Recent changes in geyser activity at Loburu, Lake Bogoria, Kenya Rift Valley
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Abstract

Major changes in hydrothermal activity have accompanied the frequent fluctuations in the level of Lake Bogoria, Kenya, during the past decade.  Even minor changes in the levels of the lake surface and the shallow lake-marginal groundwater can have an impact on geyser behavior.  Some geysers that were active during 2001 and 2005 had become weak hot springs or steam vents by August 2006 following a fall in lake level, whereas activity at other springs had increased.  At Loburu delta on the western shore of the lake, the geyser activity increased, and one of the geysers, KL30, erupted on a regular 45-minute cycle to 5 m height.  When active, KL30 is probably the highest natural geyser in Africa.  In contrast, a major rise in lake level in 2007 suppressed activity at many of the geysers, including KL30.

Introduction

Lake Bogoria in the central Kenya Rift Valley has the highest reported concentration of geysers in Africa.  At least 18 geysers are known to have erupted during the past 30 years (see Figures 2–4 in Renaut and Owen [2005] for geyser locations).  All the geysers lie near the shoreline of this saline lake, which fluctuates frequently in level and salinity in response to short (years) and longer-term (decades and longer) climatic changes.  Renaut and Owen (2005) described the main geyser activity and its known history.  Between August 2005 and August 2006, lake level fell by about 30 cm, which led to major changes in the activity at several of the shoreline geysers.  Eruptions ceased at some vents, whereas discharge at other geysers increased significantly.  One of the geysers active during summer 2006, KL30, erupted regularly to a height of about 5 m, making it the highest reported geyser in Africa.  In contrast, heavy rains during early 2007 led to a rapid rise in lake level.  During August 2007, the lake surface was an estimated 15–20 cm higher than its August 2005 level.  This led to the submergence of many hot spring vents and a decline in activity at KL30 and several other geysers.  The main purpose of this paper is to record the changes in activity at KL30 and other geysers during the past three years.  The close link between geyser behavior and lake level fluctuations at Lake Bogoria (Renaut and Owen, 2005) is confirmed.

Environmental setting

Lake Bogoria, with a salinity approximately twice that of seawater, lies just north of the equator in a narrow half-graben basin in the central Kenya Rift Valley (Fig. 1A).  The lake catchment is composed mainly of densely faulted volcanic rocks of Miocene to Pleistocene age.  Geothermal activity is abundant.  Almost 200 hot springs discharge Na-HCO3-CO3 waters into the lake from three main spring groups located on along the shoreline at Loburu, Chemurkeu, and Ng’wasis-Koibobei-Losaramat, respectively (Fig. 1B).  The climate is semi-arid with about 700–900 mm annual rainfall, which is much less than the potential evaporation of more than 2,500 mm per year.  With no surface outlet, the lake is hydrologically closed and its surface level undergoes frequent and rapid changes mainly in response to variations in rainfall.  Present lake level is approximately 990 m above sea-level and the local boiling point is approximately 97.5°C.  Details of the general setting are given in Renaut and Tiercelin (1993, 1994), Harper et al. (2003), and Renaut and Owen (2005).  

The new activity described here is present at Loburu, a small delta on the midwestern lake shore.  About 60 hot springs discharge at Loburu from vents clustered along two north-south trending fault-lines (Fig. 1C).  The number of onshore springs varies with prevailing lake level; many vents are submerged when lake level is high.  The northern group consists of about 32 springs, including three perpetual spouters, but there is no current (2005-7) geyser activity.  About 11 of these springs have travertine deposits at their vents, much of which is fossil, but siliceous sinter deposits are absent except for thin, ephemeral opaline-silica crusts (Renaut et al., 1998).  The southern group in August 2007 consisted of about 20 onshore hot springs with a few small offshore vents.  Near the northern end of this group, a cluster of vents includes six geysers that were active at different times between August 2005 and August 2007.

The southern Loburu geysers

The southern Loburu delta-plain is a gently sloping surface composed mainly of bedded silts and sands, broken in places by small ephemeral stream channels and low wave-cut scarps.  Most of the delta-plain surface consists of thin, pebbly, alkaline soils that are covered by patches of salt tolerant grasses.  Soft swampy ground lies around some of the hot springs and in ephemeral stream channel floors.  Most of the hot springs discharge quietly from shallow pools, 1–8 m in diameter, at measured temperatures of 39–98.5°C.  A few springs are more than 2 m deep with steep plunging sides; others have cone-shaped vents with narrow, shallow platform margins, or nearly flat bases.  All the active springs lie in reddish brown to pale brown deltaic silts, sands and muds.

Six geysers were observed during visits to the lake in August of 2005, 2006 and 2007.  Five of these geysers lie in the KL19 group (a-e), together with geyser KL30.  The vents of the KL19 group are only a few meters apart; KL30 lies approximately 30 m north of the KL19 group (Fig. 2).

Geyser KL30

Geyser KL30 lies in a small, shallow muddy depression in the delta-plain (Fig. 3).  Over the three years of observations, the morphology and size of the vent pool increased significantly.  In August 2005, the vent was located centrally in a shallow (20 cm) broadly circular pool approximately 3 m in diameter, with a single outflow channel toward the southeast.  Eruptions occurred to a height of only 50 cm for 20–30 seconds (Fig. 4A, B).  The periodicity in 2005 was not recorded, but the eruptions were infrequent with no more than one per hour.  

In August 2006, the geyser was at its peak of activity.  The vent pool had become kidney shaped, and had increased in area by at least 300% (Fig. 5A).  The pool floor was also about 20–30 cm deeper than in August 2005.  Three small outflow channels were present with flow toward the southeast during eruptions.  The vent consisted of a small (25 cm wide) funnel-shaped hole in a narrow subaerial ridge of moderately consolidated, brown bedded silts and sands at the south edge of the depression (Fig. 4C).  

The pattern of activity at geyser KL30 was recorded in August 2006.  Before each eruption cycle began, the pool around the vent did not contain much water.  A shallow (< 3 cm) pool of standing water lay directly north of the vent (Figs. 3 and 5A).  A few small (< 4 cm diameter) steam vents and fumaroles discharged continuously from the pool floor and in the adjacent outflow channels.  Following eruptions, the vent itself was initially water free, but water soon rose to about 15 cm below the rim.  Over a period of about 25 minutes after the previous eruption, water in the vent was calm except for a few steam bubbles breaking the surface.  Water temperatures during the calm phase were measured at 82–93°C.  About 7–8 minutes before an eruption the activity in the vent gradually increased, with more ebullience and occasional splashing of water over the vent rim.  About 1–2 minutes before an eruption, water periodically spurted out of the vent up to 20 cm high, followed suddenly by a full eruption (Fig. 5B and C).  During eruption, the water and vapor column discharged up to a maximum height of about 5 m (Fig. 5D).  Full eruptions were 2 to 2.5 minutes in duration, followed by about 30 seconds of waning flow and a very brief (10–15 seconds) steam phase during which some water retreated into the vent.  At this point the next cycle began.

During eruptions, the pool filled to a depth of about 25 cm and overflowed southward through an incised channel network into the lake (Fig. 3).  The pool drained rapidly and returned to its pre-eruption level about 3 minutes after each eruption.  Three successive cycles were recorded.  The time between the successive starts of the eruptions was 45 ± 2 minutes.  Local residents confirmed that the eruptions during 2006 were generally predictable.

In contrast, Geyser KL30 was no longer playing a year later following the rise in lake level.  By August 2007, the pool had enlarged in area again (Fig. 4C, D) and was permanently occupied by a hot spring with water up to 30 cm deep.  Although hot water  (93°C) discharged continuously from at least three springs on the pool base near the geyser vent, no geyser activity was seen during two days of observation.

Geyser KL19 group

The KL19 group consists of three small vents (a, b, c) and two large vents (d, e), all of which have been geysers at different times in the past 20 years (Figs. 2 and 6). Before 2007, only KL19e had a well-defined vent pool.  The other geysers discharged from a slightly elevated platform of moderately indurated, bedded, gravelly silts and sands with a knobby surface.  Drainage from the vents flows mainly southwards, then eastwards towards the lake.  

Vent KL19d has been the most active geyser of the group, and at different times has been a vigorous spring, a perpetual spouter, and a geyser.  Before 1994, the small spring vent discharged ebullient boiling water onto the adjacent apron.  Activity in 1994 and 1995 included phases of true geyser activity with eruptions up to 3.5 m every 5 to 8 minutes (Fig. 6A) and periods when it behaved as a perpetual spouter up to 2.5 m high.  By summer 1996, it had reverted to being a boiling spring with high steam flux.  During 1997-8, all the vents of southern Loburu were fully submerged by rising lake level following heavy rains that were induced by an El Niño event.  In July 2001, when lake level was still relatively high, it was again a perpetual spouter playing to about 1.5 m high.

In summer 2005, KL19d behaved as a geyser but was never fully inactive between eruptions (Fig. 6B).  During intervals between eruptions, which occurred about every 5 minutes, it became a small spouter discharging water up to 30–50 cm high.  During the main eruptions a jet of water rose up to 3 m in the air in a series of short spurts.  Some eruptions lasted more than 2 minutes (Fig. 6B).  By August 2006, the geyser had reverted to being a small perpetual spouter playing from 50 cm to 1 m high, but with short bursts of spray that reached about 1.5 m.  

During 2005 and 2006, two small geysers were present on the same platform.  Geyser KL19b lay about 1.5 m south of KL19d, and KL19c was located 4 m southwest of KL19d (Figs. 6B and C).  Both geysers discharged from small featureless depressions in the mud substrate.  These two small vents also exhibited variable behavior.  In August 2005, both were true geysers.  KL19b erupted up to 70 cm every 5 minutes for 30-40 seconds, often in synchroneity with initial stages of the KL19d eruptions.  KL19c played up to 40 cm high every 5 to 10 minutes for about 30 seconds.  In August 2006, KL19b was a small perpetual spouter, whereas KL19c had higher discharge than in 2005.  The width of its vent appeared to have increased from about 30 cm to 80 cm, and it played more or less in concert with KL19d to heights of up to 1 m.  Vent KL19a (Fig. 6D), which was active in the 1990s was no longer discharging in 2005 and 2006, but had formerly played up to heights of about 70 cm over intervals of about 40 to 60 seconds.

KL19e, the northernmost geyser of the group, plays from a shallow, 3 m-diameter pool, about 10 m north of KL19d.  In August 2005, eruptions of about 25 seconds duration occurred from a vent in muds near the center of the pool (Fig. 6E).  Most eruptions began and ended rapidly with little warning.  The interval between eruptions was approximately 6–7 minutes.  The maximum height of eruption was about 2 m followed by rapid draining.  In August 2006, the vent was a boiling (97.5°C) hot spring, but no geyser activity was observed (Fig. 6F).

The rise in lake level during 2007 led to major changes in the activity of this geyser group, which in August was located only 4 m from the lake shore.  KL19d and KL19e remained small geysers, but activity at the other vents appeared to have ceased, at least temporarily.  The vent of KL19d had become a small pool, 3 m in diameter and up to 40 cm deep.  Several eruptions were observed and recorded.  After each eruption, the water surface remained calm, with a bubble shower beginning 2 minutes 35 seconds after the previous eruption ceased.  Thirty seconds later, a small geyser eruption began, and continued for 85–90 seconds with water reaching about 60–70 cm above the pool water surface (Fig. 7A, B).  Each cycle lasted 4 minutes 30 seconds (± 5 seconds).  Maximum recorded vent water temperature was 97.6°C.  A second vent showed minor eruptions from a small pool located 4.5 m northwest of KL19d.  Most eruptions, which were weak surges, only reached about 15–20 cm above pool water level for about 30 seconds on an approximately four-minute cycle (Fig. 7C).  From its location, this small vent, which has turbid waters, may be KL19a.  Muddy sediment plumes from the pool flowed down a narrow outflow channel directly into the pool of KL19d.

Geyser KL19e was a small active geyser in August 2007 playing up to 30 cm height from a pool with two small adjacent vents.  Eruptions occurred every 4 minutes, lasting about 30 to 45 seconds (Fig.7D).

Fluid chemistry

In August 2006, a water sample was taken from KL30 during the late stage of an eruption for chemical analysis.  The sample, collected at the vent with a polyethylene container and placed immediately in a 500 ml bottle, was notable for its very high effervescence.  The water had a similar chemical composition to other Loburu spring waters (Table 1).  The fluid was alkaline (pH 8.28 at the vent) with a Na-HCO3 composition, and contained about 5 g/l total dissolved salts.  

Discussion

The new observations strongly support a link between geyser activity at Lake Bogoria and the contemporary lake level.  The nature of the geothermal fluid system at Lake Bogoria has not been fully resolved, but there is general agreement that the fluids are derived mainly from rainwater falling on the neighboring margins and floor of the rift valley.  Those fluids, which are then heated by hot gases (especially CO2), magmatic intrusion, or contact with hot bedrock, rise towards the surface where at different depths they mix variably with shallow groundwater and minor lake water (Glover, 1972; Allen et al., 1989; Clarke et al., 1990; Cioni et al., 1992; Hochstein, 1999).  At shallow depth, they undergo boiling.  Almost all shoreline springs discharge at temperatures either at or a few degrees below the local boiling point.  A fall in the level of the lake surface and local groundwater would likely decrease the hydrostatic pressure acting upon on the rising thermal fluid column, which in turn should lower the depth of boiling.  In contrast, a rise in lake level would increase the pressure on the rising fluid column, leading to shallower boiling.  However, if that pressure increase was accompanied by greater mixing of the rising thermal fluids with cooler near-surface waters (i.e. rise in local groundwater or flooding by relatively cool lake water), then boiling might be suppressed.  

It is tempting to relate the increase in geyser activity at KL30 during 2006 to the abrupt fall in lake level.  The direct cause is unclear, but it seems that even a subtle change, such as a fall in the lake marginal water table, a minor drop in hydrostatic pressure and increase in temperature, is enough to modify the activity.  This is supported by similar changes in activity at other shoreline springs and geysers.  For example, during August 2006 geysers KS2 and KS3 at Koibobei (Photos 12a and b in Renaut and Owen, 2005) had become fumaroles, and geysers KS9 and KS10  (Photos 10 and 11 in Renaut and Owen, 2005) were quiet springs with little fluid discharge.  In contrast, many shoreline springs that were passive or submerged in August 2005 were ebullient in August 2006, following the drop in lake level.  Nonetheless, the locations of the main vents appear to be relatively stable, even though the thermal activity can change every few years.  This implies that the plumbing systems at Lake Bogoria are probably mature.

As noted by Renaut and Owen (2005), the occurrence of geyser activity in the absence of siliceous sinter is very unusual, although not unique (Bryan, 2005).  Most spring waters at Lake Bogoria are undersaturated with respect to amorphous silica when discharged (Renaut et al., 1998; Figure 11 in Owen et al., 2008), so silica does not precipitate upon cooling alone, and only minor amounts of silica (opal-A: SiO2.nH2O) form in sites of evaporation.  Neither sinter nor travertine is present at the land surface around the southern Loburu geysers.  It is possible that CaCO3 (calcite or aragonite) has been precipitated in the shallow plumbing system of the southern Loburu geysers, particularly above the boiling zone where CO2 is degassing, but direct evidence is lacking.

All the hot springs at Lake Bogoria are rich in CO2.  It is the dominant gas (excluding steam) in analyses of most Kenya Rift spring waters, including those at Loburu (Cioni et al., 1992).  At Arus, 15 km southwest of Loburu, and at Esageri, which lies 35 km southwest of Lake Bogoria, fumaroles discharge CO2 gas that is up to 99% pure (McCall, 1967; Walsh, 1969).  The calculated partial pressure of carbon dioxide (PCO2) in the Loburu spring fluids is high (the log PCO2 is up to -0.90) and is well in excess of that which would be in equilibrium with atmospheric CO2.  It is possible that the exsolution of CO2 upon boiling may play a role in the geyser activity at Lake Bogoria.  The subsurface fluids have boiled as in normal geysers, but the high CO2 concentration may contribute to the high “effervescence” of the discharged fluids.  Geyser activity due to CO2 exsolution is well known in cold geysers (e.g., Baer and Rigby, 1978; Doelling, 1994; Glennon and Pfaff, 2005), and CO2 exsolution has been reported as a contributor to eruptions at other thermal geysers (Glennon and Pfaff, 2005).  Rapid degassing of CO2 has also probably led to the formation of travertine (calcite, aragonite) around several of the boiling springs at northern Loburu and Chemurkeu (Fig. 1B) (Jones and Renaut, 1995; Renaut and Jones, 1997).

Although small by global standards (Bryan, 1995, 2005), geyser KL30, when active, is the highest known geyser in Africa.  The vent of the Kwaibeipei (= Kwaipopei or Koibobei) geyser, which might have erupted to similar heights (3–5 m) on the foreshore at Ngairus in the 1960s (Plate IIIb in McCall, 1967; Figure 4 in Renaut and Owen, 2005), was inactive during August of 2005 and 2006.  Although a subaqueous stream of gas bubbles discharged constantly from the submerged vent during August 2006, no eruptions were observed.  The “Baringo geyser”, which erupted in early April 2004 to a height of up to at least 50 m (80 m was claimed) at Chepkoyo village, 6.5 km west of Lake Baringo, was an artificial geyser produced during drilling for a water well.  It was capped a few months later and the ground around the well then subsided.  Given the sensitivity of the hydrothermal activity at Lake Bogoria to climatically induced variations in lake level, the frequent changes in the behavior of KL30, KL19, and the other shoreline springs and geysers will likely continue.  

Conclusions

An overall fall in lake level of approximately 30–40 cm between August 2005 and August 2006 led to important changes in hydrothermal activity at Lake Bogoria.  Discharge at several geysers declined or ceased, while discharge at other vents increased.  Most notable was the increased activity at the vent of KL30 at Loburu, which became a geyser with regular (45 ± 2 minutes) eruptions up to 5 m high.  A rise in lake level during 2007 terminated geyser eruptions at KL30 and suppressed eruptions at several of the other Lake Bogoria geysers.  Changes in the level of the lake-marginal water table and the degree of mixing of rising thermal fluids with shallow groundwaters are important controls of the geyser and spring behavior at Lake Bogoria.
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Figure captions

Figure 1.  Location of the Loburu geysers.  A: Kenya Rift Valley showing the location of Lake Bogoria. B: Location of Loburu and other hot-spring groups at Lake Bogoria. C: Distribution of the main hot springs at Loburu delta and location of the geysers.

Figure 2.  Sketch map to show the relative positions of the southern Loburu geysers (August 2006).  The location of KL19 and KL30 is shown on Figure 1.

Figure 3.  Plan of the vent area of geyser KL30 (August 2006).  The high discharge pool shows the maximum extent of water during an eruption.  The low discharge pool represents the area covered by water between eruptions.  During eruptions water flows out of the pool through the high discharge channels, but only flows through the low discharge channel between eruptions.

Figure 4.  Geyser KL30 during 2005 and 2007.  A: Vent pool of geyser KL30 during quiet stage between eruptions, looking south, August 2005. B: Geyser KL30 during a small eruption, looking south, August 2005.  Local people commonly put wood and small boulders over the vent to try to stimulate eruptions.  Both are visible in the pool.  Geyser KL19d is active in the background. C: Vent pool, during August 2007, looking northeast.  The vent is present in a small ridge of weakly lithified silts.  D: Vent pool, during August 2007, looking south.  The pool is flooded and has become a hot spring.

Figure 5.  Stages during an eruption of geyser KL30 in August 2006.  View southward with steam plume of geyser KL19d visible in the background.  A: Quiet phase between eruptions. B: Beginning of eruption.  C: 20 seconds after beginning of eruption.  D: Full eruption, 34 seconds after beginning of eruption.

Figure 6.  Geysers of the KL19 group.  A: Geyser KL19d during eruption, July 1995.  B: Geyser KL19d (left) during eruption, August 2005. Note different direction of discharge from 1995.  Geyser KL19b is visible near the center at the beginning of a small eruption.  Geyser KL19c is also erupting at bottom right. C: Geysers KL19b (left) and KL19c (center) during August 2005.  KL19c played to more than 1 m the following year.  D: Geyser KL19a (left) erupted to about 70 cm in 1994, but was inactive in 2005-6.  KL19d (visible near center through steam) was a small vigorous spouting spring when this photograph was taken in July 1994.  E: Geysers KL19e (foreground) and KL19d (in distance) during eruption, August 2005.  F: Geyser KL19e during August 2006, when it appeared to be dormant.

Figure 7.  KL19 group during August 2007 following the rise in lake level.  A: Geyser KL19d during eruption, looking south.  B: Geyser KL19d during eruption, looking northwest.  The locations of KL19a and KL19e are indicated. C: Small muddy spring 4 m north of KL19d that may be KL19a.  The spring surges every four minutes sending a pulse of turbid water down the outflow channel into the vent of KL19d.  D: Small eruption at geyser KL19e.
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