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ABSTRACT. Soil mining and eating (geophagy) behavior of rhesus macaques (Macaca mulatta) on 
Cayo Santiago, Puerto Rico, is described and assessed with respect to the chemical, geochemical, and 
mineralogical composition of the ingested materials. The samples forming the uneaten (control) and 
eaten (matrix and blocky) groups of soils come from the top and flanks of a marine terrace underlain 
with volcanic tuffon Cayo Santiago, off the east shore of Puerto Rico. Both the uneaten and geopha- 
gy samples were analyzed to determine particle size distributions, clay and primary mineralogy, and 
soil chemical and geochemical compositions. Primary minerals such as orthoclase and plagioclase 
feldspar in the clay fraction is higher in the control group than in the ingested samples. Both the 
control and matrix plus blocky samples have moderate to abundant amounts of kaolinite and halloy- 
site (both silicon:aluminum = 1:1 type clay minerals) that may be important as a stimulus to geophagy 
behavior. The pH, total salts, and phosphorus levels in both the control and geophagy samples show 
considerable overlap with little clear indication of causal factors. Analysis of the geochemical data 
showed no clear cut elemental differences to suggest elemental supplementation as a possible explana- 
tion for mining and eating of tropical soil. It is possible that rhesus macaques ingest clay to obtain 
kaolinite/halloysite minerals which may alter the taste of their provided food, and may act as phar- 
maceutical agents to alleviate intestinal ailments such as diarrhea. 
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I N T R O D U C T I O N  

Geophagy in non-human primates in particular, and mammals  in general, has stimulated 
considerable research in recent years with respect to its possible nutritional benefits 
(BELOVSKY, 1981; KREULEN & JAGER, 1984; KREULEN, 1985; MAHANEY, 1987, 1993; JOHNS, 
1990; JOHNS & DUQUETTE, 1991; MAHANEY & HANCOCK, 1990; MAHANEY et al., 1990), 
medicinal function (JOHNS, 1990), and behavioral aspects (IzAwA, 1975; INOUE, 1987; 
ROGERS & KAPLAN, 1993). Several possible stimuli have been considered for this behavior. 
Geophagy has been regarded as a simple quest for salt (ROZlN, 1976; SINCLAm, 1977; 
BELOVSKV, 1981; MLOSZEWSKI, 1983), as a fulfilment of  mineral and trace element require- 
ments (RoBBINS, 1983; ARTHUR & ALLDREDGE, 1979; WESTOBY, 1974), and/or  as a means 
of  using clay to adsorb toxins (OATES, 1978). 

Soil eaten by non-human primates including gorillas (FoSSEY, 1983; WA'rXs, 1984), 
monkeys (I7AWA, 1975; HLADIK, 1977), chimpanzees (GOODALL, 1986), and orangutans 
(ROGERS & KAPLAN, 1993) ranges from only a fraction of dietary intake consumed occa- 
sionally (WATTS, 1984, African mountain gorilla) to significant amounts eaten over 
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considerable periods of  time (INOUE, 1987, Japanese macaques). Geophagy is thus a com- 
mon but complex and variable behavior, both in its stimuli and its effects. While there are 
disadvantages to eating soil (KREULEN, 1985), there may be multiple benefits, though the 
stimulus for the behavior may be something specific. JOHNS and DUQUETTE (1991) have 
described the mixing of  clays with acorn meal by humans as a means of alleviating the 
bitter taste of the meal. This practice may also absorb plant toxins into the clays, adsorb 
them onto clay surfaces, and/or  prevent their absorption in the small intestine, permitting 
the use of  the acorns as food without the detrimental effects of their toxins. 

Rhesus macaques in Puerto Rico regularly extract and consume soil material from 
outcrops exposed on high marine terraces (SULTANA t~ MARRIOTT, 1982; MARRIOTT et al., 
1990; MARRIOTT et al., 1993). The monkeys do not roll their food in the soil, but often 
have food in their cheek pouches when they eat soil. This behavior is often, but not exclu- 
sively associated with the consumption of monkey chow provided by the Research Center. 
Like Japanese macaques (INOUE, 1987), the monkeys eat soil on a daily basis. To examine 
possible stimuli for, and effects of, this behavior, we determined the physical, chemical, 
geochemical, and mineralogical composition of ingested soils. We anticipated that if miner- 
al or chemical deficiencies exist in the chow provided for the macaques, we might find 
greater amounts of  these deficient minerals or elements in the ingested soil relative to a 
control group of local soils. We assumed that the mined soils represented random sampling 
across a geological surface having nearly uniform mineralogy and chemistry. In this paper, 
we summarize a pattern of geophagy among rhesus macaques, and present results of  the 
particle size, geochemical, chemical, and mineralogical analysis of  the ingested soils. Possi- 
ble reasons for and effects of  this behavior are explored. Two elements, selenium and zinc, 
which are of  nutritional importance to non-human primates (McDoWELL, 1992), were not 
determined by our procedures. 

FIELD AREA 

LOCATION AND VEGETATION 

Cayo Santiago is a small island (15.2 ha) located 1 km off  the southeast coast of  Puerto 
Rico at 18~ 65~ It is maintained as a rhesus monkey behavioral colony by the 
University of  Puerto Rico's Caribbean Primate Research Center (see KESSLER & BERARD, 
1989; RAWLINS & KESSLER, 1986). AS shown in Figure 1, it has three distinct areas: Big 
Cay, Small Cay, and an alluvial lowland covered with mangrove (Rhizophora mangle) and 
coconut palm (Cocos nucifera). The natural vegetation on the island consists of grasses and 
scrubs. During the 1940's, attempts to introduce crop plants such as bananas, almonds, 
guavas, and limes met with limited success, and only the coconut palm survived. As many 
as 141 species of  plants are eaten by rhesus macaques on the island (MARRIOTT, 1988; 
MARRIOTT et al., 1989; COWEN, 1990). 

GEOLOGY AND CLIMATE 

The geology of  Cayo Santiago is of  Lower Cretaceous and Pleistocene (and/or Recent) 
ages (BRIGGS, 1964), with Big Cay and Little Cay classified as part of the northeastern 
volcanic-plutonic subprovince (Cox & BRIGGS, 1973). Lava breccia, tuff and tuffaceous 
sandstone, and siltstone outcrop here with limestone beds occurring sporadically in the 
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Fig. 1. Cayo Santiago, a small island of volcanic origin, consists of two small marine terraces 
(25 m and 35 m a.s.1.) off the coast of Puerto Rico. The locations of mined and control samples are 
shown on the map. 

upper sequence (MONROE, 1980; Cox & BRIGGS, 1973; BRIGGS & AKERS, 1965; KAYE, 
1957). These extensively weathered rocks reflect the volcanic origin of the underwater 
mountain on which Puerto Rico is situated (WAGENHEIM, 1975). The alluvial/mangrove 
area consists of surficial deposits of beach and dune eolianites consisting primarily of 
calcite, quartz, and magnetite (BRIGGS, 1964; BRIGGS & AKERS, 1965). Both Big Cay and 
Small Cay are uplifted marine terraces. 

Located within the Greater Antilles, Cayo Santiago's climate is predominantly affected 
by the northeasterly trade winds and the subtropical ocean current (KEMBALL, 1985). 
Mean annual temperature is approximately 25~ with daily extremes of  40 ~ to 21~ The 
rainfall is highest from May to October, occurring with the high sun. 

METHODS 

Samples of  soil consumed by the monkeys were collected from ten different sites mined 
and frequented by the monkeys on the Big Cay (Fig. 1). Ten matching control samples were 
collected at a distance of  5 m from each mine in a randomly chosen direction (but within 
the terrace surface or flank). 

The eaten samples contained blocks of  fine-grained material within the matrix material, 
while the control samples consisted of  non-blocky matrix material. So, samples were taken 
for chemical analysis both from blocky material and from the crumbly part of  the eaten 
matrix materials (samples 1-10) ,  as well as control samples from the uneaten materials 
(samples 11 - 20). 
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The collected samples were air dried, treated with 30% H202 to remove organic matter, 
and chemically dispersed with sodium pyrophosphate (except the blocky samples which 
had insufficient masses for particle size determinations), and mechanically dispersed by 
sonification to achieve deflocculation. Particle size analysis was carried out by wet sieving 
the sands and then calculating the individual fractions by dry sieving. The silt and clay 
fractions were calculated by hydrometer (DAY, 1965). 

Phosphorous was determined with an autoanalyzer. Conductivity and pH were deter- 
mined using 20 g samples of the <2 mm sample to 100 ml of distilled water (h5 ratio). 

All other elemental determinations were made by instrumental neutron activation analysis. 
For a description of this method see HANCOCK (1978, 1984) and MAHANEY et al. (1990). 

The mineralogy of the < 2/~m fraction was determined following procedures outlined by 
MAHANEY (1981, 1990) and WI-IITTIG (1965). 

RESULTS AND DISCUSSION 

PARTICLE SIZE 

The particle size distributions of the sand (2000-63/~m), silt (63-2 #m), and clay (< 2/~m) 
fractions are shown in Figure 2. In general, the control samples are more sandy (37 - 59%) 
than the ingested (matrix) group (11 -37%). The silt content is slightly higher in the control 
group (ca. 8 -45%)  compared with the matrix groups (2-42%), and clay distributions 
show much higher percentages of clay in the matrix groups (52-88%) than does the 
control group (19-46%). The lower sand and higher clay fractions in the matrix group 
indicate that the rhesus macaques, from the sites available to them, show a clear preference 
for using clay-rich samples. The data also indicate that the macaques show a preference for 
finer-grained material with less silt and sand [even though there is some overlap: e.g. Upper 

MATERIAL  <2000/~ - R E P R E S E N T A T I V E  T E S T  SAMPLE 

SIEVE ANALY SIS S EOIMENTATION ANALYSIS 

q 

. ~  ~ . . . ~  ~ ~ LOWER CORRAL 11 
LOWER CORRAL 1 - -  LOWER CORRAL 12 ................ i 
LOWER CORRAL 2 CLIFF 13 ~  . . . .  
CLIFF 3 - -  FIG ROCK 14 . . . . . . . . . . . . .  
FIG ROCK 4 . . . .  R G  P.OCK 15 . . . . .  
FIG ROCK 5 UPPER CORRAL16 
UPPER CORRAL 7 . . . .  UPPER CORRAL 17 
UPPER CORRAL 8 UPPER CORRAL 18 
SOUTH END 9 . . . .  SOUTH END 19 ~ ,  
WEST WOODS 10 . . . . . . . . .  WEST WCODS 2O . . . . . . . . . . . . . . .  

2C~0 1000 500 250 125 63 312 15.6 78  3.9 195 098 049 024 0 t 2  008 

WENI~,~RTH GRADE SCALE (MICRONSj 

Fig. 2. Particle size distributions of control samples (not eaten) and geophagy samples ingested by 
rhesus macaques. 
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Corral 8 (Fig. 1 for location) falls within the control group of  samples]. Upper Corral 8, 
infrequently used by the macaques, remained intact as a mine site. This mine may not have 
provided the preferred fine-grained material with the proper mineralogy, or perhaps the 
particle size composition changed over time, which led eventually to abandonment of  the 
mine. The monkeys use, abandon, and create new mines elsewhere over time, as for example 
at Upper Corral 8, which is an infrequently used, but still intact, mine site. 

The particle size trend is clear, however, in that the rhesus macaques prefer fine-grained 
sediment as a food supplement. The particle size was determined from the total bulk of 
the samples used by monkeys. We had insufficient sample sizes to carry out particle size 
analysis of  the blocky peds (fine-grained soil structures or blocks) that the monkeys 
preferred to use as a food supplement. We did, however, have sufficient material to analyze 
the soil blocks for mineral composition. 

M I N E R A L O G Y  

The mineralogy (Table 1) of  the <2/~m fraction was analyzed by XRD ( W H I T T I G ,  1965) 

Table 1. Mineralogy* of the <2 tzm fraction of samples from Cayo Santiago, Puerto Rico. 
C l a y  m i n e r a l s  P r i m a r y  m i n e r a l s  

S a m p l e  K H I S I-S V C h l  Q P O 

B l o c k y  

L o w e r  c o r r a l  1 - -  X X  X . . . .  tr  X X 

L o w e r  c o r r a l  2 - -  X X X  X . . . .  X X X  X 

C l i f f  3 - -  X . . . .  X X X - -  

F i g  r o c k  4 t r  X X  X X X - -  t r  X X t r  

F ig  r o c k  5 - -  X - -  t r  - -  - -  t r  X X - -  

U p p e r  c o r r a l  6 - -  X X X  X X - -  t r  - -  X X - -  

U p p e r  c o r r a l  7 - -  X X X  X X - -  t r  - -  X X - -  

U p p e r  c o r r a l  8 - -  X . . . . .  X t r  - -  

S o u t h  e n d  9 X X X  tr  X - -  - -  - -  t r  t r  - -  

W e s t  w o o d  10 X X X X  X X - -  - -  - -  X X X  X 

M a t r i x  

L o w e r  c o r r a l  1 - -  X X X  X X X  . . . .  X X  X X X  X X  
L o w e r  c o r r a l  2 X X X  X X X  X X  - -  ? - -  - -  X X X X  X 

C l i f f  3 - -  X X X  X t r  - -  - -  - -  X X X X  X 

F i g  r o c k  4 - -  X X X  X t r  - -  - -  - -  X X X X  X X  

F i g  r o c k  5 - -  X X X  X t r  - -  - -  - -  X X X 

S a m p l e  6 ( i n s u f f i c i e n t  soi l )  

U p p e r  c o r r a l  7 X X X  X X X  X X X - -  - -  X X X X  

U p p e r  c o r r a l  8 - -  X X X  X t r  X - -  - -  X X  tr  X 

S o u t h  e n d  9 X X X X  X t r  X - -  - -  X X X 

W e s t  w o o d  10 X X  X X X  X X  tr  X - -  - -  X X  X X  X 

U n e a t e n  

L o w e r  c o r r a l  11 - -  X X X  X X  . . . .  tr  X X X  X 

L o w e r  c o r r a l  12 X X  X X X  X X  . . . .  X X X X  X 

C l i f f  13 - -  X X  X X X  X X  - -  - -  X X X 

F i g  r o c k  14 - -  X X X  X t r  X - -  - -  X X X 

F i g  r o c k  15 - -  X X  X t r  X - -  - -  X t r  X 

F i g  r o c k  16 - -  X X X  X X  t r  t r  - -  - -  X X - -  

F i g  r o c k  17 - -  X X  X - -  X - -  - -  X X t r  

U p p e r  c o r r a l  18 - -  X X . . . .  X X X X  

S o u t h  e n d  19 - -  t r  . . . . .  X X - -  

W e s t  w o o d  20 t r  X X X  X . . . .  X X - -  

* D i f f e r e n t i a t i o n  o f  c lay a n d  p r i m a r y  mine ra l s .  K: K a o l i n i t e ;  H :  ha l loys i t e ;  I: i l l i te ;  S: smec t i t e ;  I -S:  i l l i t e - smec t i t e ;  

V: v e r m i c u l i t e ;  C h l :  ch lo r i t e ;  Q:  q u a r t z ;  P:  p l a g i o c l a s e ;  O:  o r t h o c l a s e ;  - - :  n o  de t ec t ion ;  X:  s m a l l  a m o u n t ;  X X :  

m o d e r a t e ;  X X X :  a b u n d a n t .  
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to determine if differences could be detected between the ingested samples (blocky and 
matrix) and the uneaten control group. Within the ingested sample groups, the primary 
minerals consist of quartz, plagioclase feldspar, and orthoclase, and show few trends. 
However, plagioclase feldspar and orthoclase are more abundant in the matrix group than 
in the blocky samples. The blocky samples, on the other hand, contain minor amounts of 
vermiculite and chlorite relative to the matrix group which do not contain these minerals. 
Also, smectite, an important 2:1 (silicon:aluminum=2:l) expandable clay mineral found in 
the pharmaceutical Kaopectate, is more abundant in the blocky group compared with the 
matrix group. Illite and kaolinite are slightly higher in the matrix group than in the soil 
blocks. 

All the minerals present within the matrix and blocky groups are also found in the uneat- 
en control group with the exception of  vermiculite and chlorite. Within the primary miner- 
als, plagioclase feldspar is somewhat lower in the control group, but quartz and orthoclase 
have similar distributions. Smectite is present in trace quantities in the control group 
compared with the other two groups where it is more abundant. Illite is present in about 
the same quantity in all three groups and illite-smectite (randomly interstratified) is less 
abundant in the soil blocks. 

Within the 1:1 (silicon:aluminum~-1:1) group of  clay minerals, kaolinite, and halloysite 
are less prevalent in the uneaten control groups than in the other two groups. From a miner- 
alogical assessment of  the three groups of  samples, several trends are noteworthy. The 
presence of  chlorite in some of the ingested samples (samples 3, 4, and 5) may relate to 
the adsorption of  toxins as discussed by OArES (1978) in his study of  guereza monkeys, 
and examined at length by JOHNS (1990). Halloysite and kaolinite, when combined with 
small amounts of  smectite, produce a mixture that bears a striking similarity to the phar- 
maceutical drug Kaopectate (see VERMEER • FERREL, 1985), and suggests that natural 
earths may be used by the macaques to alleviate gastrointestinal upsets and diarrhea. 
Indeed, previous research (KNEZEVlCH, unpubl.) showed that though rhesus macaques 
have heavy parasite loads, they rarely have diarrhea. This suggests that frequent use of  
natural earths as a food supplement may maintain solid feces in the rhesus macaques. 

The presence of  uniform but low amounts of  illite in the ingested samples may supply 
minor amounts of  iron and potassium, if the gut pH is low enough to solubilize part of  
the ingested mineral. The primary minerals (quartz and plagioclase feldspar and or- 
thoclase) probably pass through the gut without appreciable change. Kaolinite plus halloy- 
site are relatively unaffected by ingestion; their main effect is likely to alleviate diarrhea. 
Halloysite may adsorb water much like smectite, aiding in solidification of the feces. 

Given the small size of  Cayo Santiago (Fig. 1), it may be that the rhesus macaques are 
ingesting samples at random from the marine terraces. If  this is so, one would expect the 
control samples to vary little relative to the ingested samples. Sooner or later, as the dug 
caverns become larger, the macaques may ingest soil from the control group areas as well. 
If a Kaopectate-like substance is the stimulus for this behavior, it seems that the rhesus 
macaques have little chance of  running o u t  of  suitable natural earths. Even the control 
group has sufficient halloysite and smectite to provide a similar effect. 

SOIL CHEMISTRY 

The soil color was estimated (Table 2) from soil color charts (OYAMA t~ TAKEHARA, 
1970) to determine if it could be used to estimate the presence of  organic matter or iron 
oxides and hydroxides. As shown in Table 2, the colors in the geophagy group are domi- 
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nated by strong yellow brown hues ranging to 5YR 5/4. Only one sample (West Woods 10) 
has a 10YR color (weaker yellow red) within the geophagy group. The control group is 
dominantly 10YR with values from 5 to 7 and chromas from 2 to 6, which are generally 
yellowish brown to yellow orange colors. The colors indicate, in general, little organic 
matter in both groups of soil; however, the geophagy group colors suggest the presence of 
higher amounts of  iron (both oxides and hydroxides). If soil color controls the selection 
of  sites by the rhesus macaques, there may be a close correlation with selection of  geophag- 
ic sites on Mount Kenya by African buffalo (MAHANEY, 1987, 1990) who show a prefer- 
ence for reddish-brown paleosols (old soils). 

The pH distributions show a range from 5.2 to 7.0 in the geophagy group and 5.3 to 7.2 
in the control group. However, the geophagy group has seven samples with pH < 6.0, while 
the control group has only three samples with a pH <6.0. Thus, the geophagy group, 
despite some overlap with the control group, has a pH that is more acidic. In general, the 
higher acidity and redder colors (7 .5-  5YR) probably represent more intense leaching and 
higher amounts of  iron oxides. 

The electrical conductivity, shown in Table 2, was analyzed to determine if relative 
degrees of  leaching had occurred in the two sample sets. The electrical conductivity approx- 
imates the presence of salts in a sample. The correlation with pH is clear; as alkalinity 
increases, the salts slowly increase. In most cases, the pH is at least moderately acidic 
and the conductivity is not high. The data indicate that some soils are possibly resupplied 
by salts (mainly chlorides) from the ocean and the pH remains acidic from the effects on 
the soil of  the well-established vegetation and abundant precipitation. The underlying 
bedrock of basaltic composition probably does not supply much acidity to the soils. 

The phosphorus distributions presented in Table 2 show considerable overlap between the 
matrix group and the control group. The concentration of phosphorus in the control group 

Table 2. Physical and chemical soil analyses from Cayo Santiago, Puerto Rico. 

pH E.C. Phosphorus 
Sample Dry color (1:5) (S/cm- ~) (ppm) 
Matrix 

Lower corral 1 I.S. I.S. I.S. 2.1 
Lower corral 2 7.5YR 6/4 6.0 0.17 18.6 
Cliff 3 7.5YR 6/6 5.2 0.17 3.5 
Fig rock 4 10YR 5/4 5.0 0.17 25.6 
Fig rock 5 7.5YR 6/3 & 5/3 5.8 0.17 4.3 
Upper corral 6 5YR 5/4 5.2 0.22 2.5 
Upper corral 7 7.5YR 5/3 7.0 0.67 198.0 
Upper corral 8 7.5YR 5/3 & 5/4 6.2 0.29 335.0 
South end 9 7.5YR 5/3 & 5/4 5.3 0.11 89.3 
West woods 10 10YR 6/6 5.5 0.06 185.0 

Uneaten 
Lower corral 11 10YR 5/6 7.2 0.14 22.0 
Lower corral 12 10YR 6/4 5.8 0.10 15.2 
Cliff 13 10YR 7/3 6.5 0.54 0.5 
Fig rocks 14 10YR 5/3 6.3 0.14 10.7 
Fig rocks 15 10YR 5/3 6.8 0.18 23.4 
Upper corral 16 10YR 5/3 5.4 0.12 41.7 
Upper corral 17 10YR 4/2 & 4/3 7.0 0.23 74.8 
Upper corral 18 10YR 5/2 5.3 0.32 45.9 
South end 19 10YR 5/3 6.7 0.18 95.7 
West woods 20 10YR 5/2 6.2 0.08 36.4 

I.S.: Insufficient sample. 
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is < 100 ppm and many samples (n = 8) are less than 50 ppm. While there are four samples 
in the matrix group with concentrations < 10 ppm, three samples show phosphorus levels 
higher than 100 ppm. I f  phosphorus is an element lacking in macaque nutrition or dietary 
requirements, the available data indicate that the macaques may rectify a chemical 
imbalance in their food supply by adding these soils to their diet. However, there is no clear 
trend in this data set that could be used to prove a phosphorus deficient diet. 

GEOCHEMISTRY 

Table 3 shows the average results from the neutron activation analysis of  soil samples 
from Cayo Santiago together with the group standard deviations at a 67% level of  confi- 
dence. In this data set, < X  + Y denotes that some detection limits were folded into the 
calculation of  the elemental mean. 

The first two columns of  Table 3 give .the analytical data for two different forms of the 
material that is eaten by the macaques. The blocky material represents the actual material 

Table 3. G e o c h e m i s t r y  o f  soi ls  ea t en  by  rhesus  m a c a q u e s ,  C a y o  S a n t i a g o ,  P u e r t o  Rico.  

Blocky samples Matrix samples Uneaten samples 
Element 1 -  10 1 - 10 1 1 - 2 0  

Aluminum* % 11 _+ 3 11 _+ 2 12 _+ 3 
Calcium % 1.0,+0.9 1.0_+0.6 1.7_+0.6 
Iron* % 7.6_+0.8 7.6_+0.7 9.1_+1.8 
Magnesium % <0.8_+0.4 <0.7_+0.4 <0.7,+0.5 
Potassium % < 0.6 + 0.3 < 0.7 _+ 0.3 < 0.8 ,+ 0.5 
Sodium % 0.51 _+0.24 0.53 _+0.28 0.74_+0.41 
Titanium* % < 0.46 + 0.09 < 0.49 _+ 0.07 < 0.67 _+ 0.15 

Ant imony 1.8+2.8 2.0+__3.4 1.1 -+ 1.1 
Arsenic <5.2_+4.6 < 5 . 8 + 5 . 1  <5.9_+3.5 
Barium 370 -+ 180 420 -+ 180 < 450 -+ 210 
Bromine 31 -+9 34+  l0  2 6 + 8  
Caesium < 1.5 -+ 1.5 < 1.5 -+ 1.5 < 1.4 _+ 0.9 
Cerium* 14 _+ 3 20 _+ 4 23 _+ 4 
Chlorine < 700 _+ 1100 < 800 _+ 1070 < 500 + 310 
Chromium 24 -+ 7 22 + 11 30 -+ 13 
Cobalt  17 _+ 10 25 _.+ 19 29_+ 16 
Europium* 1.2 _+ 0.3 1.3 --- 0.3 1.5 _+ 0.2 
Gall ium < 26 < 42 < 42 
Hafnium 2.0 + 0.4 2.1 -+ 0.5 2.2 + 0.7 
Iodine <47-+28 < 4 3 ,  + 18 <28_+7 
Lanthanum* 6.2 _+ 0.7 8.5 _+ 2.4 10.1 _+ 1.8 
Lutetium* 0.31 _+ 0.05 0.42 _+ 0.08 0.48 _+ 0.09 
Manganese 600 _+ 390 860 _+ 500 1240 _+ 590 
Neodymium 8 _+ 3 < 10 -+ 3 13 _+ 2 
Nickel < 44 < 50 < 60 
Rubidium 28 _+ 11 28 _+ 13 35 _+ 10 
Samarium 2.5 _+ 0.5 3.1 _+ 0.8 3.5 _+ 0.6 
Scandium* 29 + 6 30 _+ 4 36 _+ 6 
Strontium < 160_+ 40 < 130 ,+ 40 < 180 -+ 40 
Tanta lum < 0.22 < 0.18 < 0.20 
Terbium 0.33 _+ 0.06 0.6 _+ 0.1 0.8 _+ 0.2 
Thorium* 0.9 _+ 0.2 1.2 _+ 0.1 1.4 + 0.2 
Uranium < 1.1 < 1.4 < 1.4 
Vanadium* 240 _+ 40 250 + 40 310 -+ 80 
Ytterbium* 2.2 -+ 0.4 2.5 -+ 0.4 3.0 -+ 0.7 

All elemental concentrations in the larger list of  elements are in ppm. *Groups better than +20  to -+25%. 
< X__+ Y: Some detection limits were included in the calculation of the group mean. 
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eaten while the matrix material includes fine-powdered as well as blocky material. Within 
the elemental group precisions, as might be expected, there is essentially no difference 
between the mean elemental concentrations for the 35 elements sought in these two groups 
of  samples. This implies that the soil samples are geochemically relatively homogeneous. 

Relative to the data displayed in these two groups of  samples, the group mean concentra- 
tions for the elements in the control material not eaten by the macaques (column three) 
is either equal to or greater than that found in the eaten material. Possible exceptions are 
the halogens iodine, bromine, and chlorine, all of  which are, however, at or close to their 
detection limits. 

Considering the dispersion of the total data set, as represented by the group precisions, 
these differences in the group mean values do not clearly separate the eaten from the 
not-eaten groups of  soils. It is therefore unlikely that the monkeys obtained any benefit 
from the nutritionally important  elements present in the eaten soils, unless the chemical 
form of  the elements allowed them to be available for absorption. 

CONCLUSIONS 

Rhesus macaques on Cayo Santiago collect and consume soils. The macaques clearly 
show a preference for soils with less sand and silt and higher clay size material. The miner- 
alogy of  the mined samples shows little variation of  primary minerals present between the 
matrix and blocky groups. Quartz, orthoclase, and plagioclase feldspar contents are small 
to moderate in amount  within the control and matrix and blocky groups. The clay mineral 
distribution shows notable differences, especially with regard to the kaolinite-halloysite 
composit ion of  the eaten material, which contains about the same amount  of  halloysite and 
more kaolinite. The ingested samples also have higher amounts of  smectite resulting in a 
composit ion similar to Kaopectate. The stimulus for geophagy in rhesus macaques is 
unknown but may be to render their feed more palatable, as reported for humans mixing 
clays with food (JOHNS & DUQUETTE, 1991). Results of  analysis of  the clay mineralogy 
indicate that the rhesus macaques are using a natural earth which may act as a pharmaceu- 
tical agent to prevent or treat gastrointestinal upsets or diarrhea. 
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