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ABSTRACT
Herbicide use, mainly glyphosate, has been intense in worldwide agriculture, including in the
Brazilian Amazon region. This study aimed to validate a method for determining glyphosate and
its degradation product, AMPA, and glufosinate by HPLC-FL in 58 water samples collected at the
Santar�em plateau region (Planalto Santareno), in the western of Par�a state, Brazil. The method
involves filtration and direct injection in the HPLC-FL for AMPA analysis, or previous concentration
(10�) by lyophilization for glufosinate and glyphosate analysis. Analytes were oxidized and com-
plexed with o-phthalaldehyde and 2-mercaptoethanol in a post-column reaction before fluores-
cence detection. LOQs for AMPA, glyphosate and glufosinate were established at 0.5, 0.2 and
0.3lg L�1, respectively. A total of 58 samples were collected. Glyphosate and glufosinate were
not detected in any of the 30 surface water samples collected in 2015 (<LOQ), and AMPA was
detected in 6 samples (0.65–1.93lg L�1). A total of 28 ground and surface water samples were
collected in 2017 and analyzed for glyphosate, which was detected in 11 samples (7 ground
water samples), with concentrations between 1.5 and 9.7lg L�1. A continuous pesticide monitor-
ing of the Amazonian water system is essential to guarantee the preservation of this import-
ant ecosystem.
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Introduction

The increased demand for food due to the high population
growth rates during the 19th and 20th centuries led to a fast
development of agriculture that culminated in the Green
Revolution in the mid-1960s, which incorporated new culti-
vation and pest management technologies.[1] Pesticide use
for pest control had a major positive impact on agricultural
productivity, however, the use of these compounds can con-
taminate aquatic environments and their organisms.[2]

Brazil is one of the largest agricultural producers world-
wide and also one of the three largest pesticide users, follow-
ing China and the United States.[3] Glyphosate is the most
commercialized pesticide in Brazil, with more than 195
thousand tons sold in 2018.[4] The state of Par�a, in
Northern Brazil, has an expansion rate in soybean produc-
tion above the national average, with 1.6 million tons in
2017, accounting for 30% of the regional production,[5] with
over 3 thousand tons of glyphosate commercialized in the
state in 2018.[4] The Santar�em plateau, in the western region
of Par�a, had its agricultural area considerably expanded over
the past few years, mainly with soybean.[6] Since soybean
production is directly linked to pesticide use in general, and

specifically glyphosate, environmental monitoring in agricul-
tural regions that use this herbicide is important.
Furthermore, water contaminated by pesticides in rural areas
can also pose risks to the local population, considering that
it can be directly consumed by its inhabitants. Glyphosate
has been classified by the International Agency for Research
on Cancer as probably carcinogenic to humans.[7]

Glyphosate can reach the water through spillage, runoff,
and/or leaching, and its transport is influenced by soil com-
position and rainfall; it is highly water soluble and has a
high soil adsorption coefficient, with a low probability of
running off from fields, persist in surface waters, or leach to
ground water.[8] Half-lives of glyphosate and amino methyl
phosphonic acid (AMPA), its main degradation product in
the environment, range from 7 to 14 days.[9] Several studies,
however, have reported glyphosate and AMPA in surface
and ground water, mainly close to agricultural areas.[10,11]

High Performance Liquid Chromatography (HPLC) asso-
ciated with fluorescence detector (HPLC-FL) has been
widely used for the analysis of glyphosate and AMPA, with
high sensitivity and specificity.[12,13] Detection by fluores-
cence detector occurs after post-column derivatization using
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OPA (o-phtalaldehyde) and 2 -mercaptoethanol, which is a
classic technique,[14] or pre-column derivatization using
FMOC-Cl (9-fluorenylmethylchloroformate).[15] Methods
using liquid chromatography coupled to mass detectors (LC-
MS or LC-MS/MS) have also been reported,[16–18] however
the availability of these equipment is more restricted.

This work aimed to validate an analytical method for the
determination of glyphosate, AMPA and glufosinate, an
herbicide structurally similar to glyphosate also used in soy-
bean cultivation, in water samples by HPLC-FL and post-
column derivatization with OPA and 2-mercaptoethanol
after concentration by lyophilization. The validated method
was used to analyze water samples collected from the region
of extensive soybean cultivation in the Santar�em plateau,
State of Par�a, Brazilian Amazon region.

Material and methods

Analytical standards

AMPA was acquired from AldrichVR (99% purity), and gly-
phosate (99% purity) and glufosinate (98.3% purity) from
FlukaVR . Standard stock solutions were prepared in ultrapure
water produced by a Milli-Q system (MilliporeVR ) at a con-
centration of 1mg/mL and stored in amber vial at �20 �C.
Working solutions containing all three analytes were pre-
pared daily from the stock solutions. Analytical standard
curves were prepared with ultrapure water at levels of 0.5, 1,
7, 10, 25, 35 and 50 lg L�1 for AMPA; 2, 7, 10, 25, 35 and
50 lg L�1 for glyphosate; and 0.7, 2, 7, 10, 25, 35 and 50 lg
L�1 for glufosinate.

HPLC-FL conditions

The HPLC-FL analyses were conducted in a ShimadzuVR
LC20A system (Kyoto, Japan) consisting of autosampler
(SIL-20SA), quaternary pump (LC20AT), column oven
(CTO-20SAC), system controller (CBM-20A), post-column
reaction module (CRB-6A) and fluorescence detector
(10AXL). Excitation and emission wavelengths were set at
340 and 455 nm, respectively.

Chromatographic separation was obtained using an anion
exchange column (PRP-X100, 10 mm, 250� 4.1mm;
PhenomenexVR ) and a pre-column model CTO-20SAC from
ShimadzuVR . The composition of the mobile phase was opti-
mized after varying the concentration of methanol (HPLC
grade; MerckVR ) from 4 to 20%, testing potassium phosphate
(KH2PO4; Vetec

VR ) concentration at 5 and 10mM, and pH
from 1.9 to 2.2, adjusted with phosphoric acid (MerckVR ) in
a pH meter (AJ MicronalVR , AJX-512). The isocratic mobile
phase that gave the best performance in the HPLC system
was 8% MeOH:92% 10 mM KH2PO4-water buffered at pH
2.1. The flow rate of the mobile phase was 0.5mL min�1.

Calcium hypochlorite oxidizing solution was prepared
daily: KH2PO4 (0.14%), NaCl (0.12%), NaOH (0.04%) and
Ca(OCl)2 (0.002%). The complexing o-phtalaldehyde/2-mer-
captoethanol (OPA/ME, 1 L) solution was prepared with
19.1 g of Na2B4O7�10H2O, 0.1 g OPA, previously dissolved in

10mL of methanol, and 50 lL of ME dissolved in 50 mL of
acetonitrile. Na2B4O7�10H2O, NaCl and NAOH were
obtained from DinâmicaVR , Ca(OCl)2, OPA, methanol and
acetonitrile were acquired from MerckVR , and ME from
SigmaVR . Post-column derivatization solution flow was opti-
mized to 0.5mL min�1, and the optimum reaction module
temperature was 33 �C. The mobile phases and reagent solu-
tions were vacuum filtered using 0.45mm polytetrafluoro-
ethylene (PTFE) microfibers (MilliporeVR ) and degassed in an
ultrasonic bath (Model USC – 3300 of the UniqueVR ) for
15min before use.

Sample preparation and method validation

A 5mL aliquot of the water sample was transferred to a
15mL falcon tube and lyophilized (K105; LIOBRAS; tem-
perature below -70 �C and pressure below 100 mHg). After
lyophilization, the sample was resuspended in 500mL of
ultrapure water (10� sample concentration) and injected on
the HPLC-FL.

The optimized analytical method was validated for select-
ivity, linearity, robustness, precision, and accuracy (recovery)
according to international guidelines.[19]

Selectively was evaluated by comparing a blank water
matrix (surface water free of pesticides collected in the study
area) with the sample fortified with all the analytes.
Linearity (least square method), repeatability and intermedi-
ate precision of the analytical standard curves in the HPLC-
FL were assessed using analytical curves prepared and
analyzed on the same day or on different days by the same
analyst. Repeatability (same day) and intermediate precision
(7 consecutive days) were expressed as relative standard
deviation (RSD, %).

Recovery of the method procedure was evaluated by forti-
fying an aliquot of the pesticide-free surface water sample
with glyphosate, glufosinate and AMPA at three levels (0.2
up to 2 lg L�1), and the samples submitted to the procedure
described before. Repeatability of the analytical procedure
was assessed by analyzing fortified samples on the same day
(n¼ 6), and the intermediate precision was assessed by ana-
lyzing the samples on 2 different days (n¼ 12).

Study area and sampling

The Santar�em plateau is located in western region of Par�a
state, Brazilian Amazon, encompassing the cities of
Santar�em, Belterra and Moju�ı dos Campos (Fig. 1). This
plateau is formed by the Curu�a-Una river basin, which has
several streams (igarap�es) and other tributary rivers, mainly
Moju, Moju�ı and Igarap�e Poraquê.[20] The local landscape is
composed by a mosaic of tropical forest (Amazon Biome)
cut by a dense water drainage network and occupied by soy-
bean fields and livestock, the latter for subsistence and com-
mercial purposes.

Samples were strategically collected in igarap�es and
streams, shallow wells and in a hydroelectric reservoir in the
Santar�em plateau region, close to soybean growing fields.
Thirty surface water samples were collected in February
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2015, and 28 samples collected in May 2017, from which 10
ground water samples (shallow wells) and 18 surface water
samples. The rural communities where the samples were
collected are shown in Fig. 1, and the geographical location
of each collecting point indicated in Table A1 (Appendix).
At each point, a bucket was dipped to a depth of 15 to
20 cm, washed three times with the water and then filled.[21]

Approximately 100mL of the sample was filtered through
0.45 mm of PTFE microfiber, transferred to polyethylene bot-
tles, kept refrigerated in a thermal box with reusable ice[22]

and sent by air for analysis at the Laboratory of Toxicology
at the University of Brasilia, where they remained at �20 �C
until analyzed.

Results and discussion

Method validation

Initial tests showed that lyophilization increased the
response of interferents at the AMPA retention time, and
this step was eliminated for the determination of this ana-
lyte. Hence, to determine the concentration of AMPA, the
samples were directly injected in the HPLC-FL, while
another sample was lyophilized before injecting in the sys-
tem for determining glyphosate and glufosinate. Figure 2
shows the analytical procedure used in the study.

The chromatographic method proved to be selective, with
no matrix interferences observed in the AMPA, glyphosate
and glufosinate retention times. The system, however, is not

robust as is very sensitive to small pH variations in the
mobile phase. When the pH was decreased from 2.1 to 1.9,
the response for glyphosate decreased considerably, and no
glufosinate was detected in the chromatogram when the pH
was adjusted to 2.2. As a compromise, the pH of the mobile
phase was set at 2.1, which guarantees enough ionization of both
glyphosate (pKa1¼ 2–2.3)[23] and glufosinate (pKa1 ¼ <2)[23]

for interaction with the anion exchange column and optimum
post-column derivatization.

The HPLC-FL response was linear for all analytes, with a
coefficient of determination (R2) adjusted by the least square
method greater than 0.99 in all standard curves tested. The
homoscedasticity of the analytical curves was confirmed by
the Cochran test. The repeatability of the analytical curve
response ranged from 1.8% to 11.5% for all points (n¼ 6)
and intermediate precision ranged from 9 to 18.8% (n¼ 7)
(Table 1).

There was no handling of the sample for AMPA deter-
mination that could affect its nominal recovery, with the
exception of sample filtration. Hence, the limit of quantifica-
tion (LOQ) for this analyte was set at 0.5 lg L�1, which is
the lowest level of the analytical curve that showed good
repeatability and intermediate precision (Table 1). The
recovery, repeatability and intermediate precision of the
method for glyphosate and glufosinate, which involves
lyophilization, are shown in Table 2. The recoveries ranged
from 70 to 120% and repeatability an intermediate precision
were below 10%, within the values considered satisfactory
(recovery between 70 and 120% and precision less than

Figure 1. Water sample collecting points in the Santar�em plateu, Par�a state, Brazil (prepared using MapBiomas 2018).
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20%).[19] The method’s LOQs were defined as the lowest
level of fortification that met the validation criteria, being
established at 0.3 lg L�1 for glufosinate and 0.2 lg L�1 for
glyphosate (Table 2).

The pre-concentration method commonly used in the
analysis of pesticides in water, including glyphosate and
AMPA, is solid-phase extraction (SPE).[16,24,25] However, the
SPE cartridge is expensive and the method uses organic
solvent during preparation and elution. Water sample pre-
concentration by lyophilization used in this study is simple,
cheap, less subject to losses and more environmental-
friendly as it does not use any organic solvent. Ramirez
et al.[15] used this procedure (20� concentration) for gly-
phosate and AMPA analysis by HPLC-FL after pre-column
derivatization with FMOC-Cl, with LODs of 0.058 and
0.108lg L�1, respectively. Sinha et al.[18] analyzed various
pesticides (not glyphosate) in water by LC-MS/MS after
lyophilization, with LOQ of 0.1 lg L�1. To the best of our
knowledge, this is the first study that uses lyophilization to
pre-concentrate water samples for analysis of glyphosate and
glufosinate after derivatization with OPA

Analysis of water samples collected in Santar�em Plateau

The 30 surface water samples collected in February 2015
were lyophilized and analyzed in July 2015. Glyphosate and
glufosinate were not detected in any sample (<LOQ).
AMPA was detected in 6 samples, at levels between 0.65
and 1.9 lg L�1 (Table 3), indicating that, at some point, gly-
phosate was present in water as result of its application in

the field. The non-detection of glyphosate in the samples
analyzed during this period may have been due to its deg-
radation during the storage period (5 months, at �20 �C),
although the stability of glyphosate in frozen water samples
has been demonstrated for up to 18 months.[14]

In May 2017, 28 water samples were collected (10 ground
water from shallow wells and 18 surface water), immediately
lyophilized and stored at �20 �C for later analysis of glypho-
sate only, which occurred in July/August of that same year.
Glyphosate was detected in 11 of the 28 samples analyzed,
at levels between 1.5 and 9.7 lg L�1, of which 7 were
ground water samples, which also had the highest levels
(Table 3). Figure 3 shows the chromatograms of two sam-
ples that contained quantified AMPA (2015 collection) and
glyphosate (2017 collection) levels. The different retention
times of glyphosate in the chromatographic system in the
two moments are probably due to the new column (same
specification, same brand) that was used in 2017, indicating
that the chromatographic system is very sensitive to any
condition change.

The Riacho Verde community (shown in Fig. 1) had
positive samples in 2015 and 2017, which may be related to
its location in the watershed. This community receives water
that passes through several other communities, goes down-
stream and flows into the Curu�a-Una hydroelectric reser-
voir. From the 7 samples collected in the reservoir in 2015,
one contained AMPA, at the highest level found in all posi-
tive samples (1.92 mg/L; Table 3). The levels found in the
samples for glyphosate and AMPA were much lower than
the maximum permitted level of 500mg/L (glyphosate alone
or in combination with AMPA) established by Brazilian
National Environment Council’s for surface water and
ground water for human consumption.[26,27] In Europe, the
upper tolerable level for all the pesticides in drinking water
is administratively set to 0.1 lg L�1.[28]

The Brazilian National Drinking Water Quality
Surveillance Program provides data on pesticide analysis in

Figure 2. Method for the analysis of glyphosate, AMPA and glufosinate in
water samples by HPLC-FL and pos-column derivatization with phtalaldehyde
(OPA) and 2-mercaptoethanol (ME).

Table 1. Repeteability and intermediate precision of the HPLC-FL system using
fortified ultrapure water. RSD¼ relative standard deviation.

Concentration, lg L�1

AMPA

Repeteability n¼ 6 Intermediate precision n¼ 7
RSD (%) RSD (%)

0.5 7.1 18.8
1 7.3 16.5
10 10.9 7.1
25 4.2 11.5
35 2.7 15.3
50 2.4 16
Glufosinate
2 11.5 16.9
7 4.6 15.3
10 3.0 9
25 1.8 15.1
35 3.1 12.5
50 2.7 13.8
Glyphosate
0.7 5.9 17
2 6.3 11.3
10 4.4 13.9
25 3.7 13.6
35 4.6 12.5
50 2.9 12.4
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water for human consumption.[29] Information from the
period of 2014–2019 showed that about 10% of the contam-
ination data concerns the Northern region, from which
about one third from Par�a state (3816 entries). Over 90% of
the data from Par�a showed pesticide levels< LOD/LOQ, and
detected levels ranged from 0.001 to 0.005 lg L�1; 40 sam-
ples were analyzed for glyphosate/AMPA, with 80% of the
samples< LOD/LOQ. The number of samples analyzed is
not clearly reported in the database, neither the analytical
method used; in most cases where a finite number was
reported, there was no information on LOD and/or LOQ.

Few studies conducted in Brazil that analyzed glyphosate
in water have been published, and none analyzed samples
collected in the Amazon region. In a study conducted in
S~ao Paulo state, glyphosate was detected in 13 of the 32 sur-
face water samples collected at 4 points on the Corumbata�ı
river, close to sugarcane cultivation areas, but none of the
samples contained quantifiable levels (LOQ of 1 lg L�1).[30]

In Rio Grande do Sul state, glyphosate was detected in
46.7% of the 15 water samples collected in the Passo do
Pil~ao stream, with levels above 100mg/L in two samples col-
lected in an area of intense corn cultivation, in which gly-
phosate was used as a desiccant.[31] In Chapec�o (Santa
Catarina state), glyphosate was detected in 5 of the thirteen
deep tubular wells distributed in urban and rural areas, with
a maximum concentration of 6.80 lg L�1,[32] close to the
highest levels found in shallow well samples in the present
study (6–9.7 lg L�1). More recently, Correia et al.[33] ana-
lyzed various pesticides in 287 water samples collected from
20 farms in the Middle West region of Brazil, including

surface and ground water. Glyphosate was detected in 3.4%
of the samples, but only two at level greater than the LOQ
of 1.2 lg L�1 (up to 11lg L�1), and AMPA was not
detected in any sample.

Glyphosate and AMPA levels in surface waters from
other countries are also generally low.[11] In a study involv-
ing 51 watercourses close to agricultural areas in the United
States of America, glyphosate was detected in 36% of the
154 samples analyzed (highest level of 8.7 lg L�1), AMPA
was detected in 69% of the samples (highest of 3.6 lg L�1)
and glufosinate in two samples (less than 1 lg L�1).[34]

Higher glyphosate levels, between 100 and 700 lg L�1, were
found in surface water near a transgenic soybean field in
Argentina, with a direct correlation with time of pesticide
application and rain events.[35] In another study conducted
in the country, stream sediments samples had the highest
frequency of detections (glyphosate 95%, AMPA 100%), fol-
lowed by surface water (glyphosate 28%, AMPA 50%) and
groundwater (glyphosate 24%, AMPA 33%).[36] In an agri-
cultural area in western Yucatan peninsula, in Mexico, the
highest glyphosate concentration found in 29 ground water
collecting points was 1.41 lg L�1.[37] In Malaysia, glyphosate
and AMPA concentrations in surface water collected from
an oil palm plantation area reached 6.23 and 3.76 lg L�1,
respectively.[38]

This study has two important limitations. The pre-con-
centration procedure by lyophilization cannot be used for
AMPA, due to interferences that appear in the retention
time of the analyte in the HPLC-FL system. Another limita-
tion refers to the sample storage time, which reached

Table 2. Recovery (%) and precision (% RSD) of the analytical method for glyphosate and glufosinate using fortified blank surface water.

Concentration, mg L-1 Recovery n¼ 6 (%) Repeatability n¼ 6, RSD (%) Intermediate precision n¼ 12, RSD (%)

Glyphosate
0.2 74 2.1 3.0
0.6 84 7.9 9.4
1.0 82 9.1 9.9
Glufosinate
0.3 72 1.8 2.6
1.2 86 5.9 5.4
2.0 94 4.0 3.4

Table 3. Levels of glyphosate and AMPA found in the positive water samples (� LOQ) collected in 2015 and 2017 in the Moju�ı dos Campos (MC) and Santar�em
(SA) counties, Par�a state, Brazil.

Local (County) Water Collection, month/year Analysis, month/year Glyphosate, lg L�1 AMPA, lg L�1

Reservoir (SA) Surface 02/2015 07/2015 < LOQ 1.9
Rio Moju (MC) Surface 02/2015 07/2015 < LOQ 1.2
Rio Moju (MC) Surface 02/2015 07/2015 < LOQ 0.87
Riacho verde (MC) Surface 02/2015 07/2015 < LOQ 0.86
Riacho verde (MC) Surface 02/2015 07/2015 < LOQ 0.65
Rio Moju (MC) Surface 02/2015 07/2015 < LOQ 0.65
Riacho Verde (MC) Surface 05/2017 08/2017 2.3 Na
Riacho Verde (MC) Surface 05/2017 08/2017 2.0 Na
Riacho Verde (MC) Surface 05/2017 08/2017 1.7 Na
Riacho Verde (MC) Surface 05/2017 08/2017 1.6 Na
Açaizal (SA) Ground 05/2017 07/2017 9.7 Na
Guaran�a (SA) Ground 05/2017 07/2017 8.3 Na
Açaizal (SA) Ground 05/2017 07/2017 6.0 Na
Boa Sorte (MC) Ground 05/2017 08/2017 3.8 Na
Açaizal (SA) Ground 05/2017 07/2017 2.2 Na
Riacho Verde (MC) Ground 05/2017 08/2017 2.2 Na
Boa Sorte (MC) Ground 05/2017 08/2017 1.5 Na

Na: not analyzed.
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3months in the first collecting period (2015), compromising
glyphosate and glufosinate detection. Lyophilizing the sam-
ple right after collection in the second period (2017) was
important for its preservation, enabling glyphosate detection.

Conclusions

This study satisfactorily optimized and validated a modified
classic method of glyphosate and AMPA analysis in water
samples by HPLC-FL after analyte derivatization with
OPA, also including the herbicide glufosinate. Sample pre-
concentration using lyophilization proved to be easy to be

implemented for the analysis of glyphosate and glufosinate,
and when carried out right after sample collection, it pre-
serves the integrity of analytes, which is essential when the
samples cannot be analyzed right after collection.

This is the first study that investigated the presence of
glyphosate, AMPA and glufosinate in the Brazilian Amazon
region, where the agricultural area has been considerably
expanded over the past few years. Although glyphosate levels
in water were low, constant pesticide monitoring of water-
bodies close to agricultural regions is important to better
understand environmental processes, impacts on the water-
shed, and a potential risk for the human population living
on the surroundings of large plantations.

Figure 3. Chromatogram of a water sample collected on A: reservoir, in 2015, 1.93lg L�1AMPA; Standards: 2lg L�1 AMPA and glyphosate, 3lg L�1glufosinate. B:
Açaizal in 2017, 9.7lg L�1 glyphosate; Standards: 8.0 lg L�1 glyphosate. A new column (same specification and brand) was used in 2017.
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Appendix

Table A1. Water samples collected in the Santar�em plateau, state of Par�a, Brazil and analyzed for glyphosate, AMPA and glufosinate by HPLC-FL.

Sample Latitude Longitude Place Municipality
Collected,
month/year

Analyzed,
month/year

Glyphosate
(mg/L)

AMPA
(mg/L)

Glufosinate
(mg/L)

1 02�37’34.4"S 054�30’19.8"W Açaizal Santar�em 02/2015 07/2015 < LOQ < LOQ < LOQ
2 02�37’42.6"S 054�30’14.1"W Açaizal Santar�em 02/2015 07/2015 < LOQ < LOQ < LOQ
3 02�38’07.0"S 054�30’26.4"W Açaizal Santar�em 02/2015 07/2015 < LOQ < LOQ < LOQ
4 02�37’34.4"S 054�30’19.8"W Açaizal Santar�em 02/2015 07/2015 < LOQ < LOQ < LOQ
5 02�37’35.7"S 054�30’21.9"W Açaizal Santar�em 02/2015 07/2015 < LOQ < LOQ < LOQ
6 02�37’35.8"S 054�30’21.8"W Açaizal Santar�em 02/2015 07/2015 < LOQ < LOQ < LOQ
7 02�37’35.7"S 054�30’21.9"W Açaizal Santar�em 02/2015 07/2015 < LOQ < LOQ < LOQ
8 02�45’51.2"S 054�23’51.8"W Guaran�a Santar�em 02/2015 07/2015 < LOQ < LOQ < LOQ
9 02�45’53.3"S 054�23’09.6"W Guaran�a Santar�em 02/2015 07/2015 < LOQ < LOQ < LOQ
10 02�48’02.0"S 054�26’09.3"W Boa Sorte Moju�ı dos Campos 02/2015 07/2015 < LOQ < LOQ < LOQ
11 02�53’13.5"S 054�28’40.7"W Riacho verde Moju�ı dos Campos 02/2015 07/2015 < LOQ < LOQ < LOQ
12 02�52’00.5"S 054�27’23.5"W Riacho verde Moju�ı dos Campos 02/2015 07/2015 < LOQ 0.86 < LOQ
13 02�52’48.6"S 054�28’08.7"W Riacho verde Moju�ı dos Campos 02/2015 07/2015 < LOQ 0.65 < LOQ
14 02�40’07.6"S 054�34’44.1"W Rio Moju Moju�ı dos Campos 02/2015 07/2015 < LOQ 0.65 < LOQ
15 02�39’29.8"S 054�33’16.2"W Rio Moju Moju�ı dos Campos 02/2015 07/2015 < LOQ 0.87 < LOQ
16 02�39’30.9"S 054�33’15.5"W Rio Moju Moju�ı dos Campos 02/2015 07/2015 < LOQ 1.21 < LOQ
17 02�39’30.5"S 054�33’15.6"W Rio Moju Moju�ı dos Campos 02/2015 07/2015 < LOQ < LOQ < LOQ
18 02�41’12.6"S 054�38’35.2"W Rio Moju Moju�ı dos Campos 02/2015 07/2015 < LOQ < LOQ < LOQ
19 02�39’30.9"S 054�33’15.5"W Rio Moju Moju�ı dos Campos 02/2015 07/2015 < LOQ < LOQ < LOQ
20 02�40’28.6"S 054�35’02.4"W Rio Moju Moju�ı dos Campos 02/2015 07/2015 < LOQ < LOQ < LOQ
21 02�41’04.6"S 054�36’20.1"W Rio Moju Moju�ı dos Campos 02/2015 07/2015 < LOQ < LOQ < LOQ
22 02�41’12.0"S 054�33’35.6"W Rio Moju Moju�ı dos Campos 02/2015 07/2015 < LOQ < LOQ < LOQ
23 02�41’21.0"S 054�35’59.8"W Rio Moju Moju�ı dos Campos 02/2015 07/2015 < LOQ < LOQ < LOQ
24 02�52’19.2"S 054�23’24.0"W Reservat�orio Curu�a – Una Santar�em 02/2015 07/2015 < LOQ < LOQ < LOQ
25 02�52’54.8"S 054�24’31.5"W Reservat�orio Curu�a – Una Santar�em 02/2015 07/2015 < LOQ < LOQ < LOQ
26 02�52’17.6"S 054�24’31.5"W Reservat�orio Curu�a – Una Santar�em 02/2015 07/2015 < LOQ < LOQ < LOQ
27 02�52’42.2"S 054�23’37.7"W Reservat�orio Curu�a – Una Santar�em 02/2015 07/2015 < LOQ < LOQ < LOQ
28 02�51’50.6"S 054�22’51.1"W Reservat�orio Curu�a – Una Santar�em 02/2015 07/2015 < LOQ < LOQ < LOQ
29 02�52’13.2"S 054�23’00.0"W Reservat�orio Curu�a – Una Santar�em 02/2015 07/2015 < LOQ < LOQ < LOQ
30 02�53’22.9"S 054�24’24.6"W Reservat�orio Curu�a – Una Santar�em 02/2015 07/2015 < LOQ 1.93 < LOQ
31 02�37’42.8"S 054�30’14.4"W Açaizal Santar�em 05/2017� 07/2017 2.2 Na Na
32 02�37’42.6"S 054�30’12.2"W Açaizal Santar�em 05/2017� 07/2017 9.7 Na Na
33 02�37’35.7"S 054�30’22.0"W Açaizal Santar�em 05/2017� 07/2017 6.0 Na Na
34 02�37’33.7"S 054�30’20.4"W Açaizal Santar�em 05/2017� 07/2017 < LOQ Na Na
35 02�38’08.3"S 054�30’25.5"W Açaizal Santar�em 05/2017� 07/2017 < LOQ Na Na
36 02�45’53.1"S 054�23’09.2"W Guaran�a Santar�em 05/2017� 07/2017 < LOQ Na Na
37 02�45’54.1"S 054�23’10.2"W Guaran�a Santar�em 05/2017� 07/2017 8.3 Na Na
38 02�48’02.3"S 054�26’09.9"W Boa Sorte Moju�ı dos Campos 05/2017� 08/2017 3.8 Na Na
39 02�48’15.1" S 054�26’09.2"W Boa Sorte Moju�ı dos Campos 05/2017� 08/2017 1.5 Na Na
40 02�48’01.9"S 054�26’12.0"W Boa Sorte Moju�ı dos Campos 05/2017� 08/2017 < LOQ Na Na
41 02�53’12.8"S 054�28’33.6"W Riacho Verde Moju�ı dos Campos 05/2017� 08/2017 2.2 Na Na
42 02�53’14.0"S 054�28’40.4"W Riacho Verde Moju�ı dos Campos 05/2017� 08/2017 1.6 Na Na
43 02�53’06.9"S 054�28’38.5"W Riacho Verde Moju�ı dos Campos 05/2017� 08/2017 < LOQ Na Na
44 02�52’49.1"S 054�28’32.0"W Riacho Verde Moju�ı dos Campos 05/2017� 08/2017 2.0 Na Na
45 02�52’48.6"S 054�28’08.8"W Riacho Verde Moju�ı dos Campos 05/2017� 08/2017 2.3 Na Na
46 02�52’00.6"S 054�27’23.8"W Riacho Verde Moju�ı dos Campos 05/2017� 08/2017 1.7 Na Na
47 02�47’56.0"S 054�26’08.4"W Boa Sorte Moju�ı dos Campos 05/2017� 08/2017 < LOQ Na Na
48 02�41’12.1"S 054�38’35.1"W Rio Moju�ı Moju�ı dos Campos 05/2017� 08/2017 < LOQ Na Na
49 02�49’07.9"S 054�44’37.6"W Patau�a Moju�ı dos Campos 05/2017� 08/2017 < LOQ Na Na
50 02�49’03.9"S 054�44’43.1"W Patau�a Moju�ı dos Campos 05/2017� 08/2017 < LOQ Na Na
51 02�52’36.5"S 054�45’05.4"W Palhau do Una Moju�ı dos Campos 05/2017� 08/2017 < LOQ Na Na
52 02�52’38.1"S 054�45’01.1"W Palhau do Una Moju�ı dos Campos 05/2017� 08/2017 < LOQ Na Na
53 02�51’24.8"S 054�43’36.0"W Onça Moju�ı dos Campos 05/2017� 08/2017 < LOQ Na Na
54 02�46’56.8"S 054�42’11.5"W Brilhosa Moju�ı dos Campos 05/2017� 08/2017 < LOQ Na Na
55 02�41’04.4"S 054�36’19.7"W Rio Moju�ı Moju�ı dos Campos 05/2017� 08/2017 < LOQ Na Na
56 02�41’20.9" 054�35’59.8"W Rio Moju�ı Moju�ı dos Campos 05/2017� 08/2017 < LOQ Na Na
57 02�48’49.6" 054�26’19.9"W Boa Sorte Moju�ı dos Campos 05/2017� 08/2017 < LOQ Na Na
58 02�52’09.2" 054�44’51.5"W Palhau do Una Moju�ı dos Campos 05/2017� 08/2017 < LOQ Na Na
� Samples were lyophilized 2–3 days after arriving in the Laboratory; Na: not analyzed.
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