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ABSTRACT 

As part of a study for the Nuclear Regulatory Commission (NRC), the 
Pacific Northwest Laboratory (PNL) is investigating long-term stabilization 
techniques for uranium mill tailings impoundments. Part of this investigation 
involves the design of a rock armoring blanket (riprap) to mitigate wind and 
water erosion of the underlying soil cover, which in turn prevents exposure of 
the tailings to the environment. However, the need for the armoring blanket, 
as well as the blanket's effectiveness, depends on the stability of the under
lying soil cap (radon suppression cover) and on the tailings themselves. Com
pelling evidence in archaeological records suggests that large man-made earthen 
structures can remain sound and intact for time periods comparable to those 
required for the stabilization of the tailings piles if properly constructed. 

In this report we present archaeological evidence on the existence and 
survivability of man-made earthen and rock structures through specific examples 
of such structures from around the world. We also review factors contributing 
to their survival or destruction and address the influence of climate, building 
materials, and construction techniques on survivability. 
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SUMMARY 

Pacific Northwest Laboratory (PNL) is studying the long-term stability of 
uranium mill tailings impoundments. One aspect of PNL's study concerns miti
gating the wind and water erosion of an earthen radon suppression cover placed 
over the tailings, by applying a rock armoring blanket (riprap) over the 
earthen cap. Throughout these studies, however, questions remain concerning 
the long-term structural integrity of the impoundments themselves. This report 
reviews archaeological data for examples of prehistoric man-made structures to 
determine if earthen mounds can survive hundreds to thousands of years of 
weathering and erosion and if so, to summarize the design and construction 
practices which promote or detract from the survival. 

Man has been building earthen structures for several millenia. Hundreds 
of thousands of earthen mound sites and rock structures, some dating back as 
far as 3500 B.C., have been documented by archaeologists. Available evidence 
indicates that the survival rate of these mounds has been remarkably high. In 
the United States alone, thousands of ancient earthen mounds are found east of 
the Mississippi River, at least one of which is over 3000 years old. Many 
mound sites in the eastern United States are of sizes comparable to uranium 
tailings impoundments. 

The reasons for the survival of prehistoric mounds are not well under
stood, mostly because archaeological studies have focused on the cultural sig
nificance of the sites, rather than on their ability to survive. Evidence does 
suggest that although natural erosional forces have affected these structures, 
the activities of man may have contributed most to the destruction of ancient 
mounds. Climate, building materials, and construction techniques also 
influence survivability. Vegetation has generally had a stabilizing effect on 
ancient mounds in the eastern United States, except where deeply rooted trees 
have developed. 

Of particular interest to this study is the use of clay caps and layers of 
rock covers on some ancient mounds, because rock cover and clay are proposed as 
components of long-term stabilization techniques for uranium tailings impound
ments. This lends support to the assumption that riprapped impoundments, many 
of which are located in semi-arid or alpine climates, can survive long periods 
of exposure to natural weathering and erosional forces. 
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INTRODUCTION 

The long-term protection of uranium mill tailings piles is a serious con
cern of the uranium mining industry and of government regulatory agencies. The 
tailings are proposed to be permanently stored in impoundments, either above
ground or below-ground, and covered with a radon suppression cap and earthen 
cover. Pacific Northwest Laboratory (PNL) is conducting studies, sponsored by 
the Nuclear Regulatory Commission (NRC), on the mitigation of wind and water 
erosion of the stabilized tailings impoundments through the use of a rock 
armoring blanket (riprap) or other methods. 

The effectiveness of mitigation techniques depends on a number of environ
mental and engineering factors, not the least of which is the structural sta
bility of the tailings impoundments themselves. Because impoundments will be 
subjected to natural erosional and weathering forces for long time periods, we 
investigated archaeological records to discover if ancient man-made earthen 
structures have survived on time scales comparable to the expected service 
lives of uranium tailings impoundments. 

This document discusses the survivability of prehistoric man-made earthen 
and rock structures and looks at specific examples. Where such information is 
available, the influence of construction techniques, materials, and climate on 
the ancient structures is discussed. 

In the following sections, examples of mound construction from Europe, 
Africa, and the Near East; from the eastern United States; and from the western 
United States are given. A Conclusions and Recommendations section summarizes 
the findings and relates them to the long-term survivability of uranium tail
ings impoundments. 
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CONCLUSIONS AND RECOMMENDATIONS 

Man has been building earthen mounds throughout the world for several 
millenia. Generally, the mound sites represent population and cultural centers 
and are located near rivers, lakes, or coastlines. Many of the mounds that 
have been surveyed and documented are burial or entombment sites. Other major 
types of mounds studied are platform mounds, which may contain several million 
cubic feet of earth; effigy mounds, which resemble human or animal forms; and 
midden mounds, which are trash heaps. 

In this report we discuss examples of earthen/rock mounds from around the 
world that have survived natural erosional forces on time scales comparable to 
the anticipated life expectancies of uranium tailings impoundments. The evi
dence of the survival of large prehistoric man-made earthen structures indi
cates that tailings impoundments can remain suitably sound for a very long 
time. However, the lack of hard data on soil charcteristics, porosity, permea
bility, compaction, and so forth, restricts us from making quantitative com
parisons between the ~haracteristics of tailings impoundments and those of 
ancient earthen mounds. Also, we cannot discuss in detail the engineering 
properties that have contributed to the survival of ancient mounds because few 
such studies have been conducted. However, evidence in the archaeological 
record suggests that large man-made earthen structures can remain sound and 
intact for time periods comparable to those required for the stabilization of 
uranium tailings impoundments. For improved mound stability the following 
design features and location conditions should be either avoided or protected 
against: 

• the use of retaining walls (timber or other materials) to maintain 
side slopes to reduce the earthen material requirement. 

• the use of steep slopes such as 1V:2H that lead to slope failures 
(slumping) unless the interior design of the embankment can provide 
the necessary slope stability. 

• the lack of rock covering (armoring), especially in semi-arid 
climates where long dry spells prevent the establishment of 
vegetation but where local rainfalls are intense 

• flood plain locations where river migration (bankline erosion) is 
imminent 

• the use of brick or brick-like materials for the construction of 
walls or embankments that cannot tolerate any settlement or lateral 
movement 

• the use of materials that attract rodents because rodents dig 
burrows and displace cover material 

• conditions conducive to the establishment of large trees (mainly 
eastern United States) 

• the use of mound configurations (such as pyramids) that provide 
sharp, well-defined corners which are subject to local flood scour. 
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The design features and construction methods of the more stable mounds are 
listed below: 

• the use of protective rock cover to protect against erosion and 
maintain a soil moisture content 

• layered and compacted construction of the earthen covers 
• the use of staged construction where each stage is stabilized before 

others are added 
• designs that use interior stabilization such as radial and 

concentric circular walls 
• the use of terraced embankments for slope stability and the pro

vision of solid foundations for each successive stage (multiple 
levels) 

• the use of a stable foundation such as bedrock or an excavated and 
compacted foundation 

• the use of established vegetation where climate permits (eastern 
United States) 

• the opportunity for an initial maintenance period and design flexi
bility to mitigate instabilities. This would coincide with staged 
construction. Long construction and occupation periods were 
advantageous for archaeological mounds because they allowed for 
maintenance and design revision. 

Additional comments regarding the stabil i ty of archaeological mounds are 
as follows: 

• Results from semi-arid regions and some sl i ghtly humid regions do 
not indicate any disruption from tree growt h. Disruptive tree 
growth seems to occur in extremely wet climates. 

• Windblown deposits within the rock covers were not in evidence. 

• Embankment slump failures seem to be predominant in the more humid 
climates (eastern United States) and sheet erosion is more common 
in the more arid climates. The wetter climates support vegetation 
which would effectively prevent serious overland erosion, but 
excessive soil moisture combined with steep side slopes could 
easily result in slumping. 

• Clay caps have proved very beneficial for insuring the stability of 
mounds in wet climates where they act as a barrier to water 
infiltration (eastern United States only). 
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COMPONENTS OF URANIUM TAILINGS IMPOUNDMENTS 

Above-grade impoundments are analogous to ancient earthen mounds in that 
they are constructed of earthen embankments, are sometimes protected by rock 
cover, are similar in size in many cases, and are subject to the same erosional 
processes. Above-grade uranium tailings impoundments are constructed as 
roughly four-sided structures (as much as 100 ft in height) in relatively flat 
areas or can be formed by constructing an earthen dam in an existing water
shed. A discussion of the basic construction methods and materials of above
grade impoundments is presented in this section so that a relevant comparison 
can be made with the construction practices used in ancient mounds. 

CONSTRUCTION METHODS 

Impoundments may be constructed with or without subsurface preparation. 
Subsurface preparation, such as compaction, would normally be used to prevent 
seepage from contaminating the ground-water system and wetting the deeper soil 
horizons. If the undisturbed ground surface is the interface between the tail
ings and subsurface soils, seepage would mostly be unrestricted and settlement 
could be a problem. Compaction of the surface soils would reduce seepage from 
the tailings by decreasing the permeability, but only to a very shallow depth. 
Clay liners are sometimes used as a seal over the compacted earth foundation. 
The clay liner, if also compacted, forms a nearly impervious layer that would 
further inhibit seepage from the tailings. 

A typical construction sequence for an above-grade impoundment could be 
described as shown in Figure 1; after compaction of subsoils and the clay 
liner, an earthen embankment would be constructed on the four sides of the 
impoundment. The embankment would most likely be constructed of compacted 
layers of earth. Tailings would then be moved from the mill to the impoundment 
by a slurry pipeline and diversion ditches, drains, and dikes would be placed 
as required. As the tailings beach area becomes dry, the surface would be 
covered with a layer of soil several meters thick which may or may not be 
compacted. The soil layer could then be covered with topsoil and stabilized 
with vegetation or covered with rock riprap to prevent any significant wind and 
water erosion. 

SOIL COVER 

COMPACTED SUBSOILS 

FIGURE 1. Basic Components of an Above-Grade Impoundment 
Design (adapted from NRC 1980) 
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MOIST SOIL 
(OPTIONAL) 

EARTH DAM 
WITH CLAY CORE 

EMBANKMENT SLOPE 
(CONTOURED) 

FIGURE 2. Basic Components of an Above-Grade Earth 
Dam Impoundment 

Tailings impoundment dams would be constructed in a similar manner except 
that topographic features of the watershed would be utilized to reduce the 
length of embankment (Figure 2). The impoundment dam would be constructed 
according to accepted geotechnical engineering practices which would incl ude a 
clay core within the dam to restrict seepage and promote stability. 

Actual impoundment construction practices may vary considerable from the 
above descriptions, especially in the emplacement of the embankments or dams. 
However, the essential geometry and relative positions of tailings, embank
ments, and covers shown in Figures 1 and 2 are sufficient representations for 
the purpose of this report. 

SOIL COVERS 

Soil covers are used to prevent erosion of the tailings and to reduce the 
exhalation of radon. The cover material commonly used on tailings impoundments 
usually contains a significant percentage of cl ay. Clay tends to hold moisture 
much better than other soils because of the interactive forces between water 
molecules and the clay particles. Moisture in the soil cover i s desirable 
because radon attenuation is primarily a function of moisture content. 

There are potential problems with the use of cover materials high i n clay 
content. Clays tend to swell when wetted and shrink and crack {dessicate) when 
drying. Freeze-thaw cycles can loosen crumbs of clayey soil leaving them free 
to be transported during high intensity rain storms along with the easily 
transportable fine particles. 
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COMPONENTS OF ANCIENT EARTHEN MOUNDS 

In the following sections examples of ancient earthen mound construction 
are presented. Sites have been chosen that are similar in their basic con
st ruction to uranium tailings impoundments for discussion and evaluation. The 
mounds at the selected sites are primarily constructed of earth, earthen mate
r1als, and rock. The structures are either roughly four-sided or rounded in 
most cases and have heights similar to those of tailings impoundments. The 
di scussion presents details on the construction methods and materials, that 
based on archaeological investigations, are believed to have contributed to 
s tability, erosion, or failure of mounds. 
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ANCIENT MOUNDS IN EUROPE, AFRICA, AND THE NEAR EAST 

Some of the worlds oldest mounds and rock monuments are found in Europe, 
Africa, and the Near East. Although numerous sites have been destroyed by 
human activity, many spectacular sites do remain today. Reported archaeo
logical investigations at several sites provide details on their construction 
and materials. At a few sites, the eventual structural failures and the reduc
tion of mound height by erosion is documented. Prominent examples of prehis
toric mound architecture, their methods of construction, materials used, and 
survivability are presented in this section. 

EUROPEAN MOUND CONSTRUCTION 

Most of the European sites are located in areas bordering the Atlantic 
Ocean and the North Sea and date from the Neolithic Period or earlier, making 
them 3000 to 6000 years old (Renfrew 1973). Various terms are used to charac
terize these structures--mounds, long and oval barrows, tumuli, passage gallery 
graves, cairns, dolmens, monuments, fortifications--based on the construction 
materials, confi~uration, and assumed use. 

Burial Mounds-Poland 

The Kujavian graves are ancient, pre-megalithic, unchambered earthen 
mounds, found in northwestern Poland between the Vistula and Middle Warta 
rivers. Some Kujavian graves have been radiocarbon-dated at about 5600 years 
old (Jazdzewski 1973). The structures are long earthen mounds similar in plan 
to an equilateral triangle where one end is much broader than the other. The 
mounds often have slightly concave sides. The average length of these mounds 
ranges from 50 to 100 m (164 to 328 ft). They average from 7 to 10 m (23 to 33 
ft) wide at the broad end and about 1.5 m (5 ft) high. 

Construction materials were obtained from two flanking quarry ditches of 
t rough-like cross-section. Jazdzewski determined the original mound height at 
about 3 to 4 m (10 to 13 ft) at the broad end and about 1 to 1.5 m (3 to 5 ft) 
high at the narrow end by adding the present-day amount of filled volume of the 
ditches to the mound volume. The mounds were also surrounded by large erratic 
boulders, following the shape of the barrow. The boulders may have been used 
t o stabilize and protect the mound but Jazdzewski does not indicate this in the 
report nor does he indicate the height of the boulder structure. 

The above estimates indicate that the Kujavian mounds were reduced to less 
than half of their original height by erosional processes. The present height 
is about 1.5 m compared to an original height of about 3 to 4 m, indicating a 
1eight reduction of from 1.5 to 2.5 m (5 to 8ft). Considering a 5600 year 
oeriod an average erosion rate per 1000 years would vary from about 0.9 to 
1.5 ft. However, soil losses most likely occurred very rapidly at first, and 
therefore, the initial 1000 years could have easily accounted for most of the 
height reduction due to erosional processes. 
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Mound Construction-British Isles 

Many ancient mound structures remain in the British Isles today in various 
conditions. Estimates of the ages of these mounds range from about 3500 to 
over 5000 years. Some mounds, such as Silbury Hill (de M. Vatcher and Vatcher 
1976) are in an excellent state of preservation . Others such as Fussell's 
Lodge (Ashbee 1970) encountered structural failures which allowed significant 
erosion to occur. 

Fusse 11 's Lodge 

Fussell's Lodge is one of the older mounds in England and has been 
radiocarbon-dated at 3230 B.C., •60 years. It is located on the plains of 
Salisbury, approximately 7 miles from the Stonehenge cluster and is considered 
part of the Salisbury Plains East Group of long mounds. Figure 3 is a recon
struction of the structure based on findings during a 1957 excavation (Ashbee 
1970). 

FIGURE 3. Reconstruction of Fussell's Lodge 

As constructed, the mound was a timber-encl osed, trapezoidal mound of 
chalk and earth 135 ft long, 20 ft wide at the dista1 end, 40 ft wide at t he 
proximal end, and 8 ft high. An estimated 28,000 ft of chalk was obtained 
from flanking ditches extending the length of the mound on each side. An 
A-frame, timbered mortuary house, about 25 ft long by 15 ft wide, was encl osed 
at the proximal end. 

Figure 4 is a cross-section through the mound as it was found during the 
excavation. The mound is 170 ft long by 47 ft wide by 3.3 ft high. The slope 
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angle of the earth found during the excavation is from 5° to 10°. Both ditches 
have been filled and their banks have eroded away. Remnants of the timber 
mortuary house were found during excavation. 

Fussell •s Lodge has been reduced in height from 8ft to a present height 
of 3.3 ft since constructed. The significant loss of the earth and chalk 
rubble occurred following the failure of the timber retaining wall. This is 
not too surprising since any loss (or weakening) of the timber retaining walls 
would leave the vertical face of earth and chalk to maintain its own stability, 
which it could not. A considerable amount of material along the perimeter 
would have failed along with the timber bulkhead. The loss of more than half 
the mound height is probably due to the use of timber retaining walls to reach 
a certain height (8ft) without actually mounding the material to some stable 
slope. The present slope configuration could be assumed to represent stable 
conditions where the side slope is now about 1V:10H. 

A modern ongoing experimental study at Overton Downs, England, on toss and 
heap chalk rubble mounds such as Fussell •s Lodge (Jewell and Dimbleby 1977) 
indicates that erosion, settlement, and the resulting filling of side ditches 
progresses rapidly during the first few years. In this instance, as much as 
36 inches of material accumulated against the walls of the ditch in 4 years and 
both edges had failed. The height of the mound decreased noticeably 
(6-1/2 in.) almost entirely as a result of compression of the core. Initially, 
the surface was readily deformed by the weight of an individual; however, 
within 21 months, the slope could be walked on with only a slight distortion of 
the surface. Some broadening of the base was observed (9 in. in 25-1/2 months) 
and a 4-to-7-inch downslope movement of the surface occurred. In the four-year 
time period, the edges of all components rounded considerably. This study 
suggests that the rate of deterioration of earthen mounds is most rapid early 
in their lifetimes, decreasing slowly with time. 

Sil bury Hill 

Described as one of the greatest feats of Neolithic engineering, Silbury 
Hill is located approximately 1 mile south of the village of Avebury in north 
Wiltshire, Engl~nd. Its original purpose rema1ns a mystery, but much is known 
of its construction from numerous excavations (de M. Vatcher and Vatcher 1976; 
Burl 1970; Renfrew 1973). 

The mound was begun in 2660 B.C. and required an estimated 18 million man
hours to build. The time estimated to complete the structure ranges from 10 to 
150 years (de M. Vatcher and Vatcher 1976; Renfrew 1973). It is the largest 
man-made mound in Europe and stands 40 m (131 ft) high and has a base diameter 
of 165m ~541 ft). The hill covers 21,000 m2 anc contains approximately 
250,000 m of quarried material. The mound has a noticeable terrace around the 
next to last step in its construction and a flat top of 30m2. A comparison of 
photos with a from 1725 sketch of Silbury Hill by Stukeley indicates that 
little erosion or change has taken place {Burl 1970). 
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The mound was built in stages. The primary mound was made up of a series 
of complex layers of river and flood-plain gravel and local turf. It has a 
diameter of 165m {541 ft) was 5 m high, {16 ft), and was constructed on a 
natural chalk promontory, which added an average 9 m {30ft) to the mound's 
height. The promontory was eventually shaped into a conical foundation with 
steep side slopes. 

During the next two stages, the mound was systematically built-up in 
concentric rings filled with chalk. Figure 5 is a drawing of the construction 
technique. Six terraces, each about 4 to 5 m {13 to 16 ft) high, form large 
circular drums of quarried chalk. Each drum is composed of several concentric 
rings and radial spacers, giving it the appearance of a series of cells. The 
drums decrease in size as the mound increases in height. The outer wall at 
each terrace, or step, leans inward at an angle of approximately 60%. The 
cells were filled with chalk rubble ~nd were compacted before the next course 
of chalk blocks were added with a slight offset inward. At some point in the 
construction, the builders decided to increase the height of the mound and fill 
the quarry ditch. A second quarry ditch, which is still discernible, was 
opened; the old ditch was buried under the present mound. The ditch surround
ing the hill, now filled with silt, was originally 38m {125ft) wide and 9 m 
(30 ft) deep, with a rectangular extension running toward the west. The inner 
side of the ditch was built up with chalk and was held in place with riveted 
timber steps, apparently as protection for the base of the hill. 

FIGURE 5. Silbury Hill Construction {from de M. Vatcher and Vatcher 1976) 
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The final step involved filling in all the large chalk platforms except 
the top one. This produced a well-defined terrace some 4 meters (13ft) from 
the flat top. The basic material of construction used for Silbury Hill is the 
same as that used in Fussell •s Lodge, but the construction method provided 
better durability. 

Silbury Hill has demonstrated excellent du rability for a mound constructed 
about 4600 years ago. The mound was constructed on a chalk-bed foundation 
which would provide stability with respect to foundation settlement. Both 
exterior and interior design features have contr ibuted to its stability. The 
interior was divided into compartments by radia l and concentric circular walls. 
The stability of the exterior earthen cover is probably partly due to the con
centric wall design that provided terraces of durable and stable materials 
which provided a sound base for the earth cover . Based on the reported circum
ference of the base and the height dimensions of the mound, the side slopes 
were approximately 1H:2V which is an extremely steep slope to maintain for 
several thousand years. 

RUSSIAN STEPPES/TRANSCAUCASUS 

Thousands, and perhaps hundreds of thousands, of mounds (called kurgans 
by the Russians) stretch from the fringes of the Balkans (Bessarabia, eastern 
Germany, and Hungary) to the Altai Mountains on the fringe of Mongolia (Rice 
1957; Rudenko 1970; Sulimirski 1970; Trippett 1974). Most authorities attrib
ute the mounds to the Scythians, kindred Scythians, and Sarmatians who domi
nated the area during the first millenia B.C. (Rice 1957; Rudenko 1970; 
Trippett 1974; McGovern 1939; Sheratt 1980); but Sulimirski (1970) points out 
the association of earthen mounds and fortifications with earlier cultures in 
the region. The beginning of burial mound building in this area is estimated 
to be about 1200 B.C. 

The mounds in the Altai Mountains near the Mongolian border are of special 
interest to the study of uranium mill tailings piles because they are covered 
with stone and exhibit phenomena that may have implications regarding moisture 
retention. Rudenko (1970) reports on the extensive excavations performed in 
this region, mainly on the mounds at Pazyryk. 

There are 40 rock-covered, frozen mounds at Pazyryk on the southern slope 
of the Chulyshman range within a mile of the valley of the Great Ulagan River . 
This area has exposed rock outcrops, heaps of broken rock fragments talus, and 
numerous glacial moraines, all providing necessary building materials. 

The climate of the eastern Altai Mountains, in particular the region of 
the Pazyryk Site, is characterized by low average annual temperatures and long 
winters with low temperatures. Minimal cloud cover in winter causes a great 
heat loss, strong chilling, and deep freezing of the ground. Calm conditions 
predominate during cold periods of the year, producing temperature inversions 
and refreezing of the valley. The summers are short, dry, and cool, and are 
characterized by high midday temperatures and cold nights. Although all the 
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climatic conditions for the formation of permafrost are present, the region 
does not have permanently frozen ground because mean annual temperatures are 
not low enough and surface conditions are variable. 

Five of the mounds are larger than the rest and all have the same basic 
structure. Figure 6 is the cross-section for one of the mounds (Rudenko 1970). 
The mound is betwee~ 40 and 46 m (131 and 151 ft) in diameter. The tomb shaft 
is about 51 to 55 m and extends 4 m (13 ft) below grade. In this mound, three 
layers of logs were placed over the tomb, covered by a bed of 60 boulders, plus 
2 boulders (each weighing approximately 3 tons) over the horse burials. The 
rock bed was covered by five tiers of logs (approximately 30 logs per tier), 
and then covered by an earthen mound containing boulders, also weighing up to 
3 tons each. The earthen mound was paved with angular stones (predominantly 
red, tuffaceous sandstone). The cairn consisted of larger rocks, and pebbles 
and gravel which filled the spaces between the large stones. A ring of flat 
upright boulders at intervals of from 3. 5 to 5.7 m (11 to 19ft) encircles the 
periphery of the cairn. Looters in ancient times bored a hole into the tomb 
and threw all stones in a 10 to 15 m (33 to 49 ft) diameter out toward the 
edge. 

I I I I 
I I 

0 ~ 

FIGURE 6. Cross-Section of Pazyryk (Rudenko 1970) 

Lenses of frozen soil were found during the excavation of all these 
mounds. In early summer the frozen layer began at the surface, but receded 0.4 
to 0.5 m (~1.5 ft) by late summer. In most cases, the frozen layer extended to 
the bottom of the shaft, approximately 1.5 m (5 ft) lower. The edges of the 
frozen soil lenses did not extend beyond the rock cover. The thickness of the 
layer diminished somewhat in the center because of the looter's crater, and 
reached its maximum thickness under the inner ring of stones thrown up by the 
looters. Formation of the frozen soil lens began before the looting. 

The implication that applying a rock cover may lead to the formation of a 
permanently frozen layer under certain conditions may be significant for tail
ings impoundments. Such a layer would substantially increase the stability of 
the mounds, and increase radon attenuation. 

Rudenko (1970) attributed the frozen layer in the mounds mainly to the 
cairn of stones. The cairn insulated the underlying earth from the summer heat 
and this delayed the thaw. Under winter conditions the stone releases heat 
more rapidly than does the ground surface. Because the cairn is a poor heat 
conductor, large absolute changes in the daily and annual temperature sequences 

15 



were prevented and the extremes softened. Rain was allowed to infiltrate 
through the rock. during the warm time of the year the rock delayed evapo
ration. condensed the moisture. and increased the overall dampness of the 
ground. Finally. the cairn acted as a light shield which reduced the penetra
tion of light. Thus. climate combined with peculiarities of mound and cairn 
construction to produce a temperature equilibrium under the cai rn and a lens of 
frozen ground. 

These burial mounds have been damaged by looting. but no other structural 
damage or erosion is apparent. The apparent reason for the mounds durability 
is the permanently frozen earth under the rock cairn. The mounded earth 
remains frozen primarily due to mound and tomb design. The stability resulting 
from permanently frozen ground may or may not be significant for uranium tail
ings impoundments in the continental United States. Not enough informat i on is 
available regarding seasonal ground conditions at the various sites. These 
impoundments are located in areas that do not experience deep freezing of the 
ground during winter. Two key points here seem to be: that the stone does not 
appear to have appreciably weathered over the 2500 year period. and that the 
rock protection decreased evaporation and increased soil moisture. 

ASIA MINOR 

The remnants 
Sanquarious River 
findings from the 
the Gordion Tomb. 

of the ancient city of Gordian are situated near the 
southwest of Ankara. Turkey. Young (1958) reported on the 
excavation of the largest of the burial mounds in t he area. 
It has been dated at about 2700 years old. 

The Gordian Tom~ earthen mound is 50 m (164 ft) high. covers an area of 
50.000 m2 {59.802 yd ). and is the largest mound in Asia Minor. Clay is the 
structural material. Its diameter is estimated at approximately 270m {886ft) 
making it considerably larger than Silbury Hill in England or the Big Barrows 
in Russia. Figure 7 is a drawing of a cross-section through the mound. 

Excavators discovered that the initial 3m (10 ft) of the radius of the 
Gordian Tomb are made up of earth that had been displaced from the mound 
proper. The slope of this material is about 10%. The diameter of the mound. 
as built. must have been at least 45 to 60 m (148 to 197 ft) less, and its 
height. greater than its present configuration. The slope of the remaining 
mound is estimated at about 22°. 

The Gordian Tomb has experienced severe erosion over its 2700 year l i fe. 
as evidenced by the large increase in base diameter due to eroded materia l . 
The earthen material used was primarily clay. The severe erosion could have 
been due to a number of causes; however. no structural failures (slumping . 
settlement. etc.) are mentioned. The accumulation of eroded soil at the base 
seems to indicate that rainfall-runoff processes caused a gradual erosin of the 
earthen mound. Part of the problem may be the climate. If the climate of the 
area is approximately semi-arid it may explain the significant overland erosion 
that has occurred. Within semi-arid climates an extensive vegetation cover 
cannot develop and rainfalls are intensive. No information is available in the 
report on the original height, construction method used. or the climate. 
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FIGURE 7. Section Through the Mound at Gordian, Showing 
Tomb Chamber, Tunnel, and Open Trench 

NORTH AFRICA 

A group of mounds attributed to the Nubian culture (300 B.C. to A.D. 300) 
are found in the Nile River Valley between the first and second cataracts. 
These mounds are not well documented. One of these mounds near Ballana was 
reported to be covered with schist pebbles and the dimensions of another are 
given as 11.5 m (38 ft) with a diameter of 76 m (249 ft) (the size of some of 
the Scythian mounds). The mounds are essentially of a layered construction 
that has effectively resisted natural erosion. Their unobtrusiveness appears to 
have protected them from looting. Another feature that may have contributed to 
their protection is the mud-brick material of construction of the tomb under 
the mound. When first uncovered, the top of the tomb had the appearance of an 
unbroken surface of smooth, black soil. Actually, the unbaked mud bricks were 
fused together by water. 

Si nee the "bricks" of the Nubian mounds were not fired they were probably 
a well-consolidated earthen material composed primarily of clay. Because of 
their unbaked condition, they could have retained some flexibility to accommo
date minor changes in loading where fired bricks would have fractured. The 
l ayered earth mounds appear to have resisted erosion, however, not enough 
i nformation is available to substantiate this satisfactorily. 
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EASTERN AMERICAN PREHISTORIC EARTHWORKS 

Some of the most spectacular examples of earthen architecture, several 
hundred to several thousands years old, are found in the eastern and central 
United States. American explorers and settlers, pushing westward along the 
Mississippi and Ohio River valleys, discovered large earthen mounds that were 
frequently arrayed to resemble a cultural or ceremonial center of activity. 
Some of the mounds contained entombments, others seemed to be fortifications or 
ceremonial platforms. All were overgrown by vegetation, and sometimes the 
structures first appeared to be natural features of the landscape. Theories 
concerning the builders of these mounds varied through the years, but as inves
tigations progressed through the end of the 19th century and into the 20th 
century, ancestors of the native American Indians were recognized as 
responsible for the thousands of mound sites uncovered in the u.s. 

The following sections describe the various periods of mound building in 
the eastern United States and present examples of the types of mounds found, as 
well as information on their construction and survivability. The discussion 
draws heavily from information presented to PNL personnel at a mini-symposium 
held at the Peabody Museum of Archaeology and Ethnology of Harvard University 
in January 1982. For additional information on American mounds and the mound 
builders, the reader can refer to the works of Squier and Davis (1848), an 
early comprehensive survey of eastern mounds; Haven (1856), a review of 
American archaeology; Putnam {1890), a survey of the famous Great Serpent 
effigy mound in Ohio; Thomas (1889, 1891, 1894), a concise catalog of American 
mounds; Phillips, Ford and Griffin (1974), a survey of Mississippian settlement 
patterns; Smith (1978), a review of the Temple Mound tradition; Fowler (1969, 
1974), Reed, Bennet and Porter {1968), and Bushnell {1904) for discussions of 
the Cahokia mound group and Monks Mound; and King (1971) and Silverberg {1968) 
for overviews of the American mound tradition. For the reader interested in 
ancient earthen architecture, the book by Morgan (1980) is highly recommended. 

EXAMPLES OF MOUND CONSTRUCTION IN THE EASTERN UNITED STATES 

The history of earthen-mound building in the eastern half of America spans 
over 3000 years. The literature describing these sites is extensive; thus, we 
will cite only a few examples of the largest mounds that are comparable in size 
to uranium tailings impoundments. 

Poverty Point, Louisiana - 1500 B.C. to 1000 B.C. 

One of the best examples of the survivability of large earthen mounds 
occurs at the Poverty Point Site near the Mississippi River in Louisiana. This 
site is somewhat of an enigma to archaeologists because nothing else of its 
magnitude was constructed this early in America. Started around 1500 B.C., it 
predates the Burial Mound periods by several hundred years and existed long 
before the Temple Mound tradition began. The drawing of the site presented in 
Figure 8 depicts the site much as it exists today. Note the concentric-ring 
mounds and the large, conical mounds. This site is over 1500 m (4900 ft) wide 
and the diameter of the ring mounds, which are only 2 m (6.6 ft) high, is over 
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FIGURE 8. The Poverty Point Mound Group (top figure from Morgan 
1980; bottom figure from Jennings 1978) 

1200 m (4000 ft). 
some earlier time, 
The large mound at 
200m(650ft). 

The small stream shown in the f igure changed its course at 
cutting off and destroying a portion of the ring mounds. 
the site is over 23 m (75 ft) high with a diameter of over 

This site is a complex of mounded-earth structures that are reasonably 
well preserved, except for partial destruction of the ring mound caused by 
erosion resulting from migration of the river channel. This is the primary 
problem at this site because overland erosin would be effectively prevented by 
growth and maintenance of vegetation. There is no information about side 
slopes of the mounds or the method of construction. River-bankline erosion and 
migration are particularly damaging because they undermine any structure along 
the bank. Such orocesses can cause complete destruction of the site if allowed 
to persist. 
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Adena and Hopewell Sites - 1000 B.C. to A.D. 700 

The Adena and Hopewell cultures constructed thousands of conical burial 
mounds. Most are located in Ohio and West Virginia, and range in size from 
under 1 m to over 23m (75 ft) in height. Some large individual mounds contain 
several hundred burials. Examples of these large mounds include the conical 
rr,ound in Miamisburg, Ohio, that measured 21m (69ft) in height and 260m 
(850 ft) in circumference when first discovered (King 1971). Likewise, the 
Grave Creek mound in West Virginia measured 22m (72 ft) by 305 m (1000 ft). 
Figure 9 presents a representation of a typical burial mound. 

FIGURE 9. Schematic Cut-Away Diagram of a Typical Conical Burial Mound 
(from Jennings 1978) 

Based on the height and circumference of the Graves Creek and Miamisburg 
mounds, the side slopes would be about 1V:2H. Slump failures were evidently a 
common occurrence and could be expected for side slopes this steep. The steep 
side slopes together with the wet climate of the eastern United States could 
explain the slump failures which occurred regardless of the layered and 
compacted earth construction. 

The Mississippian Tradition - A.D. 700 to 1700 

The Mississippian culture is responsible for the construction of the great 
temple mound sites, which are spectacular because of their great size. The 
best documented of these sites is the Cahokia Site outside of East St. Louis, 
Illinois (Figure 10). Cahokia covers 3700 acres, or nearly six square miles; 
originally it contained over 100 mounds. The Cahokia Site was occupied between 
A.D. 800 and 1550, according to radiocarbon-dating of artifacts found there 
(Fowler 1969). About 20 of the original mounds were destroyed by agricultural 
expansion and the growth of East St. Louis and an interstate highway cuts 
through the site. 

The largest mound in North America is Monks Mound at Cahokia (Figure 11) . 
Monks Mound is a terraced, platform structure consisting of four levels built 
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FIGURE 11. Monks Mound at Cahokia (Morgan 1980) 

in fourteen stages and contains nearly 600,000 m3 (21 million ft3) of soil 
(Fowler 1969). The longest dimension of the full structure is about 316 m 
(1050 ft). When first discovered in the 1860s, it stood intact, and although 
it has been partially destroyed since then, there is little evidence of 
erosional or catastrophic soil loss. 
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These sites have design features such as terracing and staged construction 
that may have contributed to the stability of the large mounds of the group. 
Clay was used in other mounds along with logs and rocks as reinforcement. The 
necessity of using clay plus other materials to reinforce corners may indicate 
that mound covers can be unstable. 

MOUND CONSTRUCTION AND SURVIVAL - HUMID CLIMATES 

Cyrus Thomas• (1891) survey and catalog of known mound sites in the 
eastern U.S. in the late 1800s revealed thousands of prehistoric earthworks. 
Most eastern mound sites are clustered along rivers, the Gulf Coast, and the 
Great Lakes (Thomas 1891). The confluence of two or more rivers was a popular 
site for population centers and thus, for numerous mounds (King 1971). Because 
of the diversity of the cultures producing the mounds and their geographical 
separation, mound sites have been subjected to a variety of climatic condi
tions, and hence erosional processes, and have been built with a wide variety 
of materials. 

The larger mounds, particularly temple or platform mounds, appear to have 
been built in stages spanning long periods of time, in some cases several hun
dred years. For example, a ceremonial platform mound would be raised to a cer
tain level and occupied for a period of years, and then a new level would be 
added. This process would continue for some time, with new stages added as 
needed. 

Mound excavations consistently display a layering, or mantling, of soil 
that was placed in the mounds in layers a few feet thick at most (Morgan 1980). 
These investigations reveal that the mounds were constructed by workers carry
ing baskets of earth, which were simply dumped, and then the soil was spread by 
hand or wooden implements. Many mounds contain numerous stratified lenses of 
soil, i ndicating where the individual basket loads of soil were deposited in a 
given l ayer. Foot traffic and natural settling of the soil promoted compaction 
and increased the stability of the structures. 

Materials used in mound construction varied depending on available soil 
types. In general, excavations reveal the use of clean fill such as clay, 
loess, and flood-plain sediment deposits. Burial and platform mounds have been 
noted for the homogeneity of the materials used for their construction through
out their building periods. Effigy mounds, on the other hand, frequently 
reveal the use of specially selected soils, usually of different colors, that 
were apparently carefully placed to satisfy a cultural or ceremonial purpose. 

One interesting aspect of some of the larger temple mounds was the use of 
a clay mantle for interior reinforcement of the structure. The Emerald site in 
Mississippi (see Figure 12) is particularly noted for a clay cap covering the 
entire mound. Apparently, this cap was installed to promote structural sta
bility of the mound. After it was laid and allowed to dry, it became extremely 
hard; modern excavations have had a difficult time breaking through it. Its 
placement permitted a steeper side slope of the underlying soil than would 
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FIGURE 12. The Emerald Temple Mound (Morgan 1980) 

normally be exp'ected. •Gumbo• clay has been found in many other Mississippian 
mounds, frequently being used to reinforce the corners of temple mounds. Logs 
and rocks, also used for reinforcement, have been found in excava.ted mounds. 

The use of clays in mound construction had another structural benefit in 
many cases, although, it is not known whether this benefit was foreseen by the 
mound builders. Evidence of widespread burnings are found in many earthworks; 
these burnings fired the clays, providing a brick-like durable layer. In 
burial mounds, cremations produced this effect which has proved very effective 
in stabilizing those mounds built in stages. In platform mounds, the burnings 
may have been of a ceremonial nature or merely for food preparation. Their 
purpose is not clear, but the effect has been the same: a baked clay cap that 
has been relatively impervious to water infiltration and erosional processes. 
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The rate of survival of American prehistoric earthen mounds has been 
remarkably high. The mound destruction that has occurred can be attributed 
largely to man's interference. Earthen mounds have been subjected to a variety 
of erosional and weathering forces, but mounds over 1000 to 2000 years old have 
survived these attacks remarkably well. However, as America's European 
settlers moved westward during the 18th and 19th century, many mounds were 
partially or completely leveled for agricultural purposes. More recently, 
industrial expansion and the accompanying growth of urban areas have destroyed 
thousands of these historically significant landmarks. Looters also, have 
destroyed numerous sites in search of valuable artifacts. 

American mound sites appear to have small soil-loss rates. For instance, 
the effigy mounds of Wisconsin are on the order of 1200 to 1600 years old, and 
yet stand only a few feet tall. Excavations reveal some soil movement caused 
by sheet erosion, but the mounds are thought to appear much as they did when 
first constructed. The reason for this theory is that these mounds were built 
with an exact mirror image below grade. The shape to be constructed was first 
carved into the earth to the desired depth (usua' ly no more than 4 to 6ft) and 
then the soils were layered in the excavation and built up above the surface to 
the same height. Modern heights match closely the depth of the underlying 
mirror image (Brown 1982). We may have expected normal soil-loss rates over 
such an extended period of time to completely level these mounds, but this has 
not been the case. 

The very large conical burial mounds and truncated pyramid platform mounds 
have survived quite well where man has not disturbed the sites. Several fac
tors probably contribute to their integrity. First, the soil in these struc
tures is very compacted. Because the mounds were built in stages over many 
years, each stage was allowed to settle and achieve structural integrity before 
another large layer of overburden was emplaced. Second, the methods of con
struction may have contributed to the compaction process. Large numbers of 
workers walking over the mantled layers would gradually pack each layer as it 
was placed. Third, as already mentioned, the use of clays in many of the 
mounds had very beneficial results. Lastly, the establishment of vegetation 
stabilized slopes and reduced the effects of gullying and rill erosion. 

Many archaeologists agree that mound slopes were kept free of vegetation 
during their period of active use. The grasses, shrubs, and trees that cover 
the sites today did not emerge until the sites had been abandoned. The 
climates of most of the mound sites in the eastern U.S. are conducive to the 
rapid growth of vegetation. Thus, a protective layer of grass probably would 
emerge rapidly on the mounds once they were no longer maintained by the 
societies that built them. Whereas grasses have provided slope stability and 
enhanced mound integrity, trees have had the opposite effect. Root action has 
produced deep crevices in mounds, accompanied by slumping. 

Mound excavations revealed that the designers were aware of stability 
problems. Very early mound sites, several thousand years old, were apparently 
primitive structures, and most have experienced severe weathering damage. 
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These mounds were small and in many cases only potsherds and midden material 
(trash) remain to prove they once existed. However, mounds from the Burial 
Mound and Temple Mound periods display a growing awareness of design and con
struction techniques. 

Mound construction became more complex with increasing size, because 
material placement, angles of repose, reinforcing techniques, and so on were 
considered. Most mounds are situated along rivers, but partial or complete 
inundation during flooding does not appear to have seriously affected their 
stability. Many mounds were placed on locations above the normal flood level 
at the time of their construction. 

Earlier we mentioned the use of clay caps on many mounds as a reinforcing 
mechanism. These caps were usually placed as the final step in the construc
tion processs. However, these layers provided more than just a hard shell over 
the mounds; they also served as a barrier to water infiltration into the mound, 
t~us preventing the destructive process of wetting and drying. When soil 
layers become saturated and subsequently dry out, and if this process is 
cyclic, the materials alternately expand and contract. This process produces 
cracks in the layers, allowing more water to penetrate, thereby enhancing the 
process. This eventually leads to catastrophic failure by slumping and slid
ing. Such processes have been active in many partially destroyed mounds where 
no barrier to water infiltration existed. Freezing and thawing of trapped 
water in the soil produces a similar effect as a result of the expansion of 
freezing water. The clay caps effectively prevented these processes from 
destabilizing the mounds. 
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WESTERN UNITED STATES PREHISTORIC MOUNDS - GATLIN SITE 

Southern Arizona was the home of another prehistoric cultural tradition, 
the Hohokam. These people were agriculturalists and lived in shallow pithouses 
constructed of sun-baker adobe clay or wattle-and-daub; they had little rock 
available for building. In several instances, these people built low earthen 
platform mounds. 

The desert climate of southern Arizona is hot and dry, with extreme tem
perature ranges. Annual rainfall is approximately 20 em (7 in.) (Haury 1945). 
Most of the Hohokam settlements were in the Salt and Gila River Valleys. 
Volcanic mountains of about 800 m (2625 ft) elevation adjoin these valleys. 
The Gatlin Site is one of the Hohokam habitations with a prominent mound. 

MOUND CONSTRUCTION AND SURVIVAL IN SEMI-ARID CLIMATES 

The Gatlin Site is located above the flood plain of the Gila River. This 
village was occupied between A.D. 900 and 1100. The Gatlin platform mound mea
sures 29m by 22m by 3m (95 ft by 72 ft by 10ft) (Willey 1966a; Wasley 1960) 
and was constructed in six stages of repairs, modifications, and enlargements 
(Martin and Plog 1973) (Figure 13}. In all stages the mound had a flat top 
with sloping sides and rounded corners, as well as an earthen core; the outline 
of the mound was rectangular. Each new level was plastered with a mix of 
caliche and adobe that was from 2 to 10 em (0.7 to 3.4 in.) thick. Some of the 
fill contained sterile silt and gravel carried in by the basketful. The fill 
was generally sandy silt with some cultural material, indicating that it had 
been carried from existing trash mounds. The site had been vandalized before 
archaeological investigation, so some information was lost (Wasley 1960}. 

The building sequence for the Gatlin Site mound was as follows. First, 
the ground surface was covered with caliche plaster. Next, a silty clay was 
deposited and then clean sand was added until the diameter of the mound was 
14 m (46 ft). Limited remodeling took place at the east and south sides. The 
cappings of caliche clay were mixed and applied and the resulting surfaces were 
smoothed. Eight walked-on and capped surfaces were defined. Although weather
ing and rodent activity have largely destroyed the mound's original tru~cated
cone shape, it still stands out as a prominent landmark. 

The Gatlin Mound, which was constructed of caliche, adobe, silt, sand, and 
gravel, experienced significant erosion in spite of a relatively dry climate 
and layered construction. Instability appears to have been a problem from the 
beginning as demonstrated by the evidence of remodeling and maintenance. There 
could have been problems with the adobe and caliche plaster with regard to 
weathering and erosion. The adobe and caliche may not be durable materials 
(similar to dried brick) for mound construction. In this case the structure or 
foundation could have settled causing failure of the caliche plaster cap. The 
caliche cap was underlain by clean sand, which is a good foundation material 
only if it can be confined. Rodent activity added to the damage. 
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