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ABSTRACT: As a typical tropical volcano-and-limestone-reef island, Guam exhibits soils and engineering 
geologic iSSlJCS common to many South Pacific areas. Construction is strongly influenced by lateritic and 
saprolitic soils, which are high plasticity silts. Soils have experienced seasonal wetting and drying, as shown 
by overconsolidation ratios ranging from 3.4 to 18.8. Pronounced soil structure has produced highly variable 
shear strength (4 to 266 l.Pa) and residual strength on the order of one-half the undisturbed strength. 
Compaction characteristics are typical for highly weathered soils and the associated halloysile and aJlophane 
mineral groups: maximum dry densities average 1000 kglmJ and optimum moisture contents average 57010. 
Geologic hazards of the island include landslides and erosion, seismic and volcanic activity, subsidence. and 
scarcity ofgeologic construction material. Assessment of these hazards is discussed, and example slope and 
earthquake design parameters are given. 

RESUME: En tant qu'ile tropicale t)'pique, recif volcanique et calcaire, la Guam presente des problemes de 
terrains et d'ingenierie geologiques qui sont communs a beaucoup de regions du Pacifique du Sud. La 
construction est fortement influencee par 1es sols qui sont des limons de haute. Les sols ont subi des periodes 
de pluie et de secheresse, comme Ie montre lex taux de surconsolidation qui varient de 3.4 a 18.8. La 
structure marquee du sol produit une resistance w cisaillement de hautement variable (4 a 266 kPa) et une 
force residuelle de I'ordre de la moilie de la force non derangee. Les caracteristiques de la compaction sont 
typiques des sole tres baltus par les temps el les groupes mineraux d'alliage (alloysites et allophanes); les 
densites maximum de sechersees sont de la moyenne de 1000 kg/mJ et Ie contenu d'humidite oplimal esl 
d'une moyenne de 570/•. Les risques geologiques de I'ile comprennenl les glissemenls de terrain, I'erosion, 
I'activite sismique et volcanique, I'affaissement du terrain et la mauvaise qualite des produits terreux pour 1& 
construction. Des evaluations de ees accidents du terrain sont discutets et des modeles d'inclination et de 
tremblements de terre sont donnes en exemple. 

I INTRODUCTION width from 6 to 18 km (see Fig. I). Guam is 
characterized by two physiographic regions. The 

As a typical volcano-and-limestone reef island in the northern half is a broad, gently undulating limestone 
tropics, Guam exhibits engineering geologic issues plateau bordered by steep cliffs along the coast. The 
common to many South Pacific areas. The purpose southern half is primarily a dissected volcanic 
of this paj>er is to provide both a general overview upland. In the southern half of the island, the west 
of these issues, for possible extrapolation to other coast is bordered by a narrow coastal lowland in 
islands, and to provide specific engineering values most places and is paralleled by a discontinuous 
and design parameters to assist the practitioner in ridge of mountains 2.5 to 3 kIn inland. Most of the 
planning and predicting the influence of geology. peaks are more than 300 m high. The east coast is 
The information presented in this paper is based on bordered by limestone cliffs 30 to 90 m high. Reefs 
field mapping, exploratory drilling (62 borings) and surrounding the southern half of the island are cut 
trenching (30 test pits), and laboratory analyses for by numerous bays at the mouths of large streams 
investigation of a 5 SQuare km site. that drain the volcanic upland (Tracey, et at. 1964; 
The island of Guam is 50 km long and varies in Dames & Moore 1990). 
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Figure I Map of Guam. 

2 GEOLOGY 

Guam is part of the Marianas island·vc chain, 
relaled to subduction of the Pacific tcctorUc plate 
below the Phillipine plate. In addition to volcanic 
activity, the plate subductm has aeated the 
Marianas trench (which is o~ 9,000 m deep) to the 
eul and south of Guam and a series of accrelionaty 
wedges of material directly west of the lrenCh and 
easl of Guam. Plate movement has also aeated a 
series ofaoss·.faults aetOSS the island 

Guam, u well u the other Marianu islands, wu 
formed u an accumulation of volcanic material buih 
up by successive eruptions. Tracc:y and others 
(1964) suggest that nearly all of the volc&nic activity 
took place under water and originated from two 
main source venls wesl of the island. The eruptions 
varied in their source. magnitude. explosivity, and 
direction Consequently, the deposits from 
successive eruptions vary in mineralogy, grain size 
and in lhe thickness and lateral continuity. 

Tectonic uplift, the building of the volcanic cone, 
and fluctuations in sea level resulted in emergence 
of the volcanic material above water. In shallow 
water depths surrounding the COlle, coral reefs and 

related depositional environments formed to create 
thick deposits of limestone. The reef thickened and 
grew in response to sea level rise or island 
subsidence, and extended in a seaward direction in 
response to sea level drop or island uplift. The 
existing limestone cliffs f1&nlcing ponions of the 
island are &n exposed reef resulting from relatively 
recent uplift. 

2.1 Volcanic tlIff 

The principal volcanic unit exposed on the island is 
the Eocene to Oligocene age Alutorn Fonnation. 
The Alutom ranges in composition from tuffaceous 
shale to coarse volcanic boulder conglomerate and 
blocky breccia. Tracey and others (1964) noce that 
se~e faulting and folding, "together with the 
extreme Illeral and vertical variations in lithology, 
make it impouible to choose a representative type 
section." 

The volcanic stratigraphy depends heavily on the 
nature of a volcanic source and its distance from an 
area of interest. Fine ash is typically deposiled at 
large distances from the eruption center by gaseous, 
explosive eruptions. Coarse material is deposited al 
variable distances from the eruption center and 
resuils from a cooler, crystallized magma source. 
Breccia is most likely deposited near the: center of 
an explosive eruption, where pre-existing rock is 
shattered and mixed wilh fresh ash from the 
eruption. Further variations are created by existing 
topography at the time of eruption. 

Following these chaotic depositional processes is a 
complex structural history which further alters the 
volcanic stratigraphy. Structural influences 
observed in the field include: 

•	 Soft, fine-grained ash. shoWl signs of distortion 
and flow IS it responded to the weight of 
material deposittd on lOp of it. 

•	 Severe slumping and submarine landsliding has 
diSTUpted the volcanic material, which was 
originally deposited on the: flanks of the: over· 
steepened volcanic cone. This movement 
resulted in tight folding of units (Fig. 2), 
reorientation of massive slabs of material, 
extensive shearing and faulting, and overall 
disruption of stratigraphic continuity. As a 
result, individual units are impossible to lrace 
over all but the shonest distances, and the 
mapped stratigraph.y has the appearance of 
heterogeneity. 

•	 Tectonic activity has caused fracturing, faulting, 
uplift.. and reorientation of beds. 
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Figure 2. Photograph of tightly folded submarine 
landslide material. 

•	 Alteration by siliceous groundwater resulted in 
localized formation of resistant caprock: units 
which, when weathered, yield lag gravel 
deposits. 

•	 Extensive erosion and weathering disrupted 
continuity of beds, obscured distinctions 
between units, created significant color and 
textural changes in both soil and rock:, and seem 
to represent the dominant features governing the 
engineering behavior of upper soil units. 

2.2 UmestoIJe 

On the nonhern plateau and southern shores of 
Guam, the A1utom Formation is overlain by the 
Pleistocene age Mariana Limestone Formation. The 
Mariana Formation may be up to 500 feet thick: and 
consists mainly of a relatively pure, hard reef facies 
and an argillaceous, more heterogeneous detrital and 
molluscan facies. 

The reef facies represents the dissolved remnant of 
a series of massive coral and algal reefs. The rock is 
generally reerystallized and typically contains small 
pockets and cavities which mayor may not be 
infilled with detritus. The rock may be dissolved to 
the point that its general appearance is rubbly and 
homogeneous, and may contain intact clasts up to 
several feet or larger in diameter. 

The detrital facies accumulated in the back-reef 
and lagoon margin areas. It consists of varying 
proportions of mollusk shells, coral fragments, 
shells of smaller animals, and clayey and sandy 
sediments eroded from land. Recrystallization, 
dissolution, and redeposition of calcite as a 
cementing agent has resulted in an effectively 
homogeneous mass of cemented, rubbly clasts and 

blocks. Minor occurrences of more massive patch 
reefs are expected within this material. Figure 3 
shows a patch reef capping weathered volcanic tuff. 

The A1ifan Limestone is found as scattered 
outcrops, primarily in the southern half of the island 
and is older than the Mariana Limestone (and 
younger than the Alutom). Occasionally both are 
found together, with the Alifan underlying the 
Manana. The upper Alifan is hard and well 
lithified, Mel the lower Alifan is a weak, clayey 
limestone conglomerate. Several older limestone 
units are exposed in scattered areas across the 
island. 

Figure 3. Photograph of a patch reef overlying 
weathered volcanic luff 

3S0lLS 

The soHs predominant on the island are either 
residual soil developed on volcanic tuff or residual 
soil developed on limestone. The descriptions and 
physical test results reported below are based on 13 
borings and 14 bulk samples collected from test pits. 

3.1 &Jils developed 011 luff 

The high annual rainfall, continuously warm 
temperatures and high humidity cause volcanic rock 
to weather deeply, creating residual soils typically 
1.5 to 9 m thick:. 

The upper soils are generally leached of silica and 
other less persistent components. thereby leaving 
high concentrations of iron and aluminum oxides. 
These leached, reddish-brown soils (lORJ/6) are 
termed "lateritic." even though they do not contain 
the hard iron concretions characteristic of laterites. 
Occasionally, a thin, dark organie--rich topsoil may 
be present above Ihe laterite. 
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Tab]e I. Summary of geotechnical properties or typical Guam soils 
Fill Redd.istl bnJo,1,n Mouled cla)"Cy silt Yello",ish brown Highly wcathmd 
(remolded laeri~ clayey $ilt ($3pCOlite) clayey silt -'"	 

(unilli) 
{value given in 
mean or median}' 
Total unit weight 
(kgIm') {mean} 

and $3pCOlite) 

Value (range) In]' 

mo (1408-1632) 
[32) 

(laterite) 

Value (range) [n]' 

1552 (1361).1112) 

liS] 

Value (range) [nl' 

mO(I3«-I648) 

IJ I) 

(AprOlite) 

Value (range) [n]' 

1648(1~-IS72) 

[211 

Value (range) [nl' 

1600 (1«0-1792) 

['I 

Moisture content 
(%){mealI) 

70 (3}-114)[411 66 (46-85) 123] 77(60-113)135] 61 ()}-163) [HI 62(21-100)]12] 

Maximum dry 992 (896-1072) 15) IllW [I) l00811J 1120 II)
 
deosity
 
(kgIm') (mean)
 

Optimal moisture 61 (53-70) [5) 45 [II 59 [I) 48111 
content 
(%){mean) 

Liquid limit 106 (59-155)141) III (76-177)123J 105 (68-157) /35) 82 (5~103) 1231 94(64-140)112] 
(%) {mean} 

Plastic limit 54 (22-80) [411 54 01-80) (23) 58 (32·121) [351 4806-11) 1231 52 (27-72) (12) 

(%) {mean} 

Plasticity index 52 (25-102) /41J 55 (23·91) [231 46 (2Q.7S) [35) II (16-54) 1231 42 (15-81) II2J 
(%) (mean) 

Liquidity index 0.33 (~.53-1.14) 0.26 (.(l.3Q.1.09) 0.42 (.Q.2H.36) 0.32 (~.4O-2.93) 0.29 (.Q.34.(l.97) 

[-I 141) [231 [351 (23) (12) 

(h'Crconsolidation 7.1 (H-IO.S) [4] 12.7 (3.6-IS.8) [5) 
ratio (mean) 

Compression index 0.54 (0.4().{l.8J) 0.89 (0.54-1,31) 0.44 (O.41.(l.48) 

C, {mean} ['[ [II [2[ 

Recompression 0.069(0.047. 0.0602 (0.046- 0.096 (0.09Q. 
index C. {mean} 0.0?9)[4) 0.077) [51 0.102) [2J 

Shear strength s... 41 (13·266) (32) 70 (ISoI47) 117) 51 (IJ-IIO)131) 79 (2S.190) (21) 63 (4-194) [9) 

(kPa) {median} 

SJo'.. {median}'	 0,47 (0.12-3.66) 4.74 (0.40-20.92) 0." (0.17-1.94) 2.81 (0.58-5.98) 0.74 (0.02-20.64) 

[281 ]161 [JI) [191 ['I 

Elastic modulus 3.5 (0.4·13.8) 129J 6.S (1.1-21.7) [IS) 4.9 (0.).24.2) 1301 6.1 (0.S·25.9)[21) U (0.2-20.8) 19)
 

E..,(MPa)'
 
{medianl
 

Mean values If'C gi\'Co ifsample values \isually appear to be normally distributed. Median values arc given for even. skewed. or 
log-normally diSlributed ~lcs. 

1~n~ is the IlUllber ~ samples in the dallIsct. 

J W1dnIincd shear IIlrt:ngth divMXd by effective vertical overtlW'dcn strc:sli 

• undrainod secant modulus at 50% of peak dtvWor stress 
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Beneath the lalerites the soils grade to monIed 
clayey silts that are significantly less wea~r~. 
Funher down the soil profile, where weathering IS 

progressively less intense, the soils begin to exhibit 
remnant rock-like structures (Fig. 4), and are 
colUidered to be saprolite.. The saprolites typically 
have higher moisture contentJ than the laterites and 
have a ~greasy" texture possibly resulting from the 
formation ofhalloysite or a1lophanc minerals, which 
are known to be intermediate weathering products of 
tropK:a1 residual soils (Mitchell &; Sitar 1982., 
Young 1914). . 

The saprolites Weal~ fro~ fine-~ned 
volcanic tuff are clayey SiltS which are highly 
variable in cok>r with orange, red pink, grty and 
green mottling. These soils lend to exhibit low 
strength and difficult handling properties. Saprolites 
weathered from coarse-grtined ruff tend to be 
yeUowisil-bfown (IOYR6I8), sandy to cllyey silts, 
and exhibit better strength and handling propmies. 

In areas when erosion is lCtively occurring, as 
described in Section 4, the weathered soils have 
typically been removed before reaching the laterite 
or advanced saprolitic stages. Soils in these areas 
are cbancteristically thin, brown, and organic-rich. 

Figure 4 Pbotograph of saprolite showing remnant 
bedding planes of parent rock. 

].2 Soils developed OIl limestone 

Soils derived from limestone are typically thin and 
form as I brown (10YR5/]) sandy to gravelly 
residuum of the non-carbonate components 
interspersed within the limestone (USDA 1988). 
Often, the entire soil unil has a high organic 
component. 

3.3 Engineering Properties 

Geotechnical tests were perfonned on five types of 
Guam soils: fill material remolded from laterite 
andIor saprolite, laterite, monied saprolite, 
yellowish-brown saprolite, and highly weathered 
material directly overlying bedrock. In the area of 
study, soils developed on limestone wer.e g~lIy 
too thin and gravelly to warnnt geotechrncal tesung. 
A summary ofthe test result. i••hown in Ta~le I .. 

)u is characteristic of highly leached SOils With 
abundant halloy.ite and a1lophane (Bel.1 1~2), i!, 
situ unit weight. are low. However, In SItu urnt 
weighu are 31·)5% higher, on average, than 
maximum dry delUities determiDCd by .Proctor 
testing. One may conclude that the reworking and 
remoldifll of the Proctor test has destroyed well
developed soil strueIuIe and particle alignment that 
produced higher in situ densities. 

In situ moisture c:ontenlJ, with mean values of 61
77"'/e, are also higher thaD optimal values determined 
by Proctor testing, with mean values of 45-61% 
The high annual rainfall level in Guam 
(approximately 200-280 em) produces very Wei 

soils at depth: mean liquidity indices are all between 
oand I. indicating moisture contents in excess of 
the plastic limit. 

Plasticity Indices arc very high, and moll samples 
plot as MH, with a few as CH The lalerit~ mottled 
saprolite, and fill derived from these mat~al. show 
very similar plasticity indices. The yelloWlsh-brov.:n 
saprolite, which is derived from coarser volcamc 
grains and is more sandy in appearance, has Io~ 

plasticity indices. The highly weathered roclc IJ 

intermediate to both groups. 
Overt:onsolidatioa ratios (OCRs) range from 3.4 

to 18.8, which are very high for shallow materials 
which have not been buried. These high OCRs are 
produced by frequent wetling Ind dryin~: Guam's 
climate produces a dry season lasting from 
DeGember 10 May and a wet season lasting from 
June to November. 

Yellowish-brown saprolites have the highest 
median shear strength (S~), which mlY be a function 
of the sand component and the remnant rock 
structure. The fill has the lowest shear strength, 
because of remolding. The fill also has the lo",:,est 
elastic modulus, indicating ease of deformatlon, 
while the weathered rock has the highest elastic 
modulus. 

Compression index, C, ranges from 0.4 to 1.3, 
and Recompression index, C, ranges from 0 05 to 
0.1. 

1075 



4 INFLUENCE OF PHYSIOGRAPHY 

Results of field and office studies, supplemented 
by observations made during an aerial flyover, 
suggest that most of Guam may be divided into 
three physiographic regions: plateau regions, 
incised regions, and limestone regions. 

The plateau regions consist of relatively flat and 
gently rolling uplands, with numerous small knobs 
of more resistant material (Fig. 5). They are 
erosionally stable and typically develop thick soils 
on deeply weathered bedrock. 

Figure 5. Oblique aerial view of stable plateau 
bordered by incised canyons. 

The incised regions are highly dissected areas 
consisting of relatively steeply-sloping canyons 
and related ridges, descending from the plateau 
regions toward the ocean. Because soils are more 
likely to erode in these regions, soils are thinner 
and less well developed than on the plateaus. 
Additionally, the rock is less deeply weathered in 
the incised regions. 

The limestone regions are restricted to the 
nonhem half of the island and to the wasta! areas 
in the southern half of the island. Although the 
limeslone is susceptible to weathering by 
dissolution, it is more resistant than the rocks 
underlying the plateau and incised regions. 
Consequently, the limestone regions are 
manifested as a scattering of resistant knobs, 
slightly elevated topographically from the incised 
canyons which descend into them. 

Lateritic and related saprolitic soils are found 
predominantly in the plateau regions, where 
erosional stability has allowed deep weathering. 
While thin saprolites may develop in incised 
regions, soils in these areas of high erosion are 

more typically brown and gray sandy silty clay. 
These soils are an early weathering product of the 
volcanic rocks, !hey are usually no more than one 
or two feet thick, and they often overlie slightly to 
moderately weathered bedrock. 

5 GEOLOGIC HAZARDS 

5.1 lAndslides 

Based on field observations oonfinned by 
kinematic analysis of rock fractures, rock slopes 
flatter than 6()0 from the horizontal did not 
experience fracture-plane failures. 

Large soil landslides were not observed in the 
field. However, three types of small-scale slope 
movement features were observed: wind blowouts 
(Fig. 6), shallow soil slumps, and eroded bomb 
craters. Weathering of these features by rain and 
wind destroyed their distinguishing characteristics 
and made their identification tenuous, at best, 

Figure 6. Photograph of small wind blowout. 

5.2 Erosion 

Because of the high annual rainfall, areas which 
have been denuded of vegetation, either naturally 
by wind and slope movement or my humans, show 
significant sheet and rill erosion. Even though the 
largest stream on the island is only 10 kilometers 
long, streams are quite muddy after rains, due to 
the high level of soil erosion. 

5.3 Seismic 

As of 1990, over 1,500 earthquakes of magnitude 
4.0 or greater have been instrumentally reponed in 
the Marianas arc since 1902 by the National 
Oceanic and Atmospheric Administraton. 
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Figure 7, Seismic activity in the vicinity of Guam, 
1912-1984 (Dames & Moore 1990), 

Seventeen percent of these were recorded in the 
vicinity of Guam (Dames & Moore 1985). The 
epicentral locations of these events are presented 
on Figure 7. 

Severe earthquakes affecting Guam have been 
reported in the past (fable 2), 

Table 2, Severe historic earthquakes near Guam 
Date Magnitude (Modified 

Mercalli Intensily) 
January 25, 1849 (VII-VIII) 

September 22, 1902 8.1 (VIII-IX) 
December 10, 1909 7.4 (VII-VII.I) 
October 29, 1936 6,75 (Vll-VllI) 
November I, 1975 7.1 (VII) 
January 27, 1978 5,2 

August 8, 1993 8.1 
April 24, 1997 6.2 
May 9,1997 6.0 

Seismic hazards on Guam are wholly related to 
ground shaking. Faulting or fault rupture is not 
known to have been observed or experienced on 
Guam in historic time (Dames & Moore 1985). 

Guam is categorized in Seismic Zone 3. Dames 
& Moore's (1985) report evaluating seismic 
response spectra suggests a design accerelation of 
15%g, The April and May earthquakes of 1997 

experienced horizontal accelerations of 20% and 
15%g, respectively. 

Densification of soils during seismic shaking 
may occur in the granular alluvial materials in the 
river valleys, 

5.4 Volcanic 

The most recent volcanic activity on Guam was 
the deposition of the Dandan basalt member of the 
Umatac Formation during the early Miocene 
(approximately IS to 20 million years ago), The 
nearest active volcano is on the island of Pagan at 
the northern margin of the Marianas chain 
Therefore, volcanic hazards are not anticipated. 

5,5 Tsunami 

As described by Tracey and others (1964), "except 
for a sea wave associated with the earthquake of 
January 1849, no record of a damaging tsunami is 
known from Guam." Because the island is well 
protected by flanking reefs, tsunami run-up is very 
slight. 

56 Subsidence 

Karst terrain is present throughout Guam. 
Evidence of subsidence is quite common in the 
northern portion of the island, which is capped by 
the Mariana formation. Limestone dissolution 
features include small depressions a few meters 
deep, sinkholes up to 23 m deep, and sinks that 
may be a much as a kilometer in diameter and 12 
to 15 m in depth (Tracey, et al. 1964), 

5,7 Typhoon 

The most recent typhoon to strike Guam was 
Typhoon Paka on December 16, 1997, which 
caused over $100 million in damage and had gusts 
exceeding 280 km/hr. Wave damage was small 
compared to wind damage, except for a few low 
lying coastal areas. 

5.8 Consfnlction materials and slopes 

Based on slope stability analysis using 
conservative strength parameters, cut and fill slope 
were designed for typical Guam soils described 
above. Cut slopes may be developed in medium to 
stiff silts up to 12 m high and varying from 2: 1 to 
1.5: 1 (horizontal to vertical). Three meter wide 
lined interceptor ditches should be installed at 
maximum vertical intervals of7,5 m, 
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Embankment fills up to 12 m high may be 
developed varying from J:l to 2:1, with 
interceptor ditches as for cut slopes. For both cut 
slopes and embankment fills, slopes may be 
stepped upwards with increasing slope (e.g., a 
three-step cut slope would have a bottom step at 
2: I, intennediate at 1.75: I, and top step at 1.5: I), 

Generally, the silty soils are easily excavated and 
placed, however, trafficability is poor, after even 
moderate rains. The mottled silt is particularly 
sensitive to consistency degradation upon wetting. 

The volcanic bedrock varies in strength from 
very weak to very strong (5 to 150 MPa) and is 
largely rippable with heavy equipment. On a 
project time scale (tens of years), strong blocks 
show adequate resistance to weathering. 

CONCLUSIONS 

Volcanic tuff units on Guam show complex 
structural and stratigraphic relationships. On 
stable upland plateaus, fine-grained tuffs produce 
mottled clayey silt soils with low strength and high 
plasticity and coarse-grained tuffs produce 
yellowish-brown soils with slightly better 
engineering properties. Soil units vary from 1.5-9 
m thick, and often the upper half has been 
weathered to a reddish laterite. In situ soils are 
denser and wetter than optimum, and highly 
overconsolidated. 

In incised valleys, and overlying the limestone 
reefs flanking the island and across the northern 
half of the island, soils are thin sandy and gravelly 
clays which are brown in color. 

The most significant geologic hazards are 
shallow slope failures, erosion, earthquake ground 
shaking, typhoons, and subsidence over limestone 
sinkholes_ 
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