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ABSTRACT

Sediments in Lake Izabal, Guatemala, contain substantial lead (Pb), zinc (Zn), and nickel (Ni).
The lack of historical data for heavy metal concentrations in the sediments makes it difficult
to determine the sources or evaluate whether inputs of metals to the lake have changed
through time. We measured the relative abundances and concentrations of Pb, Zn, and Ni
by X-Ray Fluorescence core scanning and by Inductively Coupled Plasma Optical Emission
Spectrometry in three sediment cores to explore stratigraphic distributions of metals in the
lake deposits. High amounts of Pb and Zn in the core taken near the Polochic Delta suggest
that galena and sphalerite mining increased Pb and Zn delivery to Lake Izabal between "1945
and 1965 CE. An up-core Ni increase in the core taken near a different mine on the north
shore of Lake Izabal suggests that recent nickel mining operations led to an increase in Ni
concentrations in the local sediments, but amounts in the other cores indicate that Ni is
not widely distributed throughout the lake. Sediment cores from Lake Izabal are reliable
recorders of heavy metal input to the lake, and were measured to establish background
metal levels, which would otherwise be unavailable. Concentrations of Pb, Zn, and Ni in
older, pre-20th-century Lake Izabal sediments reflect input from natural erosion of bedrock.
Our results provide previously unavailable estimates of background metal concentrations
in Lake Izabal before the onset of mining. These results are necessary for future monitoring
related to mining contamination of the lake ecosystem.

© 2019 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction

studies found that some metals (e.g., lead [Pb], zinc [Zn],
and nickel [Ni]) are common in some aquatic ecosystems,
where they can be biomagnified in food webs (Bryan and

Heavy metals in the environment have the potential to be Langston, 1992; Tao et al., 2012; Chatta et al., 2016; Chu et al.,

toxic to biota when concentrations become sufficiently high
(Jaishankar et al., 2014; Bansal and Ashtana, 2018). Recent
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2019). Organisms in Pb-contaminated ecosystems are some-
times consumed by humans and cause oxidative stress that
can damage cells, nerves, brain, and kidneys (Martin and
Griswold, 2009; Jaishankar et al., 2014), especially in children
and pregnant women (Needleman, 1998). Exposure to Ni can
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Table 1 - List of Pb, Zn and Ni mines in the Lake Izabal catchment, their size, the type of extracted material, and start/end

dates of mineral extraction. Numbers are associated with the mines shown in B.

Mine Area (km?) Material extracted Date of operation*
1. Montana Caquipec 1 Pb, Zn, Ag 1947-1962

2. Secochoy 8 Galena, Smithsonite, Cerrusite, Pb, Ag, Zn 1999 - current

3. La Meca-1 1 Pb, Zn, Ag 1994 - current

4, Chatala 100 Ni, Pb, Zn, Ag, Au, other minerals 2005 - current

5. Extraccién Minera Fénix 248 Ni, Co, other minerals 1970 - 1980/2006 — current
6. Sechol III 1 Ni, Co, Cu, Zn, Pb, Au, Ag, other minerals 2012 - current

7. Niquegua Montufar 31 Ni, Co, other minerals 2013 - current

8. Minera Sechol 15 Ni, Co, other minerals 2013 - current

9. Selipek 38 Ni, Fe 2014 - current

10. Nabej 57 Ni, Fe, other minerals 2014 - current

11. San José del Lago 25 Ni, Co, Au, Ag, Pb, Zn, other minerals 2015 - current

12. Sebax 24 Pb, Zn, Au, Ag, Cu 2012 - current

13. Sarroguacax II 1 Pb, Zn, Ni, Cu, Au, Ag, other minerals 2007 - current

14. Llano Largo 60 Pb, Zn, Ni, Ag, Au, Co, Cu, Cd, other minerals 2007 - current

Source: Ministry of Energy and Mines, Guatemala

*The end date of mining licenses is not always reported because of extensions or administrative procedures.

cause nausea, dizziness, headache, weakness (WHO, 2005),
and dermatitis (Thyssen et al., 2007). Nickel in the environ-
ment is also associated with nasal, larynx, and lung can-
cer (Cempel and Nikel, 2006; Goodman et al., 2011). Expo-
sure to Zn can lead to anemia and damage to the pan-
creas and kidneys (ATSDR, 2005). The realization that heavy
metals can cause health problems has led to efforts to re-
duce human exposure to such metals (e.g. elimination of
Pb from gasoline, reduction of Pb concentrations in paint,
plumbing systems, and ceramics, and utilization of nanopar-
ticles to remove Ni and Zn from surface waters and soils
(Goldin, 2008; Tchounwou et al.,, 2012; Rathor et al., 2014).
Nevertheless, anthropogenic sources of metals (e.g., mining,
smelting, effluent from wastewater treatment plants, indus-
trial processes, atmospheric fallout from fossil fuel combus-
tion, and urban runoff) and natural sources (e.g., weather-
ing of bedrock, volcanic eruptions) persist in the environment
(Nriagu and Pacyna, 1988; Mcllveen and Negusanti, 1994;
Rengberg et al.,, 1994; Heyvaert et al.,, 2000; ATSDR, 2005;
Bradl, 2005; Thevenon et al., 2011; Tchounwou et al., 2012;
Rathor et al., 2014).

Heavy metal contamination is a common problem in
Guatemalan lakes and rivers. Oliva (2007) found high con-
centrations of Pb (41 mg/g dw (dry weight)) and chromium
(Cr) (167 mg/g dw) in surface sediments from Lake Petén
Itza, northern Guatemala. In the same study, she found Cr,
Pb, Zn, Ni and mercury (Hg) in the endemic cichlid fish Pe-
tenia splendida, which is consumed by inhabitants in the re-
gion. Perez et al., 2010 analyzed three indicators of pollution
and urban development in sediment cores from the same
lake: Copper (Cu; 23 ng/g), Zn (21 pg/g), and Pb (23 ng/g).
Perez et al. (2014) found 20 ug/L of Arsenic (As) and 4.28 ug/L of
Hg in water samples from Lake Atitlan, northwest Guatemala,
where indigenous Maya communities drink water from the
lake. Brocard et al. (2016) found a 50-fold increase (When com-
pared to natural background levels) in Cr concentrations in
Lake Chichoj, Central Guatemala, which was a result of leather
tanning from an active shoe factory that has operated since
1914. These studies show that heavy metal contamination in
Guatemalan lakes is a widespread problem that requires fur-
ther investigation.

Pb, Zn, and Ni mining activities near Lake Izabal (Fig. 1B,
Table 1) have gained substantial attention because of possible
contamination of the watershed, which hosts protected forest

land and endangered species. Furthermore, the lake is used
as a source of food and drinking water by local communities
(Aldana and Abate, 2016). The lack of baseline information on
metals in the Lake Izabal water column and sediments, i.e. be-
fore mining and smelting operations in the catchment, makes
it difficult to assess the impact that these activities have had,
and continue to have, on the lake’s ecosystem.

Several studies of surface sediments in Lake Izabal were
conducted to establish the connection between mining and
heavy metal concentrations. Machorro (1996) found mean
concentrations of 227 ug/g of Ni, 221 ng/g of Pb, and 86 ng/g
of Zn in dried surface sediments. These values were attributed
to natural bedrock erosion of carbonate-hosted Pb-Zn deposits
and Ni-rich laterite soils in the catchment. Pb concentrations
were also tentatively attributed to Pb-Zn mine tailings located
near the Cahabon River, one of the main input tributaries to
Lake Izabal. Because of deteriorating water quality in Lake Iz-
abal, Oliva (2005) and Oliva et al. (2010) began a multi-year
monitoring program to assess heavy metal concentrations in
the watershed and lake. They found concentrations of Pb,
Zn, and Ni in surface sediments similar to those reported by
Machorro (1996). Studies by Machorro (1996) and Oliva and
Oliva (2005, 2010) were, however, inconclusive as to the source
of metals, but mentioned several possibilities, including min-
ing, smelting, mine tailings, natural erosion, and untreated
wastewater.

We measured heavy metal concentrations in recent sed-
iments of Lake Izabal to evaluate pre-disturbance (baseline)
concentrations and to assess if recent values are linked to past
and/or present mining activities in the lake catchment. We de-
termined metal concentrations in sediments that predate the
onset of mining activities in the lake catchment to: (1) evalu-
ate if recent concentrations are similar to those observed in
the past; and (2) assess if heavy metal concentrations have in-
creased since mining activities began near Lake Izabal. We de-
termined that the abundance of mineral deposits in the Lake
Izabal’s catchment, as well as mining activities at different
distances from the lake, have resulted in the observed metal
concentrations in the lake sediment. We also provide previ-
ously unavailable estimates of background metal concentra-
tions, baseline information that is necessary for the agencies
that are monitoring metals in the environment and are tasked
with regulating impacts of current mining operations on the
lake ecosystem.
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Fig. 1 - (A) Location map of the study area in Guatemala. (B)
Pb, Zn and Ni mines in the Lake Izabal watershed (yellow
contour) along the two main input tributaries to Lake
Izabal, the Polochic and Cahabon Rivers. (C) Close-up view
of the western end of Lake Izabal, showing the locations
where the three study cores were collected. (For
interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Study area

Lake Izabal is located in northeastern Guatemala (Fig. 1), has
a surface area of 672 km?, a maximum water depth of 15 m,
and an estimated water residence time of 0.55 yr (Brinson and
Nordlie, 1975). Izabal is the largest lake in the country and
has two major rivers within its catchment, the Cahabon and
Polochic (Fig. 1B). The two rivers together contribute 70%-—
78% of input water to the lake (Brinson, 1973; Brezonik and
Fox, 1974; Brinson and Nordlie, 1975; Michot et al., 2002;
Barrientos, 2005; Medina et al., 2009). The main outflow from
the lake is the Dulce River, which flows from the northeast
end of the lake, through another shallow basin (El Golfete;
Zmax = 4.5 m), into the Caribbean Sea. Average annual tem-
perature in the area is 25.2 °C and mean annual precipita-
tion is 2992 mm (Brinson, 1973; Brinson and Nordlie, 1975;
Barrientos, 2005). The lake is polymictic, though a weak ther-
mocline, which can be established during the warm rainy sea-
son (May-November), disappears rapidly with the onset of the
cooler dry season (Brinson and Nordlie, 1975).

Lake Izabal is an important food and drinking water source
for communities around the lake and attracts numerous vis-
itors (Michot et al., 2002; Oliva, 2010). A large wetland at
its western end is habitat for many aquatic species, migra-
tory birds, and mammals, including the endangered West
Indian manatee (Michot et al., 2002; Binimelis et al., 2007).
The lake has obvious socioeconomic importance, but more
than 50 years of human activity in the watershed have had
measurable negative effects on the lake ecosystem (Obrist-
Farner et al., 2019).

There are several mines in the Lake Izabal catchment,
but only two have been heavily exploited. Montana Caquipec
(Fig. 1B; Table 1) is a Pb-Zn mine near Coban, Alta Verapaz,
along the Cahabon River (ICEFI, 2014; Fig. 1B). It was active
between 1947 and 1962, and when abandoned, 100,000 mt
(MT) of tailings were left behind (Van Wouw and Minaar, 2013).
The second mine, Extraccién Minera Fénix, located in the
Santa Cruz Mountain Range (Fig. 1B; Table 1), has Ni-rich lat-
erite soils and was exploited in the early 1960s (Brinson, 1973;
Harju, 1979). Mining operations ceased in 1982 and began
anew in 2013, and has produced ferronickel since then.

1. Materials and methods

We collected three sediment cores (LI1, LI2, and LI3; Fig. 1C)
from Lake Izabal in June 2017, from a wooden platform
mounted on plastic barrels. We used two coring devices, a
mud-water interface (MWI) piston corer for the uppermost (<
1m),unconsolidated sediments (Fisher et al., 1992) and a mod-
ified Livingstone piston corer (Livingstone, 1955) with polycar-
bonate core tubes for the deeper sediments. MWI cores were
sectioned at 3-cm intervals in the field and placed in labeled
Whirl-Pak™ bags. Deeper, more consolidated sediment sec-
tions were kept inside the polycarbonate core tubes and trans-
ported to the laboratory for analysis.

Core LI1 was collected in 3.4 m of water in the northwest-
ern sector of the lake (15.49° N, 89.38° W, Fig. 1C). This loca-
tion was chosen because of its proximity to the Ni-processing
plant, which we suspected might be a source of Ni input to the
water body. We collected 45 cm with the MWI corer and 88 cm
with the Livingstone corer for a total core depth of 133 cm.
Core LI2 was collected in 5.0 m of water near the Polochic Delta
(15.45° N, 89.35° W; Fig. 1C). This location was chosen for its
proximity to the Polochic River, the main tributary to the lake,
to explore if upstream mining activities in the catchment have
contributed metals to the lake. We collected 70 cm with the
MWI corer and 435 cm with the Livingstone corer, for a total
core depth of 505 cm. Core LI3 was collected in 5.7 m of water
in the southwest part of the lake (15.40° N, 89.26° W; Fig. 1C).
The coring location was chosen because it is far from tribu-
taries and human activities and we consider it our “control”
site. We retrieved 51 cm with the MWI corer and 404 cm with
the Livingstone corer, for a total core depth of 455 cm.

Samples were shipped to the University of Florida, where
intact cores in their polycarbonate tubes were run through a
GeoTek multi-sensor core logger to measure sediment density
and magnetic susceptibility (MS). Next, cores were cut in half
lengthwise and run through the GeoTek core logger to obtain
continuous, high-resolution digital images. Half of each core
section was stored at the University of Florida, and the other
half was shipped to Missouri University of Science and Tech-
nology (Missouri S&T) for detailed sedimentological descrip-
tion and geochemical analyses.

Sediment cores were dated using 21°Pb, 137Cs, and/or 4C.
For 21°Pb and 1¥’Cs analyses, samples were dried at 60 °C for
24 h and ground to a fine powder. Weighed samples were
placed in gamma tubes, sealed with epoxy glue, and allowed to
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Table 2 - AMS !4C dates from the LI2 core, their stratigraphic position, and the type of organic matter used for radiocarbon

dating.

Depth (cm) Sample Type 14C age + error Status Modeled date (CE)
112 Plant/Wood 340+15 Rejected 1942
181 Plant/Wood 165+15 Accepted 1883
220 Plant/Wood 165+10 Accepted 1856
394 Plant/Wood 1130+15 Rejected 1737
471 Plant/Wood 135+15 Accepted 1685
500 Plant/Wood 225+15 Accepted 1660

Table 3 - AMS !4C dates from the LI3 core, their stratigraphic position, and the type of organic matter used for radiocarbon

dating.

Depth (cm) Sample Type 14C age + error Status Modeled date (CE)
108 Plant/Wood 145+20 Accepted 1818

214 Plant/Wood 235+15 Accepted 1621

304 Plant/Wood 450+15 Accepted 1403

368 Plant/Wood 815+15 Accepted 1173

445 Plant/Wood 1230+15 Accepted 733

stand for 21 days. 2'9Pb, 137Cs, and %*Ra activities were mea-
sured by gamma counting using an EG&G Ortec germanium
detector (Schelske et al., 1994). Uppermost (0-100 cm) deposits
in core LI2 were counted at 3-cm intervals. Two age-depth rela-
tions were developed for the core. The first used the constant
rate of supply (CRS) 2!°Pb model, which assumes that atmo-
spheric (unsupported) 21°Pb was delivered to the sediment at
a constant rate over the last 100-150 years (Goldberg, 1963;
Krishnaswamy et al., 1971; Appleby and Oldfield, 1978). The
second was developed utilizing the 1¥Cs peak at 69-72 cm,
which identifies the 1963 peak in atmospheric atomic bomb
testing. We assumed a constant, linear sediment accumula-
tion rate from that date to the top of the core, and extrapo-
lated that mean rate to a core depth of 100 cm. We did not
date core LI1 using ?'°Pb and ¥’ Cs because of its proximity to
dated core LI2. Instead, we assumed a sediment accumulation
rate for LI1 that was the same as that derived for LI2.

Six wood fragments for AMS radiocarbon analysis were col-
lected from core LI2 (Table 2) and five were collected from
core LI3 (Table 3). Samples were washed using deionized wa-
ter and submitted to the National Ocean Sciences Accelerator
Mass Spectrometry (NOSAMS) Facility at Woods Hole Oceano-
graphic Institution. Radiocarbon dates were calibrated us-
ing the IntCall3 calibration curve (Reimer et al., 2013). Age-
depth models for cores LI2 and LI3 were developed with
Bayesian statistics, utilizing the Bacon version 2.2 package in
R® (Blaauw and Christen, 2011).

X-ray fluorescence (XRF) scanning for measures of Pb, Zn,
and Ni was carried out at the University of Minnesota Du-
luth, using an ITRAX XRF core scanner with a Cr source tube
at 30 kV and 55 mA, at 0.5-cm resolution with a 15-second
dwell time. X-radiographs of the cores were collected using a
Cr source tube running at 60 kV and 30 mA, with variable expo-
sure times adjusted to the density of the sediments. Subsam-
ples from the MWI cores were homogenized and placed in 2-
cm? plastic containers and scanned at 1-mm resolution to ob-
tain 20 measurements per sample. A Cr source tube was uti-
lized at 30 kV and 55 mA, with a 15-second dwell time. To con-
strain XRF measures and obtain quantitative results, concen-
trations of Pb, Zn, and Ni in subsamples were quantified using

a Perkin Elmer AVIO 200 Inductively Coupled Plasma Optical
Emission Spectrometer (ICP-OES) at the Center for Research in
Energy and Environment at Missouri S&T. Subsamples were
selected based on XRF results and core chronology, focusing
mainly on the last 50 years. We conducted ICP-OES analysis
on six samples from the uppermost part of core LI1 (between
0 and 42 cm) and eight samples from the uppermost part of
core LI3 (between 0 and 51 cm). For core LI2, we analyzed 20
samples throughout the core, focusing on the section where
major changes occur (60-125 cm). Samples were dried at 90 °C
for 8 h. About 0.5 g of ground sediment was weighed into a 50-
mL polypropylene container with 2 mL of HNO3 (50%), 2 mL of
HCI (20%) and 2 mL of H,0, (30%). The contents were heated
in a hot block at 90 °C for 1 h following the EPA 200.7 method
for determination of metals in sediment samples (EPA, 1991).

Once samples were partially digested, they were cooled
and filtered through a Thermo Scientific 0.45-um Polyte-
trafluoroethylene (PTFE) filter. Mono-element standard solu-
tion (1000 ppm) for each element was diluted in 2% HNO;
to prepare a multi-element (Pb, Zn, and Ni) calibration curve
that ranged from 0.1 to 100 mg/L. The ICP-OES was calibrated
with a four-point curve. All reagents were of the highest qual-
ity (i.e. trace metal grade, SupraPUR®) and all dilutions were
made with high-purity water (18.2 mQ/cm). For quality con-
trol, reagent blanks were used and replicate samples were an-
alyzed every 14 samples. Heavy metal concentrations repre-
sent the average of three measurements. Matrix spike recov-
ery was 103%.

2. Results
2.1.  Chronology

2.1.1. CoreLI2

Total 19Pb activity in core LI2 declines with depth from the top
of the core to a depth of 100 cm (Fig. 2A; Obrist-Farner et al.,
2019). 2?6Ra activity, however, displays a general decrease from
0 to 70 cm, but then increases from 70 to 100 cm. 2?°Ra
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Fig. 2 - (A) 137Cs, total 21°Pb and 226Ra activities versus
depth for core LI2. The 137Cs peak occurs at 72 cm depth. (B)
Linear sedimentation model, utilizing the 1*’Cs peak and
assuming a constant linear sedimentation rate from the
peak to the top of the core and extrapolated to 100 cm.
Modified from Obrist-Farner et al. (2019). (For interpretation
of the references to color in this figure legend, the reader is
referred to the web version of this article.)

activity exceeds total 21°Pb activity in the core section from 70—~
100 cm, indicating disequilibrium between the two radionu-
clides. 29Pb dates derived from the CRS model are inconsis-
tent with the 1963 137Cs peak at 69-72 cm (Fig. 2A). The ?1°Pb
date at 72 cm is "1900 CE, suggesting a "60-year discrepancy
between the dates from the two radionuclides. We opted to
use the 1¥Cs peak to date the core, for two reasons. First,
downcore disequilibrium between 2?°Ra and 21°Pb is evident
and may contribute to dating uncertainty higher in the core
(Brenner et al., 2004). Second, the ¥ Cs date for onset of rises
in Pb and Zn concentrations in core LI2 is consistent with the
historical record of mining in the watershed. We thus used
the 1%7Cs-based chronology to assess recent changes through
time in cores LI2 and LI1.

Samples from 112 and 394 cm in core LI2 yielded anoma-
lously old *C ages (Table 2; Obrist-Farner et al., 2019) and were
not used in the age-depth model. We ultimately utilized four
14C dates, the 137Cs peak at 72 cm, and the year of core col-
lection (2017 CE) to constrain the age-depth model. The re-
sulting model (Fig. 3A) yields a linear sedimentation rate that
is almost constant, "1.4 cm/yr. The bottom of the core has a
weighted mean date of 1660 CE, with a 20 date range of 1550
1679 CE (Fig. 3A; Obrist-Farner et al., 2019). Results from the LI2
core are discussed with respect to the weighted mean dates
from the age-depth model.

2.1.2. Corell3

Dates on terrestrial wood from the LI3 core were all in strati-
graphic order and basal sediments are older than bottom
deposits in core LI2 (Table 3). We used five C dates and
the year of core collection, i.e. the top of the core (2017
CE), to constrain the age-depth model. The resulting model
(Fig. 3B) displays three mean sedimentation rates. From the
bottom of the core at 455 cm (730 CE) to 300 cm depth
("1400 CE), the linear sedimentation rate was 0.33 cm/yr
(Fig. 3B). The sedimentation rate from 300 to 200 cm ("1650
CE) was 0.38 cm/yr. From 200 cm to the top of the core
(2017 CE), the sedimentation rate was "0.5 cm/yr. We describe
results from the LI3 core with respect to weighted mean dates
generated by the age-depth model (Fig. 3B).

Year Year

1950 | 1750 1550 1350 1150 950 750 1950 | 1750 1550 1350 1150 950 750

100 1004

200 !

300 ’

400

Depth (cm)
Depth (cm)

3004

4004

5004 500

Fig. 3 - (A) Core LI2 age-depth model based on four
calibrated 14C dates, the 13’Cs peak, and the date of core
retrieval (2017). Modified from Obrist-Farner et al. (2019).
Red line shows the weighted mean age-depth model used
in this study. Black dotted line from the surface to a depth
of 100 cm represent age-depth model using 1*’Cs. (B) The
LI3 age-depth model based on five 1*C dates and the date of
core retrieval (2017). Red line shows the weighted mean
age-depth model used in this study. (For interpretation of
the references to color in this figure legend, the reader is
referred to the web version of this article.)

2.2. Core description

2.2.1. Corelll

The LI1-MWI core consists of gray mud that is rich in organic
debris, with some intervals containing silty and sandy red
mud. The consolidated part of the core (133-45 cm) can be
subdivided into two parts. The lower part, from 133 to 80 cm
("1922-1959 CE) is sandy, with very coarse to coarse sand and
granules. A thin bed of clay from 103 to 101 cm (71943-1945
CE) separates the sandy interval in two. Both sandy intervals
are moderately to poorly sorted and contain abundant lithic
and mica grains. The sandy interval has higher density and
magnetic susceptibility (MS) values than those observed in the
muddy interval above (Fig. 4). The upper part of the consoli-
dated segment, from 80 to 45 cm (71959 to 1987 CE), is charac-
terized by gray, sometimes laminated mud, with macroscopic
organic debris and woody material. The interval contains lam-
inae and thin beds, as seen in radiographic images. Density
and MS values in this interval are low, with some particularly
low-density values where there are abundant organic frag-
ments (Fig. 4).

2.2.2. Corell2

The LI2-MWI core consists of gray to dark gray mud, with in-
tervals of olive to olive-gray mud. The consolidated part of the
core can be subdivided into four parts. The deeper part, from
505 to 260 cm ("1660-1810 CE), is composed of dark, olive-gray
to very dark gray silty mud. The interval is characterized by a
uniform, massive structure, with scattered laminae and thin
beds, as seen in radiographic images. Density and MS show
small variations throughout the interval (Fig. 5). From 260 to
203 cm (71810-1850 CE), the sediment is composed of dark
gray and olive mud. Thick laminations and thin beds are com-
mon and apparent in the radiographic images (Fig. 5). Den-
sity and MS show several pronounced peaks in this interval
(Fig. 5). From 203 to 192 cm ("1850-1860 CE), the core is com-
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Fig. 4 - Core description, core photograph, density, magnetic
susceptibility, and Pb, Zn and Ni XRF profile for LI1. Note
the high Ni and the relatively constant Pb and Zn values.
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Fig. 5 - Core description, core photographs, density,
magnetic susceptibility and Pb, Zn and Ni XRF profile for
the LI2 core, modified from Obrist-Farner et al. (2019).
Up-core increases in Pb and Zn indicate a deviation from
background levels that occurred between 1945 and 1965,
suggesting an anthropogenic source of Pb and Zn. For
legend, see Fig. 4.

posed of light olive-brown, medium-to-coarse muddy sand.
Sand grains are sub-rounded to rounded, and the interval is
moderately well sorted, with no clear grain-size trend. Den-
sity and MS are highly variable in this interval, with higher
values than those observed above (Fig. 5). The uppermost part,
from 192 to 70 cm ("1860-1965 CE), is composed of olive gray
mud with intervals that are rich in plant remains. The interval
appears to be mottled and contains small, broken shell frag-
ments. Density and MS values vary throughout the interval
(Fig. 5) and radiographic images show laminations and thin to
medium beds in this core segment (Fig. 5).
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Fig. 6 — Core description, core photograph, density,
magnetic susceptibility, and Pb, Zn and Ni XRF profile for
LI3. Metal values remain relatively constant throughout the
core. For legend, see Fig. 4.

2.2.3. Corell3

The deeper part of the LI3-MWI core, from 455 to 51 cm (7750-
1923 CE), is composed of homogenous mud, with silty and
sandy intervals. Organic debris is common throughout this
part of the core. Some intervals appear to be thinly laminated,
as is evident in radiographic images (Fig. 6). The radiographic
images indicate that the core contains laminations and thin to
medium beds, which were not evident during visual inspec-
tion of the core. The uppermost part of the LI3-MWI core is
characterized by gray to olive-gray mud (51-0 cm; "1923-2017
CE).

2.3.  Core geochemistry

Element abundances, measured by XRF scanning of the three
cores, display a wide range of values. We focus on the relative
abundances (XRF scans) and concentrations (ICP-OES) of Pb,
Zn, and Ni because these elements are the targets of mining
operations in the Lake Izabal catchment.

2.3.1. Corelll
Pb, Zn, and Ni profiles display different trends (Fig. 4). Pb shows
large variability throughout the core, with relative abundances
ranging from 50 to 350 counts per second (c/s). Zn is rela-
tively constant in the lower, sandy portion of LI1 (Fig. 4). In the
muddy interval, however, Zn is highly variable, displaying sev-
eral peaks and troughs. Overall, values range from 1000 to 2500
c¢/s. Nirelative abundance displays high variability throughout
the core. Highest values were measured in the lower, sandier
section of the core, with values ranging from 2300 to 3300 c/s.
Thereafter, Ni values decrease, with values typically ranging
from 1600 to 2000 c/s. Higher values, ranging from 2500 to
3000 c/s, occur again from 45 cm (71985 CE) to the top of the
core.

ICP-OES results are similar to XRF results in the upper
42 cm of the core ("1987 CE). Pb increases from 20 to 38 parts
per million (ppm) between the sample at 42 cm and the sam-
ple at the surface. This up-core increase is also observed in
both the Zn and Ni concentrations, which show enrichment
from the deepest to the uppermost sample. Zn increases from
a low of 75 ppm at 39 cm (71989 CE) to a high of 124 ppm at the



JOURNAL OF ENVIRONMENTAL SCIENCES 96 (2020) 117-126 123
LIl : L2
Pb (ppm) Zn (ppm) Ni (ppm) Pb (ppm) Zn (ppm) Ni (ppm)
0 20 4075 95 115 135 125 225 325 o 0200 400 0200 400 100 150 200
O T 1 f T T 1 T T ol f 2 T TorrT VT s !
\ \ | v (\ A 12000
i e $ 2010 0=y : &
/ i / o - e ]
/ | / S ——— el (Sl
g . ’ ¢ - * . F1950
g / , , 100 e e ____, [
z / / e 2000 & { ==
=25+ / 7 - ° |
= . % g - % ! (\ 1900
1 . ~ -
= ! . ! 150 ? ! »
/ -
d < . 1990 | / J
N N . J ‘ v
. .
_ w0 - \ H1850
50 L1980 § | ! \ .
= \ \ &
£ 250 { ! =
. . . . . g ! ‘ ! H1800
Fig. 7 - Pb, Zn, and Ni concentrations in the LI1 core. Notice 2 i | |
. . . . . ] . )
the increase in Ni concentration in the upper 30 cm of the 300~ \ ~‘ \
| \
core. There is also a slight increase of Pb concentration in ! ! \
. 350 H1750
the upper part of the core that deviates from background } | \
| | \
levels.
wf ! : .*
/ { ! H1700
a0l | !
P . i | I
surface. Ni increases from a low of 147 ppm at 42 cm to a high / ! ]
of 309 ppm at the surface (Fig. 7). 300 1650

2.3.2. Corell2

The XRF profiles for Pb, Zn, and Ni show distinct trends in the
LI2 core. Both the Pb and Zn relative abundances are constant
from the bottom of the core to a depth of 100 cm (71945 CE).

From 100 cm to 70 cm (71965 CE), there is a dramatic in-

crease in relative abundance for both elements. Pb changes
from 300 to 1200 c¢/s and Zn changes from 1800 c/s to almost
5000 c/s. Both Pb and Zn decrease back to lower values above
70 cm, similar to counts observed in the lower part of the core.
Ni abundance, on the other hand, shows three general trends
throughout the core. From the bottom of the core (505 cm;
"1660 CE) to a depth of 250 cm (71818 CE), the relative abun-
dance of Ni remains relatively constant, with an average of
2500 c/s, and just a few pronounced peaks. Thereafter, there is
an increasing trend in relative abundance from 250 cm (71818
CE) to 70 cm (71965 CE), with several peaks that range between
800 and 2300 c/s. Variability in this interval is high. Ni content
is relatively constant ("1200 c/s; Fig. 5) from 70 cm ("1965 CE) to
the top of the core.

Concentrations obtained via ICP-OES are similar to relative
abundances obtained by XRF (Fig. 8). Concentrations of Pb and
Zn are relatively low and stable in the lower part of the core, up
to a depth of 100 cm (71945 CE). Pb and Zn concentrations in-
crease substantially between 100 and 70 cm (71945-1965 CE),
to 329 mg/kg and 332 mg/kg, respectively. From 70 cm to 0
("1965-2017 CE), average concentrations of Pb ("80 mg/kg) and
Zn ("160 mg/kg) decrease and reach similar concentrations as
those observed in the lower part of the core. ICP-OES-derived
Ni concentrations, on the other hand, display several peaks
and troughs that are not observed in the XRF data. From the
bottom of the core (505 cm; 1660 CE) to a depth of 100 cm, the
concentrations remain relatively constant, between 125 and
160 mg/kg, but a sharp increase to 190 mg/kg occurs at 105 cm
(71934 CE). There is an increase in the concentration of Ni from
80 cm (71959 CE; 100 mg/kg) to the top of the core (160 mg/kg)
(Fig. 8).

2.3.3. Corell3

The XRF profiles for Pb, Zn and Ni show distinct trends in the
LI3 core (Fig. 6). Pb relative abundance displays several peaks,
and values throughout the core range between 150 and 740
¢/s. Zn relative abundances decrease rapidly from the bottom
of the core to a depth of 51 cm (71923 CE), after which Zn shows
the highest values to the surface (2017 CE; 2000 c/s). Several

Fig. 8 - Concentrations of Pb, Zn and Ni, analyzed via
ICP-OES, in core LI2. Large changes between 100 and 70 cm
occur at the same depths where large shifts were detected
by XRF analyses.
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Fig. 9 - Concentrations of heavy metals (Pb, Zn and Ni),
analyzed via ICP-OES, in the upper part of core LI3.

high values, however, were measured at depth in the profile
and are comparable to those in the surface sediment (2000
¢/s). Variability in Ni relative abundance is greater than that for
Pb and Zn throughout the core. Values between 455 cm (720
CE) and 71 cm (71886 CE) are variable, with relative abundance
of Ni ranging between 1800 and 3200 c/s. Thereafter, there is
a sharp increase (3100 c/s) at 65 cm (1900 CE). The topmost
part of the core (50-0 cm) has values ranging between 1300
and 2000 c/s.

Concentrations of Pb and Zn (Fig. 9) in the upper part of
the core, from 51 to 0 cm (71923-2017 CE), are variable and
lower than values observed at the other two study locations.
The highest Pb concentration was obtained at the surface
(17 mg/kg), whereas the highest concentration of Zn was ob-
tained at 3 cm (89 mg/kg). Ni concentration increases above
30 cm in the core ("1962 CE; 157 mg/kg), with the highest con-
centration observed at 6 cm (2006 CE; 180 mg/kg).
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3. Discussion

Relative abundances and concentrations of Pb, Zn, and Ni in
the three cores from Lake Izabal suggest recent heavy metal
contamination of the sediment, especially during the last ~
60-70 years. Data from the three cores indicate that point
sources contributed to higher metal concentrations in the
lake sediments, near to where such metal contamination en-
tered the lake, and that spatial redistribution of metals in the
lake was minimal. Redistribution probably did not occur be-
cause Lake Izabal is a freshwater, mildly alkaline lake (pH
7.5-8.4; Dix et al., 1999), making galena (7.4-7.6 g/cm3), spha-
lerite (3.9-4.2 g/cm?3), and garnierite (1.56-1.6 g/cm?) particles,
the dominant hosts of Pb, Zn, and Ni in the area, insoluble
(Daskalakis and Helz, 1993; Liu, et al., 2007; Wells et al., 2009).
Furthermore, these minerals are denser than other minerals
in the sediment cores (e.g., quartz), resulting in rapid deposi-
tion. High sediment accumulation rates, as measured in LI2
(1.4 cm/yr) and inferred for LI1, bury such metal particles
rapidly, reducing the likelihood of redistribution. XRF profiles
for LI1 indicate that metal abundances in the area remained
fairly constant for the last 100 years, especially for Pb and Zn.
High abundance of Niin the lower sandy interval of LI1 is inter-
preted to represent a time of greater erosion from the north-
ern mountain range, where there are Ni-rich laterite deposits.
Similar abundances of Ni are not observed again until the up-
permost, muddy part of the core, indicating a possible increase
in Ni delivery. The recent increase correlates temporally to the
onset of Ni mining in the Lake Izabal area. This increase is
also observed in the ICP-OES results, which show that higher
amounts of Ni began accumulating in the area between "1999
and 2007 CE, reaching a maximum of 310 ppm today. Tempo-
ral correlation of Ni mining in the area and upward increase in
Ni concentration in LI1 might be a coincidence because sim-
ilar Ni abundance is observed in the lower (pre-mining) and
upper parts of the LI1 core. By examining sediments along the
north shore of Lake Izabal, far from the Ni mine (Fig. 1B), it
may be possible to determine if the increase in Ni is restricted
to the area near the mine, or if rivers that drain the laterite-
rich soils of the northern mountain range are responsible for
increasing Ni concentration in the lake.

XRF profiles for LI2 also show changes in heavy metal abun-
dances and concentrations. Pb and Zn abundances are rel-
atively constant throughout the core, but increase between
"1945 and 1965 CE. Such increases are also observed in ICP-
OES-measured concentrations, which show Pb increased from
79 to 329 ppm, and Zn from 115 to 332 ppm in the 20-year in-
terval. High levels indicate rapid, high input of metals from the
catchment to the lake, and their delivery to the core site near
the Polochic Delta. Temporal correlation between high Pb and
Zn concentrations in the core and activation of the Caquipec
mine near the Cahabon River (Machorro, 1996; ICEFI, 2014)
suggests a cause-and-effect relation between the two. If so,
the Cahabon River was probably severely contaminated dur-
ing metal extraction at the mine site near Coban.

Ni abundance in LI2, on the other hand, shows no such
recent increase in concentration (Fig. 5). Furthermore, ICP-
OES-derived concentrations (Fig. 8) differ from the XRF results
(Fig. 5), the former remaining fairly close to "150 ppm and
showing a slight decrease between "1945 and 1965 CE. XRF
profiles for the three studied metals in LI3, i.e. the “control
core,” show little variation through time. Such data indicate
that metals from point sources did not reach the southern
shore of Lake Izabal, i.e. that distant transport or redistribu-
tion of metals from point sources did not occur.

Previous studies demonstrated the utility of analyzing sed-
iment cores to establish background levels of heavy metals
(Iskandar and Keeney, 1974; Callender and Van Metre, 1997;

Heyvaert et al., 2000; Guyard et al.,, 2007). The studies of
Machorro (1996), Oliva (2005), and Oliva et al. (2010) in Lake
Izabal showed that metals are abundant in the lake sedi-
ments, but those studies lacked the historical perspective pro-
vided by sediment core data, which are needed to determine
if high metal concentrations were caused by bedrock erosion
or anthropogenic activities. High precipitation in the region
(Perez et al., 2011), coupled with diverse mineral deposits and
bedrock lithology (Bonis et al., 1970; Bartole et al., 2019), can
lead to high metal concentrations in the sediments of down-
stream lakes, simply because of erosion. Metal concentrations
we found in sediment cores from Lake Izabal, in particular Pb
and Zn, are similar to those found in surface sediments from
the lake by Machorro (1996), Oliva (2005) and Oliva et al. (2010).
Concentrations of Ni in surface sediments found by Machorro
(1996; 227 ppm), and those measured in the LI1 core, are higher
than values "25 years ago and indicate that recent, ongoing Ni
extraction north of Lake Izabal has increased Ni in recent de-
posits. Alternatively, the recent increase in concentration is a
result of increased erosion in the northern mountain range
and natural erosion has increased Ni in the lake sediments
(as suggested by values in bottom sediments from LI1). Fur-
thermore, insolubility of garnierite ore in water (Wells et al,,
2009) leads to preferential deposition of Ni near the process-
ing plant (i.e. near the LI1 core site), which prevents its distri-
bution throughout the lake, as evident from the relatively low
Ni concentrations in recent LI2 and LI3 sediments. Examining
lake sediments from sites near inflows of rivers that drain the
northern, Ni-rich mountain range, can provide a clearer pic-
ture of the role of anthropogenic activities on Ni enrichment
in sediments of Lake Izabal and their potential to be redis-
tributed in the lake.

Concentrations of Pb and Zn in the three study cores prob-
ably reflect natural erosion of bedrock, especially because
amounts in sediments have remained constant for >100 years
in LI1, 350 years in LI2, and 1200 years in LI3. Further-
more, there is no upward increase in metal concentrations
that could be linked to population growth, i.e., from greater
wastewater discharge (Figs. 7, 8 and 9). This finding is in con-
trast to other studies that show metals have increased in la-
custrine systems in response to wastewater discharge into
their inflow tributaries (loannides et al., 2015). It is possible
that the wetland on the west side of Lake Izabal acts as a sink,
sequestering nutrients and metals that would otherwise enter
Lake Izabal (Dix et al., 1999; Obrist-Farner et al., 2019).

Pb and Zn concentrations in cores LI1 and LI3 and most
of core LI2, as well as surface sediments from Lake Izabal
(Machorro, 1996; Oliva, 2005; Oliva et al., 2010), are significantly
lower than those measured in sediments from the section of
core LI2 deposited between "1945 and 1965 CE. Those high con-
centrations in core LI2 correlate temporally with galena and
sphalerite extraction in the Coban region (Fig. 1) "70 years ago
(Roberts and Irving, 1957; Van Wouw and Minaar, 2013). Con-
centrations in LI2 during that time are very high and indicate
that contamination of the Cahabon River during the 20 years
of mining was substantial. The high levels are somewhat sur-
prising because it has been shown that heavy metal concen-
trations decrease substantially with distance from mining op-
erations (Rosner, 1998). Pb and Zn contamination in Lake Iza-
bal, "120 km from the Caquipec mine, shows the potential for
contaminants to travel large distances from source areas.

Poor management and lax regulations regarding environ-
mental monitoring during mining operations have hampered
the ability of investigators to assess contamination in Lake Iz-
abal. The studied sediment cores provide estimates of back-
ground metal concentrations in Lake Izabal and confirm that
high heavy metal concentrations in surface sediments were
caused by human activities.
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Although XRF-derived metal profiles are useful, the cause
of some stratigraphic changes is hard to discern. Changes in
the XRF profiles, especially Ni abundance in LI2 and in the up-
per part of LI3 (Zn and Ni abundance), do not correlate well
with concentrations obtained by ICP-OES. Such discrepancies
can be the result of water content in the sediment cores, which
has been shown to affect XRF results (Tjanllingii et al., 2007). It
is unclear why abrupt changes in Ni abundance occur in LI2,
but changes in the upper part of LI3 could result from high
water content in the MWI core samples. Despite the poten-
tial confounding of XRF-derived metal abundance by water,
the combination of XRF analyses and ICP-OES measurements
is a powerful method to establish background metal levels
and evaluate the source(s) of recent, high heavy metal con-
centrations (Audry et al., 2004; Chawchai et al., 2015; Jimenez-
Arias et al., 2016).

The United States Environmental Protection Agency (EPA)
established a limit of 15 parts per billion (ppb) Pb in drink-
ing water and 400 ppm in soils (EPA, 2005; ATSDR, 2017;
EPA, 2019). Although Pb concentrations in sediments in core
LI2 are not that high, the fact that such high concentrations
are found "120 km from the source is reason for concern. The
Cahabon River joins the Polochic River before entering Lake
Izabal, crossing a wetland that local inhabitants use to cul-
tivate crops. EPA established ecological soil screening levels
(ECO-SSLs) that protect biota that live in soils contaminated
by metals (EPA, 2007a, 2007b). Levels in Lake Izabal sediments
are higher than those recommended for ECO-SSLs, especially
Pb and Zn amounts in core LI2, near the Polochic Delta. Future
studies should focus on the sediments of the wetland, espe-
cially zones adjacent to the Polochic and Cahabon Rivers, to
investigate possible soil contamination.

4, Conclusions

This paleolimnological study highlighted the role of natural
erosion and mining activities on the concentrations of metals
in sediments of Lake Izabal, Guatemala. Relative abundances
and concentrations of Pb, Zn, and Ni in the cores are compara-
ble to metal concentrations observed in previous studies. Di-
verse bedrock lithologies, including mafic igneous rocks and
mineral-rich deposits in the lake catchment, are the reason
for metal concentrations observed in the lake. Despite being
“120km away, activity at the Caquipec Mine correlates tem-
porally to the increase in Pb and Zn observed between 1945
and 1965 in the core collected near the Polochic Delta. This
observation suggests long-distance transport of metals. The
Polochic wetland, an area periodically flooded by the Polochic
and Cahabon Rivers, probably trapped large amounts of Pb
and Zn between 1945 and 1965, and should be the focus of
future studies to investigate possible soil contamination. The
increase in Ni observed in the LI1 core correlates temporally to
Ni mining operations in the Lake Izabal area, but natural ero-
sion of bedrock cannot be ruled out as a possible source for
such an increase. Increases in both Pb and Zn in the Polochic
Delta, and Ni along the north shore of Lake Izabal, highlight
the impact of point sources on metal concentrations in the
lake. Metal redistribution, however, is apparently not a con-
cern, at least at the western end of Lake Izabal, as shown by
comparison of metal concentrations in the three cores. In the
future, sediment cores from the east end and along the north-
ern shore of Lake Izabal can be used to test this hypothesis.
Results of this study provide estimates of natural, background
metal concentrations, before anthropogenic activities began
in the lake catchment. The results can inform future monitor-
ing efforts dealing with contamination of the lake ecosystem,

especially those caused by exploration and mining activities
in the area.
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