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THE RESIDUAL HYPOTHESIS FOR THE FORMATION OF JAMAICAN BAUXITE

- A CONSIDERATION OF THE RATE OF LIMESTONE EROSION.

D. I. Smith

Department of Geography
The University

BRISTOL

Abstract

Sinclair has recently suggested that the Jamaican bauxite deposits
originated as an insoluble residue resulting from the solutional
erosion of the White Limestone. A figure of 780 feet is given for the
thickness of limestone erosion necessary to give the required volume of
bauxite deposits.

The present work give figures for the concentration of calcium
and magnesium for a number of streams draining from the White Limestone
of north-central Jamaica. Considerations of the current rate of
evapo-transpiration are also given. The contemporary rate of erosion
expressed in terms of overall surface lowering is between approximately
70 and L0 mm/l,OOO years. If this rate is projected into the past the
bauxite deposits could have resulted from the solutional erosion of the
White Limestone in a period of between 3 1/2 and 6 million years. A
discussion of the most likely major errors and assumptions is also
presented.

INTRODUCTION

Recent work by Sinclair (1966) considered the details of the genesis
of the Jamaican bauxite deposits. An estimate of the overall bauxite
reserves and associated deposits was expressed as equivalent to a layer
of terra rossa approximately eight inches thick over the surface of the
White Limestone outcrop (Sinclair, 1966, p. 29). Figures for the
insoluble residue and density of the White Limestone were also presented
(Sinclair, 1966, tables 1 and 2). IFf the Jamaican bauxite deposits
represent a residual goil formed by the weathering of the White Limestone
it is then possible toc calculate the thickness of limestone necessary to
produce eight inches of residual soil. Calculations presented by
Sinclair (1966, p.30) give a figure of 780 feet as an estimate of the
White Limestone removed. Further (Sinclair, 1966, p. 30) states that the
erosion of this thickness of limestone since the Middle Miocene uplift
is a reasonable postulate.

Sinclair does not cite any specific figures for the rate of erosion
of the limestone either under present conditicns or estimates of the rate
of erosion in the past. The results presented below discuss the rate of
solutional ercsion of the White Limestone under contemporary conditions.



A measure of the solutional erosion of a limestone region can be
obtained by considering the amount of calcium and, in many cases, magnesium
carried off in solution by the waters draining the area. If the density
of the limestone and the run-off from the region are also known it is
possible to calculate the volume of limestone removed. Corbel (1959, p.98)
produced a simple formula which permits the volume of limestone transported
from an area in solution to be calculated. The original formula considered
only the calcium and ignored the magnesium which is also removed in solution.
The formula was later modified by Williams (1963, p. 435) to take account
of both calcium and magnesium. This is a necessary modification as the
majority of limestones are dolomitized to some degree.

Thus to obtain a figure for the time required to remove the 780 feet
of White Limestone postulated by Sinclair as necessary to account for
the observed Jamaican bauxite deposits three quantities are necessary.

(i) the density of the limestone
(ii) +the quantity of calcium and magnesium removed in
solution per unit volume.
(iii) a figure for the run-off of the area concerned.

The formula as proposed by Williams (1963) for a catchment composed
solely of limestone is as follows:

X = E(Tq + Ty)

10D

Where X = amount of limestone removed by solution in cubic metres/
year/ sqg. kilometre.

T, = mean CaCO content in parts per million (hereafter p.p.m.)
T, = mean MgCO content in p.p.m.

D = mean denslty of limestone in g/cm5

E = effective annual run-off in decimetres (dm)

Sinclair (1966, p.28) obtained a figure for the mean density
of the White Limestone of 151 1b./cu.ft. (2.42 g/emd).

CALCIUM AND MAGNESIUM HARDNESS

During the period from November 1966 to September 1967 water samples
were collected from nine sites along the north central coast of Jamaica.
These sites were located between the White River to the east of Ocho Rios
and the Laughlands Great River at Llandovery (see Fig. 1). All of these
rivers drain from the White Limestone region of the parish of St. Ann and
it is assumed that the whole catchment of these rivers is composed of
White Limestone. The samples were analysed for their calcium and magnesium
content by means of titration with E.D.T.A. (Schwarzenbach, 1957, and
Smith and Mead, 1962, 209-211). The number of samples analysed and the
mean calcium and magnesium values for each of the sites are presented in
Table 1. The calcium and magnesium values are expressed in terms of
calcium carbonate and magnesium carbonate as well as total hardness (the
sum of calcium and magnesium carbonate).
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Table 1: Mean hardness values.

Sampling Site. CaCO§ in MgCOz in Total Hardness Number of
p.p.m. p.p.m. in p.p.m. samples.
1. White River. 156 23 179 6
2. River at The Ruin,
Ocho Rios. 158 21 179 15
B River to the West
of Ocho Rios. 163 25 188 1k
L. Cave River 149 2L 173 1h
5. Dunns River 132 235 155 15
6. Roaring River 154 23 177 13

T River to West of
St. Ann's Bay 151 21 172 13

8. River near Mile
Post L49. 154 27 181 12

9. Laughlands Great
River. Llandovery 131 2k 155 15

There was little variation in the hardness values at any individual
site throughout the period of observation. (Table 2). The samples were
collected under a variety of discharge conditions including a number
at times of storm discharge. Unfortunately no absolute discharge records
were available for any of these rivers. The base flow of the rivers
sampled varied very considerably from site to site but there was no
significant relationship between size and hardness.

Figure 2 illustrates the total hardness values obtained for two of
the sites, namely the Laughlands Great River at Llandovery and the Cave
River to the east of Dunn's River. These two examples are considered
typical of all the sites sampled.

Thus it would seem a tenable hypothesis to suggest that the mean
of the values given in Table 1 could be assumed to represent the hardness
values necessary for substitution in the formula (outilined above) to
obtain a value for the rate of erosion. The mean total hardness for the
rivers draining the White Limestone of this section of the island is
173 ppm. consisting of 150 p.p.m. CaCOB and 235 p.p.m. MgCOB.

CALCTUM HARDNESS IN RELATION TO MAGNESIUM HARDNESS

It is worth noting that the hardness figures for other spring
sites associated with the White Limestone in other parts of Jamaica
appear to be similar to those given above. Results related to the

" White Limestone of the eastern parts of the parish of St. James are



Table 2: Detailed analyses of calcium and magnesium hardness of
samples collected from the sites listed in Table 1.

Date. Site 1 gite 2 gite 3  gite L Site 5 site 6 gite 7 Site 8 gite 9

Nov. 19th 150 23 168 21 170 27 153 23 133 23 158 21 160 25 123 42 133 38
Dec. 28th 163 30 163 30 153 19 133 25 163 21 153 15 130 34 138 21
Jan. 9th 163 21 160 27 150 25 138 23 163 23 158 23 138 23 138 23
Feb. 25th 163 27 165 13 163 30 148 25 145 15 163 21 145 19 135 23 133 21
Feb. 26th 163 21 168 23 155 27 133 23 16021 180 23 140 21 140 25
Apr. 2nd 153 19 160 23 150 21 153 19 133 19 1k0 23 138 17 138 17 1L3 19
Apr.30th 158 17 158 23 173 21 148 23 135 25 138 25 148 19 150 30 130 21

May 24th 150 15 155 21 158 23 153 50 125 19 138 23 148 17 160 30 120 23

June 8th 158 19 168 27 145 27 123 25 138 23 173 23 130 19
June 17th 153 23 168 23 140 23 120 25 138 25 135 19 200 34 123 23
July 10th 153 23 164 23  1hs5 24 131 24 163 30 150 21 183 25 135 27
July 23rd 156 26 152 29 142 28 128 24 163 26 145 19 178 17 130 29
July 27th 151 167 24 131 26 162 21 124 21
Aug. 5th 1Lk 156 15 141 23 120 26
Aug. 2lst 161 34 161 22 159 27 149 21 132 26 167 29 150 18

Ca Mg Ca Mg Ca Mg Ca Mg Ca Mg Ca Mg Ca Mg Ca Mg Ca Mg

A1l hardness figures are in p.p.m.



given in Smith (1969, Table 5.2 and Figs. 5.9 and 5.10). TFor example
the spring near Dromilly (grid ref. 299533) has a mean total hardness
figure of 172 p.p.m. calcium hardness 154 p.p.m. CaCO5 and magnesium
hardness of 18 p.p.m. MgCO;. The ratio of calcium to magnesium from the
sites in eastern St. James”and from the sites listed in Table 1 from
St. Ann is remarkably constant. This may indicate that the ratio of
calcium to magnesium in the bedrock is comparable to that obtained from
an analysis of the water samples. The difficulty in verifying this
statement is the paucity of published data relating to the calcium to
magnesium ratio of the bedrock. However, work undertaken by the author
on the limestones of western Scotland (Smith, in 1itt) for which both
water and bedrock analyses are available demonstrates that in that
region there is close agreement between the two ratios.

EFFECTIVE RUN-OFF

The remaining variable necessary to obtain an estimate for the
rate of limestone solutional erosion is a measure of the effective
run-off. Effective run-off can be defined as the precipitation less
the actual evapotranspiration, for the purposes of this paper measured
in terms of mean annual figures. For the areas of White Limestone
outcrop there is virtually no surface run-off. The effective run-off is
by means of subterranean flow of which a proportion at least appears
at spring sites listed in Table 1. Full discharge records for the
sites sampled are not available and if they were it would not be possible
to delimit the catchment area of any individual river as there is no
simple method of obtaining information on the extent of the subterranean
drainage net. It is possible to calculate values for the effective
run-off although it should be stressed that such values are best
considered as estimates.

A number of rainfall recording stations are located in the White
Limestone area under consideration. The long term mean monthly rainfall
figures for these stations are given in the Handbook of Jamaica (Anon.,
1965, L42-62) and a rainfall atlas for Jamaica is also available (S.R.C.
Jamaica, 1963). Additionally Sweeting (1956, p.2) in a study of the
hydrology of the White Limestone states that the mean annual rainfall
for this part of the island varies between 75 and 100 in. per year. The
calculations for evapotranspiration described below necessitate monthly
mean rainfall figures but of the rainfall stations for which such
figures are available most are located at altitudes below that of the
main White Limestone surface. This lower altitude leads to a rain shadow
effect and the rainfall totals of such stations are an under-estimate of
the rain falling on the greater part of the White Limestone catchment.
With this problem two rainfall stations have been selected, namely Albert
Town and Stepney. The former has a mean annual rainfall of 79.12 in.:
(Anon., 1965, p.4L) and the latter a mean annual rainfall of 60.81 in.
(Anon., 1965, p.46). The mean annual rainfall for the area as a whole is
thought to fall within the rainfall range of these two stations.

Evapotranspiration is a difficult quantity to measure or estimate.
Various workers have outlined empirically derived formulae for the
calculation of potential evapotranspiration (Khosla, 1952, Holdridge, 1959)
but considerable differences may exist between the actual and potential
evapotranspiration values, (Thornthwaite and Magher 1957).



This is particularly the case when individual months have a moisture
deficit i.e. the potential evapotranspiration is in excess of the
precipation. The figures obtained using two formulae for the calculation
of potential evapotranspiration (Table 3) are obtained by the methods
described by Khosla (1952) and Holdridge (1959). A method for the
calculation of effective run-off that does not rely solely upon
considerations of potential evapotranspiration is given by Thornthwaite
and Mather (1957, p. 185-311). This method allows for the effects of
monthly moisture deficits, soil moisture storage, cover type of
vegetation, latitude and its effect regarding length of daily sun hours.
All the values for potential or actual evapotranspiration presented
below in Table 3 are summations values for individual months to give

an annual figure. In all the calculations the temperatures used are the
long term monthly means for Lorrimers Banana Research Station (Anon.,
1965, p. 39) which is situated at an altitude of 2,847 ft. These
temperature figures have been used as the altitude of this station is
comparable to the elevation of the major part of the White Limestone
under consideration. The results for effective run-off as obtained
from Khosla (1952), Holdridge (1959) and Mather (1957) are given in
Table 3.

Table 5: Potential Evapotranspiration and Effective Run-off Figures at
two stations in Jamaica.

Potential Evapotranspiration Effective Run-off
Khosla Holdridge Khosla Holdridge Thornthwaite
& Mather
Albert Town 30.28 28.92 37.72
L3.84 50.20
Stepney 11.97 10.61 21.91

All figures are annual means and are in inches.

The values used in the calculations for the rate of solutional
erosion of the White Limestone are those obtained by using the Thornthwaite
and Mather method which 1s considered to be the best available method
applicable to the area and data available.

RATE OF LIMESTONE EROSION

The mean density of the White Limestone as obtained by Sinclair was
2.he g/cm5. The mean calcium hardness value, T,, is taken as 150 p.p.m.
CaCOB. The mean magnesium hardness value, T,, 1s taken as 25 p.p.m.
MgCO5.

The effective annual run-off value for the precipitation figures for
Albert Town obtained from the Thornthwaite and Mather formula is 37.72 in.
(9.58 dm). The corresponding figure for Stepney is 21.91 in (5.57 d.m.).
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Substitution of these figures in the formula of Corbel with its
modifications by Williams gives the following values for the thickness
of limestone removed.

Albert Town 68.5 mm/1,600 yr.
Stepney 39.8 mm/1,000 yr.

Using these figures the time necessary to remove the 780 feet of
White Limestone po%tulated by Sinclair is 3.47 x 10° yr. for Albert
Town and 5.98 x 10° yr. for Stepney.

ASSUMPTION AND MAJOR SOURCES OF ERROR

(a) Climate.

In presenting any estimate concerning the rate of erosion in the
past the major assumption relates to an assessment of previous climatic
conditions. Rarely it is possible in tropical latitudes to do other
than assume that conditions in the recent past were similar on balance
to those of the present. No detailed outline of the palaeoclimatology
of Jamaica or the Caribbean exists for the period of the last five million
years or so. In calculating the evapotranspiration estimates the
precipitation figures are more critical than those of temperature.

The generalised climatic situation for the recent past of the tropics
indicates that temperature figures are unlikely to have changed
significantly. Any major errors in the suggested time period are most
likely to be due to unwarranted assumptions regarding precipitation.

(b) Hardness figures.

If climatic conditions changed in the past it is possible that the
hardness figures would have shown some sympathetic variation. This is
not thought to have been the case within the range of climatic change
likely to have been experienced in the last million years.

There is also a possibility that the drainage from the White Limestone
area under consideration does not all emerge at the surface to flow from
the spring sites sampled. A proportion of the flow may emerge in
submarine springs the existence of which is known around the coasts of
the island (personal communication, Geological Survey). This is not
thought to be a major source of error as such water would probably have
a similar hardness to that emerging at inland spring sites. The constancy
of the hardness figures can be interpreted as indicating a form of
'saturated' value with the prevailing processes responsible for the
solutional erosion of limestone in the region.

(¢) EBErosion other than that of a solutional nature.

In Sinclair's work the implicit assumption is made that none of the
insoluble residue of the weathered White Limestone is removed by erosional
processes. This is clearly not the case as some of the insoluble residue
is removed as suspended load by the water emerging at the springs sampled.
No quantitative estimates are available for the sediment removed in this
manner although attention was drawn to this process by Zans (1959, p.l1l27 -
129). It is difficult however, to see how a reliable estimate of the
insoluble residue removed in this manner could be obtained. This
omission indicates that the thickness of limestone necessary to yield the

- suggested residue is an underestimate by a factor that is indeterminable.
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The present work is an overestimate of the removal time as it is
concerned solely with the solutional erosion of the limestone and
discounts entirely other forms of erosional activity that are operative
on limestone and non-limestone terrain alike. Material is transported
from the White Limestone by processes other than that of solution
such as suspended and traction stream load. The removal of material
from a unit area of White Limestone by means other than solutional
erosion is probably less than is the case for a comparable area of
non-limestone terrain. This would be particularly true for material
removed by normal river transport as traction (or bed) load. The
subterranean nature of the drainage lines in the White Limestone would
probably carry less traction load due to the restricted cave passages
and sumps through which the streams flow. A sump situation would tend
to act as a setting pool for coarser grades of sediment. It is not
possible to give any realistic measure of this overestimate.

CONCLUSION

The assumptions present difficulties in stating an absolute value
for the time necessary for the removal of the 780 feet of White Limestone
suggested by Sinclair as necessary for the formation of the bauxite
deposits by a residual hypothesis. If the major assumption is permitted
that climatic conditions, especially rainfall, have remained relatively
constant over the period, the limestone could have been removed by
solutional processes alone in a period of 3 1/2 to 6 million years.
Fluvial transport of material other than of a solutional nature would
cause this estimate to be reduced but to some extent this is balanced
by Sinclair's assumption that none of the weathered insoluble residue
of the limestone was removed from the region.

It would seem a valid overall conclusion that the removal of the
thickness of White Limestone necessary for the residual weathering of
bauxite genesis in Jamaica is possible in the time since erosion is
presumed to have commenced in the mid-Miocene. The most reliable absolute
age for the mid-Miocene is 12 million years for the upper boundary and
18-19 million years for the lower (Funnell, p.190, 1964). This would
seem to allow an ample margin to cover the assumptions and errors likely
to affect the figures presented.
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