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1. Introduction

Water siltation caused by gold mining is commonly reported throughout the world (Asia,
Africa, and South America) (Mol and Ouboter 2004) because most of the mining activities take
place in rivers or at their margins. In the Brazilian Amazon, for example, sediments from mining
tailings in streams and rivers may vary between 1 and 2 tonnes per gram of gold produced
(Sousa and Veiga 2009). Such practices likely have a remarkable impact on fluvial systems,
considering that ASGM (Artisanal and Small Scale Gold Mining) gold production in the
Brazilian Amazon reaches an average of 50 tonnes annually (Aratjo Neto 2009). One of the
effects of water siltation is light attenuation by suspended particles which can directly affect
phytoplankton productivity by limiting Photosynthetic Available Radiation (PAR), and indirectly
leads to environmental imbalance and biodiversity change in rivers impacted by gold mining
(Tudesque et al. 2012). While some evidences show the impacts on underwater light conditions
caused by mining tailings (Guenther and Bozelli 2004; Roland and Esteves 1998), the
quantification of the impact on the spectral underwater light field in Amazonian waters is still
lacking. Understanding the underwater light field, more specifically the total scalar irradiance, Eo,
is important. Firstly, it informs the total energy available for photosynthesis in a hyperspectral
interval between 400 and 700 nm, which in turn allows for spectral analysis on specific
phytoplankton absorption efficiency. For example, an underwater light field rich in blue-green
light will favour phytoplankton that has pigments that absorb light in the blue-green spectra
(Markager and Vincent 2001). Secondly, knowing the total scalar irradiance also allows for the
description of bio-optical parameters that can be used in remote sensing approaches to retrieve
water quality parameters from satellite images for monitoring purposes (Li et al. 2013; Odermatt
et al. 2012; Pahlevan and Schott 2013).

This research focus on defining the impact of gold mining tailings in the light field of
Amazonian waters, and associated phytoplankton communities diversity and specific absorption.
Specifically, the objectives of this study are: 1) Quantify the optical effects of sediment loading
on the underwater light field along non-impacted and impacted rivers in the Tapajos River Basin
(Brazilian Amazon); 2) Evaluate to what extent the characteristics of the light field and the light
attenuation caused by water siltation impacts the characteristics of the phytoplankton
communities and critical depth; 3) Assess the absorption efficiency of two major phytoplankton
groups (cyanobacteria and diatom) given the different in situ light conditions observed along the
river network.

2. Study Area

The lower section of the Tapajos River Basin covers about 130,370 km” (Figure 1) and
drains mostly lixiviated Pre-Cambrian rocks, which results in water that is transparent/greenish
in color with low amounts of suspended solids, so-called ‘clearwaters’ (Junk et al. 2011). The
study area includes the largest small-scale gold mining area in the world (28,186 km?), which has
been intensively mined (Lobo et al. 2016), either using water-jets to remove top soil layers, or
using small boats called ‘balsas’ that take the sediment from the bottom of the rivers using
suction and gravity processes (Aratjo Neto 2009; Telmer et al. 2006). Currently, more than 300
small-scale mines with participation of more than 50,000 miners produce gold within the
‘Reserva Garimperia,” created in 1983 to support gold miners, and overlapping three main sub-
basins: Novo, Crepori, and Tocantinzinho (abbreviated Tocantins) tributaries (see Figure 1 for
locations).



3. Methods

To address the objectives, the methodological approach consisted of three major
components: 1) Acquisition of in situ optical and biogeochemical data at high (April/2011) and
low (Sep/2012) water levels; 2) Calibration and validation of a bio-optical model to derive total
scalar irradiance; 3) Evaluation of the critical depth for phytoplankton productivity based on E,,
and assessment of spectral absorption efficiency of two dominant groups, diatom and
cyanobacteria, identified in this study.

Biogeochemical and optical data acquisition

Two field campaigns were conducted in the Tapajos River Basin to measure Inherent
Optical Properties (IOPs), Apparent Optical Properties (AOPs), and biogeochemical data in
March/April 2011 during high water level (27 sample points) and September 2012 during low
water level (13 sample points) (see Figure 1 for sample point locations). Locations of the sample
points were distributed along the Tapajos River and main tributaries, to cover both mined
(Crepori, Tocantins, and Novo) and non-mined tributaries (Jamanxim). Inherent optical properties
(IOPs) measurements were only acquired during the high water level campaign (April, 2011, n =
27). Total beam attenuation c(1) and total absorption a(4) coefficients were measured in situ with
a WetLabs ac-S instrument at 80 wavelengths from 390 to 750 nm. As reference, IOPs of two
non-mined (called pristine) small streams alongside the Crepori River were also sampled.
Apparent Optical Properties (AOPs), measures in-water downwelling irradiance (E; (0, A)) and
upwelling radiance (L, (0, 1)) were measured using two profiling Satlantic hyperspectral
radiometers and one above-water hyperspectral radiometer during both field campaigns (n = 40
Radiometric data were processed using Satlantic’s Prosoft (Satlantic 2011).

Bio-optical model to derive scalar irradiance

Given that phytoplankton cells are able to utilize irradiance from all directions, E,(0,4) is
required for quantifying light availability for primary production (Kirk 2011).

E,(07,4) =E; (0-,1) + E,(07,4) (1)

where E, (0',A) and E; (0',4) are upwelling and downwelling scalar irradiance, respectively.

In order to model Eo for both impacted and non-impacted waters Hydrolight was applied.
Hydrolight input data used for 40 sample sites were environmental conditions, measured above-
water downward irradiance (E, 0+,X), measured IOPs (aciom, ap, b, and volume scattering
function-VSF). For those sample points with no IOPs measurements, the mass-specific IOPs
derived from in loco measurements were used as alternative to estimate IOPs.

Critical depth for photosynthesis and in situ absorption coefficient

Once the E,(0-,400-700nm) was modeled, the critical depth (Z.) and the absorption
efficiency of phytoplankton were estimated for the different groups of water. The critical depth,
Z., 1s the depth at which irradiance is the minimum necessary for photosynthesis given a
condition of high nutrient availability, and is calculated as follows (Kirk 2011):

InE, (0-,PAR)— InE. (PAR)
K, (PAR)

Z. (PAR) = (2)



where E, (0-, PAR) is the sub-surface scalar irradiance modeled by Hydrolight; K, (PAR) is the
average scalar attenuation coefficient for PAR from surface to Z;¢, (similar to Equation 7); and
E. (PAR) is the species-specific compensation irradiance. To calculate Z. in this study, we
adopted E. (PAR) based on the freshwater phytoplankton minimum light requirement described
by (Deblois et al. 2013). The authors reported that Chlamydomonas sp. (Chlorophyta) (identified
in this study) shows a growth rate close to zero when exposed to irradiance of 14 pEm™s™.

The efficiency of the phytoplankton absorption within the PAR spectra is defined based
on the in situ specific absorption coefficient of phytoplankton (in situ a*,, (1)) (Markager and
Vincent, 2001). In situ specific absorption coefficient depends on the specific phytoplankton
absorption coupled with in situ light spectrum (Markager and Vincent 2001). It can be calculated
as follows (Kishino 1986; Markager and Vincent 2001):

insitu @ pp Q)= E, (z,1).a" pn (1) (3)

where E,(z,\) represents modeled E, (z,A) normalized to measured E; (0", 4), and a*pn (1) is
the phytoplankton specific absorption coefficient. The specific absorption (a*ph) of two
phytoplankton species reported by (Bricaud et al. 1988) were used in this study: a cyanobacteria
(Synechocystis sp.), which is a freshwater species identified in this study, and a diatom
(Chaetoceros sp.), found in the oceans.

4. Results and Discussion

The biogeochemical data was stratified into five preliminary classes according to the
intensity of water siltation, aiming to facilitate the interpretation of the results (Figure 2).

Spatial and temporal TSS distribution

From this dataset, the TSS (Total Suspended Solids) concentrations in the mined rivers
varies spatially and seasonally as a result of the annual dynamics of the flood pulse (Junk 1997;
Melack and Forsberg 2001), the biogeochemistry and geology of the watershed (Junk, 2013), and
the gold mining activities (Lobo et al. 2015; Telmer and Stapper 2007).

In the upstream area (see Figure 1), despite of a few mining operations, the measured
sediment concentration is very low, resulting in a relatively deep euphotic zone (~ 5.5 m). In
these waters, the suspended sediment has a considerable amount of organic matter (~ 30 % of
TSS), composed mostly of allochthonous plant debris (Roulet et al., 1998; Bernardes et al.,
2004). The characteristics and concentration of the suspended sediments change abruptly as the
Tapajos River receives clay-rich tributaries, such as the heavily-mined Crepori River
(TSS~111.3 mg.L"" and organic matter < 3%, euphotic depth ~ 2.0 m). Similarly, TSS at the
Jamanxim River increases (Class I and Class 2) as it receives sediment-rich discharge from the
Novo and the Tocantins sub-basins (Figure 2) subject to mining operations. The sediment plume
from the Crepori River only fully mixes with the Tapajos River waters after receiving the
Jamanxim River discharge and passing through rapids (Figure 1) about 200 km downstream
(Lobo et al. 2015; Telmer et al. 2006). After the rapids, as the sediment load dilutes and the
water velocity decreases, the suspended solids sink and TSS concentration decreases to values
similar to those of the upstream Tapajos River.

Seasonally, the increase of TSS from ebbing to rising water periods is in part a result of the
suspended solids input carried during rain events as the water rises (Junk 1997; Melack and
Forsberg 2001). Gold mining activities are also temporally dynamic, that is, during the rainy



season most of the gold mining activity discontinues (Bezerra et al. 1998), and dilution due to an
increase in volume of water in the rivers causes the sediment concentration to decrease. When the
rainy season ends, mining activities intensify, and together with the lower water volume in the dry
season, increased concentrations of sediment to levels above 100 mg.L™" are typical (Figure 2).

Phytoplankton and pigments

The phytoplankton microscopy analysis indicated some general tendencies. First, a higher
biovolume (mm3.L-1) was measured during the low water period compared to the high water
period. However, due to sampling constraints, a direct seasonal comparison was only possible for
the Crepori and Tapajos_Itaituba sites, which both indicated lower productivity during the high
water compared to the lower water period (Figure 3). Second, changes were observed in the
phytoplankton community from upstream tributaries, where the phytoplankton biovolume was
lower (value) and with dominance of diatoms and cryptomonads when compared to the Tapajos
Lake section where most of the phytoplankton biovolume was higher (value) and dominated by
cyanobacteria cells.

Optical changes

Sediment flushed into the rivers from small-scale mining operations is composed of an
agglomeration of fine clay particles (Telmer et al. 2006; Veiga 1997), mostly kaolinite (Cprm
2009). These mine-derived clay particles cause general changes in magnitude and spectral
dependency of IOPs and AOPs compared with water under less or no influence of mined rivers
(Figures 4). This is mostly because fine inorganic clay particles tend to be more effective at
scattering light due to their lower specific absorption coefficient and higher refractive indexes
compared to large inorganic particulates (silt, medium sand), organic particulates such as flocs
(agglomeration of particles), and phytoplankton (Binding et al. 2005; Bowers and Binding 2006).
In waters with increased TSS loadings from mining operations, the scattering coefficient
increases, thus resulting in a b:a increase for Class 4 from 7.0 to 100.0 at the blue and red spectra,
respectively. In this case, the scattering process prevails over absorption specifically at the green
and red wavelengths, thus explaining the observed higher underwater light availability at the
green and, mainly, at the red wavelengths (Figure 4). In turbid waters where the b:a in the blue
spectra is approximately 30.0, such as the case for Class 4, Eyo3m) values became 50% higher
than E4+) (Figure 4). As the scattering coefficient increases relative to the absorption coefficient,
the underwater light becomes more diffuse, thus constraining light to shallower depths in
comparison to non-impacted waters. The optical data also indicated that light attenuation was
wavelength dependent and higher at blue wavelengths. The remaining underwater available light
for both impacted and non-impacted waters was mostly at green and red wavelengths (Figure 4c¢).

Both scattering and backscattering coefficients are primarily controlled by mineral
concentration (TSS), as reported by several authors (Bergmann 2004; Boss and Pegau 2001;
Doxaran et al. 2012; Lorthiois et al. 2012; Stramski et al. 2004; Sun et al. 2009). Increasing TSS
concentration yielded positive and significant (p < 0.05) correlation with by,ss0um), Dppssn), and
apa40). Correlations of optical properties with chl-a and acaome40) Were not significant (correlations
not shown), which is explained by the inorganic nature of the soils subject to mining in the
Tapajos watershed (Cprm 2009; Rodrigues et al. 1994).

Absorption by dissolved organic matter, a.gms40, Showed low variability among the defined
water classes (~2.6 + 0.6 m™), but its contribution to total absorption (a.) is inversely correlated
to TSS; it decreases from 60% in pristine streams to 40% in the Tapajos Lake, and 8% for Class 4
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(the Crepori River), for example. The modeled absorption coefficient by algal particles (a,)
showed low contribution to the total absorption at 440 nm with values not higher than 3% for both
mined and non-impacted rivers. This is similar to data reported for streams impacted by gold
mining tailings in New Zealand, where TSS discharge is also the prevailing factor attenuating
incoming light (Davies-Colley et al. 1992).

Critical depth and in situ specific absorption for phytoplankton

The light compensation depth or critical depth, Z., for Chlamydomonas sp indicated that in
pristine streams enough light was available for photosynthesis up to 7.0 m depth. The critical
depth decreased to ~5.2 m for Class I waters. As water turbidity increased a decrease in Z, was
observed, thus resulting in a critical depth of 4.0, 3.7, 2.4, and 1.6 m for Class 2, Class 3, Class 4,
and, Class 5, respectively.

The estimated in situ specific absorption (in situ a*p;,) for the representative phytoplankton
groups, diatom and cyanobacteria, showed slightly higher absorption in the blue region of the
spectra for diatoms; overall, cyanobacteria are generally more efficient at absorbing PAR than
diatoms due to absorption peak at 622 nm For example, at the sub-surface of prlstlne r1vers the
in situ a ph (PAR, diatom) Was 0.62 m> mg whereas for cyanobactena it was 0.70 m? mg For
Class 4, at sub- surface the in situ a pn Par, diatom) (0.61 m> .mg ) was similar to that of pristine
streams (0.62 m™~.mg ) due to very high absorption at 675 nm. However, for Class 5, the
reduction of in situ a ,; at the blue _spectra was no longer compensated by the very high
absorptlon in the red spectra (in situ a ph (PAR, diatom) = =0. 48 m> .mg ) At 2.0 m depth, the in situ

a ph (PAR, diatom), for example, decreased from 0.11 m> .mg Vin pristine rivers to values close to 0.01
m~.mg" in turbid waters due to the low light availability.

Analysis of in situ specific absorption coefficient (a ph) for two major phytoplankton groups
(cyanobacteria and diatoms) suggested that the absorption system of cyanobacteria would be more
efficient than that of diatoms given an underwater environment dominated by red wavelengths.
Since no difference of phytoplankton biovolume and pigments among impacted and non-impacted
rivers was observed (Figure 3), the results indicated that other physical/chemical factors, such as
the interaction between critical and mixed layer depth current velocity, and nutrient
concentrations could also play an important role in controlling phytoplankton productivity and
diversity in the rivers subjected to mine tailings impact.

For example, in fast flowing waters with current speeds of approximately 0.5 m.s” during
the high water period, such as the study waters (impacted, non-impacted, and upstream Tapajos),
the turbulence and high flushing rates prevent phytoplankton growth. In terms of planktonic
group, even if at low concentration levels, diatoms are prevailing (Tabelaria sp., Aulacosera
granulate, and Urosolenia eriensis) in these fast flowing waters (Figure 7). The presence of
siliceous exoskeleton increases diatom survival in high water flow rivers (Huisman et al. 2004).
The dominance of diatoms is an indicator that water velocity is also an important factor
controlling phytoplankton growth and assemblage in these rivers, which is in agreement with
other studies in the Amazon Basin (Junk 1997; Kruk et al. 2010). At the Tapaj6s main channel,
where the river is wider than the tributaries, the presence of ‘dead zones’ (reduced water flow) at
the margins (Tockner et al. 2000) allows for higher phytoplankton production (> 1.0 ug.L™") when
compared to the upstream tributaries (Table 1).



5. Conclusions

This paper investigated the effects of water siltation on the underwater light field of
different tributaries of the Tapajoés River Basin, and its consequences to the phytoplankton
community to fill the gap of knowledge related to ASGM impacts on water quality. The effects of
introduced TSS derived from mining activities on both the inherent and apparent optical
properties were quantified and £, modeled using Hydrolight. Results showed that the inorganic
nature of mine tailings is the main factor affecting the underwater scalar irradiance in the Tapajos
River Basin. The TSS concentration varies seasonally during the year in a synergism between
water level and mining activities: during low water level, mining activities intensify and,
associated with low water volume, TSS rapidly increases, which in turn changes the optical
characteristics of the water. For waters with low or no influence from mine tailings, light
absorption dominates over scattering. With increased TSS loadings from mining operations, the
scattering process prevails over absorption coefficient, and, at sub-surface, scalar irradiance is
reduced, resulting in a shallower euphotic zone, and green and red wavelengths dominate.

Although a strong light reduction due to water siltation was observed in impacted
tributaries, the effects on the phytoplankton community was not clearly observed, which can be
attributed to: 1) low number of samples for proper comparison between impacted and non-
impacted tributaries; and ii) general low phytoplankton productivity in all upstream tributaries due
to a combination of high current velocity (flushing), and variable availability of nutrient and light
conditions.

Secondly, we consider the efficiency of two phytoplankton groups to absorb available
spectral light over the PAR range. Based on our in situ data and literature review, we demonstrate
that cyanobacteria (Synechocystis sp.) could be more efficient at absorbing the spectral available
light in both impacted and non-impacted waters in comparison to diatoms (Chaetoceros sp.).
Given the high dominance of red wavelength in the modeled underwater light field, the higher
efficiency of the cyanobacteria can be attributed to the presence of auxiliary pigments such as
phycocyanin (with a peak of absorption centered at 620 nm). However, the dominance of diatoms
in the tributaries suggests that the spatial and temporal distribution of phytoplankton in the
Tapajos River Basin is not simply a function of light availability, but rather depends on a
synergism of factors including flood pulse, water velocity, seasonal variation of incoming
irradiance, and nutrient availability.
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Figure 1: Location of the Tapajos River Basin in the Brazilian Amazon showing the main
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Figure 2: Schematic representation of TSS (Total Suspended Solids) concentrations along the
Tapajos River and its tributaries for high (April 2011) and low (September 2012) water levels.
The river and its tributaries were classified according to TSS (mg.L™") concentrations. TSS for
Tocantins, Novo, and Jamanxim rivers during the low water season were retrieved from Landsat
psurr (red), surface reflectance (Lobo et al. 2015). Numbers represent location from upriver (1)
to downriver (3) on the Jamanxim River and Tapajos ‘Lake’ section (figure not to scale). Level
of mining impact is an arbitrary classification (Classes 1 to 5) considering the mining area
distribution.
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Figure 3: Spatial distribution of phytoplankton groups (mm3.L") along the Tapajos River for high
and low water level periods.
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Figure 4: Normalized scalar irradiance at 0.3 m (a) and at 2.0 m deep (b) for all samples
grouped by TSS. c) Spectral profile of Z;¢; averaged for each class.

o at 0.3 m

#

in situ a

hat2.0m

Z

*

in situ a

Diatoms
. 55 gl *
mg
0 05 - in situ a'ph =0.62 (=100%) == =Pristine stream 9
(PAR) 0.59 (96%) e 0-5
0.57 (93%) ———5-10
0.62 (100%) 10-20
0.04- 0.61(99%) 2050 3
0.48 (78%) >100 \
0.03 4
0.02+ 1
0.011 1
0.00 7 T T .
400 500 600 700
nm
Diatoms
1 1 1
TSS (mgfl)
0.05+ insitu a,,=0.11(=100%) — =Pristine stream 4
(PAR) = 008 (76%) ——0-5
0.06 (55%) =——5-10
0.05 (44%) 10-20
0.04 0.02 (16%) 20-50 7
0.00 (1%) >100
0.03 g
0.02 4
0.011 - g
0.00 . = . —
400 500 600 700

nm

b)

,at0.3m

*
P

in situ a

o
~

" at2.0m

#

in situ a

Cyanobacteria
| ) . |
TSS (mg/l)
0.05 insitu a‘ph =0.70 (=100%) — = Pristine stream 3
(PAR) 0.69 (98%) =05
060 (98%) =——5-10
0.59 (84%) 10-20
0.04 1 0.79 (112%) 20-50 S 7
0.67 (96%) >100 //
0.03+ 1
s~ . A\
0.02+ 1
0.011 1
0.00 } T T T
400 500 600 700
nm
Cyanobacteria
| f 1 L
TSS (mgll)
0.054 in situ a"m =0.15(=100%) = =Pristine stream &
(PAR) 012 (77%) ——05
009 (57%) ——5-10
0.07 (46%) 10-20
0.04+ 0.03 (17%) 20-50 b
0.00 (1%) >100
0.03 1
0.02+ 1

400

nm

Figure 5: Spectral distribution of in situ a*ph o by diatom and cyanobacteria given the
normalized E, at sub-surface (0.3 m, a-b) and at 2.0 m deep (c-d). The integral of in situ a*ph (PAR)
for all curves are shown in the corresponding graph with relative percentage (%) based on
pristine streams (taken as 100%).
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Table 1: Schematic representation of the main factors controlling phytoplankton group and
productivity (chl-a and biovolume) from upstream tributaries to mouth.

Tributaries Tapajos - Itaituba Tapajés-Lake
not mined mined (Main channel) !
Z,/Z, ~1.1 ~2.0 ~1.2 ~04
Light o reduced and o Not 11m1t1ng. Possibly,
o not limiting . L not limiting at deep mixed layers
availability possibly limiting
(>8m)

Nutrients oligotrophic eutrophic oligo/meso oligotrophic
chl-a L‘;Vg £<_11).0 Low (<1.0 pgL") |  Med (<2.0 pg.L") | Med/high (<10.0 pg.L™")
Taxon diatoms diatoms diatoms/chrypto cyanobacteria
Flushing high high high with 'dead zones' low/med, allows
(water velocity) | (0.2to 1 m.s™) (0.2to 1 ms™) (0.4to0 1.3 ms™) buoyancy
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