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Table 2: Mercury in stream water 0, suspended sediment (SS), stream bottom 

sediment (C) and heavy mineral concentrate (P); Ponce Em'quez gold 

district, Ecuador. 

Sample W-Hghgh) SS-Hg(mg/kg) C-Hg(*) P - H g ( ~ / k p )  
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33 
34 
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0.01 
0.01 
0.90 
0.01 
0.02 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.04 
0.01 
0.02 
0.01 
0.01 
0.01 
0.01 
0.01 
0.03 
0.02 
0.02 
0.01 
0.01 
0.01 

ns 
0.59 
1.19 
9.61 
1.09 
1.38 
1.59 
3.57 

ns 
ns 

0.01 
0.02 
0.02 
1.28 

ns 
0.56 
0.32 
0.26 
0.41 
0.10 
0.07 
0.13 
1.61 
1.39 

ns 
0.01 
0.32 

0.44 
3 .OO 

13.00 
2.00 
3.00 
3.00 
3 .OO 
2.00 
0.15 
0.25 
0.69 
0.83 
0.84 
4.00 
0.10 
5.00 
0.85 
1.00 
4.00 
3 .oo 
3 .OO 
1 .oo 
7.00 
8.00 
0.30 
0.33 
0.86 

2.00 
1 .oo 
5.00 
1 .oo 
3.00 
3.00 
2.00 
0.73 
0.01 
0.18 
1.00 
0.09 
0.03 
0.73 
0.13 
0.42 
0.11 
0.16 
0.12 
0.53 
0.59 
0.39 
0.32 
0.94 
0.13 
0.12 
0.14 

36 0.01 0.48 0.58 0.08 
Field duplicates in bold ns = no sample 

Typical concentrations of Hg m waters polluted by mining and mineral processing activities m 

North and South America fill m the range 0.2 to 10 pgA ( H i e r  et aL, 1989,1991). There was 

evidence of recent working of ahvial gravels at one site m the headwaters of the Estero Guanache 

and this gave rise to the only high Hg v h e  m filtered water (MA3 0.9 pgA). The use of mercury 
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EXECUTIVE SUMMARY 

Mobilisation of Hg through the activities of small-scale gold miners exerts a major influence on the 
global pollutant Hg budget. A Technology Development and Research (TDR) programme (R6226) 
funded by the UK Government Overseas Development Administration (ODA), Engineering Division 
seeks to address the adverse impacts of mining-related Hg contamination. The project objectives are:- 
1. Provision of a generic protocol for monitoring the sources and fates of contaminant mercury in gold 

mining rqons .  
2. Assessment of human and ecotoxicolog~cal impacts of mercury pollution and calculation of 

human/environmental risk thresholds. 
3. Promotion of improved methods of gold recovery with applicability to the artisanal sector. 
4. Design and implementation of practical legtslation for abatement of mining-related mercury 

contamination. 

Initial geochemical surveys carried out in the Philippines (Williams et al., 1995, 1996a, 1996b) have 
led to the development of protocols for monitoring the sources and fates of contaminant mercury in gold 
mining rwons. In order to test the applicability of these protocols in other topographc, climatic and 
geologcal settings, a systematic assessment of the distribution of Hg and other contaminants in the 
Ponce Enriquez artisanal gold mining area of Ecuador was carried out in July 1996 in collaboration 
with CODIGEM, DINAPA, DINAMI and Swedish Consultants working with the World Bank funded 
“Proyecto Desarrollo Miner0 y su Control Ambiental” (PRODEMINCA). 

A major environmental concern in the Ponce Enriquez mining &strict is the potential exposure of 
workers to mercury as a result of its use in the recovery of gold. There is also concern regarding 
mercury contamination of soil, stream water, stream sediment and vegetation, particularly in 
downstream areas hosting economically important banana plantations and shrimp farms. In addition to 
the Hg hazard, large volumes of gravity tailings holding high concentrations of potentially h a d  
elements (copper and arsenic) are stored on the steep slopes of the Bella Rtca mining sector. At the time 
of the BGS survey, no comprehensive information existed on the level and spatial extent of degradation 
caused to the aquatic environment by mining and mineral processing in the Ponce Enriquez area. 

Filtered water, suspended sediment, stream bottom sediment and heavy mineral @armed) concentrate 
samples were collected at c. 30 sites. Mercury and a range of other elements were determined in these 
samples by a combination of CV-AFS and ICP-AES methods. In this report, multi-element 
geochemical data are presented and their significance is discussed. 

Mercury exceeded the detection limit (0.02 &l) in only two filtered stream water samples (0.03-0.04 
&l) from the Rio Siete whch drains the main mining and mineral processing area of Bella Rica. The 
background range for fresh (unpolluted) waters is 0.005 to 0.05 pgA. Hence none of the water samples 
from the RIO Siete exceed thls range. The WHO Guideline Value and CEC rnrective Maximum 
Admissible Concentration for Hg in drinking water, together with the UK-DOE standard recommended 
for compliance with the EC Shellfish Waters Directive (79/923/EEC) are all 1 .O pg/l. The more 
stringent USEPA Water Quality Criteria for the Protection of Aquatic Life is 0.012pgA. Typical 
concentrations of Hg in waters polluted by mining and mineral processing activities in Brazil fall in the 
range 0.2 to 10 pg4. There was evidence of recent workmg of alluvial gravels at one site on the Estero 
Guanache, and this gave rise to the only hi& Hg value in filtered water (0.9 pg/l). Heavy mineral 
concentrates from this locality also contain elevated levels of Hg. Dissolved Hg concentrations 
downstream of this anomalous site decrease to <0.02 pg/l withm a &stance of 2 km, probably as a 
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result of ddution and sorption. The concentration of Hg in stream water draining through the banana 
plantations and shrimp farms located 10-15 km downstream of Bella fica is <0.02 pgA and has no 
toxicologcal sigmficance. 

Mercury in suspended sdments, stream bottom sediments and heavy mineral concentrates range from 
0.01 to 9.61 mg/kg, 0.1 to 13 mgkg and 0.01 to 5.0 mgkg, respectively. The level of Hg 
contamination is generally much lower than recorded during the BGS survey of the Eastern Mndanao 
(Phdippines) gold mining area, where maximum values of 1539 pgA and 40 mgkg occur in stream 
water and suspended sediment (Williams et al., 1995). Background concentrations in uncontaminated 
areas typically range from 0.1 - 0.4 mg/kg in stream sediments, whereas in mining contaminated 
rwons Hg ranges up to 7.4 mgkg (N. Carolina) and 25 mg/kg (Madeira river, Brazil). 

Hg in Rio Siete stream sediment increases from 3 mg/kg in the headwaters to 7 mgkg approximately 
10 km down stream of Bella Rica before declining to 3 mgkg at a site 2 km upstream of the eastern 
margin of the shnmp ponds. Over the same transect, Hg in suspended sdments decreases from 9.6 
mgkg to 0.1 mgkg. The relatively high Hg concentration (3 mg/kg) in stream bottom sediment 
immediately above the shnmp farms suggests that the average level of contaminant transfer may have 
been hgher hstorically. Hg exceeds the Sediment Quality Toxic Effect Threshold for the Protection of 
Aquatic Life (1 mg/kg) so the bioavailability and toxicologd significance of Hg in stream bottom 
sdments in the lower reaches of the Rio Siete merits further investigation. 

Arsenic, copper, iron and sulphur are all major components of the mineralisation at Bella Rica (mainly 
chalcopynte, pynte, arsenopynte, pyrrhotite) and are thus likely to be enriched in stream water as a 
result of mining and mineral processing activities. 

Arsenic in stream water ranges from 0.1 to 470 pgA, with an erratic dstribution of hgh concentrations 
(240-470 pgA) in the Rio Siete above the Panamericana highway declining to 77 pgA immediately 
above the shrimp farms. Samples from the Estero Guamnache and Rio Tenguel do not exceed 50 pgA 
As. The WHO Dnnking Water Guideline (10 pgA) and CEC Directive Maximum Admtssible 
Concentration in Dnnking Water (50 pgA) are exceeded in eleven samples although the maximum 
water safety level for aquatic life (400 pgA; Fergusson, 1990) is exceeded in only one case and no 
samples exceeded the value of 3000 pg!l As adopted by the UK-DOE to comply with the EC Shellfish 
Waters Brective (79/923/EEC). The more stnngat USEPA Water Quality Criteria for fresh water (190 
pg4) is exceeded at six sites. Of greater concern, perhaps, is the potential human health risk associated with 
the consumption of fish or shrrmps livlng in waters with As ccm~tim exceedmg the USEPA Human 
Health value (0.14 pg). This level is clearly exceeded in the lower reaches ofthe RIO Si& immechately 
above the shnmp farms where an As m-on of 77 pg!l was recorded. 

Arsenic in stream bottom sdment  ranges from 29 to 46,049 mg/kg declining steeply from 46,000 
mg/kg in the headwaters of the Rio Side to about 10,000 mg/kg over a distance of 4 km then more 
gradually to 7258 mgkg at a site immdately above the shrimp ponds. All arsenic concentrations in 
stream bottom sediments in the Rio Siete exceed Sediment Quality Criteria (Toxic effects threshold) for 
the Protection of Aquatic Life (17 mgkg). 

Copper in stream water ranges from <2 to 7277 pgA, declining rather erratically from 3-4,000 pgA in 
the headwaters of the RIO Siete to 17 pgA immediately above the shrimp farms. Concentrations exceed 
the CEC Drective Guide Level for Dnnking water (100 pgA) in 9 cases, and 5 samples exceed the 
WHO Drinking Water Guideline (2000 pgA). A sample taken 3.5 km upstream of the shrimp farms on 
the RIO Siete contained 807 pgA, significantly exceeding the UK-DOE standard (10 pgA) adopted to 
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comply with the EC Shellfish Waters Directive (79/923/EEC) and also the USEPA Freshwater Criteria 
for the Protection of Aquatic Life (1 1 pg4). 

Copper in stream bottom sdment  ranges from 65 to 9 134 mg/kg declining gradually from 9,134 
mgkg in the headwaters of the Rio Siete to 2912 mgkg at a site immediately above the shrimp ponds 
where the Sdment  Quality Criteria (Toxic Effects Threshold) for the Protection of Aquatic Life (86 
mg/kg) is exceeded by a factor of 33. 

Sediment loads of up to 6.2 g/l were recorded during the present survey decreasing to 1 .O g/l in the Rio 
Siete at the Panamericana highway and 0.02 g/l immediately above the shrimp farms. Most of the 
surface drainage water in the area, especially the Rio Siete, is very turbid due to the hgh load of very 
fine grained gravity tailings. Correlation and Principal Componats Analysis confirm the close association 
of As, Cd, Fe, Zn in both stream bottom sedunatts and suspended sediments. These elmats are also closely 
correlated with the quantity of suspended sediment (gA) c o n t i w  that the major source of Contamination is 
the effluent from the mineral processmg activities. Hg is less strongly correlated with the other major 
contaminatlt, probably because Hg contamination is at much lower level and thus tends to be much more 
irregdar. 

Although both As, Cu and Hg in stream bottom sdment  from the RIO Siete immediately above the 
shrimp farms exceed Sdment  Quality Criteria for the Protection of Aquatic Life by factors of about 
400, 30, and 3 respectively, thls does not necessarily imply that sediment in the shrimp farm ponds is 
contaminated or that these contaminants are either affecting the development of shrimps or being 
absorbed by the shrimps and thus a potential human health hazard. It does suggest, however, that the 
composition of sediment and water in the shrimp ponds, together with the shnmps and fish in the RIO 
Siete, should be carefully assessed. Considerable care should be taken to ensure that contaminated 
sdment does not enter the shnmp ponds as the hgh concentrations of As and Cu, as well as Hg, may 
negatively affect both the productivity and quality of the shrimps. 

The Ponce Enriquez survey has confirmed the utility of the BGS monitoring protocol established in the 
Philippines under this TDR project. Longer term monitoring of thrs area is planned under the World 
Bank funded PRODEh4lNCA project (Monitoreo de 10s impactos ambientales, socio-economicos y 
sobre la salud, relacionados con lac; activia'ades mineras) and the Fundacion CENDA-COSUDE 
(Proyecto Mineria Sin Contaminacion) project. More detailed monitoring is required to venfy the level, 
frequency and duration ofhigh As and Cu flues in stream water and sediment. There is probably little 
justification for major BGS involvement in additional Hg contamination studies in the Ponce Enriquez 
area under the auspices of thls TDR project. Data collated through the World Bank PRODEMINCA 
project and the Proyecto Mineria Sin Contaminacion should provide a comprehensive picture of the 
influence of Hg, As and Cu contamination on biota downstream of Ponce Ennquez. This should 
provide supporting mformation for work carried out in the Philippines directed towards the other main 
objectives of the current project (i.e. assessment of human and ecotoxicolog.tca1 impacts and the 
promotion of improved methods of gold recovery with applicability to the artisanal sector). 
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1. INTRODUCTION 

The adverse human and ecotoxicological consequences of mercury (Hg) pollution in terrestrial 

and aquatic systems are well documented (Fergusson, 1990). Whereas most mercury pollution 

previously resulted fiom hydrocarbon combustion and manufacturing processes in 

industrialised regions, sigdtcant quantities of mercury are now released into the environment 

as a result of its use for amalgamation by small scale gold producers. The amalgamation 

process requires the use of about 2 tons of mercury for each ton of gold recovered. Small- 

scale gold miners produce thousands of tons per mum. Environmental contamination by 

mercury release is thus of concern especially in the countries of Latin America, South East 

Asia and sub-Saharan Afiica which have witnessed an expansion of artisanal mining during the 

past two decades.. 

A Technology Development and Research (TDR) programme to address the adverse impacts 

of mining-related Hg contamination was initiated by the British Geological Survey in April 

1995 under funding fiom the UK Government Overseas Development Administration (ODA), 

Engineering Division (contract R6226). The project objectives are:- 

1. Provision of a generic protocol for monitoring the sources and fates of contaminant 

mercury in gold mining regions. 

2. Assessment of human and ecotoxicological impacts of mercury pollution and calculation of 

human/environmental risk thresholds. 

3. Promotion of improved methods of gold recovery with applicability to the artisanal sector. 

4. Design and implementation of practical legislation for abatement of mining-related mercury 

contamination. 

In 1995 and 1996, surveys were undertaken in Mindanao and Palawan in the Philippines, to 

assess protocols for monitoring the sources and fates of contaminant mercury in gold mining 

regions ( Williams et al. 1995, 1996a,b). In order to test whether the monitoring protocols 

recommended by Williams et al. (1996b) are applicable in other topographic, climatic and 
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Due to the excellent logistic support provided by CODIGEM, DINAPA and DINAMI, the 

sampling programme was carried out very efficiently with a total of about 30 stations visited 

during a 7 day period. Filtered water, suspended sediment, stream sediment and heavy mineral 

(panned) concentrate samples were collected at each site and approximately 150 samples 

analysed for Hg and associated trace and major elements. 

In this report, multi-element geochemical data for stream waters, stream bottom sediment, 

suspended sediment and heavy mineral concentrate samples are presented and their 

significance discussed. 

2. MERCURY GEOCHEMISTRY AND TOXICOLOGY 

Hg in uncontaminated fieshwater systems ranges fiom 5 to 50 ngA rising to 0.1-60 pgA in 

geothermal waters (Fergusson, 1990) and 0.2 to 10.0 pgA in mining contaminated Surface 

waters (Heif5er et al., 1989; 1991). At moderate or high redox potentials, inorganic Hg is 

predominantly stabilised as Hg(OH)2 at pH>6, while at lower pH, H g O g  or chloro- 

complexes predominate depending on the ambient concentration of chloride. Free Hg2+ forms 

a stable dissolved phase in acid waters at redox potentials of around 0.5V whilst fiee Hg and 

HgS phases are stabilised at redox potentials of <0.3V across a wide pH range. 

Inorganic Hg in sediments is usually strongly adsorbed onto mineral particles and is not readily 

bioavailable. Methylation of inorganic Hg in lake, river and stream sediments is a key stage in 

the transfer of Hg into aquatic biota. Aerobic or anaerobic bacteria present in sediments are 

commonly involved in the methylation process with the highest rates of methylation occuring 

at relatively low redox potentials of +I00 - -200 mV. The methyl species formed is strongly 

pH dependent, with methyl mercury ((CH3)Hg) most common under acid conditions and 

dimethyl mercury ((CH3)ZHg) m alkaline systems. The alkyvmethyl species of Hg commonly 

constitute 0.53% of the total dissolved Hg in natural waters. 
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Mercury adversely effects physiological and neurological processes in humans. The toxicity of 

Hg generally increases through the sequence:- phenyl Hg salts > Hg2+ salts > fiee Hg vapour 

> alkyUmethy1 species. Methyl mercury is considered to be 100- 1000 times more toxic than 

inorganic Hg so the rate and extent of methylation is clearly important. Methyl mercury, which 

is considerably more toxic than dimethyl mercury, causes marked degeneration of the central 

nervous system. 

Methyl mercury is more readily taken up by biota and less slowly released than inorganic 

mercury. Thus bioconcentraton factors for methyl mercury are 30 to 900 times greater than 

for inorganic mercury (WHO, 1989). Bioconcentraion is likely to be further enhanced at the 

high ambient temperatures prevailing in hot tropical regions, such as the Ponce Edquez area. 

Humans may ingest high levels of Hg through occupational practices, such as the 

amalgamation process used by artisanal gold producers. Humans may also be exposed through 

the ingestion of Hg contaminated food. Whereas Hg is generally low in grain ( 5 - 20 ng/g) 

and vegetables (1-40 pg/g; Fergusson, 1990), methyl mercury tends to acumulate in aquatic 

biota. Hg in fish may be more than 20,000 times the concentration of Hg in lake waters (Craig, 

1982). Consumption of Hg contaminated shellfish and fish is especially hazardous because 

more than 80% of the total Hg occurs as the highly toxic methyl species. Additional 

information on the geochemistry and toxicology of mercury is presented by Fergusson (1990). 
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3 MERCURY AND MINE WASTE CONTAMINATION IN THE PONCE 

ENR~QUEZ AREA 

The mining sector in Ecuador provides employment for a large number of people, the majority 

of whom are artisanal miners. The major development of the informal mining sector in 

southern Ecuador took place in the 1980's in Nambija where up to 20,000 people adopted 

relatively inefficient mining and mineral beneficiation processes. This resulted in extensive 

environmental degradation. 

The Ponce Enriquez mining district (Figure I) was developed by artisanal miners during the 

mid- 1980's, although the number of people involved and the social and environmental impacts 

are correspondingly less than at Nambija. It has been estimated that more than 2,000 people 

live in the Ponce Enriquez mining settlements of which about 1000 are involved in mining the 

Bella Rica sector (Fig. 1). 

Most of the gold and associated minerals in the high temperature hydrothermal vein 

mineralisation is extracted by hard rock mining methods and the gold is concentrated 

gravimetrically following grinding in Chilean mil ls (trapiches). Gold is recuperated from heavy 

mineral concentrates by amalgamation. Cyanidation plants have recently been installed to treat 

gravity tailings, both below Bella Rica, in the headwaters of the Rio Siete, and also adjacent to 

the Rio Siete near the village of La Lopez (grid reference 6424 96582). 

A major environmental concern in both the Nambija and Ponce Enriquez mining districts is the 

potential exposure of workers to mercury as a result of its use in the recovery of gold. 

Mercury vapour lost during the amalgamation process presents a health risk to workers and 

also contaminates soils and vegetation. It has been estimated that about 2 tonnes of Hg is 

released to the environment each year in the Ponce Enriquez area (Landner, 1991; CODIGEM 

& DINMA, pers. c o r n ) .  Part of this mercury (estimated to be about 100 kg per year) may 

directly contaminate streams and rivers leading to a gradual increase in Hg concentrations in 

the aquatic environment. Methylation of inorganic Hg in organic rich stream sediments would 
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m a m  the environmental hazard for reasons outlined in section 2 above. Methyl mercury is 

readily absorbed by aquatic organisms so the potential risk to the economically important 

dump farms located downstream fiom the Ponce Enriquez mining district is of particular 

concern. Although only a very limited amount of data is available, there are indications that 

fish fiom the estuary of the Rio Siete have Hg concentrations in the range 0.3 1-0.36 mgkg 

(wet weight) whereas the few samples of shrimps examined fiom shrimp farms adjacent to the 

Rio Siete contained lower Hg concentrations (0.01-0.04 mgkg, wet weight; unpublished 

data). These Hg concentrations in fish do not exceed the human health safety threshold value 

for marketed fish in the USA (0.5 mgkg; USEPA) and may fall close to the average 

concentrations for marine fish in the Pacific (0.16-0.30 mgkg in tuna and mackerel; 0.07-0.09 

mgkg for other non-predatory fish; IRPTC, 1980, quoted in Williams et al., 1996a). 

Additional sampling and analysis of both fish and shrimps is planned as part of the World bank 

h d e d  PRODEMINCA (Sub-components 3.1, 3.2) project. 

Large volumes of gravity tailings which contain very high concentrations of copper 

(chalcopyrite) and arsenic (arsenopyite), in addition to being contaminated with mercury, are 

stored on the steep slopes of the Bella Rica mining sector (Fig. 1). The tailings dumps are 

prone to erosion by heavy rainfall which washes the material into the Rio Siete and Estero 

Guanache drainage systems. Most of the surface drainage water in the area, including the Rio 

Siete, is turbid due to the high load of very fine grained gravity tailings. Suspended sediment 

loads ofup to 6.2 g/l (site MA 5 ; Fig. 1) were recorded during the present survey, decreasing 

to 1.0 g/l  in the Rio Siete at the Panamericana highway and 0.02 gh immediately above the 

dump farms (site MA 28). This suspended material is carried downstream to the coastal plain 

where commercially important banana plantations and shrimp farms are located. Concern has 

been expressed regarding the potential damage to these economic activities caused by 

contaminants such as mercury, arsenic and copper contained in the gravity tailings. Conflicting 

reports were received during the survey regarding the use of water fiom the Rio Siete for 

irrigation of the banana plantations and for pumping into the shrimp ponds. 
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At the time the current survey was carried out, no comprehensive information existed on the 

level and spatial extent of environmental degradation caused to the drainage systems by mining 

and mineral processing in the Ponce Edquez area. P r e k a r y  monitoring of drainage water 

had been carried out as part of the World Bank PRODEMINCA project (subcomponents 3.1, 

3.2) but stream and suspended sediments had not been systematically monitored. Stream 

sediment sampling was carried out over the upland sector of the Ponce Edquez area in 1995 

as part of the CODIGEM-BGS mapping and mineral exploration project (PRODEMINCA 

Subcomponent 3.3) but this programme neither extended downstream onto the coastal plain 

nor incorporated the fidl range of geochemical sample media used in the present survey (i.e. 

suspended sediments, stream waters and heavy mineral concentrates in addition to stream 

bottom sediments). 

4 GEOCHEMICAL SURVEY 

4.1 Sampling and analytical procedures 

The locations of sample sites are indicated in Figure 1. Sample sites were selected to obtain 

information on the level and downstream dispersion of Hg and other contaminants derived 

from mining and mineral processing activities in the Ponce Edquez area. Filtered stream 

water, suspended sediment, stream bottom sediment and heavy mineral concentrate samples 

were collected at each site apart fiom sites 10,11, 17 and 33 where the amount of suspended 

sediment was negligible. Stream water pH, temperature, Eh and conductivity were determined 

in the field using appropriate temperature-compensated electrodes and Hanna Instruments 

meters. Calibration of the electrodes was undertaken each day using commercial buffer 

solutions (PH 4, 7 and 9), a Zobell Eh standard (230 mV) and a 14.86 mS KCl solution. Water 

samples for chemical analysis were atered through 0.45 pm Millipore cellulose acetate 

membranes into 30 ml Sterilin tubes. At each site, the suite of water samples collected 

included:- (a) 30 ml spiked with 1% v/v HNO, (Baker Analytical Grade) for multi-element 

analysis by ICP-AES and high precision hydride generation AAS analysis of As, (b) 30 ml 
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unaciwed water for SO4, NO, and C1 analysis by ion chromatography and (c) 30 ml spiked 

with 0.3 ml conc. HNO, + 0.3 m10.2 vol.% KzCr07 for total Hg analysis by Cold Vapour 

Atomic fluorescence Spectroscopy (CVAFS). Practical detection limits for major and trace 

determinands are given in Table 1. 

Table 1: Practical CVAFS, ICP-AES hydride generation AAS detection limits for all  

elements determined in Ponce Em’quez waters (mgh). 

Hg 
Na 

K 

P 

B 

Ca 

Mn 

C O  

c u  

Pb 

Cd 

Si 

La 

0.00002 

0.012 

0.038 

0.061 

0.01 1 

0.013 

0.001 

0.012 

0.002 

0.025 

0.004 

0.010 

0.007 

As 

M g  

Al 

Sr 

V 

Cr 

Fe 

Ni 

zn 
MO 
Ba 

Be 

Y 

0.0001 

0.018 

0.014 

0.001 

0.006 

0.016 

0.004 

0.009 

0.005 

0.009 

0.002 

0.0003 

0.001 

Blank water samples, made using distilled water (provided by the BGS) and field 

aciddreagents, were submitted in blind fashion to the BGS ICP-ES and CVAFS laboratories in 

conjunction with field samples. Results for these blanks c o h e d  that there was no detectable 

background enhancement caused by the addition of aciddreagents to the field samples with 

respect to the elements of major interest to the present survey: As, Cd, Cu, and Hg. 
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Sediment samples of 100-200 g mass were collected by wet-screening active stream-bed 

sediment through a - 100 BSI mesh (-150 pm) sieve, using a minimal amount of water to avoid 

the loss of h e  silt and clay fiactions. Samples were then sealed in securitainers to avoid 

evaporative losses. Suspended sediment samples were obtained by filtering a fixed volume of 

stream water (250 or 500 ml depending upon the amount of suspended sediment) through 45 

mm diameter, 0.45 pm Millipore cellulose acetate membranes using a hand operated MityvacII 

vacuum pump. Filter membranes were carellly removed to avoid contamination and stored in 

30 ml Sterilin tubes. Heavy mineral concentrates (HMC) were collected by screening around 2 

kg of <2mm stream alluvium, and removing the lighter fiactions in a conventional prospecting 

pan. Mercury analyses of stream sediments and HMC were carried out by CVAFS, using 1 g 

milled sub-samples digested at <50°C in aqua regia. Suspended sediments were dried and the 

sediment + cellulose filter membrane digested in aqua regia at <50°C. Practical CVAFS 

digestion limit for Hg in solid samples is 0.02 mg/kg. Multi-element analysis of stream 

sediment and suspended sediment samples was carried out by ICP-AES using an aliquot of the 

aqua regia digestate. 

4.2 Results 

Concentrations of anions, cations and trace elements in atered stream water samples are 

presented in Appendix 1 together with pH, Eh, conductivity and alkalinity data. Mercury 

concentrations in waters and other sample media are presented in Table 2. 

4.2.1 Mercury 

Mercury exceeded the detection limit (0.02 pgA) in only two filtered stream water samples 

fi-om the Rio Siete (MA15 0.04 pgA and MA30 0.03 pgh; Figures 1 and 2) which drains the 

main mining and mineral processing area of Bella Rica. The background range for fie& 

(unpolluted) waters is 0.005 to 0.05 pg& thus none of the water samples fiom the Rio Siete exceed 

this range. 
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for amalgamation at this site, is strongly hfimed fiom the high concentrations of Hg m both stream 

sediment and heavy mineral concentrate (Figs. 1,4,5 and Table 2). Hg in stream water below this 

anomalous site decreases to c0.02 pgA within a distance of 2 km, probably as a result of dilution 

and sorption by sediment. 

The concentration of Hg in stream water draining through the banana plantations and shrrmp 
farms located 10-15 km downstream of Bella Rica is <0.02 pg/l and has no toxicological 

sigdcance. Hg concentrations in the lower course of the Rio Siete do not exceed the 

stringent USEPA Water Quality Criteria for the Protection of Aquatic Life and are well below 

the Human Health Criteria (carcinogenic risk fiom consumption of aquatic organisms), and the 

EC Shellfish Waters Directive "I" value (Table 3). No Hg concentrations m filtered water m the 

Ponce Enriquez area exceeded the WHO Drinking Water Guideline value or the EEC Directive 

Maximum Admissible Concentration for Hg m drinking water (Table 3). 

Hg in suspended sediments, stream bottom sediments and heavy mineral concentrates range 

from 0.01 to 9.61 mgkg, 0.1 to 13 mg&g and 0.01 to 5.0 mgkg, respectively. The level of 

Hg contamination is generally much lower than recorded by the BGS survey of an artisanal 

gold mining areas in Eastern Mindanao (Philippines) where maximumvalues of 1539 pg/l and 

40 mgkg have been recorded in stream water and suspended sediment (Williams et al. 1995, 

1996a,b). Background concentrations in uncontaminated areas typically range from 0.1 - 0.4 

mgkg in stream sediments whereas in mining contaminated regions Hg ranges up to 7.4 

mgkg (N. Carolina; Callaghan et al., 1994) and 25 mgkg (Madeira river, Brasil; Reuther, 

1994). 

Downstream variation of Hg in Rio Siete stream sediments is erratic ranging fiom 3 mgkg 

immediately below the main Bella Rica mining and mineral processing area to 3 mgkg some 

15 km downstream of Bella Rica, at a site which is only 2 km upstream of the eastern margin 

of the commercially important shrrmp ponds (Figure 4). Over the same transect, Hg in 

suspended sediments decreases fiom 9.6 mgkg to 0.1 mg/kg (Figure 3). Hg in suspended 

sediments decreases by a factor of nearly 100 over a distance of 15 km, suggesting that the 
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contaminant load at the time of sampling was low. However, the relatively high Hg 

concentration (3 m&g) in stream bottom sediment 15 km below Bella Rica suggests that the 

average level of contaminant transfer may have been higher historically. The bioavailability of 

Hg in stream bottom sediments in the lower reaches of the Rio Siete merits further 

investigation as Hg at site MA28 exceeds the Toxic Effect Threshold for the Protection of 

Aquatic Life (Table 4). 

Table 3. Comparison of potentially harmful element concentrations in filtered water samples 
from above the Rio Siete shrimp farms (MA-28 and 30, see Rg. 1) with maximum concentrations 
in the Ponce Enriquez area and Water Quality Criteria 

Freshwater’ Saltwater’ Shellfish Human WHO EEC Ponce Enriquez 
Directive health’” Drinking Drinking 
(7919231 Water Water 
EEC)4 MAC 

Max. Cont. Max. Cont. MA28 MA30 Max. 
Cont.* ~ o n c . ~  Cont.* ~ o n c . ~  

As 360 190 69 36 3000 0.14 10 50. 77 109 470 
Cd 3.7 1 42 9.3 330 5 5 <4 <4 9 
cu 17 11 2.4 2.4 10 - 2000 100 17 809 7277 
pb 65 2.5 210 8.1 100 50 50 na na na 
Hg 2.1 0.0126 1.8 0.025 1 0.15 1 1 c0.02 0.03 0.9 
Ni 1400 160 74 8.2 100 4600 50 <10 <10 165 
Zn 110 100 90 81 10 - 5000 49 46 821 

Footnotes: 

’ EPA Section 304 (a) Criteria for the Protection of Aquatic Life fkom Priority Toxic Pollutants (US Cleanwater Act, 
February 5 ,  1993; Part 131-Water Quality Standards, Sec. 131.36 proposed amendment April 1995). The criteria refers to 
the inorganic form only. Freshwater aquatic life criteria vary with total hardness and pollutant’s water effect ratio 
(WER). Values quoted here correspond to total hardness of 100 mg/l and a WER of 1.0 

* Criteria maxiumum concentration (CMC) = the highest concentration of a pollutant to which aquatic life can be 
exposed for a short period of time (1-hour average) without deleterious effects. 

Criteria continuous concentration (CCC) =the highest concentration of a pollutant to which aquatic life can be exposed 
for an extended period of time (4 days) without deleterious effects 

UK-DOE “I” (imperative) values recommended for compliance with EC Shellfish Waters Directive (79/923/EEC) 
m, 1994) 

’ Human health (10“ risk for carcinogens) for consumption of aquatic organisms living in waters. For 10” risk, move 
decimal point one place to the right. 

Ifthe CCC exceeds 0.012 pdl more than once in a 3 year period in the ambient water, the edible portion of aquatic 
species of concern must be analysed to determine whether the concentraion of methyl mercury exceeds the FDA action 
level of 1.0 mgkg. 

6 
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Table 4. Comparison of potentially harmful element concentrations in suspended sediments (SS) 
and stream bottom sediments (C) from above the Rio Siete shrimp farms (MA-28 and 30, see Fig. 
1) with maximum concentrations in the Ponce Em’quez area and Sediment Quality Criteria for 
Protection of Aquatic Life (concentrations in mg/kg). 

Sediment Quality Criteria Ponce Enriquez 
Noeffects Minimal Toxic MA28-SS MA30-SS M a x . - S S  MA28-C MA30-C Max.-C 
threshold effects effects 

threshold threshold 
As 3 7 17 957 1997 22626 7258 3392 46049 
Cd 0.2 0.9 3 2 1 18 12 9 24 
c u  28 28 86 387 352 6437 2912 1428 9134 
Pb 23 53 170 123 333 1061 175 85 666 
Hg 0.05 0.2 1 0.1 0.13 9.61 3 1 13 
Zn 100 150 540 108 172 743 347 177 924 

Sediment Quality Criteria for Protection of Aquatic Life (Environment Canada, 1992 quoted in MacDonald, 1994). 

4.2.2 Arsenic, Cadmium, Copper, Iron, Lead, Sodium, Sulphate and Zinc 

As, Cd, Cy Fe, Pb, Zn and sulphur are all major or minor components of the mineralisation at Bella 

Rica (chalcopyrite, pyrite, arsenopyrite, pyrrhotite). Thus these elements are likely to be inherently 

enriched in stream water with concentrations further enhanced by mining and mineral processing 

activities. Sodium (Na) is a component of the principal compound used m gold cyanidation. It is 

thus commonly enriched m discharge efEhmts but its presence m stream waters need not 

necessarily indicate that cyanide concentrations are also elevated. The main cyanidation plants are 

located below Bella Rica in the headwaters of the Rio Siete and close to La Lopez (grid reference 

6424 96582; Fig. 1). 

4.2.2.1 Filtered Water 

High precision (hydride generation AAS to 0.1 pgA LoD) analysis of As m the Ponce Enriquez 

stream waters indicate that the highest concentrations occur m the Rio Siete reaching a maximum 

of 470 pgA (Appendix 1 and Figure 6). Arsenic in stream water ranges from 0.1 to 470 pgil, 

with an erratic distribution of high concentrations (240-470 pg/l) in the Rio Siete above the 
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Panamericana highway declining to 77 pgA immediately above the shnq farms (MA 18, 

Figure 6). There are anomalous peaks in the downstream dispersion pattern at sites MA15 and 

MA 3 1 which may be caused by temporally high release of contaminated water fiom mineral 

processing plants located adjacent to the Rio Siete. Water samples were collected on different 

days and may thus be subject to temporal variations. Concentrations of As m the Estero 

Guanache and Rio Tenguel do not exceed 40 pg5 and are generally less than 10 pgfl. Whereas the 

WHO Drinking Water Guideline (10 pgA) and the EC Directive Maximum Admissible 

Concentration m Drinking Water (50 pg5) are clearly exceeded in several instances, the maximum 

water safety level for aquatic life (400 pg5; Ferguswn, 1990) is exceeded m only one sample ( MA 

15, Figure 6). No samples exceed the value of 3000 pg5 As adopted by the UK-DOE to comply 

with the EEC Shellfish Waters Directive (79/923/EEC) but the more stringent USEPA Water 

Qualay Criteria for fie& water (190 pg5) is exceeded at five sites (Appendix 1 and Figure 6). Of 

greater concern, perhaps, is the potential human health risk (based on 10" risk for carcinogens) 

associated with the consumption of fish or shrimps living m waters with As concentrations >O. 14 

pg5 (Table 3). This level is clearly exceeded m the lower reaches of the Rio Siete immediately 

above the shnmp firms. 

Copper in stream water ranges fiom <2 to 7277 pgA (Appendix 1 and Figure 6), declining 

rather erratically fiom 3-4,000 pgA in the headwaters of the Rio Siete to 17 pgA immediately 

above the 

dispersion pattern at site MA 3 1 (7277 pgA) which may be caused by a temporally high release 

of contaminated water fiom mineral processing plants located adjacent to the Rio Siete. Water 

farms (MA 18, Figure 6). There is an anomalous peak in the downstream 

samples were collected on different days and may thus be subject to temporal variations which 

should not affect stream sediment concentrations, for example. Copper in nine water samples 

exceeds the EEC Directive Guide Level for Drinking water (100 pg/l) and 5 samples exceed 

the WHO Drinking Water Guideline (2000 pd). A sample taken about 3.5 km upstream of the 

shrimp fkms on the Rio Siete contained 807 pg5 which sigmficantly exceeds the UK-DOE 

standard (10 pgA) adopted to comply with the EC Shellfish Waters Directive (79/923/EEC) and 

also the USEPA Freshwater Criteria for the Protection of Aquatic Life (1 1 pgA; Table 3). Ifthe 

temporal variation indicated by the very high Cu concentration m MA 3 1 are common, higher 
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concentrations may occur in the vicjnity of the shnmp farms as a result of the release of 

contaminants. More detailed monitoring is required to verifjr the level, fiequency and duration of 

high contaminant k e s  in stream water. 

Iron (Fe) in stream water ranges fiom <0.004 to 6.0 mg/l (Appendix 1) with the highest 

concentrations associated with very acid waters in the headwaters of the Estero Guanache and 

a stream draining to the north of Bella Rica into the Rio Tenguel (site MA35). The fourth 

relatively high Fe concentration is in the headwaters of the Rio Siete which is somewhat 

unusual as the pH is very high (9.7). This could infer the presence of ferroudferric cyanide 

complexes, or uncomplexed Fe2" in reducing waters. Only four values exceed the WHO 

Drinking Water Guideline (300 pg/l) and the EEC Maxiumum Admissible Concentration 

(MAC, 200 pg/l). Fe concentration immediately above the shrimp farms is only 12 pg/l 

(Appendix 1). 

Sulphate concentrations in filtered stream waters reflect contamination derived fiom sulphide 

oxidation products fiom gravity tailings. Only two samples exceed the WHO Drinking Water 

Guideline (400 mg/l) and 5 samples the EEC MAC (250 mgA). Such concentrations are not 

exceptional for streams draining sulphide mining and mineral processing districts. 

The influence of the ouflow fiom cyanidation plants adjacent to the Rio Siete is indicated by 

enhanced stream water pH, Ca and Na (Appendix 1 and Fig. 9) although the values recorded 

are not as high as in many other gold mining areas and are not, in themselves, indicative of the 

presence of cyanide in the stream waters. 

The relationship between major cations, ions and trace elements, pH, Eh, conductivity and 

alkalinity in filtered stream waters is indicated in the Spearman Correlation Matrix (Appendix 

2). 
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4.2.2.2 Stream bottom sediment and suspended sediment 

Concentrations of As, Cd, Cu, Fe, Hg, Mn, Pb and Zn in stream bottom sediments (- 150pm 

fiaction) and suspended sediments are indicated in Appendices 2 and 3. As, Cu, and Fe are all 

major components of the primary mineralisation and gravity tailings at Bella Rica (prhcipaUy 

occurring in chalcopyrite, pyrite, arsenopyrite, pyrrhotite and their alteration products). Erosion of 

tailing dumps during heavy rainfall and channeling of waste water fiom mineral processing 

activities directly into the Surface drainage system has resulted in extensive contamination of 

the drainage systems in the Ponce Enriquez area. Suspended sediment loads of up to 6.2 g/l 

(site MA 5 ; Fig. 1) were recorded during the present survey decreasing to 1.0 g/l in the Rio 

Siete at the Panamericana highway and 0.02 gA immediately above the shrimp farms (site MA 

28). This suspended material is carried downstream to the coastal plain where the 

commercially important banana plantations and shrimp farms are located. 

It is not, therefore, surprising that As and Cu are highly anomalous m stream sediments and 

suspended sediments fiom the Rio Siete, Estero Guanache and Rio TengueL Maximum 

contaminated stream sediment:background ratios are about 1000 for As, 150 for Cu, 8 for Cd, 10 

for Hg, 25 for Pb and 12 for Zn. Correlation and Pvincipal Components Analysis conJrm the 

close association of As, Cd, Fe, Zn in both stream bottom sediments and suspended sediments. 

These elements are also closely correlated with the quantity of suspended sediment (#) 

confrming that the major source of contamination is thegravity tailings and efluentfiom the 

mineralprocessing activities. Hg, Pb, and Mn are less strongly correlated with the other major 

contaminants, either because they are relativeh minor components of the mineralisation or, in the 

case of Hg, because Hg contamination is at much lower concentrations and thus tends to be much 

more irregular. 

Arsenic in the -150pm fiaction of stream bottom sediment ranges fiom 29 to 46,049 mgkg 

(Appendix 2 and Figure 1 1) declining steeply fiom 46,000 mgkg in the headwaters of the Rio 

Siete to about 10,000 mgkg over a distance of 4 km then more gradually to 7258 mgkg at a 

site immediately above the shrimp farms (MA 18, Figure 11). In the corresponding suspended 

sediment samples, arsenic concentrations decrease from 22,626 mgkg to 957 mgkg. All 
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arsenic concentrations in stream bottom sediments in the Rio Siete exceed Sediment Quality 

Criteria (Toxic Effects Threshold) for the Protection of Aquatic Life by a factor of up to 2700 

(Table 4). 

Copper in the - 150pm fiaction of stream bottom sediment ranges fiom 65 to 9134 mgkg 

(Appendix 2 and Figure 13) declining gradually fiom 9,134 mgkg in the headwaters of the 

Rio Siete to about 1500 mgkg at site MA30 before rising to 2912 mgkg at a site immediately 

above the shrimp farms (MA 18, Figure 13). In the corresponding suspended sediment 

samples, copper concentrations decrease fiom 6437 mgkg to 387 mgkg. All copper 

concentrations in stream bottom sediments in the Rio Siete exceed Sediment Quality Criteria 

(Toxic Effects Threshold) for the Protection of Aquatic Life by a factor of up to 106 (Table 

4). The anomalous peak in the downstream dispersion pattern at site MA 3 1 seen in water Cu 

is also reflected in the suspended sediment Cu (Appendix 3, Figure 14). This is probably 

caused by a temporally high release of contaminated sediment fiom mineral processing plants. 

Cadmium in stream sediment at site MA28 exceeds Sediment Quality Criteria (Toxic Effcets 

Threshold) for the Protection of Aquatic Life by a factor of 4 reaching a maximum of 16 in the 

headwaters of the Rio Siete (Table 4). Pb and Zn in stream sediment fiom the lower section of 

the Rio Siete (sites MA28 and 30) are either lower, or do not significantly exceed, the 

Sediment Quality Criteria for the Protection of Aquatic Life (Table 4). 

Although both As and Cu in stream bottom sediment from the Rio Siete immediately above 

the shrimp farms exceed Sediment Quality Criteria (Taxic Effects Threshold) for the 

Protection of Aquatic Life by factors of about 400 and 30, respectively, this does not 

necessarily imply that sediment in the shrimp farm ponds is contaminated or that these 

contaminants are either affecting the development of shrimps or being absorbed by the 

shrimps. It does suggest, however, that the composition of sediment and water in the shnmp 
ponds, and the shrimps themselves, should be carefully assessed. Considerable care should be 

taken to ensure that contaminated sediment does not enter the shrimp ponds as the high 
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concentrations of As and Cu, as well as Hg, may negatively affect both the productivity and 

quality of the shrimps. 

5. CONCLUSIONS AND RECOMMENDATIONS 

The results of the Ponce Enriquez (Ecuador) survey codinn that mining-related Hg 

contamination is of limited and rather sporadic signtficance. Dispersion of Hg in solution is 

very restricted. The main transfer of Hg appears to occur in association with stream sediment, 

carried either as metallic Hg, Hg amalgamated with Au or adsorbed onto particulate surfaces. 

Preliminary data indicate that As and Cu contamination derived fiom mine spoil may have 

greater environmental significance. The toxicological impact of As, Cd, Cu and Hg on 

commercially important shrimp farms and banana plantations located downstream of the Bella 

Rica mining area is urgently needed and is currently being assessed by PRODEMINCA. The 

investigation, design and implementation of alternative processing technologies involving Hg, 

as outlined in the original project memorandum, should be considered in this area and more 

efficient methods of restricting the dispersion of mining and mineral processing spoil should be 

investigated and implemented. 

The Ponce Enriquez survey has codinned the utility of the monitoring protocol established in 

the Philippines. Longer term monitoring of this area is planned under the World Bank h d e d  

PRODEMINCA project (Monitoreo de 10s impactm ambientales, socio-economicm y sobre 

la salud, relacionados con Ius actividades mineras) and the Fundacion CENDA - COSUDE 

(Proyecto Mineria Sin Contaminucion). There is thus little justification for major BGS 

invohrement in additional Hg contamination studies in the Ponce Enriquez area under the 

auspices of the current TDR project. Data collated through the World Bank PRODEMINCA 

project and the Proyecto Mineria Sin Contaminacion should provide a comprehensive picture 

of the influence of Hg, As and Cu contamination on biota downstream fiom the Ponce 

Enriquez mining district. This should provide supporting information for work carried out in 

the Philippines directed towards the other main objectives of the current project (i.e. 

18 BGS Technical Report WC/96/55 



assessment of human and ecotoxicological impacts and the promotion of improved methods of 

gold recovery with applicability to the artisanal sector). 
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Figure 1: Sample site locations: Ponce Enriquez district, Ecuador 
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Figure 2: Hg in stream water: Ponce Enriquez district, Ecuador 
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Figure 3: Hg in suspended sediments: Ponce Enriquez district, Ecuador 
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Figure 4: Hg in stream sediments (-150pmfiaction) : Ponce Edquez district, Ecuador 
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Figure 5: Hg in heavy mineral (panned ) concentrates : Ponce Enriquez district, Ecuador 
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Figure 6: As in filtered stream water : Ponce Enriquez district, Ecuador 
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Figure 7: Cu in filtered stream water : Ponce Enriquez district, Ecuador 
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Figure 8: Fe in filtered stream water : Ponce Enriquez district, Ecuador 
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Figure 9: Na in filtered stream water : Ponce Edquez district, Ecuador 
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Figure 10: SO4 in filtered stream water : Ponce Edquez district, Ecuador 
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Figure 11: As in - 150pm fiaction of stream sediments : Ponce Enriquez district, Ecuador 
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Figure 12: As in suspended sediments : Ponce Enriquez district, Ecuador 
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Figure 13: Cu in -150pm fiaction of stream sediments : Ponce Enriquez district, Ecuador 



111 I 

E x 
m -  

0 -  

Figure 14: Cu in suspended sediments : Ponce Edquez district, Ecuador 
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