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ABSTRACT. Four soil samples from the Kibale Forest, Uganda, representative of material regularly 
ingested by chimpanzees, were studied for their mineral, chemical, and geochemical composition. 
These geophagy soils have a high content of metahalloysite, a partially hydrated clay mineral that 
may act much like the pharmaceutical KaopectatC M. Among the elements that may act as a stimu- 
lus or stimuli for geophagy behavior, only iron is very high (total iron ranges from 60/o to 17%); other 
possibilities such as calcium, chromium, cobalt, bromine, and iodine are either relatively low or are 
below their detection limits. Chlorine is below detection limits which eliminates sodium chloride as 
a possible stimulus. Depending on relative availability in the gut, iron offers the most likely chemical 
stimulus for geophagy and given the mineral composition of the samples, metahalloysite is the most 
likely mineral stimulus. Iron may play a role in replenishing hemoglobin which would be important 
in chimpanzee physiology at high elevations near the flanks of the Ruwenzori Mountains. Metahal- 
loysite, which in this case exists in a relatively pure crystalline form, may well act to quell symptoms 
of diarrhea and act similarly to Kaopectate TM. Organic chemical analyses indicate only traces of 
organic matter and no humic acids in the K14-E14 sample. 

Key Words: Geophagy; Zoo pharmacognosy; Chemical and mineral ecology; Chimpanzees. 

INTRODUCTION 

Four paleosol (ancient soil) samples from Kibale Forest, Uganda, a well known chimpan- 
zee research area (GHIGLIERI, 1984; WRANGHAM et al., 1996), east of  the Ruwenzori 
Mountains in southwestern Uganda (Fig. 1) were studied to determine if their mineral 
and chemical compositions provide a stimulus for geophagy. The four samples (eaten by 
chimpanzees A J, SY, ST, and sample K14-E14) were subsampled insofar as the sample mass 
allowed. Nearly all the sampled material was consumed in the analyses. 

Soils from these sample sites are regularly ingested by chimpanzees in an apparent quest 
for nutritional and dietary supplements and/or  pharmaceuticals. Within limits, the ingest- 
ed material is similar to soils eaten by non-human primates in other areas including 
Rwanda (mountain gorillas: MAHANEY, 1993; MAHANEY et al., 1990, 1995a), Indonesia 
(orangutans: MAHANEY et al., 1996b), Puerto Rico (rhesus macaques: MAHANEY et al., 
1995b), and Japan (Japanese macaques: MAHANEY et al., 1993). Previous research with 
chimpanzees (GOODALL, 1986; WRANGHAM, 1977) looked at the behavioral/ecological 
implications of  geophagy, while more recent work focused on the composition of the 
ingested material (MAHANEY et al., 1996b). The analysis and interpretation of  geophagy 
soils has to date focused on soil chemistry and selected macroelements such as sodium, cal- 
cium, magnesium, and potassium and usually without any mineral analysis. The problem, 
however, requires a greater range of  chemical, geochemical, and mineralogic analyses to 
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Fig. 1. Location of Kibale site, Uganda. 

establish the uniformity of  the ingested material and the identification of chemical 
elements and minerals that are known to have a nutritional, dietary, or pharmaceutical 
significance. 

METHODS AND MATERIALS 

STUDY SITES 

The geophagy sample sites are in western Uganda, about 50 km north of the equator and 
20 km south of  Fort Portal on the east flank of  the Ruwenzori Mountains (Fig. 1). The 
sites are located in the northern headwaters of the Nyakagera, a left bank tributary of  the 
Dura River, about 2 km south of  the major divide and the watershed of the Mpanga 
River, between the Muzizi River and Lake George. The eastern boundary of the rift volcanic 
belt contains centers of exotic, widely spaced volcanic vents throughout southwestern 
Uganda and Rwanda. The unusual chemistry of  these volcanic rocks and their air blown 
products have been argued to be responsible for the fertile soils within the Kibale Forest. 
The elevation is about 1,500 m and the local relief is about 300 m. At the site the local 
stream gradient is about 1:20 with slopes of 1:2. 

CLIMATE AND VEGETATION 

The field area is adjacent to a volcanic cone field covering the Precambrian basement 
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rock extending east-northeast of  the Ruwenzori Mountains where elevations reach 5,400 m 
above sea level. Mean annual rainfall near the site is about 140 cm. There is a strong season- 
ality with a wet spring and fall and dry winter and summer (ANON, 1959). Prevailing 
trade winds are from the northeast in the winter and southeast in the summer, but local 
winds are variable in direction. Volcanic eruptions at the time of  the passing of the inter- 
tropical convergence zone (ITCZ) would have induced a tephra (ash) plume radially from 
the centers unaffected by prevailing winds. Similarly, volcanic eruptions during gravity 
wind flow from the expanded alpine ice fields in the Ruwenzori Massif, during various ice 
ages of  the Pleistocene (MAHANEY, 1990a) would produce eastward ash falls blanketing 
the Kibale Forest area. 

The vegetation is forest covering about 75~ of  the area, despite the climatic seasonality. 
Grassland-savanna dominates on summits and ridges and is most certainly due to erosion 
of  tuffaceous deposits and the maintenance of grassland by fire in preference to scrub 
bush. The character of  the forest varies with a swampy forest in valley bottoms and dry 
variations on slopes. Tree heights are up to 55 m. Swampy and thicket vegetation occupies 
wide valley floors. 

GEOLOGY OF THE REGION 

The site is within the basement complex which in this area is of  Precambrian quartzite 
lithology along the western branch of  the East African Rift System. To the north of the 
divide the bedrock is Precambrian gneiss comprising both acid and basic varieties. This 
contact projects west southwest through the northern limit of  the Ndale volcanic field. 

The Ndale volcanic center situated north of  the Lake George sedimentary basin (Fig. 1) 
contains a series of  widely spaced volcanic vents throughout northwestern Uganda. 
The cones have a maximum relief of  150 m and most are occupied by lakes, some are dry 
depressions, and others are breached by drainage following older activity. 

The two main volcanic areas of  the Ndale Volcanic Field are on basement complex and 
consist of  cones and craters trending north-south. They are centered on the rift that lies 
north of the Lake George rift basin, about 25 km wide (BARKER & NIXON, 1989). The 
eastern boundary fault, although poorly defined, probably passes close to the study site, 
with implications of  carbonatite (calcite-rich) bedrock. Volcanic eruption centers that have 
probable ages of  6,000 to 4,000 yrs, based on the radiocarbon dating of volcanic centers 
in the rift system, are widespread in the field area. The age of the volcanism is from Pleisto- 
cene to Recent for the Katwe-Kikorongo volcanic field 50 km to the south (DAVIES & 
LLOYD, 1986), which may have supplied tephra to the paleosols (ancient soils) in the Kibale 
area. If  this is the case it would imply the existence of  old (>  100,000 yr) soils (paleosols) 
in the field area, which is supported by the presence of halloysite and metahalloysite clay 
minerals (MAHANEY, 1990a). 

Tuff from the volcanic centers was deposited across the Kibale Forest, forming definite 
horizons in areas of gentle slopes, and providing a major parent material of  some soils 
(KERBIS PETERHANS et al., 1993, p 487). The "high carbonate t u f f "  is thought to contrib- 
ute to the neutral (pH=7.0) Kibale Forest substrate. Topographic analysis implies tuff- 
floored valleys of  the Dura and other tributaries west of the trunk stream. 

The tuff  (sand size particles) cones of  the Ndale volcanic area, based on the analysis of 
1:50,000 topographic maps, and the geology of  the Fort Portal sheet) are 150 m high. The 
cones fall in two groups spaced 3 km apart. The cones are on basement rocks (magmatic: 
gneiss granite and amphibolite (OsMASTON, 1989) of  the quartzite series. Based o n t h e  
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description of  the Fort Portal volcanic field to the north (BARKER & NIXON, 1989), the 
cones are comprised of flaggy tufts with slopes of up to 45 degrees. 

The source of  the soil at these sites is dominated by the carbonatite tephra; however, the 
aeolian components of both desert and glacial varieties are also significant. The aeolian 
transport of  quartz as indicators of glaciation in the Ruwenzori 100 km to the south- 
southwest is documented (MAHANEY, 1990a) and similar transport from the outwash fans 
on the southeast flank of the Ruwenzori, as close as 25 km to the south of this site, is a 
real possibility. 

Although no rigorous field soil descriptions exist, the Kibale soils are described as red 
to dark grey sandy loams of  pH 6-7 (KERBIS PETERHANS et al., 1993). 

LABORATORY ANALYSIS 

Four geophagy soil samples collected by RICHARD WRANGHAM at Kibale Forest, 
Uganda, were subsampled in preparation for various particle size, mineral, chemical, and 
geochemical analyses. Owing to low weights some samples (e.g. soils eaten by chimpanzees 
SY and ST) were only of  sufficient mass to insure geochemical and clay mineral analyses. 
The particle size analysis follows DAY (1965); the coarse fractions (63-2000  /~m) were 
determined by dry sieving and the fine fractions (<  63 /~m) by hydrometer. The XRD 
analysis followed WHITTIG (1965), and oriented clay samples prepared by centrifugation 
(JACKSON, 1956) were analyzed on a Toshiba ADG-301H X-ray diffractometer using CuK- 
alpha radiation. Preparation of  samples for Scanning Electron Microscopy and back scat- 
ter imagery follows procedures established by MAHANEY (1990b), but emphasizes the high 
density classes by focusing on the heavy minerals. Mineral content in the minor and trace 
levels reflects the host minerals of  some of  the rare earths, the iron titanium mineralsl and 
complex spinels. 

Geochemical analysis was based on procedures established by HANCOCK (1984). Chemical 
extractions for simulated gastrointestinal mineral dissolution was achieved using a concen- 
tration of  5 g of sample to 50 ml of  a solution of ammonium oxalate [(NH4)2C204"H20] 
brought to pH 2.0 with oxalic acid H2C204"2H20). The extractions were performed with 
Whatman No. 42 filter paper which will retain particles above 0.3/~m after 30 min shaking. 

A mass of  20.52 g of the K14-E14 sample was extracted for 48 hr with distilled dich- 
loromethane after which the solvent was stripped off  in vacuo. About 9.2 mg of residue 
was obtained, which compared with 18 mg obtained when a blank extraction was run with 
solvent alone. 

To analyze the humic acids, the K14-E14 sample was stirred with 30 ml of  3N NaOH and 
allowed to stand for 48 hr after which it was filtered and washed with deionized water. The 
combined filtrates were acidified with 6N HCI to pH 2.0, then extracted twice with n butyl 
alcohol. The butyl alcohol extracts were washed with water and dried over MgSO4. 
Stripping the solvent under vacuum gave a residue contaminated with large amounts of 
MgSO4. This was taken up in absolute ethanol, filtered and the filtrate stripped under vacu- 
um. Because MgSO4 was still present, this process was repeated one more time, yielding 
264 mg of  dark brown residue. 

RESULTS 

SOIL INGESTION 

Around 1990-1991, following several years of  behavioral/ecological research, chim- 
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panzees of the Kanyawara community became habituated to the presence of  observers on 
the ground at a distance of  5 - 10 m. Subsequently, individuals were observed intermittently 
eating soil for  1 - 2  min at a time, consuming around 5 - 1 0  g per session. No individual 
was seen to eat soil more than once per day. Soils were eaten casually, by chimpanzees 
stopping briefly during a journey, without making a detour of  more than 3 - 4 m to reach 
a particular site. 

All geophagy was of  the red sandy clay that underlies the hillside high forest throughout 
the range of the Kanyawara chimpanzees. Geophagy occurred from two types of site. 
The commoner site was soil embedded in a tree-root mass, uplifted and exposed as a 
result of  the tree falling. The second type of  site, seen in perhaps 10% of  cases, was a 
pit around 50 cm deep. In both cases chimpanzees selected soils at a depth of at least 
20 cm below the exposed humus-rich surface. Thus, soil was invariably selected so as to 
avoid the humus layer. 

The red clay was eaten in a similar way by elephants (Loxodonta africana), as shown by 
frequent scrape-marks of tusks in vertical faces created by the cutting of  forest roads. 
Tooth-marks also indicated eating by antelope. 

The best estimate for frequency of  soil-eating comes from focal observations. From 
January 1995 to July 1996, geophagy by the focal occurred five times during 4,946 10-min 
focal observations, suggesting a rate of once per 13.7 days (assuming a 12-hr day). However, 
geophagy tended to occur late in the day [75% observations after 1,200 hr, based on 
16 separate observations of geophagy (including by chimpanzees other than the focal) 
during 4,946 10-min observations; goodness-of-fit, G=28.1, p<0.001]. Geophagy tended 
to be more frequent not only in the afternoon than in the morning, but also later in the 
day in general (lumping into 2-hr blocks, r=.81, df=6, p<0.05) .  The time of day with 
the highest frequency of  geophagy was after 18:00h. Since observations were biased towards 
morning hours (84.5~ before 12:00h), the true frequency of  geophagy appears to be sub- 
stantially higher than once per 13.7 days. Current data, based on focal observations in the 
afternoon alone (4 cases in 766.6 hr), suggest that geophagy occurs once every 2.7 days. 
This is compatible with records from non-focal observations. The frequency and amounts 
of  geophagy thus appear similar to the pattern described for chimpanzees eating termite 
clay in Gombe National Park, Tanzania, of  5 - 1 0  g eaten approximately once per day 
(WRANGHAM, 1977). 

PARTICLE SIZE ANALYSIS 

The particle size distributions of  the sand (63 - 2000/~m), silt (2 - 63 #m), and clay (<  2 
/~m) size material is shown in Figure 2A. The parabolic curves indicate low sand (<  23o70), 
silt (<23o70), and clay greater than 50%. Such fine grained material is indicative of wind 
blown sediment including volcanic ash, partially diluted with other aeolian minerals, 
and modified by subsequent weathering following deposition. With such low values for 
sand and silt, the textural classification of  these soils is clay most of which formed from 
soil-forming processes. As shown on the ternary diagram in Figure 2B, the Kibale soils 
are similar in texture with ingested soils at Cayo Santiago (macaques: MAHANEY et al., 
1995b), and somewhat finer than soils ingested at Mahale Mountains National Park in 
Tanzania (chimpanzees: MAHANEY et al., 1996a) and the Virunga Mountains (mountain 
gorillas: MAHANEY et al., 1990). 



164 W.C.  MAHANEY et al. 

. ~  MATERIAL <2000/= - REPRESENTATWETEST SAMPLE 

SIEVE ANALYSIS SEDIMENTATION ANALYSIS 
-1 0 +1 +2 +3 +4 +5 +6 +7 +8 +9 +10 +11 

99.99 

70 
6O 
50 

10 

/ 

f /  : K14-E14 1 . . . .  /I 
2 

/ /  3 - -  
4 

//" 
ST 1 
ST 2 . . . . .  

oo, --F I ] 

WENTWORTH GRADE SCALE (MICRONS) 

GUIDE FOR TEXTURAL CLASSIFICATION 

:..': Vlrunga Mountains / ' .~. .." \ 
c'~ cayo sa.~ago 8o / ~ : ~  . . . . . . .  \ ~  
�9 ~ K,ba, .  / - ~ - - ' ,  \ 

20/.. ' ~ / . _ . \ ~  ; , , . . . . . ~ ' . . _  ....... \ 

~ e r l  sand 

Fig. 2. A. Particle size curves for the 
K14-E14-1 subsamples and STI and 2; 
B. ternary diagram showing the range 
of soil textures consumed by primates. 



Analysis Geophagy Soils in Kibale Forest, Uganda 165 

MINERALOGY 

Clays: X-ray diffraction: The mineralogy of the fine grain size material (< 2 #m) as shown 
in Figure 3 was determined to assess its importance for geophagy. Aside from minor 
amounts of illite, the most abundant clay mineral is metahalloysite which is a hydrated 
aluminosilicate (AI2Si204"nH20) very similar in composition to the pharmaceutical 
Kaopectate TM. Within the primary mineral suite of the fine fractions, only quartz exists 
in trace amounts. If the chimpanzees are experimenting with the use of soils almost entirely 
depleted of their primary minerals, containing high amounts of 2:1 clay minerals from 
intensive weathering, they have discovered a close representative of Kaopectate TM. 

Sands and silts: The mineral composition of the coarse fractions (50 to 2000 #m) of these 
soils includes sand and silt dominated by quartz of two distinct varieties in the normal light 
mineral class including a coarse vitreous variety and a fine white species. In the heavy 
mineral suite a prominent black iron-titanium oxide dominates along with monazite (rare 
earth phosphate), zircon, and iron-titanium silicates. 

The mineralogy of the tuffs to the north (BARKER & NIXON, 1989), which could have 
provided aeolian influxed material to the soils in the field area, have compositions similar 
to the Ndale tufts. The mineral composition of the lavas includes calcite (55%), spurrite 
(30%), apatite (10%), periclase (3%), perovskite (2~ and minor barite, pyrrhotite, spinel, 
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Fig. 3. X-ray diffractometry of the K14-E14-1 subsample. Mineral identification MH: Metahalloysite; 
I: illite; Q: quartz. 
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and titaniferous magnetite (1%) (Fig. 4). Of these, calcite and pyrrhotite weather directly 
to secondary minerals yielding calcium and iron to the soil. Apatite, a prime fertilizer, tends 
to weather quickly releasing phosphorus as well as calcium to the soils. At the base of the 
weathering regime in soils, phosphates react with rare earth elements (REEs) to form 
secondary phosphates with cerium, thorium, and lanthanum in monazite; yttrium in xeno- 
time; and barium in gorceixite. 

The mineralogy of the samples varies strongly with texture of the sand and silt fractions. 
The coarse material is comprised of iron stained quartz and feldspar that is probably 
derived from the basement complex that makes up the underlying bedrock. The intermedi- 
ate size light mineral fraction is dominated by a white quartz and the fine heavy mineral 
fraction is predominantly black sand-oxides of iron and titanium. Pristine cerium-thorium 
phosphates occur in sample SY1 (eaten by SY), and despite the negative geochemical 
anomaly there, iron and manganese stained spinel and zircon (Fig. 4) are generally present 
(Fig. 4). Iron-titanium alumino-silicates are prominent in sample A J2 (eaten by A J). 

According to HOLMES and HARWOOD (1932) the Fort Portal lavas and pyroclastics range 
from carbonatites (Fig. 4) with little silica and low alkali, to potash-rich ultrabasic lavas 
and lapilli comprised of such minerals as lucite, potash rich nepheline, kalsilite (KA1SiO4), 
pyroxenes, olivine, and mellilite. Silicate bombs and lapilli ejected from volcanic vents 
dominate around the Ruwenzori, whereas lava flows are rare, except from the isolated vol- 
cano of Katumga in the south, and from the clustered volcanoes of Fort Portal in the north. 
Travertines (calcium carbonate) in mounds and pinnacles of a hydrothermal hot spring 
occur in some places, which should be studied as potential geophagic sites. The volcanic 
ejecta are comprised of fragments of both country rock and exotic volcanic pyroxene- 
biotite-olivine rock from boulders, very well rounded by elutriation in the vent to fine dust 
resulting from the milling of rock clasts. The primary minerals forming this dust may be 
an important source of chemical elements acting as geophagy stimuli (especially iron). 

Mineralogy reported for the volcanic rocks to the south (DAVIES & LLOYD, 1986) include 
clinopyroxene, biotite titanomagnetite, apatite, sphene, feldspar, and calcite. EDGAR and 
ARIMA (1981) found high magnesium, chromium, and vanadium associated with sphene 
and titanomagnetite minerals. Apatite, sphene, perovskite (Fig. 4), and calcite are highly 
enriched in light rare earth elements (LREEs), especially lanthanum and ytterbium. Some 
of these minerals (apatite, calcite, titanomagnetite, and chromium-bearing spinel) could 
have small to high importance in geophagy, particularly insofar as they all relate to 
nutrition, diet, and physiological processes. The other elements serve to provide important 
information on the uniformity of soil parent material which shows considerable chemical 
and geochemical homogeneity. 

ELECTRON MICROPROBE 

Four subsamples of the K14-E14 sample were analyzed by electron microprobe combined 
with backscatter imagery (Fig. 5). The transects on Table 1 are shown with white stripes 
on Figures 5A and 5B; data is shown on Table 1. The chemical composition for each tran- 
sect across the fine grain area (Fig. 5A) shows a nearly uniform silica/alumina ratio of near- 
ly 1:1. This is expected from the XRD data that show metahalloysite to be the principal clay 
mineral present in the sample. Taking the means and standard deviations into account only 
the high magnification transect shows lower concentrations, but with nearly the same 1:1 
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Fig. 4. A. Frame 1208 showing a zircon grain with subhedral form, surface wear, and chemical corro- 
sion and fractures probably from elutriation in a carbonatite vent. Coating of Na, Mn, A1, and Mg. 
B. Frame 1107 showing titaniferous magnetite (Fe:Ti=4"l) (ulvospinel-magnetite) with a corrosion 
patina [Na, Mg, (AI:Si=6:5)]. A platy Ti (probably anatase) coating is almost removed. C. Frame 
1106 showing spinel [Fe:Al:Mg.q'i = 6:7:5:4 and a trace of Na (likely A1, Mg, and Ti are one secondary 
coatings on magnetite)]. The inclusion on the smaller grain is perovskite [Ca.q'i= 5:4 with a trace of 
Fe, Si (and possibly Nb)]. The corroded surface is characteristic of  this mineral in carbonatite systems. 
D. Frame 1006 showing a silica cylinder (phytolith). E. Frame 1203 shows subrounded to angular 
grains, mainly quartz with coatings of Fe, Ti, A1, and Si. F. Frame 1218 showing an assortment of 
corroded grains mainly with a composition of Ti:Fe=2:l. 
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Table 1. Electron microprobe data from the K14-E14 sample. 

W. C. MAHANEY et al. 

Point  Na20 MgO AL203 SiO2 P205 SO3 K20 CaO TiO2 MnO FeO BaO 
Min imum limit detection 0.017 0.01 0.009 0.011 0.026 0.017 0.016 0.014 0.017 0.042 0.046 0.04 

Point  Na20 MgO AL203 SiO2 P205 SO3 K20 CaO TiO2 MnO FeO BaO Total 
"Transect ,  left t o r i g h t "  0.00 0.19 13.14 22.17 0.11 0.00 0.31 0.15 5.85 0.55 45 .620 .12  88.21 
" Image  1011, 2200x" 0.00 0.12 15.44 18.040.11 0.00 0.35 0.22 5.92 0.34 45 .660.09  86.29 

0.00 0.13 13.07 20 .100.17  0.00 0.35 0.12 5.50 0.29 45.31 0.11 85.15 
0.00 0.23 16.83 18.44 0.17 0.17 0.44 0.14 5.93 0.13 46.020.06 88.56 
0.00 0.22 13.60 15.42 0.27 0.00 0.45 0.10 5.38 0.18 45.44 0.08 81.14 

Ave 0.00 0.15 13.88 20 .100.13  0.00 0.34 0.16 5.76 0.39 45.53 0.11 86.55 
SD 0.00 0.05 1.66 2.51 0.07 0.08 0.06 0.05 0.26 0.16 0.27 0.02 2.99 

"Transect ,  top t o b o t t o m "  0.00 0.38 26.06 32.37 0.21 0.17 0.51 0.20 0.85 0.12 16.620.00 77.49 
Left t r a n s e c t o n  0.03 0.28 24.30 30 .660.14  0.10 0.64 0.13 0.80 0.12 13.65 0.10 70.95 
" Image  1011, 300x" 0.08 0.33 23.77 38.91 0.25 0.00 0.73 0.11 0.80 0.17 13.600.01 78.76 

0.04 0.32 22.41 28.77 0.14 0.05 0.65 0.10 0.92 0.23 15.66 0.03 69.32 
0.00 0.33 26.13 31.620.00 0.02 0.63 0.10 0.78 0.09 12.49 0.00 72.19 

Ave 0,04 0.33 24.71 33.98 0.20 0.09 0.63 0.15 0.82 0.14 14.62 0.04 75.73 
SD 0.03 0.04 1.58 3.85 0.10 0.07 0.08 0.04 0.06 0.06 1 .690.04 4.15 

"Transect ,  top t o b o t t o m "  0.09 0.35 27.28 35.62 0.27 0.12 0.59 0.14 1.72 0.08 12.790.00 79.05 
Middle transect on 0.08 0.35 26.17 32.82 0.23 0.20 0.67 0.17 1.57 0.17 13.07 0.04 75.54 
" Image  1011, 300x" 0.09 0.35 26.59 32.73 0.27 0.20 0.77 0.17 1.42 0.04 14.290.04 76.96 

0.00 0.33 25.94 31.81 0.76 0.17 0.60 0.18 0.88 0.10 12.840.25 73.86 
0.13 0.55 26.64 34.32 0.16 0.32 0.57 0.22 1.22 0.04 12.53 0.00 76.70 

Ave 0.09 0.35 26.68 33.72 0.26 0.17 0.68 0.16 1.57 0.10 13.38 0.03 77.18 
SD 0.05 0.09 0.51 1.51 0.24 0.07 0.08 0.03 0.33 0.05 0.69 0.10 1.91 

"Transect ,  top to bo t tom"  0.07 0.33 23.11 29.220.27 0.00 0.55 0.13 5.89 0.09 15.31 0.10 75.07 
Right t r a n s e c t o n  0.12 0.32 24.66 33.46 0.23 0.07 0.67 0.13 0.88 0.09 13.73 0.03 74.39 
" Image  1011, 300x" 0.11 0.43 26.17 32.26 0.25 0.10 1.11 0.14 1.72 0.10 14.18 0.00 76.57 

0.16 0.27 21.56 43.11 0.25 0.07 0.60 0.13 0.80 0.10 11.260.00 78.31 
0.18 0.40 26.15 33.80 0.21 0.10 1.35 0.17 1.03 0.09 12.88 0.08 76.44 

Ave 0.10 0.36 24.65 31.65 0.25 0.06 0.78 0.13 2.83 0.09 14.41 0.04 75.34 
SD 0.04 0.06 2.00 5.21 0.02 0.04 0.35 0.02 2.17 0.01 1.52 0.05 1.52 

Data is in percent. Detection limits for each element are on line 2. 

ratio. The alkali metals and alkaline earths (sodium, potassium, magnesium, and calcium) 
are all low and mainly correlated with the presence or absence of minute quantities of 
feldspathic and heavy minerals. Other elements important in geophagic studies, including 
sulfur, phosphorus, and manganese are low. Only iron (II) stands out as a principal 
ingredient with total concentrations of 12-16~ on the low magnification transects and 
approximately 45~ on the high magnification transect, the latter due to a high concen- 
tration of titanomagnetite (note the high values for titanium in the high magnification 
transect). 

GEOCHEMISTRY 

The chemical compositions of the soils eaten by the chimpanzees (see Table 2) are 
characterized by very low levels of the alkali elements (sodium and potassium), and alkaline 
earth elements (magnesium and calcium), the latter two being below the limit of detection. 
Chlorine is also below the limit of detection, eliminating sodium chloride as a possible 
stimulus for geophagy behavior. 

Iron (12.0 to 16.8070) is unusually high in a crustal soil or paleosol and probably 
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Table 2. Geochemistry of the Kibale geophagy soil, Uganda. 
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SY1 SY2 AJ1 AJ2 ST1 ST2 ST3 ST4 

Aluminum o7o 9.7 9.0 13.6 12.9 11.0 11.5 10.0 11.0 
Ant imony ppm _< 0.22 < 0.24 < 0.24 _< 0.27 _< 0.25 _< 0.20 _ 0.24 < 0.19 
Arsenic ppm < 1.7 _< 1.9 _< 2.0 5.4 _< 1.9 _< 1.6 4.0 3.8 
Barium ppm < 150 < 170 590 490 < 170 340 _< 170 < 180 
Bromine ppm 11 11 8 8 12 12 13 12 
Calcium % _<0.20 <0.18 <0.39 -<0.22 -<0.19 -<0.20 -<0.21 _<0.20 
Cerium ppm 108 135 154 130 159 154 150 144 
Cesium ppm _< 1.2 _< 1.4 -< 1.8 _< 1.6 _< 1.4 _< 1.5 _< 1.4 _< 1.5 
Chlorine ppm < 150 < 120 _< 240 < 170 < 140 < 150 _< 140 < 150 
Chromium ppm 117 108 155 149 138 138 122 119 
Cobalt  ppm 77 78 103 93 92 91 93 88 
Dysprosium ppm _<2.6 _<2.0 _<4.4 5.5 _<2.5 _<2.4 <2.3 _<2.3 
Europium ppm 2.5 2.6 2.2 2.1 2.7 2.9 2.8 3.1 
Gall ium ppm 31 26 32 25 32 24 32 25 
Hafnium ppm 8.0 7.8 6.7 6.6 8.5 8.9 8.7 8.5 
Iodine ppm 38 _< 15 <32  _<21 _< 19 _< 19 38 -< 18 
Iron % 12.4 12.0 16.8 14.8 13.9 13.7 13.7 13.1 
Lanthanum ppm 56 60 67 63 64 64 64 66 
Lutetium ppm 0.44 0.51 0.54 0.46 0.55 0.54 0.47 0.49 
Magnesium % _<0.3 _<0.3 _<0.4 _<0.4 -<0.4 -<0.3 -<0.3 _<0.3 
Manganese ppm 2490 2430 4530 4620 2890 2960 2780 3060 
Neodymium ppm 35 35 31 24 38 33 39 27 
Nickel ppm _< 90 _< 98 -< 120 _< 120 _< 100 _< 100 _< 100 _< 100 
Potassium o70 _<0.06 _<0.06 -<0.11 _<0.09 _<0.06 _<0.06 0.12 _<0.07 
Rubidium ppm _< 16 _< 17 45 _< 19 _< 18 _< 17 -< 17 39 
Samarium ppm 7.5 7.3 7.8 6.0 8.3 8.6 8.3 8.8 
Scandium ppm 40.6 40.1 65.7 61.2 46.4 45.3 45.2 43.8 
Sodium ppm 420 490 570 530 490 460 490 450 
Strontium ppm _< 200 _< 220 _< 280 -< 270 _< 240 _< 220 _< 220 _< 240 
Tantalum ppm 4.3 4.1 4.8 4.5 4.8 4.8 4.7 4.7 
Terbium ppm <0.5 1.2 _<0.7 -<0.7 _<0.6 _<0.5 _<0.6 1.4 
Thorium ppm 15 14 17 15 16 16 16 15 
Titanium % 1.53 1.40 1.24 1.39 1.70 1.91 1.65 1.85 
Uranium ppm 4.2 4.7 4.5 5.4 5.3 4.5 5.2 5.4 
Vanadium ppm 340 330 460 440 380 430 360 440 
Ytterbium ppm 3.0 3.2 3.8 3.1 3.5 3.2 3.7 3.0 

Samples 1 & 2: Soil eaten by chimpanzee SY; Samples 3 & 4: chimpanzee A J; Samples 5 -  8: chimpanzee ST. 

results from a long period of weathering accompanied by large scale removal of silicon and 
concentration of iron. 

The three eaten soils appear to be chemically similar, with some elemental contents 
(e.g. aluminum, manganese, chromium, iron, scandium, and cobalt) of S T  higher than 
S Y  by about 10-20%, and the same elemental contents of A J  higher than S T  by 
50-100%. On the other hand, elements such as Ti, Hf, Th, Ta, and the rare earth 
elements (REEs) are much lower in the A J  soil than expected. Mineralogically, the 
elemental anomalies for Ti, Fe, and REEs may translate into ilmenite or titaniferous 
magnetite. 

A comparison of the chemistry of K14-E14 with the ST, SY, and A J  soils shows the same 
depletion in alkali and alkaline earth elements. But, while some elements in K14-E14 
are similar in concentration to those at ST, SY, and A J  (aluminum, hafnium), others are 
enriched by a factor of 1.5-2.1 (e.g. cerium, lanthanum, samarium, neodymium, rubidium, 
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tantalum, thorium, and uranium), and yet others are reduced by factors of 0.7-0.3 
(e.g. chromium, cobalt, iron, manganese, scandium, titanium, and vanadium). 

OXALIC ACID EXTRACTS 

To simulate the ability of the chimpanzee gut to dissolve and release different chemical 
elements, we made a chemical extraction of the < 2 mm fraction of each K14-E14 sample 
using a buffer solution of ammonium oxalate and oxalic acid as described in the methods 
section. The data from this extraction along with control samples are shown in Table 4. 
The controls are from the extract washed through No. 42 Whatman filter paper used in the 
extraction. The control samples show a low level of most elements; only aluminum, bro- 
mine, sodium, and chlorine are above detection limits. It is unknown why the controls gave 
higher aluminum concentrations than did the extracts. All of the elements extracted from 
the K14-E14 samples gave relatively low concentrations, and some elements (calcium, potas- 
sium, chlorine, sodium, arsenic, and gold) generated detection limit data and so are 
precluded from further comment. Although bromine and antimony were measurable in the 

Table 3. Geochemis t ry  o f  subsamples  o f  the  KI4-E14 sample.  

1 2 3 4 

Aluminum % 9.2___0.3 8.7 9.2 9.3 
Antimony ppm 0.42_+0.05 <0.17 <0.17 <0.19 
Arsenic ppm 4.6 _ 0.5 5.0 5.1 4.1 
Barium ppm < 400 __. 320 < 380 _< 430 
Bromine ppm < 7 _< 7 < 7 _< 7 
Calcium ~ <0.12 <0.11 <0.14 <0.15 
Cerium ppm 260_+ 10 240 260 250 
Cesium ppm 2.4_+0.2 2.2 2.4 2.3 
Chlorine ppm _< 130 < 100 < 120 < 110 
Chromium ppm 75 _+ 6 92 75 80 
Cobalt ppm 15_+ 1 14 15 15 
Dysprosium ppm 3.5 _+ 0.4 4.1 4.2 _< 1.8 
Europium ppm 2.5 + 0.3 2.4 2.7 2.3 
Gallium ppm 34 _+ 5 32 32 36 
Hafnium ppm 8.1 7.9 8.7 8.0 
Iodine ppm ~< 13 _< 12 _< 13 32 
Iron % 6.8+0.2 6.4 6.5 6.9 
Lanthanum ppm 120-+ 4 115 129 126 
Lutetium ppm 0.52 0.49 0.53 0.50 
Magnesium % _<0.3 _<0.3 _<0.3 _<0.3 
Manganese ppm 1630 -+ 40 1570 1640 1630 
Neodymium ppm 62_ + 7 53 59 54 
Nickel ppm _< 30 _< 30 -< 30 _< 32 
Potassium % 0.43 _+ 0.02 0.41 0.39 0.41 
Rubidium ppm 83 + 7 75 80 77 
Samarium ppm 11.1 _+ 0.4 10.7 12.0 11.8 
Scandium ppm 22.7 -+ 0.7 22.0 21.9 23.2 
Sodium ppm 500 -+ 20 450 510 510 
Strontium ppm _< 640 _< 550 _< 630 _< 680 
Tantalum ppm 7.6-+0.7 6.8 7.7 7.4 
Terbium ppm 1.1 _+0,2 1.0 1.0 1.1 
Thorium ppm 38 -+ 1 36 40 38 
Titanium % 0.65 -+ 0.04 0.65 0.55 0.68 
Uranium ppm 10.5 -+ 0.3 10.0 10.4 11.5 
Vanadium ppm 200 -+ 10 190 190 210 
Ytterbium ppm 3.2 _+ 0.3 3.2 3,6 3.4 
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Table 4. Geochemistry of Ugandan geophagy soil (KI4-EI4) extracts at pH 2.0 and controls. 
Controls pH 2.0 

Element 1 2 3 1 2 3 4 5 

Aluminum ppm 3000 _+ 100 22000 _+ 500 4000 + 100 400 + 20 400 400 410 390 
Arsenic ppb _< 1.9 32 + 1 - -  _< 11 -< 10 _< 11 _< 13 _< 12 
Ant imony ppb __. 1.3 -< 1.5 - -  13 + 1 10 15 22 12 
Bromine ppb 28 _+ 1 35 + 1 - -  221 + 6 173 202 234 194 
Calcium ppm _<2.2 <_2.4 -<4.1 -<66 -<43 -<51 _<60 ___34 
Chlorine ppm 1 .8+0.2  3.5 2.1 -<8.7 -<6.1 -<7.5 _<9.0 _<9.5 
Cobalt  ppb _< 120 _< 150 - -  990+40  790 1240 1190 920 
Gold ppb 0 .25+0.03 1.1 +0.1 - -  0 .47+0.07 0.50 _<0.20 1.04 _<0.2 
___0.24 
Iron ppm _<59 <75 - -  1900_+60 1480 1990 2000 1800 
Manganese ppm _<0.02 -<0.04 -<0.03 132_+5 137 101 132 99 
Potassium ppm _<63 -<81 -<69 -<93 ___67 _<69 _<93 _<67 
Samarium ppb -< 0.73 _< 0.85 - -  29 + 2 23 32 30 27 
Scandium ppb _< 5.5 _< 7.1 - -  840 _+ 30 670 850 860 780 
Sodium ppm 2.6_+0.1 3.2 1.9 -<33 -<24 _<24 _<38 _<34 
Uranium ppb _< 11 _< 12 - -  269 226 267 271 252 
Vanadium ppm _< 0.002 < 0.004 _< 0.003 7.0 _+ 0.4 7.6 7.2 7.2 6.8 

- - :  Not analyzed for. 

extracts, they were not measurable in the K14 samples, and so will not be discussed further. 
Comparison of  the remaining pH 2 extract data from Table 4 with equivalent data from 

Table 3 shows that samarium (0.1%0); aluminum (0.5%); iron, uranium, and vanadium 
(3%); cobalt, manganese, and scandium (7%) are removed from the soil at solid/liquid 
ratios of 0.1 - 7% (liquid/solid). Since iron is extracted in the highest concentrations, it may 
be that the small amount of iron that could be released in the chimpanzee gut might help 
overcome possible dietary, nutritional, and/or  physiological deficiencies. 

The iron concentrations given in ppm in Table 4 amount  to approximately 0.15 to 0.20% 
or about 1/60 of  the total iron in the sample. While these values are small, one must take 
into account that most of  the iron is contained in the lattices of  different minerals and is 
therefore unavailable to the chimpanzee digestive system. The oxalic acid extraction test 
shows it is possible to release minor amounts of iron at a pH of  2.0, which is the pH of 
the chimpanzee gastrointestinal tract. 

HUMIC ACIDS 

An infrared spectrum of the 264 mg residue described in the methods section proved 
inconclusive, showing strong bands at 3400 and 1640 cm -1 which are probably due to a 
combination of  residual alcohols, water or to hydrated ferric oxide. Weak bands at 2964, 
2956, and 2885 cm-1 characteristic of  aliphatic C-H stretching were also present. These 
could be due to residual alcohols. 

This residue was dissolved in deuteromethanol and a 13C NMR spectrum was obtained 
at 250 Mhz. After 1024 scans to reduce signal to noise, only very weak bands at 23 and 
24 ppm could be observed. These are due to trace amounts of  aliphatic compounds. No 
bands characteristic of the carbonyl group could be detected. 

There are no humic acids present in the sample. The dark residue from the butanol 
extraction contains only trace amounts of  organic compounds. Most of  this residue is 
probably hydrated ferric oxide, which supports the mineralogical analysis described above. 
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DISCUSSION 

The steep slopes and good drainage in the headwaters location mitigates against accumu- 
lation of volcanic detritus except as a component of colluvial material of the upper reaches 
of the drainage in lower slope positions. Outflow from these slope positions perhaps 
associated with piping characteristic of tufts, could produce cones, mounds, and fans 
of exotic fine-grained chemically-rich soils of interest to foraging animals. The abundance 
of resistate minerals from a carbonatite source and the general absence of minerals from 
basement lithologies demonstrates the abundance of tuff in the field area. The proposal 
that no volcanic minerals accumulate on the hillsides is supported by the finding that 
phosphorus (probably derived mostly from volcanic ash) is found at high concentration 
only on flat hilltops, not on the hillsides. 

Groundwater outflow from these slope positions, either as shallow flow associated 
with piping characteristic of tuffaceous colluvium, or deep, hydrothermal springs derived 
from the nearby headwaters of the regional watershed rising from deep fissures occupied 
by carbonatites may add mineral supplements with a geophagy significance. These waters 
could produce morphological features such as cones, mounds, and fans of exotic fine- 
grained mineralogically and chemically-rich soils some aspects of which could interest 
foraging animals. 

The attraction of mineral spring water as a mineral source merits consideration. 
Bicarbonates of calcium and magnesium are present in nine crater lakes to the north in the 
Fort Portal volcanic field (NIXON & HORNUNG, 1973), and highly saline Lake Katwe is a 
characteristic to the south at Katwe-Kikorongo volcanic field (NIXON et al., 1970. 
Solutions from the eruptive volcanic vents could have the attraction of mineral water that 
may be important to foraging animals. 

The usual argument that animals in general eat earth to obtain lime or salts is here 
rejected by the geochemical data that completely eliminates sodium chloride and calcium 
carbonate. Indeed, the eaten soils are too weathered to retain appreciable salts and/or 
carbonate, either as a primary mineral or as secondary carbonate in either caliche or traver- 
tine. Mineralogical or chemical substances derived from the carbonatite substrate is the 
likely factor or stimulus for geophagy. 

Phosphorous in the form of apatite Ca (F, Cl) PO4 is a common component of carbona- 
tites (Fig. 4). The reaction of the chemical weathering of this mineral and the supergene 
(near surface processes) reaction of rare earth elements to form a complex suite of phos- 
phates and alumino-phosphates with accompanying rare earth elements may be a potential 
factor in geophagy. Monazite, one of the more common phosphate minerals is relatively 
inert in oxidizing environments, forming in hydrothermal and supergene environments. 
While it is not possible to provide concentrations of phosphorous by neutron activation, 
we do know that a high percentage of phosphate rich minerals are present in the local soils. 

Provided it exists in a form that allows its absorption into the body, soluble iron is 
the most likely chemical stimulus for geophagy behavior. Indeed, the oxalic acid extractions 
show that Fe is the principal element that could be liberated in the chimpanzee gastrointes- 
tinal tract. 

The clay minerals may act like the pharmaceutical Kaopectate TM to alleviate the effects 
or diarrhea among chimpanzees. All the soils ingested by SY, ST, and A J, and at K14-E14 
are rich in metahalloysite and depleted of most other clay minerals such as illite. The 
dominance of metahalloysite indicates that leaching was strong but not aggressive [e.g. no 
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A 
Fig. 5. Backscatter imagery for the KI4-EI4q sub- 
sample. A. Low magnification imagery (300X) 
showing the general fabric of the ingested material 
(i.e. fine grained vs coarse clastic or sand size 
material with some weathered particles). Bright 
specks are minor size fragments of oxyhydroxides 
or titanomagnetite particles. The box in the upper 
left shows the location of a higher magnification 
image shown in B. The three transects correspond 
with wavelength dispersive electron microprobe 
transects (data in Table 1). B. High magnification 
image of the "box" in A. Larger black areas are 
pore spaces whereas small black areas are a mix of 
pore space and organic clusters. The bright area 
towards the top middle of the low magnification 
image in A is a concentration of Fe-rich material 
including mainly titanomagnetites and small con- 
centrations of Mn, Si, A1, and Cr. 

gibbsite [A12(OH)6] present: MAHANEY, 1993]. Leaching appears to have led to the 
progressive removal of silicon and the concentration of iron over a long time period. As 
with soils eaten by macaques at Cayo Santiago (MAHANEY et al., 1995a), metahalloysite 
and iron are the two main constituents that likely provide stimuli for geophagy. Because 
metahalloysite is so abundant it is likely to be the major soil constituent of interest to the 
chimpanzees. Iron, as an important ingredient of  hemoglobin might not likely be in such 
high demand given that the normal variation in elevation on the part of  the chimpanzees 
on a daily or even seasonal basis, might not be great enough to create a need for increased 
iron (see MAHANEY et al., 1990) over and above what could be met by eating vegetation. 

While the geophagy paleosols at Kibale have biological and pedologic histories that 
differ from termite mound soils/paleosols ingested by chimpanzees at Mahale Mountains, 
Tanzania (MAHANEY et al., 1996b), some general correlations can be established. On 
the one hand, both Mahale and Kibale geophagy soils are clay-rich, and on the other, the 
mineralogy is similar at both sites with metahalloysite dominating. The Mahale samples 
contain small amounts of smectite, a 2:1 (Si:Al=2:l) expandable clay mineral that along 
with metahalloysite forms a chemical compound very similar to Kaopectate TM. HLADIK 
0977) tOO has noted the importance of clay in the soil consumed by Gombe chimpanzees. 
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Among the chemical elements studied in the Kibale geophagy soils, iron is substantially 
higher, and sodium and calcium lower, than at Mahale, reflecting the drier climate in 
Tanzania. The principal rare earth elements (lanthanum, europium, and lutetium) show 
little variation across the two suites of geophagy paleosols at both Kibale and Mahale 
indicating in each research area a very homogeneous paleosol parent material. Presumably, 
the chimpanzees are quite skilled at finding and extricating extremely homogeneous 
natural earths. 

CONCLUSIONS 

Chimpanzees in the Kibale Forest select and consume well weathered soils formed in 
very fine grained volcanic deposits (tufts). The chimpanzees are ingesting clayey material 
that contains an abundance of  metahalloysite which is mineralogically and chemically 
similar to the pharmaceutical Kaopectate TM. While there are numerous heavy and light 
minerals present in the sand and silt fractions of  the ingested material in both slightly 
and severely weathered states, there is very little in the way of  primary minerals present in 
the clay fraction. Only minor amounts of  quartz were detected in the suite of samples 
studied. While some differences exist in the mineralogy of  this material compared with the 
material ingested by other primates, such as African mountain gorillas (MAHANEY et al., 
1990, 1995a) and rhesus macaques (MAHANEY et al., 1995b), the clay mineralogy is 
remarkably similar. 

Based on the geochemical data, iron is the main element available in any quantity to af- 
fect dietary or nutritional intake. The chemical simulation described above indicates that 
there is sufficient iron available for dissolution in the chimpanzee gastrointestinal tract to 
make it worthwhile to ingest the available soil material. The chimpanzees may derive some 
nutritional, dietary and/or  pharmaceutical benefits from other elements in the ingested 
material provided they are in a form that allows absorption by the body. 
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