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Executive Summary

The objective of this study was to analyze the environmental status currently of the Napo Watershed to contribute towards a baseline of data as these efforts expand in the future. Artisanal and small-scale alluvial gold mining (ASGM) is the single largest source of anthropogenic mercury pollution in the world. Gold mining practices involve the use of elemental mercury to purify gold from sediments and ore, leading to the release of mine tailings and increased mercury mobilization. The region of Napo, Ecuador is within early development of ASGM activity along the Napo River Watershed, a major tributary of the Amazon. This study seeks to characterize the distribution of mercury in the Napo River and how this relates to potential health risks downstream of ASGM. 
Water and sediment samples were collected along the Napo River and processed for total mercury, total suspended solids, cations, anions, and methylmercury. Additionally, geographic information systems were used to analyze the spatial distribution of deforestation within watershed delineations. 
The study aimed to provide a baseline of environmental conditions in the Napo region as a result of the preliminary development of ASGM activity in the region. Additionally, this was studied due to the lack of early exposure levels in other regions of the Amazon where there is currently far more degradation with little data on the early stages to compare current mercury levels. 
The results indicated total mercury levels in unfiltered water to travel on the particulate level, meaning mercury-bound particles are emitted from mining activity’s dislodgement of sediment. Several sites saw exceedingly large total suspended solids values that were correlated with total mercury. Most samples tested, including cations, anions, and methylmercury, were not as extreme as longer term established ASGM sites such as Portovelo, Ecuador, as well as Taraira, Colombia and Madre de Dios, Peru.  
Additionally, it was noted that two days of field sampling had sporadic rainfall. Past studies have referenced rainy seasons to likely influence accelerated erosion and discharge of tailings, and while this study did take place during the dry season, results may have been intensified by rainfall. Sites were often selected according to accessibility and samples were taken either by boat or on foot, meaning this could have raised more possible variation when mining tailings could affect river water to different extensities based on water velocity and depth. 
Site 2, the portion of the Napo River with the most active gold mining at the time of sampling, displays the possible upcoming degradation progression of the river as alluvial gold mining activity continues. The site with the most active gold mining activity at the time of sampling had the greatest total mercury and total suspended solids concentrations. While there aren’t extremely dangerous levels at this time and concentrations appear low across sites, slight shifts can impact local populations that consume riverine fish due to methylmercury’s bioaccumulative capacity. Over 47 million people utilize this basin alongside its rich biodiverse rainforest. This active site offers a glimpse into the direction the rest of the sites are headed in with continued ASGM activity. While Napo is within early mining development, these gold mining practices are expected to increase in the future, and this site offers a preliminary glimpse into what more environmental conditions can worsen to along the Napo River. 
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Abstract 
         Artisanal and small-scale alluvial gold mining (ASGM) is the single largest source of anthropogenic mercury pollution in the world. Gold mining practices involve the use of elemental mercury to purify gold from sediments and ore, leading to the release of mining tailings and increased mercury mobilization. The objective of this study was to analyze the environmental status currently of the Napo Watershed to contribute towards a baseline of data as these efforts expand in the future. The region of Napo, Ecuador is within early development of widespread ASGM activity along the Napo River Watershed, a major tributary of the Amazon. This study seeks to characterize the distribution of mercury in the Napo River and how this relates to potential health risks downstream of ASGM. Water and sediment samples were collected along the Napo River and processed for total mercury, total suspended solids, cations, anions, and methylmercury. Additionally, geographic information systems were used to analyze the spatial distribution of deforestation within watershed delineations. The results indicated total mercury levels in unfiltered water to travel on the particulate level, meaning mercury-bound particles are emitted from mining activity’s dislodgement of sediment. Most samples tested, including cations, anions, and methylmercury, were not as extreme as other ASGM areas in the Amazon with more established gold mining activity. While samples tested do appear low, slight changes can impact human populations that consume riverine fish due to bioaccumulation of methylmercury. 
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Introduction
	The Napo River is located in northeastern Ecuador, flowing eastward from the Andes Mountains to the Peruvian border for 668 miles and drains into the Amazon River. As the largest river in Ecuador, it is a part of the most biodiverse rainforest on earth per square mile. Its water is a source of life in the Ecuadorian Amazon, providing resources for various local indigenous communities, such as the Kichwa and Waorani. Over 47 million people utilize the Amazon basin and the Napo River with nearly 2.2 million indigenous people calling it home. The Napo River Watershed has had a history of anthropogenic impact from the mining industry due to its large deposits of precious metals and oil reservoirs1,2. These Amazonian soils are often naturally enriched with various minerals and heavy metals such as mercury that can ultimately be released into the environment as sediments are dislodged3. Due to this, gold mining practices and deforestation contribute towards higher runoff, runoff alteration, and less mercury retention in soils3. 
	Gold mining has a long history in altering aquatic ecosystems of the Amazon basin1,4-6. Both legal and illegal gold mining have increased in Ecuador after the rise in the international price of gold4,7,8. Heavy metal contamination is of utmost concern as illegal and uncontrolled gold mining produces environmental pollution9. Mining locations are constantly expanding in both protected and unprotected area of the Amazon due to governmental incentives10,11. ASGM continues to proliferate in low- and middle-income countries around the world due to a combination of high gold practices with high economic return, limited economic alternatives for rural populations, and poor institutional frameworks8,12. Alluvial gold mining is in earlier mining development of expansion along the Napo River, allowing for the continuous degradation of the landscape that is worth further investigation as we expect these efforts to continue. 
The environmental consequences of ASGM depend on the geology of the ore being mined, the technology used for extraction, and the regulations in place for surrounding mining practices1. ASGM can be divided into two types, hardrock mining and alluvial mining. Specifically in the Napo watershed, alluvial mining has expanded rapidly in the Ecuadorian Amazon province Napo and is the focus of this study. Rather than relying on processing centers and heavy equipment to grind hardrock ore to liberate the gold, alluvial mining takes a more accessible approach. This is due to alluvial mining’s ability to harvest gold without a need for a processing center and depends more on digging and sifting through materials. Alluvial gold mining often occurs on the margins of rivers due to gold deposits concentrating in the alluvial terraces4. There are no enforced methods and regulations to extracting the mineral and due to this, chemical pollution is created on the banks of water bodies where mining areas release numerous substances such as mercury, chromium, lead, arsenic, cadmium, and manganese13. 
Mercury is an element with many chemical forms in the environment, meaning it can appear in liquid, solid, and gas phases. This makes mercury very complex in the environment as a result. Mercury binds to gold as an amalgam and is considered the cheapest way to access gold for separation. Mercury takes one of three forms and is used in alluvial mining to separate gold from sediments and ore in the form of Hg(0). Elemental mercury, Hg(0), has a liquid form that reacts with gold and is largely used with ASGM. It can also take the form of reactive mercury, Hg(II), where it has less long-distance transport and deposits from the atmosphere through raindrops, particles, or aerosols when the elemental form is oxidized14. Hg(0) is mixed with gold-containing materials during the alluvial mining process and forms a mercury-gold amalgam. This substance can then be heated to vaporize the mercury and purify the gold, resulting in a high exposure of elemental mercury to gold miners15,16. Mercury released from tailings and vaporization exceeds 1000 tonnes per year from ASGM alone17. This extensive use of mercury in the amalgamation process is heavily widespread in Ecuador, despite its use being prohibited in the country1. 
Metals in sediment are of major concern due to their toxicity, persistence, bioavailability, bioaccumulation, and biomagnification nature that can end in nearby water and thus, enter the food chain18. As metals and metalloids are commonly released as byproducts of gold mining, persistent compounds with a high bioaccumulative capacity are present in the environment4. As airborne mercury is dispelled out into the atmosphere, it can begin transforming into further forms that increase risk to humans and the environment, in addition to waste being dispensed directly into the water. This is due to mercury’s ability to accumulate in sediments over time and undergoes both oxidation and methylation, leading to methylmercury being released into the water column which can then bioaccumulate and biomagnify in aquatic biota19. Methylmercury, or MeHg, forms when bacteria reacts the mercury in water, soil, or plants20. Fish can consume and absorb the MeHg over their gills, leading to high levels within their tissues20. MeHg is a neurotoxin and its exposure is most commonly found by consuming fish and shellfish20. In terms of human exposure, most mercury exposure is through eating fish as methylated mercury. Contamination of fish in the Napo River threatens the local communities that rely on these fish species as a primary food source21. Additionally, mercury is a neurotoxin and the risk involved depends on the mercury concentration, the chemical form of mercury, and its bioaccumulation potential in the environment22. The bioaccumulation of metals and metalloids can cause carcinogenic, mutagenic, and teratogenic effects9,22. Additionally, some metals and metalloids can produce adverse effects even at low exposure levels and when they are non-cancerous9.
Alluvial mining takes place throughout the Amazonian region, prompting similar studies both within and outside of Ecuador. Previous studies have focused on gold mining impacts to the environment and human health, but relatively few studies have placed focus specifically on Napo, Ecuador with alluvial gold mining13. Studies conducted in the Amazon basin have shown the presence of high mercury levels in both water and sediment along Amazonian rivers due to gold mining23-26. Unfiltered water samples in Madre de Dios were previously found to have ranged between 0.9-2 ng/L of mercury in subwatersheds and had similarities to filtered water samples with 0.45 um nominal pore size, leading to the conclusion that mercury was primarily in dissolved and colloidal forms27. 
To assess the impact of ASGM activity in the Amazon and its surroundings, all tested concentrations in this study are displayed alongside values found from previous studies and are displayed as ranges (Table 1). In ASGM regions of the Peruvian Amazon, widespread riparian deforestation and excavation has been noted among increased sediment transport44,45. The lack of research in the Napo region has been emphasized as new mining concessions have continued to increase over the years24. This motivated our study to place a focus on Napo, Ecuador and its extensive use of alluvial gold mining.

Table 1. Concentration ranges found in previous studies of varying ASGM activity. Ranges combined a variety of testing locations throughout the Amazon and Africa with differing extensities of ASGM activity. Identified locations are noted with their mining extensity and it is recognized that there are currently very few studies on methylmercury exposure.  

	Concentration Tested
	Range Found from Previous Studies
	Location and ASGM Activity

	Total Mercury in Unfiltered water
	0.5-70,000 ng/L23,27-34
	Madre de Dios, Peru (mining has increased since the 1980s), Nangaritza River Basin, Ecuador (mining has been around since before the colonial period), Tapajós River/Rio Madeira Basin/Araguari River, Brazil (mining has increased since the 1970s), Taraira, Colombia (mining since the 1970s)

	Total Mercury in Sediment
	20-232,000 ppb23,33-39
	Madre de Dios and the Río Ramis-Lake Titicaca Watershed, Peru (mining has increased since the 1980s), Nangaritza River Basin, Ecuador (mining has been around since before the colonial period), the Madeira Basin, Brazil (mining has increased since the 1970s), Guyana (mining started in the 1880s), Suriname (mining started in the 1870s), Taraira, Colombia (mining since the 1970s)

	Total Suspended Solids
	0.01-8,996.0 mg/L11,27,40-42
	Madre de Dios, Peru (Mining has increased since the 1980s), East Cameroon and Gankombol, Cameroon (mining has been growing since the 1970s), Osun River, Nigeria (mining since the 1910s)

	Analytes in Water Samples
	Lead (40-14,100 ug/L), 
Arsenic (13-11,600 ug/L), 
Copper (18-68,300 ug/L), 
Cadmium (1-3,300 ug/L)11,27,41,42
	Madre de Dios, Peru (Mining has increased since the 1980s), East Cameroon and Gankombol, Cameroon (mining has been growing since the 1970s), Osun River, Nigeria (mining since the 1910s)

	Analytes in Sediment Samples
	Lead (0.026-3.005 mg/kg), 
Arsenic (0.009-3.014 mg/kg), Copper (0.018-2.611 mg/kg), Cadmium (0.024-3.095 mg/kg)11,27,41,42
	Madre de Dios, Peru (Mining has increased since the 1980s), East Cameroon and Gankombol, Cameroon (mining has been growing since the 1970s), Osun River, Nigeria (mining since the 1910s)

	Methylmercury in Water Samples
	0.1-837,000 ng/L35,43
	Madre de Dios, Peru (Mining has increased since the 1980s),
Eastern Senegal (noted to be scarcely documented despite mining intensification in the past 20 years)

	Methylmercury in Sediment Samples
	5.5-34 ng/g33,43
	Taraira, Colombia (mining since the 1970s), Eastern Senegal (noted to be scarcely documented despite mining intensification in the past 20 years)


	
The main objective of this study is to assess the status of the environmental conditions of the Napo watershed as ASGM practices have continued in the Napo region. This study seeks to assess heavy metal contamination distribution patterns in the Napo River and how this translates to the health risk downstream of alluvial gold mining. We hypothesize that portions of the river with more ASGM activity are likely to have more elevated levels of total suspended solids and heavy metals in both the water and sediment, specifically mercury. This study is important because humans have had a long history with using the Napo River through daily domestic purposes and recreational use as alluvial gold mining continues. As the ecosystem and health of residents around the watershed depend on its water, assessing the Napo River is beneficial in determining the environmental impacts of ASGM practices. By understanding the impacts of alluvial gold mining practices, this can help in guiding future management of the watershed. 
Materials and Methods
All methods involved will further go into detail regarding the area of focus and the exact methods used. In short, water and sediment samples were collected along the Napo River and processed for total mercury, total suspended solids, cations/anions, and methylmercury. Additionally, geographic information systems were used to analyze the spatial distribution of deforestation within watershed delineations. 
Area of Study
        	The Napo River Watershed was sampled in 10 locations along a 75-kilometer stretch of the Napo River (Figure 1). Field work took place during the days of July 20th to July 24th of 2023 during the dry season and the first two days had sporadic rainfall. 10 test sites were selected 3-15 km apart from each other according to accessibility (Figure 1). Samples were taken either by boat to reach the fastest portion of the river span or samples were taken on foot from the bank. Testing sites varied in water depth, water velocity, vegetation, and public use (Table 2). Alluvial gold mining was occurring throughout the river, but the most mining activity was in Site 2. Site 1 is believed to have minimal gold mining activity and serves as the reference site for this study. 
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Figure 1. Testing sites sampled along the Napo River. Coordinates were taken at the time of sampling and site names were given based on the surrounding community. 

Table 2. Descriptions of 10 test sites in order of most upstream to downstream of the Napo River. Pictures and coordinates were taken either from the shore or on a boat at the time of sampling. 

	Number
	Name
	Coordinates
	Characteristics
	Visualization

	Site 1
	Laguna Azul (Reference Site)
	1°04'26"S 77°57'21"W
	Fast moving and deep water, large boulders and rocks
	[image: IMG_7499.HEIC]

	Site 2
	El Ceibo (Most Active Gold Mining Site)
	1°02'47"S 77°48'29"W
	Fast moving and moderately deep water, rocky shore, immediately downstream of active mining
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	Site 3
	Santa Monica
	1°06'11"S 77°48'58"W
	Slow moving and deep water, lots of nearby vegetation and fallen logs, sandy shore 
	[image: A river with trees in the background

Description automatically generated]

	Site 4
	Venecia
	1°02'36"S 77°41'20"W
	Fast moving and moderately deep water, rocky shore, water sample taken on boat
	[image: IMG_7361.HEIC]

	Site 5
	Shiripuno
	1°02'24"S 77°39'23"W
	Slow moving and deep water, rocky shore, water sample taken on boat
	[image: IMG_7364.HEIC]

	Site 6
	Arajuno
	1°04'09"S 77°31'52"W
	Slow moving and deep water, water sample taken on boat, mining present upstream
	[image: IMG_7354.HEIC]

	Site 7
	Isla Anaconda
	1°02'36"S 77°31'23"W
	Slow moving and deep water, water sample taken on boat
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	Site 8
	Reina El Cisne
	0°56'46"S 77°24'22"W
	Slow moving and moderately deep water, sandy shore, water sample taken on boat
	[image: IMG_7481.HEIC]

	Site 9
	San Alonso
	0°54'26"S 77°20'38"W
	Slow moving and moderately deep water, rocky shore, sample taken on boat
	[image: IMG_4222.HEIC]

	Site 10
	Umuyacu
	0°53'42"S 77°18'34"W
	Slow moving and deep water, sandy shore, lots of vegetation, nearby community uses as drinking water source, petroleum mining nearby
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Field Collection
        	Once a sample area was chosen, in situ data was recorded using a YSI probe and coordinates were noted where water and sediment was taken. For sediment samples, gloved hands took 3 handfuls of sediment from the channel margins beneath the water surface. For unfiltered water samples, the bottles were rinsed three times with sample water prior to collection, and then capped. For filtered water samples, bottles were rinsed three times and poured into a 0.45 um single-use filter tower to be filtered using a hand pump. A portion of the resulting filtered water was poured into cation and anion plastic bottles after triple rinsing. The filtered water was also poured into an amber vial after a single rinse for DOC. Using EPA Method 166946, dirty-hands-clean-hands protocol was utilized at each test site to reduce the risk of contamination and within 24 hours of collection, water samples were acidified to 0.4% with trace grade hydrochloric acid. Final samples collected in the field were placed on ice in a cooler for the day until they could be refrigerated at 4°C. 
Analytical Methods
To test for total mercury in both filtered and unfiltered samples, water samples were spiked with 1% BrCl. Total mercury concentrations were determined by stannous chloride reduction, cold vapor generation, and amalgamation47. Inductively coupled plasma mass spectrometry48 was used to test for cations in filtered water. In filtered water, major anions were tested by ion chromatography using Metrohm 930 IC with eluent generation using Metrosep A Supp 4 analytical column. Dissolved organic carbon, DOC, was tested using combustion catalytic oxidation infrared spectroscopy Shimadzu TOC-V cph. For total suspended solids, surface water was filtered through pre-weighed glass fiber filters49. The filters were then dried at 105 degrees Celsius. Sediment element concentrations involved EPA Method 3051A50 using reverse aqua regia on CEM Mars 6 microwave digester followed by inductively coupled plasma mass spectrometry48. Sediments were analyzed moist, and values were corrected for moisture content. Methylmercury samples for both water and sediment were analyzed using EPA Method 163051. 
Watershed Delineations and Deforestation Extent
	Annual deforestation extent for the Napo Watershed was calculated using the Hansen Global Forest Change data set v1.1052 in Google Earth Engine. This dataset includes deforestation globally from 2000-2022 and for the purposes of this study, includes the most recent 10 years from 2012-2022. Pixels measured 30.92 meters and 6 pixels was 0.5 hectares. A raster was created where land was defined as being impacted by deforestation only if it had at least 10% canopy cover and at least 0.5 hectare of forest. Tree loss in hectares meeting minimum canopy cover and forest area thresholds was calculated for each year tested. Using MacroSheds53 in R Studio, watershed delineations were applied alongside the coordinates of the 10 sites. Necessary adjustments were made to ensure coordinates taken on shore were identifying the proper body of water as well as DEM resolution adjustments. Deforestation and watershed delineations were then used to calculate the amount of deforestation in hectares in the past 10 years, as well as the percentage of deforestation in each watershed. Due to the mobilization of soil from deforestation, there are opportunities for mercury transport, however this can be from all sources54. This can include not only ASGM, but additionally sources of natural river erosion and development, meaning we cannot directly link deforestation to gold mining, but this data can aid in understanding mining impact between sites in relation to each other54. 
Data Analyses and Statistical Analyses
	All statistical analyses were performed using R version 2022.12.0+353 statistical software. Multiple linear regression ANOVA statistical tests were performed using an α of 0.05. 
Results and Discussion 

All results involved will further go into detail regarding the concentrations found in the Napo samples and various comparisons have been made been them. In short, total mercury, total suspended solids, cations/anions, and methylmercury concentrations are shown for Napo water and sediment samples alongside thresholds and relations to concentrations in past studies. 
	In situ biogeochemical measurements averaged values common to other Amazonian streams without much variation between sites. Dissolved oxygen was not measured at Site 8 due to equipment dying in the field. Temperature at testing sites ranged from 16.7-22.6℃, with the most upstream site being the coldest (Table 3). Dissolved oxygen ranged from 7.31-10.46 mg/L, with the reference site being the greatest in number (Table 3). Dissolved organic carbon was greatest in Site 2 and Site 10 (Table 3). 
Table 3. Average biogeochemical values from all 10 testing sites. All values are rounded to the number of digits made available from field equipment. 

	Biogeochemical Value
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	Average

	Temperature (°C)
	16.7
	20.2
	22.6
	18.8
	19.6
	22.4
	20.2
	21.5
	21.2
	21.9
	20.5

	Pressure (atm)
	0.942
	0.949
	0.948
	0.957
	0.957
	0.967
	0.967
	0.962
	0.967
	0.960
	0.958

	pH
	7.81
	7.9
	7.38
	8.15
	8.08
	7.23
	7.85
	7.87
	7.88
	7.45
	7.76

	Dissolved Oxygen (mg/L)
	10.46
	8.84
	8.35
	8.61
	8.63
	7.31
	8.14
	N/A
	8.75
	7.96
	8.56

	Specific Conductivity (uS/cm)
	68.9
	77.1
	21.4
	65.3
	59.0
	33.2
	54.3
	56.6
	53.1
	56.9
	54.6

	Oxidation-Reduction Potential (mV)
	119.8
	119.7
	121.2
	106.6
	100.0
	110.7
	110.7
	68.5
	59.3
	86.4
	100.3

	Dissolved Organic Carbon (mg/L)
	1.0
	1.4
	1.1
	1.0
	1.0
	1.3
	1.1
	1.2
	1.3
	1.5
	1.2

	Organic Carbon Content of Sediment LOI (%)
	1.6
	1.2
	1.5
	0.9
	1.5
	3.7
	1.3
	1.0
	1.5
	2.8
	1.7



Total Mercury
Total mercury levels found in unfiltered water samples averaged 6.136 ng/L (range 3.131-11.223 ng/L). Total mercury levels found in filtered water samples averaged 0.525 ng/L (range 0.396-0.629 ng/L). The reference site had the least amount of total mercury in unfiltered water samples and Site 2, the active mining site, had the most (Figure 2). All values were below the Canadian Environmental Quality Guidelines for mercury55. 
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Figure 2. Total mercury concentrations in unfiltered and filtered water samples. All values were below the Canadian Environmental Quality Guidelines for mercury55. By comparison, past Amazonian studies have had concentrations as high as 500 ng/L28 in several river basins of Ecuador (Putumayo, Napo, Pastaza, Tigre, Morona, Santiago, and Zamora Chinchipe) and 70,000 ng/L33 in Taraira, Colombia. Field duplicates were within 4.17% and 3.65% differences. 

The average amount of total mercury in sediment was 16.314 ppb (range 6.631-25.691 ppb) (Figure 3). All values were below the Canadian Environmental Quality Guidelines for mercury55. These standards specifically focus on elemental mercury in water rather than encompassing total mercury, however, the total mercury values’ ability to be below standards shows its low range when elemental mercury is a portion of total mercury as a whole. 
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Figure 3. Total mercury concentrations in sediment samples. All values were below the Canadian Environmental Quality Guidelines for mercury55. By comparison, past Amazonian studies have had concentrations as high as 346 ppb36 in the sediment of the Madeira River in Brazil and 232,000 ppb39 in the sediment of Pampa Molino, Peru. 

Within the sites tested, the average amount of mercury was 28.921 ng/g (range 15.436-30.427 ng/g). Site 3 had the greatest amount of mercury per gram of solids reaching 60.393 ng/g, and the least amounts were found in Site 2 and Site 7 (Table 4). 
Table 4. The amount of mercury per gram of solids of water samples in ng/g. Calculations were made by taking the amount of total mercury (ng/L) in the unfiltered water samples minus the total mercury (ng/L) in the filtered water samples and dividing this value by the total suspended solids (mg/L) for each site. 

	Site Number
	Nanograms of Mercury / Gram of Solids

	1
	30.427

	2
	16.828

	3
	60.393

	4
	23.187

	5
	43.248

	6
	38.337

	7
	15.436

	8
	18.196

	9
	18.504

	10
	24.656



In comparison with past Amazonian studies with ASGM activity, total mercury levels found in water samples were much lower than most previous studies. For example, studies in Colombia and Ecuador had river concentrations as high as 0.0005 mg/L (500 ng/L)28 and 0.07 mg/L (70,000 ng/L)33. By comparison, the maximum concentration of total mercury in unfiltered water samples was 11.223 ng/L (Figure 2). In relation to a range of 0.5-70,000 ng/L23,27-34, the highest value in Napo only reached up to 0.02% of the maximum value. Most of the mercury traveled on particulates as illustrated by low mercury concentrations (0.396-0.629 ng/L) in the <0.45 micron in filtered water samples (Figure 2). Unfiltered water samples in a study in Madre de Dios had similarities to filtered water samples and mercury was concluded to travel primarily in dissolved and colloidal forms27, which this study did not find. Additionally, Diringer et al., (2019) found total mercury ranging between 0.9-2 ng/L, in which all 10 sites in Napo are above (Figure 2). As expected, the greatest amounts of total mercury were found in Site 2 where there was the most active gold mining activity, and the least total mercury was found in the reference site. The concentration of mercury per gram of suspended solids was highest in Site 3. This may be due to former mining activity but could be accounted for in the fact that is a tributary of the river and could be subject to increased gold mining activity where accessibility is easier (Table 2). For sediment, total mercury levels were again much lower than most previous studies and only reached a maximum of 26.333 ug/L (Figure 3). In relation to a range of 20-232,000 ppb23,33-39, the highest value in Napo only reached up to 0.01% of the maximum value found in previous Amazonian studies. Napo findings were on the lower end of total mercury concentrations for both water and sediment.    
Total mercury in unfiltered water is significantly associated with total suspended solids and manganese in sediment (F = 16.51, df = 2 and 8, p < 0.01). For every increase in 1 mg/L of total suspended solids, there is an estimated increase in 0.0329 ng/L of total mercury in unfiltered water. For every increase in 1 mg/kg of manganese in sediment, there is an estimated increase in 0.020 ng/L of total mercury in unfiltered water (Adjusted R2 = 0.756). As expected, total suspended solids were predictive of total mercury in unfiltered water. Filtered water samples previously found that total mercury is traveling on the particulate level (Figure 2), meaning that an increase in dislodgement due to gold mining activity would additionally increase the movement of mercury-bound particles in the water. Due to this, there would be an increase mercury mobilization. An increase in total suspended solids is caused by sediment disturbance during gold mining and mercury mobilization, thus leading to increased total mercury levels. While manganese in sediment was an unexpected variable, it greatly improved the explanatory power of the statistical model upon its inclusion (Adjusted R2 0.489 vs 0.970). Additional modelling showed the possibility of associations of total mercury in filtered water to vanadium in the water, manganese in the water, and calcium in the sediment, however they were not strong enough to be recorded.
Total Suspended Solids
Total suspended solids averaged 116.272 mg/L (range 22.6-314.780 mg/L). Site 2 had the greatest amount of total suspended solids with an amount 2.4x TULSMA standards11,56. Sites 2, 6, and 7 were above TULSMA standards11,56 with several sites close behind (Figure 4). 
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Figure 4. Total suspended solids of water samples. The TULSMA11,56 threshold of <130 mg/L for water is present and 3 sites were found exceeding the limit. Field duplicate was within a 2.60% difference.

Total suspended solids are significantly associated with total mercury in unfiltered water (F = 10.59, df = 1 and 9, p < 0.01). For every increase in 1 ng/L of total mercury in unfiltered water, there is an estimated increase in 18.731 mg/L of total suspended solids dissolved organic carbon (Adjusted R2 = 0.489). Within correlation matrices of unfiltered water samples, total mercury and total suspended solids were significantly correlated with a value of 0.724 (Figure 5). Total suspended solids were a moderately strong predicator of total mercury in the unfiltered water samples (Adjusted R2 = 0.496) (Figure 5). 
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Figure 5. Total mercury concentrations and total suspended solids of unfiltered water samples. Points distinguish between site numbers. 
	Overall, total suspended solids between sites were on the lower end of past ranges found in the Amazon and both Central and West Africa, but levels raised more concern than total mercury due the surpass of thresholds. In relation to a range of 0.01-8,996.0 mg/L11,27,40-42, the highest value in Napo only reached up to 3.49% of the maximum value. Utilizing TULSMA standards11,56, the site that more than doubled the threshold was Site 2, involving the most active gold mining activity (Figure 4). The correlation between total suspended solids and unfiltered total mercury was expected at Site 2 due to the site having the greatest amounts of both variables (Figure 5). Total suspended solids are an important value because it can change the turbidity of the water, the ability of fish to live there, and the overall hydrology of the water. While the current values are not of large concern, the difference in TSS concentrations between Site 2, the active mining site, and the rest of the sites displays the occurrence of sediment dislodgement contributing towards increased total suspended solids. 
Cations and Anions
For water samples, all analytes (Cr, Fe, Ni, Zn, As, Cd, Pb) available on the Water Quality Criteria Table for Aquatic Life57 were under threshold limits to protect aquatic life from acute and chronic exposure in water samples (Table 5). All analytes (As, Cd, Zn, Co, Cu, Cr, Fe, Mn, Ni, Se, Pb) available on the Acceptable Quality Criteria for the Preservation of Aquatic and Wildlife in Fresh, Marine, and Estuarian Waters56 set by the Official Registry of the Government of Ecuador and Ministry of the Environment were under threshold limits (Table 5). No values were found to be of particular concern in water samples. 
Table 5. Concentrations of analytes in water samples in parts per billion. No values were found to be above levels from the Water Quality Criteria Table for Aquatic Life or the Official Registry of the Government of Ecuador and Ministry of the Environment 56,57. 

	Analyte (ppb)
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	Average (ppb)

	Na
	2643.7
	2009.4
	1416.7
	2295.8
	2508.9
	1609.8
	2298.3
	2205.6
	2105.2
	2165.2
	2125.9

	Mg
	1335.3
	1180.0
	661.0
	1169.8
	997.9
	1439.4
	1094.4
	1003.7
	988.8
	1161.7
	1103.2

	K
	1279.2
	1282.0
	518.2
	1189.7
	1185.0
	914.4
	1127.8
	1131.5
	1100.2
	1169.1
	1089.7

	Ca
	11316.3
	13226.3
	2384.2
	10811.8
	8911.3
	3559.6
	8269.5
	9047.8
	9567.6
	8954.8
	8604.9

	V
	0.6
	0.7
	0.5
	0.7
	0.7
	1.1
	0.8
	0.8
	0.9
	0.9
	0.8

	Cr
	0.6
	0.1
	0.1
	0.1
	0.4
	0.2
	0.1
	0.1
	0.1
	0.1
	0.2

	Mn
	7.3
	27.5
	9.9
	10.2
	7.7
	3.6
	5.7
	6.6
	5.1
	18.0
	10.2

	Fe
	69.9
	33.8
	38.8
	60.2
	48.5
	29.4
	46.0
	44.8
	40.3
	68.0
	48.0

	Co
	0.1
	0.1
	0.1
	0.1
	0.1
	0.1
	0.1
	0.1
	0.1
	0.1
	0.1

	Ni
	0.3
	0.2
	0.1
	0.2
	0.1
	0.3
	0.1
	0.3
	0.1
	0.2
	0.2

	Cu
	0.6
	0.8
	0.3
	0.7
	0.3
	0.7
	0.6
	0.7
	0.7
	0.8
	0.6

	Zn
	3.1
	3.1
	3.1
	3.1
	3.1
	3.1
	3.1
	3.1
	3.1
	3.1
	3.1

	As
	0.6
	0.5
	0.1
	0.5
	0.4
	0.2
	0.4
	0.4
	0.4
	0.5
	0.4

	Se
	0.1
	0.2
	0.0
	0.1
	0.1
	0.0
	0.1
	0.1
	0.1
	0.1
	0.1

	Sr
	51.2
	49.0
	21.3
	46.3
	48.5
	33.3
	45.4
	45.1
	44.8
	47.2
	43.2

	Cd
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	Cs
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	Pb
	0.2
	0.1
	0.0
	0.1
	0.2
	0.0
	0.1
	0.1
	0.1
	0.1
	0.1


	Analyte (mg/L)
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	Average (mg/L)

	Cl
	0.5
	0.4
	0.1
	0.4
	0.4
	0.2
	0.4
	0.3
	0.3
	0.3
	0.3

	Br
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	NO3-N
	0.1
	0.1
	0.1
	0.1
	0.1
	0.1
	0.1
	0.1
	0.1
	0.1
	0.1

	PO4-P
	0.1
	0.1
	0.0
	0.1
	0.1
	0.1
	0.1
	0.1
	0.1
	0.1
	0.1

	SO4
	4.4
	4.5
	0.6
	3.6
	2.9
	0.9
	2.5
	2.5
	2.4
	2.1
	2.6



For sediment samples, all analytes (As, Ba, Cr, V, Pb) available on the Acceptable Quality Criteria for the Preservation of Aquatic and Wildlife in Freshwater57 were under threshold limits  (Table 6). However, several analytes were above thresholds set by the Official Registry of the Government of Ecuador and Ministry of the Environment56 including cadmium (>0.5 mg/kg), cobalt (>10 mg/kg), copper (>25 mg/kg), nickel (>19 mg/kg), selenium (>1 mg/kg), zinc (60 mg/kg), and beryllium (>0.03 mg/kg) (Table 6). All 10 sites were above Ecuadorian recommendations56 for beryllium (Table 6).   
Table 6. Concentrations of analytes in sediment samples in mg/kg. Highlighted values indicate levels above the Official Registry of the Government of Ecuador and Ministry of the Environment56. 

	Analyte (mg/kg)
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	Average (mg/kg)

	Be
	0.9
	1.0
	0.5
	0.8
	0.8
	1.2
	1.3
	0.5
	0.5
	0.8
	0.8

	Na
	48.9
	42.7
	77.0
	60.7
	84.4
	180.0
	100.7
	85.7
	98.1
	97.7
	87.6

	Mg
	4575.7
	3462.4
	2356.1
	3453.4
	4710.5
	5630.5
	4212.4
	2587.8
	4074.7
	3884.5
	3894.8

	K
	924.4
	862.5
	646.7
	750.4
	1136.2
	1528.8
	1013.4
	614.2
	1035.5
	1003.4
	951.6

	Ca
	12048.3
	7072.2
	1112.5
	9919.3
	9862.1
	6029.5
	7651.6
	2631.0
	4566.5
	4596.4
	6549.0

	V
	22.7
	19.2
	24.3
	19.4
	35.8
	55.2
	30.9
	17.8
	27.5
	28.7
	28.2

	Cr
	6.3
	4.5
	10.2
	5.5
	9.9
	28.2
	9.9
	5.8
	8.8
	10.8
	10.0

	Mn
	397.0
	275.7
	330.9
	324.0
	412.6
	537.4
	374.6
	240.5
	328.3
	336.9
	355.8

	Fe
	19475.4
	13464.8
	13907.1
	13535.8
	21694.3
	27170.7
	18140.9
	10657.7
	15622.5
	16071.1
	16974.0

	Co
	6.5
	4.9
	4.5
	3.9
	6.9
	11.7
	6.6
	3.9
	5.9
	6.3
	6.1

	Ni
	11.5
	6.9
	8.0
	7.0
	10.8
	23.4
	10.5
	5.9
	9.4
	10.6
	10.4

	Cu
	29.8
	24.6
	10.8
	20.1
	29.4
	34.3
	21.8
	14.5
	23.8
	24.5
	23.4

	Zn
	70.4
	51.5
	34.4
	58.4
	87.2
	76.2
	56.9
	30.9
	52.4
	52.1
	57.0

	As
	8.2
	5.0
	2.1
	2.6
	4.8
	5.5
	5.2
	1.9
	3.3
	3.6
	4.2

	Se
	1.8
	0.5
	0.1
	0.3
	0.8
	0.5
	0.4
	0.2
	0.4
	0.4
	0.5

	Rb
	6.8
	7.2
	6.4
	5.8
	8.6
	12.8
	8.7
	6.4
	8.6
	8.4
	8.0

	Sr
	38.1
	23.8
	12.6
	28.6
	36.2
	43.1
	32.0
	14.9
	23.5
	26.0
	27.9

	Cd
	0.8
	0.5
	0.1
	0.7
	0.7
	0.4
	0.4
	0.2
	0.4
	0.3
	0.4

	Cs
	1.0
	0.8
	0.5
	0.7
	0.9
	1.2
	0.9
	0.6
	0.9
	0.9
	0.8

	Ba
	45.6
	40.5
	53.4
	35.5
	60.3
	131.2
	59.4
	42.7
	60.3
	67.5
	59.6

	Pb
	7.1
	6.3
	4.2
	4.2
	7.1
	8.3
	6.0
	3.8
	5.6
	6.8
	5.9



	In comparison with past studies with ASGM activity in South America and Africa, water samples in Napo were found on the lower end of ranges for levels for lead, arsenic, and copper while cadmium was so low there was none detected in all sites11,27,41,42. For sediment, only a select few analytes were highlighted as exceeding levels for sediment (Table 5). In comparison with past studies with ASGM activity in South America and Africa, sediment samples in Napo were found on the lower end of ranges for cadmium, but exceeded maximums for ranges of lead, arsenic, and copper11,27,41,42. Of the exceeding values, beryllium was found over TULSMA standards11,56 for all sites in sediment and additionally are over the EPA’s maximum contaminant level goal of 4 ppb58, however these values are for drinking water. As beryllium enters water, it reacts to form an insoluble and less harmful form that will not accumulate and while there is not a specific reasoning for the elevated levels, this is not an element of concern for gold mining. An unexpected result was the finding that Sites 1, 5, and 6 had the most analytes above thresholds. While the reference site would have been expected to have the least, Site 5 and Site 6 are located near Jumandy Airport. A previous study on commercial aircraft activity measured gaseous criteria pollutants traveling as far as 10-12 kilometers from the airport59. As Sites 5 and 6 are approximately 6-8 kilometers away from the Jumandy Airport, elevated concentrations of copper and zinc at these sites may be related to airport proximity60. 
Methylmercury
The average amount of methylmercury in unfiltered water was 0.0229 ng/L (range 0.005-0.036 ng/L) (Figure 6). Methylmercury in unfiltered water samples was below detection limits (ranging 0.000344 - 0.0359 ng/L) for all sites except Site 3 which had a concentration of 0.055 ng/L. All values were below the Canadian Environmental Quality Guidelines for methylmercury55. 
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Figure 6. Methylmercury concentration in unfiltered water samples. The method detection limit of 0.04 ng/L is present. All values were below the Canadian Environmental Quality Guidelines for methylmercury55. Field duplicate was within a 50% difference and lab duplicate was within a 134.88% difference. 

	The average amount of methylmercury in sediment was 0.0752 ng/g (range 0.021-0.188 ng/g) (Figure 7). Methylmercury in sediment samples were below detection limits (ranging 0.00270 - 0.00825 ng/g) for all sites except Site 6 which had a concentration of 0.187 ng/g, and Site 10 which had a concentration of 0.188 ng/g. All values were below the Canadian Environmental Quality Guidelines for mercury55.
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Figure 7. Methylmercury concentrations in sediment samples. The data value for Site 1 was left with USFQ for testing and this value is not available at this time. All values were below the Canadian Environmental Quality Guidelines for mercury55.

	While all water samples were found under detection limits with the exception of one site, the exception was still 73x lower than levels found in Senegal with ASGM (Figure 6). Napo water samples didn’t reach the minimum value in range from past studies in Madre de Dios and Senegal. Additionally, while all sediment samples were found under detection limits with the exception of two sites, the largest exception was still 3,000x lower than levels found in Madre de Dios with ASGM (Figure 7). Napo sediment samples didn’t reach the minimum value in range from past studies in Colombia and Senegal. This is likely due to the larger presence of longer-term gold mining activity in these regions. 
While statistical models did suggest significance, it is important to note that the majority of methylmercury values were below detection limit, and these models are tentative. Considering this, methylmercury in sediment is significantly associated with total mercury in sediment, total mercury in filtered water, total suspended solids, and specific conductivity (F = 88.5, df = 4 and 5, p < 0.01) (Adjusted R2 = 0.975). Similar to the previous models involving total suspended solids and total mercury relating to the dislodgement of material, this was expected that these variables would be associated. While specific conductivity was an unexpected variable, it greatly improved the explanatory power of the statistical model upon its inclusion (Adjusted R2 0.950 vs 0.975). 
Watershed Delineations and Deforestation Extent
The average amount of deforestation from 2012-2022 across sites was 7,126.8 hectares and the average percentage of deforestation was 1.49% within watershed delineations (Table 7). The watersheds in the Napo River basin are nested (overlapping) between each other and increase in size moving downstream (Figure 8). Deforestation activity was found to be present in all 10 watersheds (Figure 8). Some of the sampling points corresponded to very similar watershed boundaries (ex: Sites 7, 8, 9) due to their proximity. The reference site had both the least amount of deforestation and the least percentage of deforestation rates from 2012-2022 (Table 7). As the most downstream site, Site 10 encompasses all the other watersheds and their deforestation, so it has the greatest amount of deforestation. However, the greatest percentage of deforestation rates in a single subwatershed is in Site 6 (Table 7). 
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Figure 8. Watershed delineation boundaries of each test site and deforestation activity. Test site numbers are labeled on the same corresponding color to each coordinate. Watersheds often overlap and nest within each other. Red markings distinguish deforestation from 2012-2022. 

Table 7. Deforestation activity within each watershed boundary. Deforestation values measure deforestation activity from 2012-2022 in hectares. The amount of deforestation in each watershed was divided by the number of total hectares of the watershed to calculate the percentage of impact to each watershed. 

	Site
	Watershed (ha)
	Deforestation (ha)
	% Deforestation of the Watershed

	1
	298,441
	59
	0.020

	2
	406,805
	2,258
	0.555

	3
	79,465
	1,241
	1.562

	4
	580,149
	5,461
	0.941

	5
	587,484
	5,868
	0.999

	6
	94,724
	3,493
	3.688

	7
	705,665
	10,345
	1.466

	8
	735,536
	12,815
	1.742

	9
	741,406
	13,775
	1.858

	10
	766,927
	15,953
	2.080



	Site 6 had the greatest percentage of deforestation, which was unexpected when the most gold mining activity was in Site 2 (Table 7). However, Site 6 is located near the Jumandy Airport and thus, may have been subject to more deforestation due to its geographic placement when the airport opened in 2011. Overall, deforestation percentages of individual watersheds were low, only reaching a maximum of 3.69%, signifying the absence of extensive gold mining activity. Watershed delineations could only be made with deforestation data as recent as 2022, but it has been noted that there has been recent rapid expansion of illegal mining in the Ecuadorian Amazon in 202361. 
While statistical models did suggest significance, it is important to note that the majority of methylmercury values were below detection limit, and these models are tentative. Considering this, methylmercury in sediment is significantly associated with deforestation percentage (F = 12, df = 1 and 7, p < 0.05) (Adjusted R2 = 0.579). Past ASGM Amazonian studies found associations between deforestation and sediment transport44,45, but not specifically with methylmercury as this study does. This was partially unexpected due to the low percentages of deforestation across sites, but the removal of forested land would likely contribute to an increase in dislodged mercury-enriched soils and thus, oxidize and methylate to lead to increased methylmercury levels in sediment. However, as mentioned previously, 8 of the 10 sites were found below detection limit and this statistical test could have minimal significance. Total deforestation rates and percentages of the watersheds from 2012-2022 were not found to be statistically significant for any further variables measured.
Results and Discussion Summary
	A large amount of data was collected and analyzed, with the majority of concentrations found below detection limit or too small to pose significant danger at this time. Total mercury levels and most all analytes were all below indicated thresholds, with the only exceptions likely being a result of a confounding variable, airport air pollution. Additionally, it was found that mercury-bound particulates are traveling from the sediment to the Napo River water during the dislodgement process. Methylmercury levels were largely below detection limit and GIS models were not able to find significance due to these low levels of methylmercury and deforestation. Total suspended solids were the only concentrations found to be of concern. This was noted due to Site 2, the most active mining site, having concentrations 2.4x the TULSMA11,56 threshold. The increased amount of total suspended solids shows a need and recommendation to continue sampling this region as gold mining is likely to increase. 
Implications	
	Overall, results indicate that cations, anions, and methylmercury concentrations found were not near as drastic as longer term established ASGM sites such as Portovelo, Ecuador, as well as Taraira, Colombia and Madre de Dios, Peru. However, total mercury levels in unfiltered water were determined to travel on the particulate level and several sites saw exceedingly large total suspended solids values that were correlated with total mercury. Additionally, we note that two days of field sampling had sporadic rainfall. Past studies have referenced rainy seasons to likely influence accelerated erosion and discharge of tailings19, and while this study did take place during the dry season, results may have been intensified by rainfall. Sites were often selected according to accessibility and samples were taken either by boat or on foot, meaning this could have raised more possible variation when mining tailings could affect river water to different extensities based on water velocity and depth. 
Site 2 displays the possible upcoming degradation progression of the Napo River as alluvial gold mining activity continues. The site with the most active gold mining activity at the time of sampling had the greatest total mercury and total suspended solids concentrations. While there aren’t extremely dangerous levels at this time and concentrations appear low across sites, slight shifts can impact local populations that consume riverine fish due to methylmercury’s bioaccumulative capacity. Over 47 million people utilize this basin alongside its rich biodiverse rainforest. This active site offers a glimpse into the direction the rest of the sites are headed in with continued widespread ASGM. While Napo is within early mining development, these gold mining practices are expected to increase in the future, and this site offers a preliminary glimpse into what more environmental conditions can worsen to along the Napo River. 
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