active faults, and from rivers entering the lake
system? Where are these inputs located beneath and along the shores of the
lake? What are the volumetric inputs from such hot and cold springs, since
they are critical to the maintenance of the Lake Kivu stratification and, hence,
stability of the lake system? What are their time variations?
2) What are the repeat times, kinematics, and length scales of earthquake ruptures,
where are the active fault systems, and how do fault motions and volcanic
events impact on lake bottom disruption and lake overturn?
3) What are the amplitudes and length scales of ground displacements caused by
faulting, magma movement within the crust, and mantle dynamics?
4) What are the repeat times and volumes of volcanic eruptions from active and
possibly dormant volcanoes in the Virunga province, and the smaller Leymera
province at the southwestern end of the lake? The priority is Nyiragongo (Fig.
5), owing to its proximity to the lake and to the cities of Goma and Gisenyi,
and its potential to destabilize the emerging economies of Kivu province.
Visoke, and other older volcanoes in Rwanda, are also high priority.

Figure 5. Lake Kivu with Nyiragongo in the mid-center background, Mikeno
to the extreme right and Nyamulagira in left far background.
The working group addressed the implications of the Lake Kivu system on rifting
processes and for the energy sector, as well. Additional geological and geophysical
studies of the Kivu rift system will provide vital constraints for hydrocarbon and
geothermal exploration throughout the region. Science questions specific to the energy
sector identified by the working group include:

1) Why are volcanoes located at the tips of major fault systems, and what are the
implications for the rise of magma within continental rift zones?
2) Where are the magma chambers beneath active and dormant volcanoes, and
what are their implications for hazard and geothermal energy development?
3) How much crust and mantle thinning has occurred beneath the Kivu region,
the most elevated sector of the East African rift system south of Ethiopia, and
what are the implications for heat transfer to the plate during continental
rifting?
2.1 Geophysical monitoring and measurements in the Lake Kivu system
The scientific questions above have fundamental implications for hazard risk mitigation,
dynamics of the East African rift system, and energy resources. The details of these
priority research activities are listed below.
1) The collation and synthesis of existing information, both academic and private,
will serve to make the most of research and investment funds, and to bridge the
multiple disciplines contributing to our understanding of Lake Kivu systems.
This compilation serves as the database for a Geographic Information Systems
(GIS) approach to studies of this dynamic rift lake system. The Kivu meeting
web site hosted at RIT will serve as an interim site for lists of publications, and
reports, as well as brief CV’s of meeting participants and other experts. The
Musée Royal de l’Afrique Centrale (D. Delvaux, contact) has an invaluable
geological, biological, historical and cultural database from the Kivu province,
and the museum recognizes the need for data access.
2) Subaqueous seismic reflection profiling can image structures on the lake
bottom such as landslide debris fields and any tectonic deformation of the
sedimentary infill as well as the underlying basement
High frequency
sources can detect fine-scale vertical structure in the shallow sub-bottom
sediments with high resolution while lower frequency airgun sources can
image the structure of the accumulated sediment pile within the basin to
define the magnitude and lineation of rifting that displaces horizontally
deposited lake sediments. In addition explosive sources and long transect
receiver arrays can image the crust and upper mantle beneath the lake.
3) A number of techniques should be used to map active and ancient structures on
the rift margins: including field mapping, and remote sensing technologies
such as InSAR and LiDAR. Satellite radar interferometry allows monitoring of
broad remote areas (ground deformation, surface changes etc.). This technique was
successfully used to monitor deformation associated with the 2002 Nyiragongo and
2006 and 2010 Nyamulagira eruptions as well as the damaging Bukavu earthquake
and aftershocks (e.g., d’Oreye et al., 2010; Smets et al., 2010a). Ideally, InSAR
images of most of an area spanning 200 km of Lake Kivu and the Virunga
province should be systematically programmed, ordered and processed, as it is
currently done at the Museum of Natural History in Luxembourg for the

Cameroon volcanic field (Heleno et al. 2010). Airborne LiDAR mapping can
provide precise and very high resolution baseline digital terrain measurement.
4) The Goma Volcano Observatory seismic and geodetic network and spacebased geodetic monitoring program continue to monitor activity of
Nyiragongo and Nyamulagira, but little is known of the presumably older
chain of volcanoes to the east in Rwanda: Mikeno, Visoke, Karisimbi, etc.
Focused geophysical and gas/water studies are needed to determine whether
active magma chambers exist beneath the volcanoes. A two-year deployment
of a passive seismic array, and systematic geochemical and geochronological
sampling program would serve as a strong foundation for evaluation of
seismic and volcanic hazards in the eastern Virunga province.
5) A detailed chronology of rift faulting, volcanic activity within both the Kivu
volcanic province south of the lake, and the Virunga province north of the
lake, and sedimentary formations is an essential component of a lake systems
study. Earlier coring in Lake Kivu, and recent drilling studies within the Lake
Malawi system document the success of redundant dating methods: varve
counting, K-Ar dating of tephra layers, faunal assemblages (e.g., Cohen et al.,
2000; Haberyan and Hecky 1987). Stratigraphic sequences also can document
longer-term variations linked to climate change (e.g., Scholz et al., 2007) and
volcanic history e.g. timing of the reversal of the Kivu outflow, the age of
subaqueous tuff cones and rings, frequency and sources of subaerial eruptions.
6) Ideally, 5-10 co-located broadband seismic and continuously recording GPS
stations should be installed in a 150 km-zone flanking the margins of the lake.
All, or at a minimum, several of these stations should be telemetered to ensure
no gaps in data coverage, and real-time monitoring of the activity. Temporary
networks may be deployed after earthquakes or in regions with high
seismicity levels.
7) Collaborations and training opportunities exist for technicians reporting to the
International Seismological Centre in the UK, and through other regional
organizations. The newly instigated ICTP-Addis Ababa University Seismic
and Volcanic Hazard PhD program offers provides support for a regional
center of expertise designed to incentivize and revitalize academics. The
group highly recommended the creation of a rapid response seismic and GPS
equipment pool, a list of international contacts for emergency response efforts,
and agreements in place for equipment and personnel transfer across political
boundaries well in advance of any emergency.
3. Limnology and Paleolimnology of Lake Kivu
Much of our understanding of historical lake turnover events rests on little more than a
dozen sediment cores obtained in 1972 and 1973 (Degens et al. 1973; Degens and Hecky
1974; Figure 4). Only two of these cores have been analyzed for their stratigraphic detail
(geochemistry and microfossils) but they provide convincing evidence of marker beds
consisting of highly organic, oxidized (no sulfide), and microfossil-deficient sediments

that recorded several turnover events over the last 6,000 years (Haberyan and Hecky
1987). The recovered record is limited to the last 14,000 years and the limited number of
cores indicated significant spatial variability including evidence of localized volcanic ash
deposits. This limited set of cores indicated extreme temporal and spatial variability in
sedimentary processes that precludes analyses that would better constrain the trigger(s),
frequency, location, and magnitude of the turnover events. Highest priority for advancing
our understanding of the Lake Kivu system would be recovery of a new set of cores
contextualized by seismic reflection studies. The original cores from 1972 and 1973 are
in a poor state and not worthy of further analytical work. Some have been sampled to
near extinction. The analytical tools now available, especially in organic geochemistry
and high resolution elemental analysis, to extract information from sediment cores
represent a quantum leap from what was available 40 years ago and will inform in great
detail as the timing and nature of events associated with turnover events.
3.1 Paleolimnology
The paleolimnology breakout group considered the previous sediment record and seismic
surveys of Lake Kivu and other rift valley lakes in defining a set of broad science
questions:
1) What is the record of natural variability in mixing dynamics in this unique
gas-charged lake, as a background to the imminent and non-trivial geoengineering of the lake water column?
2) What are the short- and long-term records of catastrophic lake overturn events
and ancient limnic eruptions?
3) What is the long-term record of faulting and volcanism from this most
magmatically-active section of the western branch of the East African Rift?
4) What is the frequency of subaerial and subaqueous eruptive events as well as
lava inflows to the lake as recorded in lake sediments (time-scale of decadesmillennia)?
5) Can the paleoclimate record from this equatorial region of East Africa inform
us on the long-term record of hydrology, temperature, wind regimes, and the
position of the Congo Air Boundary?
6) What is the possible interaction of climatically wet and dry periods with the
ground water system and volcanic activity that created the thermohaline
density stratification that has dominated the lake for the past 6,000 years.
7) What can we learn about the evolution of the Upper Nile watershed and
drainage system, as geologic and paleogeographic background to endemic
species evolution?
8) How much can we learn from this important end-member modern analogue
about ancient volcanically-effected, hydrologically-open lake systems?

To address these science questions there is an urgent need for updating and infilling the
large gaps that exist given the previous limited sampling efforts. The paleolimnology
breakout group recommends a set of priority implementation activities in the form of
survey and sampling programs that will help fill the data and knowledge gaps by adding
new samples on an appropriate spatial grid and by using modern survey techniques to
resolve high resolution lake bottom topography, sediment and bedrock structures, as well
as onshore surveys of soils and ground water. Fortuitously, the limnology and
tectonics/volcanology implementation strategies have considerable overlap and some of
the recommended research is repeated here for clarity and emphasis as they were
suggested by independent break out groups. These priority implementation activities
are:
1) High-resolution bathymetric survey of the entire lake basin (multi-beam
bathymetry)
2) High-resolution seismic reflection surveys (e.g. CHIRP, boomer, sparker
surveys to identify subaqueous seeps, past slumps and slides, lake bottom
fault ruptures, eruptive centers, hot and cold springs, and future coring
sites/transects
3) Single- and multi-channel seismic reflection surveys using airgun seismic
sources to constrain basin stratigraphy and upper-crustal fault structure
4) Marine magnetic and gravimetric surveys to characterize bedrock structure
5) Shallow penetration onshore geophysical surveys (ground penetrating radar,
land seismic) to characterize past floods and flows, and ground water
variability
6) Sediment gravity coring to 1m depth to identify and map, at high spatial and
temporal resolution, distinctive marker beds that are indicative of volcanic
deposits, distinctive carbonate mineral sedimentation events (reported in
Haberyan and Hecky 1987) and microfossil assemblages indicative of mixing
events
7) Sediment piston coring to at least 10 m of sediment penetration to examine
frequency of volcanic events, distinct authigenic mineral deposits and
indicative microfossil assemblages for evidence of overturn events over the
last 20,000 years
8) Sediment multicoring (advanced coring techniques required for recovering
samples from an intact deep water-sediment interface) to support studies of
biogenic gas production and early diagenesis of sediments
3.2 Physical Limnology
Several presentations during the workshop focused on measuring and modeling the
vertical stability of the lake. These studies largely have been driven by the imminent
development and engineering of methane gas extraction facilities on the lake and concern

for the potential effects of the techniques used to extract the gas on the vertical stability
of the lake as well as on the biological and chemical characteristics of the lake. The
potential for the gas extraction to disrupt the vertical stability or biological functioning of
the lake lies not with the gas extraction per se, since decreasing the methane
concentrations of the deep waters will decrease the overturn threat, but with the method
used for reinjection of the deep water back into the lake after it has been brought to the
surface to extract the methane. The deep water is both salty and nutrient rich. If it is reinjected into the lake near the surface the water will stimulate phytoplankton
blooms and increase the density of the upper layers of the lake, thereby decreasing
the vertical stability. A study by the EAWAG group presented at the workshop
contains detailed recommendations on how re-injection back into the deep waters of the
lake would minimize impacts on the lake. The report is available at this Web site:
http://www.eawag.ch/organisation/abteilungen/surf/kivu/methane_harvesting/index_EN.
The modeling previously done for the gas extraction effort does not efficiently translate
to studies of lake turnover scenarios due to natural causes nor how natural events may
interact with anthropogenic alteration of the lake’s stratification. To address unknowns
related to the triggers and scenarios for past overturns the limnology breakout group
recommends development of a full 3D model of the lake hydrodynamics to identify
scenarios that could lead to catastrophic overturns. These studies will allow the gas
extraction companies to predict potential overturn events and their sensitivity to
various natural causes. Specific priority implementation activities recommended by
the limnology breakout group on the topic of physical limnology are:
1) Identify the need for a non-hydrostatic hydrodynamic model versus a
hydrodynamic model with the hydrostatic assumption
2) Estimate the energy required to destabilize the lake on a short time-scale
3) Examine the impacts of climate change scenarios on the lake stability
4) Identify conditions or events leading to lake destabilization and overturn
5) Test the feasibility of an early warning system based on temperature change in
the lake for catastrophic degassing
6) Institute real time monitoring of meteorology, major river inflows water level
and temperature structure at multiple points on the lake surface to calibrate
and validate hydrodynamic models. Such an observation program may also
allow evaluation of the lakes response to displacements in equigeopotential
due to volcanic activity, earthquakes and land slides. These data would
complement the seismic network described under section 2 above as well as
providing essential data for scaling risk assessment and possibly early
warning.
3.3 Biogeochemical Limnology
Compared to other aspects of the lake, the biogeochemistry of Lake Kivu is better known
through a series of completed and ongoing studies of the lake’s biology and chemistry

with extensive involvement by many of the workshop participants. These research
programs have answered a number of important questions about methane formation,
nutrient cycling, ground water interactions with the volcanic soils through analysis of
isotopic signatures, changes to the foodweb and nutrient cycling due to the past
intentional introduction of the Tanganyika sardine fish species for development of a
commercial fishery, and the importance of Lake Kivu haplochromine fish species to
understanding the evolution and timing species flock formation in the African great lakes.
However, because of the links among changing organic fluxes and methane production,
the potential impacts of methane extraction on ecological functioning in the lake, and
increasing human impacts on lake water quality, the limnology breakout group strongly
recommends the development and strengthening of ecological monitoring programs to
assess the impacts of these changing conditions on the lake and its resources. Specific
priority implementation activities for these monitoring programs are:
1) Identifying major ground water inputs and monitoring those waters for
changes in flow and CO2 concentration. CTD surveys are underway which
can identify saline inflows but in situ methods to contemporaneously measure
CO2 and methane and estimate or measure flux rates are needed to determine
if these vents directly contribute methane or whether methane is produced
within the lake proper.
2) Standardized methodologies with adequate analytical and spatial resolution are
also urgently needed to define whether methane concentrations are rising or
not. For example in situ mass spectrometry (Short et al. 2001) would offer a
ready solution if deployed annually as well as contributing to the
identification of gas fluxes at springs identified from CTD surveys.
3) Methane oxidation rates are based on poorly resolved ad hoc methods applied
opportunistically (Jannasch 1975). Methane oxidation rates should be
resolved as well as ebullition rates to determine to determine if current
estimates of methane production are in balance with methane losses to
oxidation and ebullition. Sediment trapping should be undertaken to estimate
the down flux of organic matter to further test current assumptions about the
relationship (possibly changing) between primary production and potential
generation of methane by fermentation
4) Ongoing primary production studies should be expanded to evaluate the
contribution of deep chlorophyll layers to integral primary production and to
improve spatial resolution of primary production relative to current stations.
5) Isotopic food web studies should be undertaken to determine utilization of
microbial production based on methane oxidation by consumers and higher
biota. This microbial production will be reduced under current methane
extraction proposals and dependent food webs would be affected.
6) The role of the mid-water oxic-anoxic interface in controlling nutrient flux
from the deep water to the illuminated upper mixed layer should be evaluated

especially its role in denitrification and possible short circuiting of P
regeneration due to iron oxide formation. Although current deep water N:P
ratio is consistent with P limitation of primary production, the actual N:P ratio
may be quite different due to differential effects at the oxic-anoxic boundary.
7) Genomic studies of microbes should be conducted to determine if there are
unique Bacteria or Archea of value in biotechnology of methane production
for biofuels, High resolution genomics of the Lake Kivu species as well as
genomic investigations of environmental DNA in the anoxic lake sediments
should be expanded to determine if the evidence for recent extinctions and
genetic differentiation.
4. Mapping Natural Resource Use and Overuse in the Lake Kivu System
Much of the land surrounding Lake Kivu has been cleared for subsistence farming,
probably for centuries, while the forested slopes of the Virunga Volcanoes are the home
for mountain gorillas. However, recent population growth and movement in the region
surrounding Lake Kivu has led to large-scale deforestation of the remaining montane
forest including encroachment in the protected parklands. This pressure on natural
resources is exacerbated by the political instability of the region. Subsistence farming,
firewood gathering, and charcoal production are the primary direct causes of recent
deforestation. The consequences to the natural resources beyond the severe loss of forest
habitat is erosion of the steep terrain and the degradation of water quality in the local
rivers and at least locally in Lake Kivu near the Goma/Gisenyi population center. Given
recent progress in relations between Congo and Rwanda aimed at ending the regional
armed insurgencies, the implementation of science-based natural resource conservation
and recovery policies and actions is becoming a realistic goal. An outcome of the safe
and sustainable development of the Lake Kivu methane energy resource should be the
positive impact on the regional natural resources by providing an alternative energy
source and thereby decreasing the deforestation pressure.
Workshop participants made specific recommendations related to monitoring land and
water resources that are outlined in sections 4.1 and 4.2, respectively.
4.1 Land Cover Monitoring
Long-term monitoring of land cover change at the appropriate spatial resolution is
possible using satellite images dating back to 1972. However, the imaging record until
about the year 2000 is sparse because of infrequent image acquisition and frequent cloud
cover in this region. Since about 2000 there are much more frequent image data
acquisitions from a wide suite of satellite-based sensors operating at a variety of
temporal, spatial, and spectral resolutions.
Specific priority implementation activities using spatial data recommended by
workshop participants are:
1) Coordinating remote sensing research efforts through the Geographic
Information Systems and Remote Sensing Centre at the National University of
Rwanda

2) Process the entire regional record of Landsat data to assess long-term land
cover change
3) Process the entire regional record of 250-meter resolution MODIS data for
vegetation analysis to fill gaps in the Landsat record including better
assessment of seasonal variability
4) Establish methods for using data from DigitalGlobe’s WorldView-2
multispectral sensor and similar sensors for high resolution land cover
monitoring
5) Develop a robust airborne imaging capacity as a Rwandan national asset
6) Explore alternative data sources such as lidar, thermal imagers, and imaging
radars, for filling data gaps
4.2 Water Quality Monitoring and Prediction
The combination of land cover, terrain, soils, and weather data can be used to drive
hydrologic models of water runoff and water quality in stream and river systems.
Incorporation of gauging station and water quality sensor data increases the accuracy of
hydrologic predictions of water quantity and quality. The modeled effects of land cover
and climate change on water quantity and quality can be used to inform policies to deal
with different scenarios of change to water resources in streams and rivers and the
eventual impacts of river water on the biogeochemistry of Lake Kivu.
Specific priority implementation activities recommended by workshop participants for
developing water management tools are:
1) Coordinate water resource studies with regional water resource centers such as
ISP-Bukavu, the National University of Rwanda, and the Kigali Institute of
Science and Technology.
2) Develop hydrologic models appropriate to improving water resources on a
local scale.
3) Create a regional high-resolution terrain map using lidar.
4) Establish a water sensor network that uses the local cellular phone network for
data transmission.
5) Link hydrologic modeling outputs with efforts to control waterborne disease.
5. A multi-disciplinary framework for collaborative research in the Lake Kivu
System
The research outlined by the workshop participants requires an aggressive approach to
building research teams – both internationally and across disciplines. The strong
organizational and monetary support of the workshop by the Rwandan local organizing
committee and the Minister of Education and the participation by a large number of

African scientists demonstrates the high priority that the two countries place on Lake
Kivu resources. Research outcomes and collaborations with both countries will be
greatly enhanced by creating mechanisms that focus on the growth of established African
experts and the development of new African PhD and MS students with the expertise to
work on the various disciplinary aspects of the Lake Kivu system in specific and the
African rift lakes in general.
The inclusion of these capacity building efforts will broaden the impacts of both
disciplinary and multi-disciplinary proposals to funding agencies, increase the likelihood
of foreign direct investment, and enhance long-term collaborations on African rift lakes.
Participants recommend the establishment of a regional center for the study of the
African rift lakes to focus these collaborative efforts in the longer term.
The goals of a regional center for the study of the African rift lakes are:
1) Support of African and international graduate level education and research on
the African rift lakes
2) Co-located research in rift processes and volcanology with physical and
biogeochemical limnology
3) Technical and intellectual support for the dissemination of research results in
the scientific literature
4) Local and regional outreach to communicate strategies and tactics for hazards
mitigation and resource stewardship
5) Science-based technical recommendations to government agencies.
6) A center for the archiving and synthesis of multi-disciplinary research, and a
center of support for rapid response efforts to natural disasters.
6. Summary
The Workshop on Tropical Rift Lake Systems: Integrated Volcanologic, Tectonic,
and Biogeochemical, and Geohazard Assessment of Lake Kivu was a unique
opportunity to bring together a multidisciplinary group of geophysicists and limnologists
to discuss the current status and future scenarios for the Lake Kivu System. The outcome
was a prioritized strategy for future basic research in the disciplines that will fill critical
gaps in understanding the multiple natural hazards posed by the System. Integration of
ongoing and future studies to consider the entire Lake Kivu System will contribute to
effective hazard assessment and communication as well as sustainable use of the variety
of natural resources present in the system.
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