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Abstract

Elevated concentrations of arsenic (As) and fluoride (F) have been documented within the
volcano-sedimentary aquifers of the Independence Basin Aquifer System in Guanajuato, Mexico
which lies in the Mesa Central (MC) physiographic province on the northern edge of the Trans
Mexican Volcanic Belt (TVMB). The geogenic sources of these contaminants are not well
understood. This study adds to the existing record of the distribution of As and F contamination in
the major aquifers of the basin by analyzing 24 water samples from five urban and rural areas. The
mean As and F concentrations in the Cuenca Alto Rio Laja (CARL) aquifer on the western side of
the basin were ~10 pg/L (median = 36 pg/L) and ~0.5 mg/L (median = 0.8 mg/L), respectively. In
contrast, the mean As and F concentrations in the Laguna Seca (LS) aquifer on the eastern side of
the basin were ~44 pg/L (median = 11 pg/L) and ~5.8 mg/L (2.6 mg/L), respectively. The high
sodium, alkalinity, and low calcium concentrations observed in both aquifers are typical for
fractured acid volcanic geothermal systems which have been observed in many Mexican states.
Boron, lithium, and groundwater temperature showed positive correlations with As (R? = 0.47,
0.68, and 0.55) and F (R?=10.31, 0.73, and 0.57) concentrations. These trace elements and elevated
groundwater temperatures are indicators of water with hydrothermal origins. The drill cuttings
from two boreholes ~500 m in depth were analyzed by X-ray diffraction, petrographic, and
elemental analysis. This work revealed that the volcanic rocks of the CARL aquifer are primarily
comprised of plagioclase, quartz, potassium-feldspar, calcite, volcanic glass, apatite, and iron
oxyhydroxides. Additionally, there are layers of volcanic rocks comprised of pyroxene,
plagioclase, quartz; amphibole, biotite, and apatite. The sedimentary rocks of the LS aquifer are
comprised primarily of plagioclase, potassium feldspar, muscovite, biotite, volcanic glass, apatite,
calcite, and quartz. These sedimentary rocks were deposited on volcanic rocks comprised of
plagioclase, pyroxene, quartz, calcite, apatite, olivine, amphibole, hematite, chlorite, biotite, and
ilmenite. To determine source zones the distribution of leachable F from the drill cuttings of both
boreholes was examined through batch reactors. The leached F concentration profile revealed that
the upper 140 m and lower 400 m of the western and eastern sides of the basin were the dominant
source zones of leachable F. Overpumping in the IBAS has caused water table levels in this aquifer
the decline over time. As these groundwater wells continue to be constructed to deeper depths to

reach groundwater the release of As and F from these sources and the mechanisms controlling As



and F from these subsurface lithologies needs to be understood. The release of both As and F from
the rocks of the western and eastern side of the basin at 400 to ~500 m depths were examined
through pH-adjusted batch reactors with groundwater from the CARL which contained initial As
and F concentrations of ~7.9 pg/L and ~0.8 mg/L; respectively. The dissolution of F-bearing
minerals and adsorption reactions with iron oxyhydroxides display a dominant control on the
changes in As and F concentrations in the groundwater of the CARL aquifer. At pH 5, the rocks
from the 400 — 500 m depth within the CARL aquifer reduced the initial concentrations of As and
F to values of ~5.8 pg/L and ~0.5 mg/L, respectively, after 200 hours. Whereas at a pH of 9 these
rocks leached F increasing its concentration to ~0.9 mg/L. The As concentration was reduced to
~6.3 Hg/L. In contrast to the CARL aquifer rocks, the rocks of the LS aquifer released F at all three
pH values as F-bearing minerals dissolved. Alongside F-bearing mineral dissolution, adsorption
on to iron oxyhydroxide surfaces could be occurring as F concentrations continuously decreased
after 50 hours of reaction. The As concentrations in the rocks from the 400 — 550 m depths of the
LS aquifer released minor amounts of As at pH 7 and 9, increasing the concentration slightly until
50 hours of reaction. During the remaining 150 hours of reaction the As concentrations displayed
a continuous decrease in concentration. At pH 5, however, As concentrations decreased to ~5.7
po/L after 200 hours of reaction. The spatial and kinetic leaching patterns observed in this study,
combined with the mapping of known As- and F-bearing minerals within major rock aquifer
groups on the east and west side of the basin, will suggest initial release or mobilization
mechanisms to future researchers. The mechanisms of initial release and transport of As and F
through aquifers of the Independence Basin should be studied through a combination of laboratory
experiments and reactive flow and transport modeling to determine the migration of As and F from

source rocks to groundwater wells.
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Chapter 1 - Introduction

1.1 Arsenic and Fluoride Contamination in Mexico

The Independence Basin Aquifer System (IBAS) in the state of Guanajuato, Mexico, spans
a surface area of 6840 km? and supplies groundwater for agriculture, industry, and drinking to
approximately half a million people in the urban areas of San Miguel de Allende, San Luis de La
Paz, San Felipe, San Diego de la Union, and Dolores Hidalgo (Mahlknecht et al., 2004; Navarro
de Leon et al., 2005) (Figure 1.1). The IBAS is primarily composed of fractured rhyolitic
ignimbrite deposits that are overlain by alluvial and lacustrine sedimentary deposits with
interstratified layers of volcanoclastic conglomerates and volcanic ash (Mahlknecht et al., 2004).
The groundwater wells emplaced in the sedimentary deposits supply ~80% of the groundwater
used by the inhabitants of the IBAS, while the remaining ~20% of the population extracts
groundwater from fractured rhyolite units (Ortega-Guerrero, 2009). Several studies have
conducted chemical analyses on samples obtained from groundwater wells emplaced in this
aquifer system and found dissolved arsenic (As) and dissolved fluoride (F) concentrations that are
above the World Health Organization’s (WHO) provisional guidelines of 0.010 mg/L and 1.5
mg/L, respectively (Ortega-Guerrero et al., 2002; Mahlknecht et al., 2003; Mahlknecht et al., 2004;
Ortega-Guerrero, 2009). These water samples have also surpassed the Mexican drinking water
standard for Asat 0.025 mg/L (Ortega-Guerrero, 2009). The prolonged consumption of these two
harmful contaminants can result in a plethora of health-related problems. The harmful effect of
consuming As at concentrations greater than the 10 pg/L include, but are not limited to, various
forms of cancer and reproductive effects (Bissen and Frimmel, 2003; WHO, 2004; Kapaj et al.,
2006). The consumption of F above 1.5 mg/L can result in both dental and skeletal fluorosis
(Chouhan and Flora, 2010).

The studies conducted in the IBAS have aided in determining the distribution of elevated
As and F concentrations and the link between the geology of the basin and groundwater. Ortega-
Guerrero et al. (2002) found elevated concentrations of As and F in the IBAS which ranged from
0.010 — 0.120 mg/L and 1.5 — 16.0 mg/L, respectively. The rural communities living the
northeastern extent of the basin are exposed to the highest concentrations of both these
contaminants (Ortega-Guerrero et al., 2002; Ortega-Guerrero, 2009). Investigations by
Mahlknecht et al. (2004) on the groundwater of the IBAS included chemical, isotopic,

petrographic, and mineralogical analyses and concluded through inverse geochemical modeling



that the extraction of paleogroundwater, oxidation of As -bearing sulfides, and the dissolution of
volcanic rocks were the sources of As and F. Almost two decades after these initial measurements
were conducted, Knappett et al. (2018) re-sampled 22 of the groundwater wells sampled by
Mahlknecht et al. (2004) and Ortega-Guerrero (2009). This study suggested increasing F
concentrations in drinking water wells were driven by deeper groundwater extraction, increased
pumping rates, and irrigation return flow which enriches F concentrations through evaporation.
Although these investigations have brought awareness to the presence of these two contaminants
in the region, the specific source rocks and minerals have not been confirmed directly and the
mechanisms controlling these two contaminants in groundwater has not been investigated through
controlled laboratory experiments.

In many states surrounding the state of Guanajuato, aquifers have been identified which
contain elevated As and F concentrations, including: Zacatecas (Navarro et al., 2017), San Luis
Potosi (Jarquin-Yanez et al., 2015), Durango (Martinez-Prado et al., 2013), as well as many other
states (Armienta and Segoiva, 2008) (Table 1.1). Groundwater is the primary source of drinking
water in these states with arid and semi-arid climates. The health-risks from consuming As and F
laden groundwater are increased, relative to more temperate climates, as drier climates induce
increased consumption (Apambire et al., 1997). Furthermore, physical laborers, such as poor
farmers, for example, are likely to consume much more water in a day than people with more
sedentary office jobs. Additionally, the heterogeneous distribution of these two contaminants also
presents a challenge in documenting and managing the health risks (Armienta and Segoiva, 2008;
Mazziotti-Tagliani et al., 2012). The rural populations that are impacted by these contaminants are
especially difficult to monitor as few funding sources support investigations into the water quality

and health of these impacted communities (Kapaj et al., 2006).
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Figure 1.1 Location of the IBAS with respect to Mexico and the state of Guanajuato. Areas
of black indicate major urban areas with connecting roads and basin limits outlined
(Navarro de Leon et al., 2005).

1.2 Arsenic Chemistry

Arsenic is a toxic metalloid that can bond with many other elements to form both inorganic
and organic compounds (Bissen and Frimmel, 2003). These compounds are then released into the
environment from both anthropogenic and natural sources. Anthropogenic sources of As include
mining, fossil fuels, smelting plants, phosphate fertilizers, and pesticides (Smedley and
Kinniburgh, 2002; Kapaj et al., 2006). The natural sources of As include iron (Fe), manganese
(Mn), and aluminum (Al) oxides; some silicate minerals; chlorite; As — bearing sulfides like
arsenopyrite (FeAsS); and over 200 other As-bearing minerals (Simons and Mapes-Vazquez,
1956; Smedley and Kinniburgh, 2002; Smedley et al., 2008; Masuda et al., 2012).

When these anthropogenic and natural sources of As chemically interact with groundwater
they can mobilize As into the environment. The mechanisms that mobilize As include
adsorption/desorption reactions involving Fe (Dixit and Hering, 2003; Kumar et al., 2016), Mn,
and Al oxides; clay minerals; dissolved organic carbon (Smedley and Kinniburgh, 2002);
hydrothermal fluids (Lopez et al., 2012); and the dissolution of As-bearing minerals (Smedley and

Kinniburgh, 2002). Once in groundwater, As can occur in multiple oxidation states, including -3,



0, +3, and +5, although it commonly occurs in the two oxidation states: arsenite (As'"") and arsenate
(AsY) (Smedley and Kinniburgh, 2002; Bissen and Frimmel, 2003). The different oxidation states
of As are capable of protonation through bonding with oxygen and hydrogen to create various
oxyanions depending on the potential hydrogen (pH), redox potential (Eh), and the chemical
composition of an aqueous environment (Hinkle and Polette, 1999; Stollenwerk et al., 2007). In
oxidizing aquifers below a neutral pH value (pH < 6.9), the arsenate species H3AsO4and HoAsO4
are dominant whereas the least protonated arsenate species HAsOs> becomes dominant at pH
values greater than 6.9 (Smedley and Kinniburgh, 2002; Bissen and Frimmel, 2003). In reducing
aquifers with a pH below 9.2, arsenite (HzAsOs) is the dominant species with HAsO*, HAsOz>,
and AsOs* becoming dominant at high pH values (Smedley and Kinniburgh, 2002; Bissen and
Frimmel, 2003). The arsenite species of As is typically more toxic to humans than arsenate
(Reimann et al., 2009).

The WHO established the provisional guideline of 10 pg/L for As based on studies of skin
cancer risks (Kapaj et al., 2006). Prolonged consumption of As can result in both acute and chronic
health-related effects. The acute health effects include vomiting, dryness of the mouth and throat,
muscle cramps, tingling of the hands and feet, circulatory disorders, nervousness, and weakness
(Bissen and Frimmel, 2003). The chronic health effects include loss of reflexes, weariness,
gastritis, colitis, weight and hair loss, hyperkeratosis, hyperpigmentation, cardiovascular disease,
nervous system effects, various forms of cancers, and reproductive effects (Table 1.2; Bissen and
Frimmel, 2003; WHO, 2004; Kapaj et al., 2006). Individuals who are unaccustomed to consuming
As will die upon ingestion of 0.1 — 0.3 g/d (Bissen and Frimmel, 2003).

1.3 Fluoride chemistry

Fluorine is the 13th most common element in the earth’s crust with an average
concentration of 0.3 g/kg (McBride, 1994; Lennon et al., 2004; WHO, 2004). It is the most
electronegative element which is why in water, fluorine forms F ions with a charge of -1.
Anthropogenic sources of F include aluminum smelters, ceramics, brick, glass, and fertilizer
factories (Gago et al., 2014). Natural sources of F include fluorite (CaF>), topaz (Al.SiO4(F,OH),),
fluorapatite (Cas(POs)3(OH,F,Cl) and many accessory minerals (Gaciri and Davies, 1993;
Apambire et al., 1997; WHO, 2004;). F is also known to become part of the lattice structure in
micas through isomorphic substitution, which involves the F ion replacing an ion with a similar
charge and radius, such as the hydroxyl (OH) ion to form F-rich biotite (KFe3(AlSi3)O1o0F2),



phlogopite (KMgs3(AlSi3)O10F2), and amphibole (Apambire et al., 1997; Madhavan, 2002; Garcia
and Borgnino, 2015). Additionally, F can be incorporated into fluorite as a replacement mineral
on calcium carbonate surfaces (Baer and Lewin, 1970).

The concentrations of F in ground waters is dependent on temperature, pH, abundance of
complexing ions, solubility of F-bearing minerals, anion exchange capacity of the aquifer material,
the extent and composition of the geology, and the residence time in the aquifer (Apambire et al.,
1997). The adsorption/desorption mechanisms for F range from electrostatic attraction, anion
exchange, and ligand exchange with surface OH groups and water molecules (Harrington et al.,
2003). The degree of adsorption is affected by pH, grain size, F concentration, and salinity
(Sivasankar et al., 2016).

In acidic (pH < 7) environments, F tends to form complexes with aluminum (AIF?*, AlF,*,
AlFs, AlFy), ferric iron (FeF.", FeF2*, FeFs), hydrogen (HF, HF2), and silicon (SiFs, SiFe?) (Gaciri
and Davies, 1993, McBride, 1994; WHO, 2003; Viero et al., 2008;). At pH > 7, F ions are released
from aluminum and ferric iron in exchange for hydroxide ions, which form gibbsite (AI(OH)s3),
goethite (FeO(OH)) and ferrihydrite (Fe100159H20) (WHO, 2003; Viero et al., 2008;). In alkaline
(pH > 7) environments, the most stable form of F is fluorite, although the low solubility tends to
release F from this crystal structure (WHO, 2003). Additionally, F can remain in solution as
calcium tends to form complexes with carbonates and sulfates (Nordstrom and Jenne, 1977). In
alkaline environments, F can be prevented from adsorbing onto clays and oxyhydroxide minerals
(Viero et al., 2008).

In low concentrations, F can improve dental health (WHO, 2003). Although, when F is
consumed above 1.5 mg/L it has been linked to health-related diseases, including dental and
skeletal fluorosis (Table 1.2; WHO, 2003). The acute health risks of consuming F include nausea,
vomiting, diarrhea, and abdominal pain (Chouhan and Flora, 2010). The long-term health related
risks are emaciation, stiffness of joints, and fluorosis; which is related to bone hardening and

abnormal enamel growth on teeth (Chouhan and Flora, 2010).

1.4 Co-occurrence of Arsenic and Fluoride

Geogenic As contamination of groundwater has impacted millions of inhabitants in many
areas of the world; including China, Argentina, Vietnam, Romania, Chile, Bangladesh, and India
(Welch et al., 2000; Smedley and Kinniburgh, 2002; Alarcon-Herrera et al., 2013). Elevated

concentrations of F have been identified alongside As in the groundwater of areas including China,



Argentina, Chile, India, and Mexico (Mahlknecht et al., 2004; Chaouhan and Flora 2010; Alarcon-
Herrera et al., 2013; Kumar et al, 2016).

The first occurrence of chronic As contamination in Mexico was documented in 1958 by
Cebrian et al. (1994) (as cited in Armienta and Segoiva, 2008). The primary sources and processes
causing elevated dissolved levels of Asand F concentrations are still debated for these regions but
speculated sources in the groundwaters of Mexico include dissolution of As- and F-bearing
minerals, hydrothermal influence, and anthropogenic input through mining activity (Armienta and
Segovia, 2008; Lopez et al. 2012).

In 27 of the 32 Mexican states, low to medium temperature (28 — 200°C) hydrothermal
conditions exist due to the volcanic activity and the fault structure of the TMVB and the Sierra
Madre Occidental (SMOc) (Lopez et al., 2012) (Figure 1.2). Although these conditions are known,
water chemistry data related to As in these hydrothermal areas is poorly understood (Lopez et al.
2012). Examination of wells in these hydrothermal areas has found As concentrations ranging from
0.25 — 73.6 mg/L (Lopez et al., 2012). In many of these geothermal settings F is a common co-

occurring ion in solution.
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Table 1.1 Arsenic and F contamination studies conducted in the Central Plateau region of Mexico. PG = possibly geogenic, G =
Geogenic, A = Anthropogenic, GT = Geothermal, U = Unknown. Table modified from Reyes-Gomez et al., 2013 with data
sources from: Martinez-Prado et al., 2013; Gonzalez-Horta et al., 2015; Westerhoff et al., 2004; Hernandez-Montoya et al.,
2003; Navarro et al., 2017; Carrillo-Rivera et al., 2002; Razo et al., 2004; Armienta and Segovia, 2008; Ortega-Guerrero, 2009;
Birkle and Merkel, 2000; Hurtado-Jimenez and Gardea Torresdey, 2006; ESF-DMAE, 2006; Pinon-Miramontes et al., 2003;
Gonzalez D., 2011; Hurtado-Jimenez and Gardea-Torresdey, 2004; Mahlknecht et al., 2008; Planer-Friedrich et al., 2001.

Mexico States Arsenic (ug/L) Fluoride (mg/L) Speculated Sources
Sonora 18 — 62 05-35 PG
(Northern Mexico)
Chihuahua 52 — 627 0.5-3.3 PG
(Northern Mexico)
Durango 80 — 150 1.1-17.8 G, PG, A
(Northern Mexico)
Zacatecas 3.3-75 0.35-3.6 G A
(Central Mexico)
Aguascalientes N/A 15-12 PG
(Central Mexico)
San Luis Potosi 1-120 0.001 - 16 G, PG, A
(Central Mexico)
Hidalgo 59 - 400 N/A G, A
(Central Mexico)
Michoacan 1-800 1.3-16 GT
(Central Mexico)
Jalisco 14 — 260 1.66 —18.5 G, A
(Central Mexico)
Guanajuato 1-93 0.3-15 G A
(Study Area)




Table 1.2 Health risks studies conducted in the Central Plateau region of Mexico. Data sources include: Betancourt-Lineares
et al., 2013; Monroy-Torres et al., 2009; Smeester et al., 2011; Wyatt et al., 1998; Mendez et al., 2016; Hurtado-Jimenez et al.,
2006; Hurtado-Jimenez and Gardea-Torresdey, 2005; Rodriguez-Dozal et al., 2005; Aguilar-Diaz et al., 2016; Pontigo-Loyola
et al., 2008; Hernandez-Montoya et al., 2003; Castro de Esparza M.L., 2006; Carrizalesa et al., 2006; Mendoza et al., 2011.

Dental Fluorosis

Mexico States Symptoms of Arsenic Poisonin i
ymp g [Age] (mild — severe)
(Nortk?;)r?]()lzjexico) Several high levels of arsenic in urine [12] 1.1 - 0.5% [15] 3.8 — 0.6%
hihuah . .
(Norcih:arl;al\/ll;iico) Increased cardiometabolic risk [12] 4.2—0.1% [15] 6.4 — 1.0%
. in cancer, , Immune system risks 1-13.9% 1-14%
(Nort?]:rrﬁnla‘;mo) Ski HPV, | isk [12] 23.1 — 13.9% [15] 24.1 - 14%
Zacatecas 80% inhabitants at risk for arsenic-related
_ 0, _ 0,
(North of Guanajuato) diseases [12]10.5—10% [15] 7.7 —9.2%
(Nvég;faécjgﬁzjtjzto) Chronic kidney disease in infants [12] 6.9 - 1.6% [15] 7.6 — 3.3%
san Luis Potosi Arsenic levels in urine of children: 30% > 50
(Northeast of Guanajuato) Hg/g creatinine (critical action) and 7% > 100 [12] 13.5-4.2% [15] 10 — 2%
) pg/g creatinine (WHO limit)
Hidalgo Arsenic-related cancer, heart disease, and
i : 12] 0.7 - 0.3% [15] 1.2 — 0%
(Southeast of Guanajuato) diabetes [12] 0 [19] °
Michoacén

— 09 — 0o
(South of Guanajuato) na [12] 0.6 —0% [15] 0 - 0%

. Possible risks of skin disease, gastrointestinal
Jalisco

(West of Guanajuato) effects, neurological damage, cardiovascular [12] 5.9 - 4.9% [15] 5.4 — 4.5%
] problems, and hematological effects
Guanajuato Arsenic levels in hair 1.3 mg/kg (0.05 mg/kg), 0 0
(Study Area) did not investigate arsenicosis [12]2.9-6.4% [15] 5.4 - 4.5%




1.5 Dissolution Studies

A prior investigation conducted by Orozco-Esquivel et al., (2002) studied the F content of
volcanic rocks in the southern extent of Mesa Central (MC) and found that F content ranges from
207 — 7603 mg/kg in the Oligocene rhyolite sequences, greatly enriched over the average crustal
abundance of 0.3 mg/kg. To the authors knowledge, the As contents of the rocks of this region
have not been investigated, but typical As concentrations in rhyolites, andesites, and volcanic
glasses of 4.3, 2.7, and 5.9 mg/kg, respectively, have been reported by others (Smedley and
Kinniburgh, 2002). These As concentrations are comparatively higher than the average As content
of 1.5 mg/kg for igneous rocks quoted by Ure and Berrow (1982) (as cited by Smedley and
Kinniburgh, 2002). The chemical composition of these rocks is affected by purity, size, and texture
(Hem, 1985).

As rocks undergo chemical weathering the elements held in the lattice structures of their
constituent minerals transition to free ions which become part of the natural waters (Hem, 1985).
Inthe IBAS, it is hypothesized that the sources of As and F are weathering reactions of arsenopyrite
and F-rich rhyolites (Mahlknecht et al., 2004). To investigate the leaching of As and F from rocks
to natural waters, studies must use laboratory-scale batch reactors. Similar studies have been
implemented with rocks of Argentina (Borgnino et al., 2013; Bia et al., 2014), Brazil (Kohler et
al., 2005), South Korea (Chae et al., 2006), and Germany (Yinian et al., 2003) to determine the
mechanisms, sources, and rate of reactions for rocks releasing ions into solution.

1.6 Research objectives
o Verify and expand the existing state-of-knowledge of the spatial distribution of As and F
contamination across the IBAS through detailed testing with water chemistry, isotopic
ratios, and dissolved organic carbon
o Identify the mineralogy comprising different representative rock types within the basin by
analyzing drill cuttings from two boreholes of ~500 m by petrographic and x-ray analysis
o Experimentally derive the kinetic rates and mechanisms controlling As and F release from

representative rocks within the IBAS



Chapter 2 - Geologic History

2.1 Regional Geologic History

The IBAS is in the southeastern region of the Mesa Central (MC) physiographic province
of the Mexican Central Plateau. This physiographic province is surrounded by the SMOc province
to the west, the Sierra Madre Oriental (SMOr) province to the north and east, and the TMVB
province to the south (Mahknecht et al., 2004) (Figure 2.1). The mountainous SMOc province
formed during the Late Jurassic - Early Cretaceous period as the Guerrero Composite Terrane
accreted to the mainland of Gondwana during subduction of the Farallon plate (Nieto-Samaniego
etal., 1999; Aranda-Gomez et al. 2003; Ortiz-Hernandez et al., 2003; Ferrari et al., 2007; Centeno-
Garcia, 2008). The contact between the Guerrero Composite Terrane and the edge of Gondwana
is expressed to the west of the Independence Basin as an overturned marine structure called the
Arperos basin (Freydier et al., 2000; Palacios-Garcia and Martini, 2014). Prior to the Early
Cretaceous arc accretion, the marine platform of the SMOr province was considered the western
passive margin of Gondwana (Ortega-Gutierrez et al., 1995; Nieto-Samaniego et al., 1999; Nieto-
Samaniego et al., 2007; Centeno-Garcia, 2008).

The TMVB province formed during the Middle Miocene - Holocene epochs as volcanism
progressed across Mexico from the Pacific coastline to the Gulf of Mexico (Ferrari et al., 2012).
In addition to these bounding physiographic provinces, the MC is surrounded by a series of normal
faulted structures including: the EIl Bajio (lowlands) Fault System, which runs along the southern
boundary; the Taxco-San Miguel de Allende Fault System along the eastern boundary; the
Aguascalientes Fault System, which forms the southern portion of the western boundary; and the
San Luis — Tepehuanes Fault System, which forms the northern portion of the western boundary
and separates the MC province into northern and southern regions (Nieto-Samaniego et al., 1999;
Nieto-Samaniego et al., 2007).
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b Figure 2.1 The physiographic provinces of
», North America Mexico which include the SMOc, SMOTr,
s TMVB, and the MC. The SW - NE trending
striped areas outline the Sierra Madre
Occidental Volcanic Province of the mid-
Tertiary period which represents a large
rhyolitic volcanic event (Orozco-Esquivel et
al., 2002). The SE — NW trending striped
area represents Oligocene — Miocene
volcanic rocks (Nieto-Samaniego, 1999). The
black box is used to indicate this study’s field
area (Orozco-Esquivel et al., 2002).
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Triassic — Early Jurassic period turbidite deposits define the eastern margin of the MC

province identified in the city of San Luis de Potosi called the Zacatecas Formation (Barboza-
Gudino et al., 2012). These marine deposits are unconformably overlain by Early — Middle Jurassic
period continental deposits of sandstones, conglomerates, and volcanic rocks which define the first
appearance of the MC province (Nieto-Samaniego et al., 2007). Late Jurassic limestone, chert, and
mudstones which formed across the entire MC province until the Early Cretaceous period overlies
the Middle Jurassic period continental deposits (Nieto-Samaniego et al., 2007). The Early — Late
Cretaceous period is characterized by thick marine sedimentary deposits across the entire basin
alongside volcanosedimentary rock on the western edge of the MC (Nieto-Samaniego et al., 2007).

During the Paleocene — Middle Eocene epochs layers of conglomerates were deposited and
unconformably overlain by mafic and felsic composition volcanic rocks (Nieto-Samaniego et al.,
2007). There are no rocks expressed in the basin of the Middle Eocene - Oligocene epochs; an
angular unconformity stratigraphically defines these ages (Nieto-Samaniego et al., 2007). In the
Early Oligocene, large volcanic events emplaced andesitic and rhyolitic composition rocks over
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the Mesozoic era basement rocks
(Orozco-Esquivel et al., 2002). A second
pulse of Oligocene epoch volcanism
generated chemically distinct rhyolites
rich in silica and F followed by
ignimbrites containing quartz, sanidine,
and minor biotite (Orozco-Esquivel et al.,
2002). the

Oligocene epoch volcanic rocks are mafic

Stratigraphically above
to intermediate composition rocks from
the TMVB (Orozco-Esquivel et al., 2002;
Nieto-Samaniego et al. 2007; Mahlknecht
et al., 2004). The last occurrence of
volcanism is linked to the Early Miocene
epoch which emplaced ignimbrite and
vein deposits (Camprubi, 2013). As in
the Basin and Range province of the
western United States, multiple normal

faulting events during the Miocene epoch

generated a horst and graben structure throughout the IBAS (Mahlknecht et al., 2004). Numerous

normal faults, volcanic rocks, and sedimentary deposits shaped the present-day landscape of the
MC province (Mahlknecht et al., 2004) (Figure 2.3 and 2.4).

2.2 Hydrogeology of the IBAS

The IBAS is in the southeastern region of the MC province. This aquifer system is primarily

composed of the CARL aquifer on the western side of the basin and the LS aquifer on the eastern

side of the basin, although other minor aquifers exist. The basin relief ranges from 1,900 — 2,100

m above sea level, and has a semi-arid climate, and a shrubby/thorny vegetated landscape (Nieto-
Samaniego et al., 1999; Navarro de Leon et al., 2005; Nieto-Samaniego et al., 2007; INEGI, 2015).
Average rainfall in the basin is 35 — 86 mm/month (Mahlknecht et al., 2006). This rainfall primarily

occurs between May through October and is followed by the dry season (Mahlknecht et al., 2006).
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The lowest amount of rainfall occurs in the northeastern corner of the basin (Navarro de Leon et
al., 2005). The average temperature in the basin is 16 °C and potential evaporation is 1,828 mm/yr.
(Navarro de Leon et al., 2005). Groundwater recharge to the IBAS originates along the
mountainous margins of the basin and flows towards the center of the basin. Prior to groundwater
development much of this groundwater likely discharged to the Rio Laja River which eventually
discharged through a canyon in the southern end of the basin (Navarro de Leon et al., 2005;
Mahlknecht et al., 2006). Based on radiocarbon dating, estimates of the residence time of
groundwater in this basin range from 11,000 years to modern (Mahlknecht et al., 2006). Currently,
the rate of groundwater extraction exceeds the recharge rate, resulting in rapidly declining water
tables (Knappett et al., 2018). Evaluating future water supplies for this region is beyond the scope
of this work, however, water scarcity may drive declining groundwater quality in the future
(Navarro et al., 2005; Knappett et al., 2018).

Mahlknecht et al. (2006) separated the IBAS into two distinct lithologies. The lowermost
lithology is composed of fractured volcanic and sedimentary rocks composed of ignimbrites,
rhyolites, andesites, and conglomerates (Mahlknecht et al., 2006). The upper lithology is composed
of siltstone and sandstone alluvium deposits (Mahlknecht et al., 2006). Petrographic analysis
conducted by Mahlknechht (2003) determined the sedimentary aquifer material is composed of
albite, quartz, feldspar, kaolinite, Ca-montmorillonite, and hematite, cemented together with
calcite. The same study found that the tuff and rhyolite rocks of the basin consisted of albite,
potassium-mica, potassium-feldspar, plagioclase, anorthite, and quartz (Mahlknecht, 2003).

Three hydrostratigraphic units have been identified within the basin: a lowermost unit of
Early Jurassic — Late Cretaceous age marine deposits and volcanic rocks, a middle unit of Tertiary
age mafic volcanic rocks, and an upper unit of Late Tertiary - Quaternary age volcanic rocks and
sediments (Mahlknecht et al., 2004). These sedimentary deposits are a result of Cenozoic extension
which created depressions throughout the basin that are filled with 100 - 500 m of volcanoclastic
deposits and volcanic tuff (Navarro de Leon et al., 2005; Mahlknecht et al., 2006). These
sedimentary deposits are heavily exploited, as the storage capacity and permeability are optimum
for groundwater production (Mahlknecht et al., 2004).

13



Holoceno |M2

Pleistoceno

Cuaternario
2

Plioceno

Extension

-]

Mioceno

ivo- | 8 g
Oligo- 12 ¢ 5 Extensién
ceno |

Terciario
=
=
-

Eoceno|M

Paleoceno
5

6.
IMaastrichtiano|

Campaniano

o
| Santoniano
‘Coniaciano

= 89

Turoniano

Cenomaniano|

99

Albiano

Cretacico

Inferior

Aptiano

Barremiano

Hauteriviano

centro de México

Valanginiano

Cuenca mesozoica del

Berriasiano

Jurasico

-l =]~

Triasico

Pérmico  Psmet|

Qba—Quaternary basalt; Qtpv—Quaternary-Pliocene volcanic rock; Nb—Neogene basalt; Tmi—Miocene ignimbrite; Csc—Cenozoic continental strata; Tol—
Oligocene rhyolitic rocks; Tev—Eocene volcanic rocks; Pcg—Paleogene continental conglomerate; Tgr—Tertiary granite; Ks—Upper Cretaceous marine strata;
K— Lower Cretaceous marine strata; Kivsm—Upper Jurassic-Lower Cretaceous volcanosedimentary marine strata; Js—Upper Jurassic marine strata; Jvsc—

Middle Jurassic volcanosedimentary continental strata; TR—Triassic marine strata; Trmet—Triassic metamorphic rocks; Psmet—Paleozoic metamorphic rocks

Figure 2.3 Geologic Map of the IBAS with the basin limit outlined in blue, faults defined by purple lines, and green circles
which indicate major cities (Loza-Aguirre I., work in progress; Nieto-Samaniego et al., 2007).

14



ue SIPIN0|

(=%
g
Sandstones, £
U Dolymictic Conglomerates 3
o7  Sandstores,

Polymictic Conglomerate:

» a . v .
| nTW . Riyolite, Andesite, Dacite

Temperature: 17.6 -435.7°C
pH: 6.05 -5.02

ORP: 82-696 mV Arsenic> 10 pgl | Arsenic> 10 pg/l | Arsenic <10 uglL Drill
Specific Cond.: 187 — 746.1 ps/em|| Fluoride > 1.5 mg/T | Fluoride < 1.5 mg/T | Fluoride <1.5mgT | Couttings

Figure 2.4 The sampling locations for this study and the location of the two borehole drill cuttings used in this study identified
by black hexagons. Simplified geologic map (Muehlberger, 1985-1990; Ortega-Gutierrez, 1992; Padilla y Sanchez et al., 1994;
as cited by USGS, Geologic Map of North America). WWTP: Waste water treatment plant, TC: Terreros de la Concepciones

15



Chapter 3 - Methods and Materials

3.1 Fieldwork

In this study the geographical position, depth to water (DTW) table, and information
regarding the well constructions were collected from well managers (when well managers were
available) at all 24 groundwater wells visited (Figure 2.4). Groundwater wells were purged for 15
minutes to displace at least three well volumes of groundwater prior to taking samples and
conducting in-situ chemical analysis. Furthermore; pH, electrical conductivity (EC), temperature,
and oxidation-reduction potential (ORP) were monitored during pumping to ensure stabilization
prior to sampling. The hand-dug wells and groundwater wells were sampled from a clean bucket
and waste water treatment effluent waters were sampled directly from the discharge location. The
water samples were stored in a cooler on ice and then placed in a refrigerator at 4°C until all
samples were transported back to Kansas State University (KSU). Temperature (°C), EC (us/cm),
ORP (mV), pH, and F (mg/L) were measured on-site by an HQ40d Portable pH, Conductivity,
ORP (Ag/AgCl), and F ion selective electrode (FISE) Multi-Parameter Meter (HACH, Loveland,
CO). The temperature, EC, pH, and ORP probes were calibrated with 500 pus/cm standard solution;
220 mV Zobells solution; and 4 pH, 7 pH, and 10 pH standard solutions, respectively. The FISE
calibration required calibration by mixing 0.5, 1, 2, and 10 mg/L concentration standard solutions
with one total ionic strength adjustment buffer powder packet for every 25 mg/L of standard
solution. All probes and spectrophotometer and colorimeter materials were cleaned daily with de-
ionized (DI) water and soap to ensure no cross contamination. At every sampling location multiple
field kits were used including: vacu-vials with the V-2000 Multi-Analyte Photometer
(CHEMetrics, Inc., Midland, VA) and TNT vial tests with the DR 1900 Portable
Spectrophotometer (HACH) (Table 3.1; Figure 3.1).
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Table 3.1 List of field Kkits used to measure chemical parameters of groundwater samples.

Measured parameter

Field Kit

Alkalinity as CaCO3

Alkalinity (Total), TNTplus Vial Test (25-400 mg/L
CaCO0:s), and Alkalinity (total) — Titrets® Titration Cells
Range: 10-100 mg/L — CHEMetrics

Total dissolved arsenic (As)

EZ Arsenic High Range Test Kit — HACH

Total dissolved manganese (Mn)

Manganese Test Kit, Model MN-5 - HACH

Nitrate (NOz - N)

Nitrate TNTplus Vial Test, LR (0.2-13.5 mg/L NOs™-N) —
HACH

Nitrite (NO2™ - N)

Nitrite TNTplus Vial Test, HR (0.6-6.0 mg/L NO2*-N) —
HACH

Total dissolved iron (Fe)

Iron TNTplus Vial Test (0.2-6.0 mg/L Fe) - HACH

Sulfate (SO4)

Pocket Colorimeter™ II, Sulfate Turbidimetric — HACH

Phosphate (PO4)

Phosphate Test Kit Total Ortho-/Meta-, Model PO-24
HACH

Chloride (CI) Chloride Test Kit, Model CD-51 - HACH
Ammonia (NHa) Ammonia — CHEMets® Kit
Sulfide (S) Sulfide — CHEMets® Visual Kit

Bromide (Br)

Bromine — CHEMets® Visual Kit

Dissolved silica (SiO.)

Silica Test Kit, Model SI-5 - HACH

Groundwater samples were collected in high-density polyethylene (HDPE) bottles, glass

containers, and polypropylene (PP) centrifuge tubes which were rinsed in-situ three times with

groundwater from the well site. Sample bottle was filled completely with sample to remove any

headspace and minimize reactions during storage before being transported back to the laboratory

at KSU. At 12 of the wells visited, a two-gallon sample was collected, stored in a cold and dark

area, and then transported to KSU for use in future reactor studies.
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Figure 3.1 Images of production wells sampled, the preparation of field kits for conducting
analysis, and collecting depth to water measurements in the IBAS in Mexico (Images
curtesy of William Thurston at Caminos del Agua).

3.2 lon Chromatography

The water samples for the determination of major cations (Na, K, NH4, Mg, Ca, and Sr)
were collected in 250 ml HDPE amber bottles following filtration with a 0.45 um nitrocellulose
filter (Whatman, Maidstone, UK). These samples were then acidified with 0.2 (w/v) ultrapure
nitric acid (HNOs) to reduce the pH to a value less than 2, which stabilizes the samples. Water
samples for major anions (F, Cl, NO2, Br, NOs, SO4, and PO4) were collected in 50-ml PP
centrifuge tubes following filtration through a 0.45 um nitrocellulose filter. Major element water
chemistries were measured at KSU. The water samples from twenty-one groundwater wells, two
hand-dug wells (Norias), and a waste water treatment plant in the basin were poured into clean 0.5
ml clear vials and plugged with 0.2 um filter caps. The vials were then loaded into a carousal auto
sampler alongside a set of cation and anion standard solutions of known concentrations (mg/l): Na
(5, 10, 25, 50), K (2.5, 5, 10, 20), NHa4 (1, 2.5, 5, 10), Mg (2.5, 5, 10, 20), Ca (2.5, 5, 10, 20), Sr
(2.5, 5, 10, 20) F (0.5, 1, 2, 4), CI (10, 15, 30, 60), NO2 (0.5, 1, 1.5, 4), Br (0.5, 1, 2, 4), NOs (1.5,
2.5,5,10), PO4 (0.5, 1, 2, 4), and SO4 (5, 10, 20, 40). Additionally, vials filled with 18-ohm ultra-
pure water (Millipore, Burlington, MA) were loaded in between every five samples. These served
as blanks and to purge and clean the system. A sample from one of the wells sampled was re-run

following each 10 measurements measure analytical precision for field samples.
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3.3 Stable Isotopes

Water samples collected in 60 ml clear glass bottles from the IBAS that were not filtered
or acidified were used to determine the oxygen and deuterium isotopic ratios. These water samples
were analyzed with a Picarro WS-CRDS isotopic water analyzer (L1102-1, Santa Clara, CA) in
the Department of Biology at KSU. The working standards used to create the regression line range
for these measurements are from glacial water (depleted) to evaporated water (enriched), with two
additional working standards between the depleted and enriched standards. The oxygen (5'80) and
deuterium (3°H) ratios are then reported as compared to the international standard of Vienna
Standard Mean Ocean Water (VSMOW) and results from investigation in the IBAS. Oxygen and
deuterium isotopic ratios often reflect the origin and amount of evaporation rainfall underwent
before recharge and is therefore influenced by climatic effects and possible mixing between
groundwater flow paths in the IBAS.

3.4 Dissolved Organic Carbon

The groundwater samples for dissolved organic carbon (DOC) analysis were collected in
250 ml glass amber bottles after filtration with 0.45 um nitrocellulose filters and acidified with
10.2 M hydrochloric acid (HCI) and stored in a refrigerator at 4°C to prevent further microbial
activity. These samples were then analyzed for DOC concentrations with a TOC-5000 analyzer
(Sigma-Aldrich, St. Louis, MO) in the Department of Civil Engineering at KSU. This device
measures DOC by converting all the organic material in solution to carbon dioxide (CO2) and
measuring the CO> produced. An additional batch of filtered and unacidified samples was run
alongside the acidified samples to examine the extent of microbial activity in the samples that were
unacidified in the field.

3.5 Powder X-ray Diffraction

General settings

Drill cuttings from two boreholes from the western (Arrastres) and eastern sides (Lourdes)
of the basin were provided to KSU by the University of Guanajuato. These two boreholes measured
~500 m on the western side of the basin and ~550 m on the eastern side of the basin. A sample at
each ~20 m interval along each set of borehole drill cuttings was selected for analysis by X-ray
Diffraction (XRD) using the following method. A small amount of the drill cuttings was crushed
by hand in an agate mortar and pestle to a fine-grained grain size. This powder was then back-

loaded into a stainless-steel sample holder with a diameter of 27 mm. A Panalytical Empyrean X-
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ray diffractometer (PanAnalytical Empyrean, Malvern, UK) was then used to analyze the powders
in the reflection transmission spinner rotating at 4 rev/s Two different scan configurations were
used in this study to understand the major and trace phases of the two borehole drill cuttings. Since
the Lourdes drill cuttings were closer to the area of highest As and F contamination in the basin,
it was deemed necessary to examine their drill cuttings for trace phases, while the Arrastres drill
cuttings were far from the As and F contaminated area and only a major phase analysis was
necessary.
Arrastres Drill Cuttings

The Arrastres drill cuttings analysis was conducted with measurements at 45 kV and 40
mA using copper (Cu) radiation, a 1/8" anti-scatter slit, a 10 mm incident beam mask, and 0.04
rad soller slits. The scan ranged between 5° and 70° 26 with a 0.0066 step size and 42.075 s/step.
A large beta nickel filter was used on the diffracted side of the instrument to attenuate the beta x-
rays from the profile to reduce the additive effects of alpha and beta reflections. This configuration
was chosen for the identification of major phases present in the drill cuttings with a maximum
peak from a reflection greater than 1000 counts (personal communication, Panalytical).
Lourdes Drill Cuttings

The Lourdes drill cuttings analysis was conducted at 45 kV and 40 mA using Cu radiation,
a 1/8" anti-scatter slit, a 10 mm incident beam mask, and 0.04 rad soller slits. The scan ranged
between 5° and 70° 26 with a 0.0066 step size and 179 s/step. A large beta nickel filter was used
on the diffracted side of the instrument to attenuate the beta x-rays from the profile to reduce the
additive effects of alpha and beta reflections. The increased time per step was chosen for the
analysis of major and trace phases based on the presence of a maximum peak from a reflection
greater than 10,000 counts (personal communication, Panalytical).
X-Ray Diffraction Data Analysis

The results of the scans from both borehole drill cuttings were loaded into Highscore Plus
and matched to the reference card database from the International Centre for Diffraction Data
(ICDD). The peaks were matched using the following parameters of quality: the reference cards
were not deleted from the database by ICDD, the reference cards were of star or indexed quality,
and the reference cards data was collected at ambient temperature and pressure. Mineral reference

cards were determined to match the scan results when the top five most relative intense peaks (1/1o)
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from each of the reference cards was examined and determined to be a match based on the
intensity, position, and location within the context of the geology of the basin.
3.6 X-ray Fluorescence

X-ray Fluorescence (XRF) (Bruker Tracer IllI, Billercia, MA) analysis was used to
determine the elemental weight percentage of the two borehole drill cuttings using a Bruker Tracer
Il Handheld XRF. The X-rays emitted from the XRF penetrate the shale standard to a certain
depth and measurements are collected from the unknown sample at this same depth. The data
collected by the XRF is then compared in Microsoft Excel with calibrated chemical data for a
standard of Woodford shale (Rowe et al., 2012). The calibrated measurements were then used to
determine the elemental weight percentages. The drill cuttings were prepared by separating each
20-meter interval of the ~500 m depth and sieved through a 250-micron grain size sieve and loaded
into Funnelshape SpectroMicro XRF sample cup (Chemex, Chicopee, MA) with 1.5-micron
Prolene Thin-Film (Chemex) and a XRF sample cup lid on either end. The samples were measured
in triplicates for both major and trace elements. Between each measurement the samples were
shaken and tapped on a flat surface to mix and compact the samples. The major element analysis
required a vacuum pump, a voltage of 15 kV and 25 pA, no filter, and a measurement time of 180
s to allow the spectrum to stabilize. The pump was turned off for trace element analysis and a
yellow filter (12 mil Al + 1 mil Ti) was installed into the XRF. The voltage was set to 40 kV and
12.4 pA and the analysis was run for 120 s to allow the spectrum to stabilize.

3.7 Optical Microscopy

A total of four drill cutting samples from the Arrastres drill cuttings (20 — 22 m, 160 — 162
m, 340 — 342 m, and 440 — 442 m) and five drill cutting samples from the Lourdes drill cuttings
(18 -20m, 140 — 142 m, 220 — 222 m, 360 — 362 m, and 540 — 542 m) were shipped to Spectrum
petrographic to be made into 27 X 46 mm polished thin sections. At spectrum, the samples were
submerged in a quartz epoxy and allowed to solidify while glued to a glass slide. The thin sections
were then ground down to a 30 um size shipped back to KSU. These thin sections were then
examined by optical microscopy and reflected light microscopy and images were taken with a

camera attached to the petrographic microscope.
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3.8 Preliminary Batch Experiment

Batch Reactor Configuration

The following method was used to determine which sections of the drill cuttings would be
used for the long-term batch reactor study. Initially the ~500 m borehole drill cuttings were
separated into 20 m sections. These 20 m sections were then divided into 2 m sections. A portion
of each 2 m section was then crushed in an agate mortar and pestle and sieved down to a grain size
less than 63 um. The 20 m sections produced a mass of 10 g which were thoroughly mixed by
shaking in a PP centrifuge tube for 5 minutes to homogenize the samples and then separated into
5 g subsamples and placed in new 50 mL PP centrifuge tubes. In the case of duplicates, the
previously mentioned method generated 20 g of sample. The less than 63 pum grain size fraction
was used for the experiment, because the higher surface area of the particles and the potential to
facilitate the water — rock reactions. A reaction time of 200 hrs. was used based on studies of
dissolution reactions with granite conducted by Chae et al. (2006). These PP centrifuge tubes were
then either filled with DI or groundwater collected from the eastern or western side the IBAS (well
IDs: CDW and LS-0178). The chemistry of the groundwaters used in this experiment is included
in the results section (Table 4.20). A weight of rocks to volume of water ratio of 1:5 (g/mL) was
used for this experiment. Once all PP centrifuge tubes were filled with 5 g of rocks and 25 mL of
DI or groundwater, they were vortexed for 1 s to initialize the reaction. The PP centrifuge tubes
were then laterally shaken at a rate of 250 shakes per min for a total of 200 hours. After 200 hrs.
the PP centrifuge tubes were placed in a centrifuge for three minutes at 6000 rpm.
Water Sample Analysis

Water samples from each reaction vessel was extracted by syringe and filtered through a
0.45 um nitrocellulose filter into three different PP centrifuge tubes. The three PP centrifuge tubes
were then used accordingly: 22 ml filled one PP centrifuge tube for F measurements by FISE, 1.5
ml was separated for cation analysis and acidified with 0.2% (w/v) HNOs, and 1.5 ml was separated
for anion analysis by lon Chromatograph (IC). The temperature (°C), EC (us/cm), ORP (mv), pH,
and F (mg/L) concentration were measured with an HQ40d Portable Multi-Parameter Meter
equipped with pH, EC, ORP (Ag/AgCl), and FISE probes. The EC probe was calibrated with 500-
ps/cm standard solution. The ORP was calibrated with a 220-mV standard solution. The pH probe
was calibrated with 4 pH, 7 pH, and 10 pH solutions. The FISE probe was calibrated with a set of
0.5, 1, 2, and 10 mg/L standard solutions. A total ionic strength adjustment buffer pack was added
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to the 22 ml samples prior to measuring the F concentration with the FISE. A series of duplicate
samples was measured using the previously mentioned method to determine the accuracy of this
method. Two controls were used (one with DI water in a PP centrifuge tube and one with
groundwater from the IBAS) to determine if storage in the PP centrifuge tubes influenced the water
chemistry. The methods were altered in the case of the groundwater from the eastern side of the
basin (well ID: LS-0178) as the F concentrations were higher than the calibration range for the
FISE probe. In this case only 11 ml of reacted water was removed from the PP centrifuge tubes
after 200 hrs. A one to one dilution with DI water was then used to bring the volume of the water
analyzed to 22 ml and to bring the F concentrations within the calibration range of the FISE.
3.9 Dissolution Experiments

Reactor Construction and Groundwater

A Form Lab-2 3D printer (Form Labs, Somerville, MA) was used to create eighteen reactor

cells composed of photopolymer resin (Tough-2) at KSU (Figure 3.2).
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Figure 3.2 Conceptual model of the batch reactors used in this study.
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These reactor cells were then cleaned using an acid bath in the following series 1:1 nitric
acid; tap water; 1:1 HCI acid; tap water; and then the reagent water. The reagent water selected for
this experiment was groundwater from the recharge area of the IBAS (RL-2-A), which had a
similar chemical composition to the average water chemistry measured within the basin, based on
measurements in this study (Table 4.21). A total of 100 mL of groundwater from the IBAS was
used to fill each of the reactor cells. These reactors were then loaded into a glovebox with an
oxygen percentage which ranged from 10.4 — 11.0%. The pH of the groundwater in each of the
reactor cells was then adjusted to either 5, 7, or 9 with 0.015M HCI acid or 0.025M NaOH. These
reactors were the loaded with drill cuttings from the Arrastres and Lourdes boreholes.

Rock Sample Preparation

The sediments used in the experiment were selected from the 400 — 500 m depths of the
Avrrastres drill cuttings and the 400 — 550 m depths of the Lourdes drill cuttings. These depths were
selected based on the quantity of sample available and prior F-leaching experimental results. The
drill cuttings were then sieved through a decreasing sieve stack consisting of brass American
Standard for Testing Materials (ASTM) sieves with a stainless-steel mesh of 1000, 850, 710, 500,
425, 355, 300, and 250 um apertures. The grains collected in the 425, 355, 300, and 250 sieves
were weighed in folded Fisherbrand 6 x 6 weighing papers. These four different grain sizes from
the 400 — ~500 m sections of the drill cuttings were then separately mixed in PP centrifuge tubes
end over end for 5 minutes. The homogenized sediment sample sizes were then distributed evenly
into each reactor cell at a constant weight ratio of 4.44 g of 250-micron, 4.44g of 300-micron,
5.11g of 355-microns, and 6.01g of 425-micron grains. This created a 1:5 (g/mL) weight of
sediment to volume of groundwater ratio amongst the reactor cells.

Extraction of Water Samples for Analysis

Once the sediments were added to the groundwater the reactor cells were capped with clean
number 3 rubber stoppers and placed on an orbital rotator to be stirred at 100 rpm. At 25, 50, 100,
150, and 200 hrs. ten ml of reacted water was extracted, filtered with a 0.45 pm nitrocellulose
filter, pumped in a 20 mL glass vial, acidified with nitric acid at 0.2% (w/v), capped with a septum,
and crimped closed with a crimp cap. A total of 5 mL was then filter into two separate new 15 mL
PP centrifuge tubes at 2.5 mL each with one sample being acidified with 0.02% (w/v) HNO3" to
stabilize the sample for cation analysis and the other sample was not acidified for anions analysis

by IC. These samples were then placed in a refrigerator at 4°C until analysis. The EC (us/cm) and
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ORP (mv) were measured with a HQ40d Portable Multi-Parameter Meter (HACH) equipped with
EC and ORP (Ag/AgClI) probes and the pH and temperature were measured with a Mettler Toledo
equipped with a Mettler Toledo pro-ISM pH probe (Mettler Toledo, Greifensee, Switzerland). The
EC probe was calibrated with a 500-ps/cm standard solution. The ORP probe was calibrated with
a 220-mV standard solution. The pH probe was calibrated with 4 pH, 7 pH, and 10 pH standard
solutions. These measurements were then collected in triplicate. The water extracted from each
rector was then replaced with RL-2-A groundwater and the pH of the reactor was re-adjusted to
either 5, 7, or 9 using either 0.015 M HCI or 0.025 M sodium hydroxide (NaOH). IC analysis for

major cations and anions was then conducted at KSU.

3.10 Inductively Coupled Optical Emission Spectroscopy and Inductively

Coupled Plasma Mass Spectroscopy

The major elements (Na, K, Ca, Mg, Ba and P) were determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES) using a Perkin Elmer Spectro CirOS instrument
equipped with an axial torch. Internal standards (Yb, In and Cs) were introduced samples and
calibration standards to compensate for instrument drift. Four calibration standards and a blank
were used for calibration, with an independent check standard. Calculated analytical precision was
within 0.4-4% RSD for the range of major elements measured. Cesium chloride (CsCl) was used
as the ionization buffer for the ‘easily ionization effect’ due to axial torch. Analytical quality
control was maintained using a NIST SRM 1640a.

Trace and ultra-trace elements (Li, Be, B, Al, Mn, Co, Ni, Cu, Zn, Sr, Mo, Ag, Cd, Sn, Sb,
Ba, Tl, Pb, Th, U, Cr, Fe, Ni, Se, As and V) were determined by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) analysis using a Perkin-Elmer/Sciex Elan DRCII instrument with Axial
Field Technology, equipped with a dynamic reaction cell to remove molecular ion interferences.
Samples were brought to a final acid strength of approximately 1-2% nitric acid prior to analysis.
Analyses were performed in standard mode, oxide mode, and dynamic reaction cell mode at the
same time. For the “reaction cell” mode, ammonia was used as a reaction cell gas to remove
molecular ArO+ interference.

Internal standards were added to all samples and calibration standards to compensate for
instrument drift and viscosity and surface tension differences between samples and standards.

Calibration was performed with external standards using a blank and four calibration standards
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and was evaluated with an independent check standard. The mass of analyte per sample was
calculated by multiplying the observed concentration by the volume to which the sample was
diluted. A set of multi-elemental standards (Inorganic Ventures, USA) and blanks re-run
throughout the sequence of samples allow precise quantification and correction for machine drift.
Analytical precision on individual samples was <5% RSD for all the elements (3 repeat
measurements). Method Detection Limits (MDL) varied by run for each of the elements but were
generally <0.01 ppb. Duplicate values were considered valid when average concentration was not
less than 3 x MDL. Analytical quality controls with GLP were regularly practiced using a
commercial SRM material for trace elements in natural waters (SRM 1640a, NIST, USA). The
reproducibility on a frequently run interval laboratory standard was also recorded (£0.2-0.5%).
Laboratory Control Samples (LCS) recovery was within 97-104 % and spike recovery was within
94-103%, provided values were considered valid when the observed concentration was not less
than 3 x MDL.

3.11 Geochemical Modeling of Batch Reactor Systems

Modeling simulations of the reactor cells was conducted via Geochemist Workbench
Software using the termo.tdat thermodynamic database and the FeOH+.dat adsorption database
from Dzombak and Morel (1990). The FeOH+.dat database incorporates adsorption reactions with
the strong and weak bonding sites on goethite mineral surfaces. The surface area was assumed as
the default value of 600 m?/g. The site density of goethite was 0.005 mol/mol for strong bonding
sites and 0.200 mol/mol for weak bonding sites. The modeled reactions are summarized in Table
3.2. The water chemistry of the groundwater used (Well ID: RL-2-A) in the batch reactor
experiment is loaded as the basis species with 0.05 mg of fluorite to facilitate the release of F ions
into solution and 0.05 g of goethite. No As -bearing species was modeled as no As-bearing
minerals were observed in mineralogical analyses. The groundwater was allowed to react with the

iron oxyhydroxide mineral surface over an 8-day period.
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Table 3.2 Adsorption reactions used in the Geochemist Workbench Software (*indicates
estimated values). The >(w) represents weak surface sites.

Reaction Log(k)
>(W)FeOH + H* + F = >(w)FeF + H,0 -8.7"
>(W)FeOH + F > >(w)FeOHF -1.6"
>(W)FeOH + AsO,* + 3 H" © >(W)FeH2As0s + H,0 -29.31
>(W)FeOH + AsO,> + 2H* 2 >(w)FeHAsO4 + H20 -25.39
>(W)FeOH + AsO,3 > >(W)FeOHASO* -10.58
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Chapter 4 - Results

4.1 The Physicochemical Parameters of the Wells Sampled in the Field

Urban and Rural Groundwater Wells

The geospatial information and physico-chemical parameters of 23 urban (n = 10) and rural
(n = 13) groundwater wells was collected in this study (Table 4.1, 4.2). A summary of the ranges
of values measured in each rural and urban area is found in Table 4.3. The physico-chemical
parameters of the groundwater wells sampled in the IBAS are described with respect to the nearby
major urban areas. These four major urban areas are used to facilitate a spatial understanding of
the variations observed in the groundwater chemistries. Dolores Hidalgo is located on the western
side of the basin, whereas San Diego de la Union is in the northern extent of the basin, San Luis
de la Paz is located on the eastern side of the basin, and San Miguel de Allende is located on the
southern extent of the basin (Figure 2.4). Additional data collected from field is included in the
Appendix A.1. In total these groundwater wells ranged in depth from 140 — 550 m. These wells
are typically cased to a depth of ~15 m (personal communication with Dr. Yanmei Li). The depths
of six out of the 23 groundwater wells are unknown, but four of these six wells had a DTW greater
than 158 m, indicating that they are constructed beyond the measured DTW value. The
groundwater wells near San Luis de la Paz, Dolores Hidalgo, San Miguel de Allende were
constructed to depths ranging from 140 — 550 m, greater than 170 — 500 m, and 195 — 300 m;
respectively (Table 4.1). The depth of the single groundwater well sampled in San Diego de La
Union is unknown and it was not possible to determine in the field.

The groundwater around the four urban areas of the IBAS showed differences in water
physicochemical parameters (Table 4.3). Additionally, differences were observed between the
urban and rural wells located near the San Luis de la Paz and Dolores Hidalgo. The groundwater
temperature observed around the four major urban areas of San Luis de la Paz, Dolores Hidalgo,
San Miguel de Allende, and San Diego de la Union ranged from 20.1 — 45.7 °C. The highest
groundwater temperatures were recorded in the rural wells near San Luis de La Paz. The lowest
groundwater temperature was measured in an urban well of San Luis de La Paz. The urban and
rural groundwater wells near the cities of Dolores Hidalgo and San Miguel de Allende ranged in
temperature from 23.3 — 34.5 °C and 25.7 — 31.1 °C, respectively. Only one well from San Diego
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de la Union was measured in this study and had a groundwater temperature of 32.0 °C (Table 4.3).
The average groundwater temperature across the basin was 29 °C.

The pH values measured in groundwater wells across the basin ranged from neutral (7.05)
to alkaline (9.02). The rural and urban wells of San Luis de la Paz had a pH range from 7.49 —
9.02. The rural wells near this city had four of the highest pH values recorded in the basin. The
groundwater wells near Dolores Hidalgo had pH values ranging from 7.05 — 7.85. The lowest
groundwater pH was measured in a rural well near Dolores Hidalgo (Well ID: CDW). The city of
San Miguel de Allende had a pH range from 7.83 — 8.13. The rural well sampled in San Diego de
La Union had a pH of 7.42. The basin had an average pH value of 7.72.

The EC measurements were converted to specific conductance (SC) for all groundwater
samples. The SC ranged from 186 — 746 us/cm in groundwater samples from the four major urban
areas. The groundwater wells near the city of San Luis de la Paz had the highest SC values. The
SC measured in the urban and rural wells near San Luis de la Paz ranged from 385.2 — 746.1 ps/cm
(Table 4.3). The urban wells of Dolores Hidalgo and San Miguel de Allende had similar SC ranges
of 187.0 — 622.1 ps/cm and 264.2 — 425.3 ps/cm, respectively (Table 4.3). The lowest SC value
was measured in a rural well to the west of Dolores Hidalgo (Well ID: CDW = 187 ps/cm). The
highest SC value measured in a rural well near Dolores Hidalgo correlated with the well installed
to the greatest depth (CR7). The one San Diego de La Union rural well had a SC of 435.2 ps/cm
(Table 4.2). The average SC value for the basin was 447 ps/cm.

The ORP values measured across the aquifer indicate oxic conditions (82.3 — 696.0 mV)
(Table 4.3). The ORP values for the urban and rural wells of San Luis de la Paz ranged from 82.3
— 698 mV, respectively. The groundwater wells from the urban and rural wells near Dolores
Hidalgo ranged from 404.5 — 570.0 mV. San Miguel de Allende had ORP values that ranged from
404.5 — 570.0 mV. The ORP value for San Diego de la Union was 416.0 mV. The average ORP
value for groundwater wells in the basin was 457 mV.

Hand-Dug Wells

Two hand-dug wells were sampled from the IBAS near San Felipe. The temperature of
Well ID: CARL-157-N-HD was 17.6 °C. The pH and SC of this well were 6.45 and 208.0 ps/cm,
respectively. The measured ORP for Well ID: CARL-157-N-HD was 383 mV. The Well ID: Pozo
Sergio of San Felipe had a water temperature of 17.8 °C (Table 4.2). The pH and SC of this well
were 6.05 and 202.9 ps/cm, respectively (Table 4.2). The ORP value for this well was 371.5 mV.
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Waste Water Treatment Plant Dolores Hidalgo

The waste water treatment plant of Dolores Hidalgo named Planta San Pablo was sampled
at the discharge location of the plant. The temperature of the effluent water was 21.7 °C. The pH
and SC were 7.60 and 1495.2 us/cm, respectively. The ORP value for this effluent was 317.0 mV.
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Table 4.1 The water chemistry data collected in the field alongside locations of wells sampled within the IBAS. The city
designation is based on the wells proximity to a major city and type is used to separate urban wells versus rural wells. (n.a.)
indicates the measurement were not available or determined.

Well ID City Latitude (DD)  Longitude (DD)  Well Depth (m) DTW (m)
Rural
Lourdes San Luis de la Paz 21.2888 -100.7047 550 151.00
LS-331-P San Luis de la Paz 21.2891 -100.6238 200 >170.00
LS-012-L San Luis de la Paz 21.3916 -100.6068 >158 158.00
LS-0178 San Luis de la Paz 21.3815 -100.6684 275 n.a.
Terreros de la Concepciones San Luis de la Paz 21.3533 -100.6822 n.a. n.a.
CARL-453-P Dolores Hidalgo 21.2154 -100.8469 >171 171.00
CARL-506-P Dolores Hidalgo 21.2279 -100.8095 170 n.a.
CR7 Dolores Hidalgo 21.2287 -100.7592 500 >170.00
CARL-145-P Dolores Hidalgo 21.2035 -100.9638 n.a. n.a.
Cbw Dolores Hidalgo 21.1251 -101.0597 280 >200.00
RL-2-A San Diego de la Union 21.4516 -100.8426 > 94 94.00
Urban
Pozo 9 San Luis de la Paz 21.2911 -100.5282 180 n.a.
LS-531-P San Luis de la Paz 21.2989 -100.5050 180 180.00
LS-529-P San Luis de la Paz 21.2926 -100.4747 140 145.00
CARL-228 Dolores Hidalgo 21.1748 -100.9350 240 114.00
Pozo 4 Dolores Hidalgo 21.1467 -100.9399 200 n.a.
CARL-238-P Dolores Hidalgo 21.1442 -100.9197 210 n.a.
CARL-234-P Dolores Hidalgo 21.1503 -100.9604 210 88.86
Ejido de Tirado San Miguel de Allende (W of fault) 20.9304 -100.7675 300 n.a.
Insurgentes 2 San Miguel de Allende (E of fault) 20.8962 -100.7196 295 >195.00
SMA:171:P San Miguel de Allende (E of fault 20.9012 -100.7247 195 n.a.
Waste Water Treatment Plant
Planta San Pablo Dolores Hidalgo 21.1489 -100.9096 n.a. n.a.
Hand-Dug Well
CARL-157-N-HD San Felipe 21.3153 -101.2746 n.a. n.a.
Pozo Sergio San Felipe 21.4594 -101.2795 n.a. 1.80
Extra Wells Not Sampled
LS-27-P (No Sample) San Luis de la Paz 21.4594 -101.2795 n.a. n.a.
LS-817-NS (No Sample) San Luis de la Paz 21.3207 -100.5616 n.a. 19.27
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Table 4.2 Specific conductance calculated from the EC and temperature values measured in the field with the following
calculation SC = EC/(1+0.0191*(T-25°C). ORP was corrected for the use of an Ag/AgClI probe by adding 199 to the value

measured in the field.

Well ID City T (°C) pH  ECpw (us/icm)  SC (us/cm)  ORPnw (MV)  ORP Ag/AgCl (mV)
Rural
Lourdes San Luis de la Paz 31.0 7.69 527.0 471.8 376.0 575.0
LS-331-P San Luis de la Paz 25.2 9.02 749.0 746.1 -117.0 82.3
LS-012-L San Luis de la Paz 39.1 8.28 489.0 385.2 419.0 618.0
LS-0178 San Luis de la Paz 45.7 8.27 550.0 394.2 327.9 526.9
Terreros de la Concepciones San Luis de la Paz 29.2 8.30 670.0 620.2 338.8 537.8
CARL-453-P Dolores Hidalgo 32.9 7.36 475.0 412.7 255.7 454.7
CARL-506-P Dolores Hidalgo 27.4 7.40 521.0 498.2 480.4 679.4
CR7 Dolores Hidalgo 34.5 7.85 735.0 622.1 133.1 332.1
CARL-145-P Dolores Hidalgo 34.2 7.05 343.0 291.7 497.0 696.0
CDW Dolores Hidalgo 33.2 7.21 216.4 187.0 217.0 416.0
RL-2-A San Diego de la Union 32.2 7.42 495.0 435.2 173.0 372.0
Urban .|
Pozo 9 San Luis de la Paz 20.1 7.77 500.0 551.1 -43.6 1554
LS-531-P San Luis de la Paz 26.3 7.49 707.0 689.9 139.9 338.9
LS-529-P San Luis de la Paz 26.6 7.64 679.0 658.9 224.1 423.1
CARL-228 Dolores Hidalgo 27.6 7.63 334.0 318.2 169.1 368.1
Pozo 4 Dolores Hidalgo 25.7 7.52 300.0 296.0 199.4 398.4
CARL-238-P Dolores Hidalgo 23.3 7.42 336.0 347.3 201.9 400.9
CARL-234-P Dolores Hidalgo 27.8 7.27 295.0 280.0 195.6 394.6
Ejido de Tirado San Miguel de Allende 311 8.13 295.0 264.2 205.5 404.5
Insurgentes 2 San Miguel de Allende 26.3 8.11 369.0 360.1 244.7 443.7
SMA:171:P San Miguel de Allende 25.7 7.83 431.0 425.3 371.0 570.0
Waste Water Treatment Plant
Planta San Pablo Dolores Hidalgo 21.7 7.60 1401.0 1495.2 118.0 317.0
Hand-Dug Well
CARL-157-N-HD San Felipe 17.6 6.45 178.6 208.0 184.2 383.2
Pozo Sergio San Felipe 17.8 6.05 175.0 202.9 172.5 371.5
Extra Wells Not Sampled
LS-27-P (No Sample) San Luis de la Paz 289  7.80 524.0 487.7 469.3 668.3
LS-817-NS (No Sample) San Luis de la Paz 31.0 7.69 530.0 577.4 446.8 645.8
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4.2 The Water Chemistry of the Wells Sampled in the Field

Urban and Rural Groundwater Wells

The complete data set for the field measurements can be found in Table 4.4 and Appendix
A.1. Dissolved oxygen (DO) values ranged from less than 1 to greater than 15 mg/L indicating
most groundwater wells contain oxygenated groundwater. In the rural wells surrounding San Luis
de la Paz DO ranged from 4.837 — 8.877 mg/L. In urban wells of the same municipality the DO
ranged from 11.440 — 14.950 mg/L. Dolores Hidalgo had similar DO levels ranging from 4.694 —
14.730 mg/L in rural wells and 5.537 — 9.758 mg/L in the urban wells. The DO content in San
Miguel de Allende was similar to the urban wells of San Luis de la Paz, ranging from 13.850 —
14.080 mg/L. The groundwater well in San Diego de la Union had DO levels greater than 15.0
mg/L.

Dissolved nitrate (NOs — N) in the groundwater wells near San Luis de la Paz ranged from
0.24 — 5.91 mg/L with an average value of 2.7 mg/L. The NOs-N measured in the groundwater
wells near Dolores Hidalgo ranged from 0.32 — 3.82 mg/L. The NOs-N measured in San Miguel
de Allende ranged from 0.82 — 6.16 mg/L. The one groundwater well sampled in San Diego de la
Union had a NO3 — N value of 2.23 mg/L.

The highest dissolved sulfate (SO4) was measured near the city of San Luis de la Paz
ranging from 53.4 — 71.0 mg/L. Dolores Hidalgo had a slightly lower range of SO4 concentrations
ranging from 20.0 — 59.5 mg/L. San Miguel de Allende has the lowest SO4 concentration range
with values from 19.0 — 27.0 mg/L. The one groundwater well sampled in San Diego de la Union
had dissolved SO concentrations less than 20 mg/L.

Dissolved silica (SiO2) for groundwater wells near San Luis de la Paz ranged from 80 —
160 mg/L. Dolores Hidalgo had a similar range from 40 — 160 mg/L. The SiO, values measured
in San Miguel de Allende ranged from 100 — 140 mg/L. The SiO; in the groundwater well from
San Diego de la Union measured 180 mg/L.

Dissolved nitrite (NO2-N) measurements were all below the detection limit of 0.6 mg/L.
Field measurements of sulfide (S) and Mn were also below detection limits. Additionally, total Fe
for all groundwater samples, except one from an urban well of San Luis de la Paz (Well ID: Pozo
9, Fe = 0.281 mg/L), were below the detection limit of 0.2 mg/L. Ammonia values for the basin

were low with only six wells registering detectable levels between 0.043 and 0.128 mg/L.
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Hand-dug Wells

Dissolved oxygen for Well ID: CARL-145-N-HD was 1.627 mg/L. Alkalinity values for
this well was 100 mg/L measured as CaCOs. The SiO; in the water of this well was 80 mg/L.
Dissolved NO3 — N and dissolved SO in the water of this well was less than 0.2 mg/L and less
than 20 mg/L; respectively. The NO-N value for this well was below detection limit of 0.6 mg/L.
Field measurements of S and manganese were below detection limits. The total Fe in this well was
below the detection limit of 0.2 mg/L.

Dissolved oxygen for Well ID: Pozo Sergio was 7.5 mg/L. Dissolved silica in the
groundwater of this well was 160 mg/L. The dissolved NO3 — N and dissolved SO4 of the water
in this well was 3.0 mg/L and less than 20 mg/L. The NO2-N value for this well was below
detection limit of 0.6 mg/L. Field measurements of S and Mn were below detection limits. The Fe
in this well was 0.20 mg/L.

Waste Water Treatment Plant Dolores Hidalgo

Dissolved oxygen for the effluent was 2.6 mg/L. Dissolved silica in the effluent was 160
mg/L. The dissolved NO3 — N and dissolved SO4 was less than 0.2 mg/L and less than 20 mg/L.
The nitrite value for this effluent was below detection limit of 0.6 mg/L. Field measurements of S
and Mn were below detection limits. The Fe concentration of the effluent was 0.23 mg/L.

Table 4.3 Ranges of the physicochemical parameters and water chemistries measured in the
five major cities in the basin.

Physicochemical San Luis de la . San Miguel de . San Diego de
)I/Darameter Paz Dolores Hidalgo AIIe%de San Felipe la Un?on
Well Depth (m) 140 - 550 170 - 500 195 - 300 n.a. n.a.
Depth to Water (m) | 145.00 - 180.00 | 88.86 —>200.00 n.a. n.a. n.a.
Temperature (C°) 20.1 -45.7 23.3-345 25.7-31.1 176 -17.8 32.0
pH 7.49-9.02 7.05-7.85 7.83-8.13 6.05-6.45 7.42
Spec. Cond. (us/cm) 385.2 -746.1 187.0 - 622.1 264.2 — 425.3 202.9 - 208.0 435.2
ORP (mV) 82.3-618.0 332.1-696.0 404.5-570.0 371.5-383.2 416.0
DO (mg/L) 4,837 -14.950 | 4.694->15.000 | 13.850 - 14.080 16-75 <15
NOs-N (mg/L) 0.24 -591 0.32-3.82 0.82-6.16 n.a. n.a.
S04% (mg/L) 53.4-71.0 20.0-59.5 19.0-27.0 n.a. n.a.
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Table 4.4 The groundwater chemical parameters measured in the field from the five urban areas All units expressed as mg/L.

Well ID City DO NOs-N SO, SiO;
Rural
Lourdes San Luis de la Paz 5.491 1.22 71.0 100
LS-331-P San Luis de la Paz 8.877 0.24 63.9 80
LS-012-L San Luis de la Paz 4.837 3.16 57.0 80
LS-0178 San Luis de la Paz <1.000 0.96 70.0 120
Terreros de la Concepciones San Luis de la Paz 4.879 2.33 60.0 100
CARL-453-P Dolores Hidalgo 4.694 141 58.0 120
CARL-506-P Dolores Hidalgo 5.574 3.82 58.0 140
CR7 Dolores Hidalgo > 15.000 0.45 59.5 160
CARL-145-P Dolores Hidalgo 5.322 0.70 20.0 120
CDW Dolores Hidalgo 14.730 0.32 <20.0 120
RL-2-A San Diego de la Union > 15.000 2.23 <20.0 180
Urban |
Pozo 9 San Luis de la Paz 11.440 <0.2 <20.0 160
LS-531-P San Luis de la Paz 14.950 5.91 53.4 160
LS-529-P San Luis de la Paz 14.630 5.17 63.3 160
CARL-228 Dolores Hidalgo 6.055 0.92 <20.0 160
Pozo 4 Dolores Hidalgo 5.527 1.32 <20.0 180
CARL-238-P Dolores Hidalgo 7.107 144 <20.0 180
CARL-234-P Dolores Hidalgo 9.758 0.69 <20.0 40
Ejido de Tirado San Miguel de Allende 13.850 0.82 19.0 100
Insurgentes 2 San Miguel de Allende n.a. 1.99 <20.0 120
SMA:171:P San Miguel de Allende 14.080 6.16 27.0 140
Waste Water Treatment Plant
Planta San Pablo Dolores Hidalgo 2.580 <0.2 <20.0 160
Hand-Dug Well
CARL-157-N-HD San Felipe 1.627 <0.2 16.0 80
Pozo Sergio San Felipe 7.482 3.04 < 20.0 200
Extra Wells Not Sampled
LS-27-P (No Sample) San Luis de la Paz 5.568 1.28 57.0 n.a.
LS-817-NS (No Sample) San Luis de la Paz 6.638 11.75 45.0 n.a.
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4.3 Laboratory Results of the IBAS Water Samples

Urban and Rural Groundwater Wells Cations

A total of 21 groundwater well samples (10 rural and 11 urban) were brought back to the
lab for major ion analyses by ion chromatography (Table 4.5). Summaries of the ranges and
averages for the five major urban areas can be found in Table 4.6.

The highest sodium (Na) concentrations were found in the rural groundwater wells
northwest of San Luis de la Paz (Table 4.4). The Na concentrations measured in four of these five
rural wells of San Luis de la Paz were about twice (118.52 — 175.55 mg/L) the average Na
concentrations measured in the basin. The urban and rural wells of Dolores Hidalgo had four of
the lowest Na concentrations measured in the basin (out of 21 wells). In contrast the highest Na
concentration was measured near Dolores Hidalgo in a rural well drilled to a depth of 500 m (Well
ID: CR7 = 161.06 mg/L), which is much deeper than the typical well depths (median = 210 m).
The urban wells of San Miguel de Allende also had relatively low Na concentrations (Table 4.6).
An urban groundwater well located on the western side of the Taxco-San Miguel de Allende Fault
of San Miguel de Allende had higher Na concentrations (Well ID: Ejido de Tirado = 64.61 mg/L)
compared to urban wells on the eastern side of the fault (Well ID: Insurgentes 2 = 43.87 mg/L and
Well ID: SMA:171:P = 43.09 mg/L). The Na concentration measured in the rural well of San
Diego de la Union was 66.39 mg/L

The potassium (K) concentrations were variable across the basin. The highest K
concentrations were measured in rural wells between San Luis de la Paz and Dolores Hidalgo with
values of 21.17 and 22.37 mg/L. The K concentrations observed in the rural wells of San Luis de
La Paz were typically lower than the urban wells of San Luis de la Paz. The urban wells of Dolores
Hidalgo and San Miguel de Allende had similar ranges for K concentrations (Table 4.6). The K
concentration of the groundwater well sampled in San Diego de la Union was 19.61 mg/L.

The magnesium (Mg), calcium (Ca), and strontium (Sr) values were highest in the urban
wells of San Luis de la Paz. The lowest values of Mg, Ca, and Srwere measured in the rural wells
of San Luis de la Paz. The urban areas of Dolores Hidalgo and San Miguel de Allende had similar

averages and ranges for Mg, Ca, and Sr (Table 4.6)
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Ammonium was only detectable in two samples from San Luis de la Paz and one from
Dolores Hidalgo ranging in value from 0.42 — 1.96 mg/L with the highest values recorded in a
rural well of San Luis de la Paz (Table 4.4).

Urban and Rural Groundwater Wells Anions

The highest F concentrations measured in the basin occurred in the rural wells near San
Luis de la Paz in the eastern half of the basin (Well ID: LS-331-P = 3.70 mg/L, Well ID: LS-012-
L = 5.80 mg/L, Well ID: LS-0178 = 15.24 mg/L, and Well ID: Terreros de la Concepciones =
12.04 mg/L). The F concentrations in the rural wells contrast starkly to the F values measured in
the urban wells of San Luis de la Paz which were all less than 1.5 mg/L. The F concentrations
measured in the groundwater wells of Dolores Hidalgo and San Miguel de Allende had similar
ranges (Table 4.6). A high F concentration (3.35 mg/L) was measured in an urban well of San
Miguel de Allende located on the western side of the Taxco-San Miguel de Allende Fault System
that dissects this urban area (Figure 2.4). A high F concentration (3.54 mg/L) was measured in a
rural well near Dolores Hidalgo drilled to a depth of 500 m (Well ID: CR7). The average F values
measured in the basin is 2.70 mg/L.

The SO4 values were similar for both the urban and rural wells of the San Luis de la Paz
area. The lowest SO4 values were found near Dolores Hidalgo and San Miguel de Allende (Table
4.4). The SO4 concentration measured in San Diego de la Union was 34.41 mg/L. The highest
chloride (CI) concentrations measured in the basin were in the urban wells of San Luis de la Paz.
The lowest concentrations of Cl were observed in the urban and rural wells near Dolores Hidalgo
and the urban wells of San Miguel de Allende. The well sampled from San Diego de la Union had
a Cl concertation of 11.54 mg/L. Nitrite (NO2) was only detectable in one rural well between the
cities of San Luis de la Paz and Dolores Hidalgo (Well ID: CDW). The highest bromide (Br)
concentrations were found in the rural and urban wells of San Luis de la Paz. The lowest Br
concentrations occurred in the urban areas of Dolores Hidalgo and San Miguel de Allende. The Br
concentration of the groundwater well of San Diego de la Union was 0.12 mg/L. Nitrate (NOs)
concentrations were variable across the basin with the highest concentrations measured in the
urban wells of San Luis de la Paz (Well ID: Pozo 9 = 23.67 mg/L and Well ID: LS-531-P = 25.86
mg/L) and San Miguel de Allende (Well ID: SMA:171:P = 26.05 mg/L). The phosphate (POa)

concentrations in all groundwater samples from the region were all below one mg/L with the
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highest concentration (Well ID: LS-012-L = 0.93 mg/L) observed in a rural well near San Luis de
la Paz.

Alkalinity values were measured in the field and the data can be found in Table 4.5.
Alkalinity is the major anion in the groundwaters of the IBAS. The highest alkalinity was measured
in San Luis de la Paz. The lowest alkalinity values were measured near Dolores Hidalgo. The
deepest well in the center of the basin (Well ID: CR7 = 331.80 mg/L as CaCO3) had higher
alkalinity values than the values measured in the urban area of Dolores Hidalgo. San Miguel de
Allende had an alkalinity values ranging from 165.0 — 182.0 mg/L as CaCOs. In San Diego de la
Union the alkalinity was 193.4 mg/L as CaCO3.

Hand-Dug Wells Major lons

The two hand dug wells from San Felipe (Well ID’s: CARL-157-N-HD and Pozo Sergio)
had relatively low concentrations of F (0.30 and 0.25 mg/L), CI (5.87 and 8.24 mg/L), NOs (0.19
and 13.37 mg/L), SO4 (11.23 and 27.15 mg/L), Na (12.60 and 30.45 mg/L), K (8.39 and 10.49
mg/L), Ca (21.47 and 5.58 mg/L), Mg (5.35 and 1.64 mg/L), Sr (0.62 and bdl mg/L), and alkalinity
(100 and 40 mg/L as CaCOs) values compared to groundwater wells of the basin.

Waste Water Treatment Plant Major lons

The waste water treatment plant was sampled at the discharge location of the plant. The
water had high CI (118.59 mg/L), PO4 (3.37 mg/L), SO4 (84.85 mg/L), Na (153.08 mg/L), NH4
(68.03 mg/L), K (33.06 mg/L), Ca (41.39 mg/L), and alkalinity (394.1 mg/L as CaCO3)
concentrations compared to the groundwater wells of the basin. The F (0.54 mg/L), Mg (5.56

mg/L), and Sr (1.03 mg/L) were relatively low compared to the groundwater wells of the basin.
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Table 4.5 Major ions in the groundwater of the IBAS. Nitrite was only detectable in sample CDW at 0.28 mg/L.

Well ID Na NH4 K Mg Ca Sr F Cl Br NO3 PO, SOq HCO;
mg/L mg/L mg/L mg/L mg/L mg/L | mg/L mg/L  mg/L mg/L mg/L mg/L mg/L

Rural
Lourdes 86.34 bdl 2117 444 30.01 0.93 1.20 16.94 0.26 9.16 0.74 47.71 163.9
LS-331-P 175.44  1.96 8.70 bdl 2.34 bdl 3.70 17.56 0.21 0.78 0.69 52.93 313.9
LS-012-L 118.52 bdl 2.40 bdl 7.50 0.25 5.80 2293 0.26 11.72 0.93 40.36 210.0
LS-0178 132.13 bdl 2.39 bdl 5.04 0.22 15.24 24.04 0.30 3.35 0.64 44.12 250.0
Terreros de la Concepciones | 17555  bhdl 3.81 089 376 021 | 1204 2210 0.30 10.38 0.60 43.72 360.0
CARL-453-P 77.05 0.35 1416 214 3552 0.92 1.37 15.14 0.18 8.65 0.56 37.85 169.8
CARL-506-P 79.82 bdl 2237 291 38.18 1.20 1.05 12.50 0.16 13.48 bdl 48.65 210.0
CR7 161.06 bdl 13.51 1.79 16.01 0.57 3.54 17.01 0.16 495 bdl 41.64 331.8
CARL-145-P 59.10 bdl 1025 295 2222 0.62 0.93 6.70 bdl 3.23 0.57 11.06 210.0
CDW 33.74 bdl 3.43 0.66 16.02 0.33 1.18 4.76 bdl 2.11 0.37 7.87 115.0
RL-2-A 66.39 bdl 1961 524 2416 0.77 0.75 1154 0.12 11.32 bdl 34.41 193.4

Urban
Pozo 9 55.72 bdl 1482 2376 5020 1.96 1.05 4319  0.37 23.67 0.57 45.16 298.9
LS-531-P 56.90 bdl 1486 2433 5229 190 1.10 4310 041 25.86 0.69 49.56 236.1
LS-529-P 77.53 0.42 1840 18.86 34.38 1.66 141 34.38 0.41 17.18 0.65 52.80 200.0
CARL-228 41.62 bdl 1516 253 2518 0.76 0.84 6.44 bdl 4.02 0.51 13.57 142.2
Pozo 4 31.91 bdl 8.00 401 2693 0.63 0.52 4.79 bdl 5.14 0.74 15.28 53.7
CARL-238-P 31.15 bdl 10.10 538 31.62 0.93 0.40 4.76 bdl 5.55 0.60 20.86 126.6
CARL-234-P 23.84 bdl 8.96 457 30.17 0.83 0.37 474 bdl 3.09 0.56 16.72 133.7
Ejido de Tirado 64.61 bdl 7.28 0.83 10.88 0.27 3.35 5.00 bdl 3.99 bdl 12.29 165.0
Insurgentes 2 4387  bdl 1269 1032 3137 114 | 040 580  bdl 1043 bdl 11.07  175.0
SMA:171:P 43.09 bdl 13.70 1197 43.02 1.46 0.39 9.36 0.11 26.05 bdl 16.72 182.0

Waste Water Treatment Plant
Planta San Pablo 153.08 68.03 33.06 556 41.39 1.03 0.54 118.59 bdl bdl 3.37 84.85 394.1
Hand-Dug Well

CARL-157-N-HD 12.60 bdl 8.39 535 2147 0.62 0.30 5.87 bdl 0.19 bdl 11.23 100.0
Pozo Sergio 30.45 bdl 10.49 1.64 5.58 bdl 0.25 8.24 bdl 13.37 bdl 27.15 40.0
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Table 4.6 Ranges of values measured major ions for the five different municipalities. All
values are expressed as mg/L. HCO3- is expressed as mg/L as CaCO3

Major lons San Luis de la Dolores San Miguel de San Felipe San Diego de la
Paz Hidalgo Allende Union
Na 55.72 — 175.55 23.84 - 161.06 43.00 - 64.61 12.60 — 30.45 66.39
NH4 0.42-1.96 0.35 Bdl Bdl Bdl
K 2.39-21.17 3.43-22.37 7.28-13.70 8.39-10.49 19.61
Mg 0.89 —24.33 0.66 — 5.38 0.83-11.97 1.64-5.35 5.24
Ca 2.34-52.29 16.01 —38.18 10.88 — 43.02 5.58 — 21.47 24.16
Sr 0.21-1.96 0.33-1.2 0.27-1.46 0.62 0.77
F 1.05-15.24 0.37-3.54 0.39-3.35 0.25-0.30 0.75
Cl 16.94 — 43.19 474 -17.01 5.00-9.36 5.87-8.24 11.54
Br 0.21-041 0.16-0.18 0.11 Bdl 0.12
NO3 0.78 — 25.86 2.11-13.48 3.99 — 26.05 0.19 - 13.37 11.32
SO, 40.36 — 52.93 7.87 —48.65 11.07 - 16.72 11.23 -27.15 3441
PO4 0.57-0.93 0.37-0.74 Bdl Bdl Bdl
HCO3 163.9 — 360 53.7-331.8 165.0 - 182.0 40.0 - 100.0 1934

Groundwater Water Types

The high Na, F, and As concentrations observed in the rural wells of the northeastern
corner of the basin display a stark contrast to the urban wells (Figure 4.1). In the IBAS urban
wells are dominantly Ca-Mg-Na-HCOz rich water types while rural wells are Na-HCOg3 rich
water types which correlate with elevated F and As (Figure 4.1). The distribution of major ions

in the IBAS are displayed as box and whisker plots (Figure 4.2).

Fluoride < 1.5 mg/L
Arsenic <35 pg/LL

Fluoride = 1.5 — 4.0 mg/L
Arsenic =25 — 60 pg/L

Fluoride > 4.0 mg/L
Arsenic > 60 pg/L

Hand Dug Wells

Water Treatment Plant

00O

Urban wells
Rural Wells

)
(-

Figure 4.1 Piper diagram displaying the major water types observed in the basin.
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Figure 4.2 Range of values in major ions from groundwater wells, hand-dug wells, and water
treatment effluent water samples with mean value designated with the symbol x. Interior

and outlier points a denoted alongside the four quartiles.
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Urban and Rural Groundwater Wells Trace lons

A total of 21 groundwater well water samples (10 rural and 11 urban) were brought back
to KSU for analysis by ICP-MS and retested with ACTlabs. A summary of the average and ranges
of selected trace elements can be found in Tables 4.7, 4.8, 4.9, 4.10, and Figure 4.3. The complete
dataset can be found in Appendix A.3.

The highest average As concentrations were found in the rural wells on the eastern side of
the basin near San Luis de la Paz (Table 4.8). Additionally, a well sampled in the center of the
basin near Dolores Hidalgo (Well 1D: CR7) had relatively high As concentrations at 40.3 pg/L.
The range of As concentrations measured San Luis de la Paz displayed the widest range of values
(Table 4.9). Specifically, the rural wells of San Luis de la Paz are in stark contrasts to the urban
wells of San Luis de la Paz (Table 4.10). The rural wells near Dolores Hidalgo on the western side
also had relatively low As concentrations compared to the San Luis de la Paz. The As
concentrations in the rural wells and the urban wells of Dolores Hidalgo also displayed different
ranges in values (Table 4.10). The urban wells of San Miguel de Allende had the lowest average
As concentrations (Table 4.8). The urban wells of San Miguel de Allende showed different As
values spatially as the groundwater well located on the western side of the Taxco-San Miguel de
Allende fault had higher concentrations compared to the urban wells on the eastern side of the
fault. In the urban well sampled in San Diego de la Union the As concentration measured 7.93
Mg/L. The As concentrations measured in the basin was 21.5 pg/L with a range of values between
3.0 and 93.5 pg/L (Table 4.8).

The highest average dissolved boron (B) concentrations were found in the rural wells near
San Luis de la Paz which had B values ranging from 189.0 — 410.0 pg/L (Table 4.9). The range of
B values found in the urban wells of San Luis de la Paz (60.3 — 95.1 pg/L) were similar to the
urban wells of Dolores Hidalgo (35.7 — 101.8 pg/L) (Table 4.10). The rural wells surrounding
Dolores Hidalgo had a drastically different range of values compared to the nearby rural wells
(Table 4.10). The 697.0 pg/L value for B was the highest concentration measured in the basin, this
was also the deepest well (Well ID: CR7) installed near Dolores Hidalgo at 500 m depth. San
Miguel de Allende had average B concentration that was less than half of the average B
concentrations measured in San Luis de la Paz and Dolores Hidalgo (Table 4.8). The one well

measured in San Diego de la Union had relatively low B concentrations (Table 4.8). Boron values
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measured across the basin ranged from 9.7 pg/L — 697 pg/L with an average of 157.1 pg/L (Table
4.9).

The total dissolved Fe concentrations were only detectable in 16 out of 24 wells as the
other eight wells were below detection limit of 1 pg/L. The wells Well ID: Lourdes and Well ID:
LS-331-P have detectable Fe concentrations with values of 58 pg/L and 11 pg/L, respectively. The
urban wells in the city of San Luis de la Paz ranged in Fe concentrations from 22.3 pg/L — 41.4
pg/L. The rural and urban wells of Dolores Hidalgo ranged in Fe concentrations from 28.0 pg/L —
138.0 pg/L and 7.9 pg/L — 22.3 pg/L, respectively. The Fe concentrations was detectable in two
of the three urban wells in San Miguel de Allende. These urban wells had the lowest average Fe
concentrations with values ranging from 8.5 — 20.0 pug/L (Table 4.8 and 4.9). The Fe concentration
in the urban well of San Diego de la Union was below detection limit of 1 pg/L. The Fe
concentrations measured in the basin ranged from 7.6 pg/L — 196.8 pg/L with an average value of
45.8 ug/L (Table 4.8).

The dissolved lithium (Li) concentrations measured in the rural wells of San Luis de la Paz
had the highest average concentrations and displayed the largest range of values (Table 4.8 and
Table 4.9). The range of Li concentrations in the rural wells of Dolores Hidalgo was comparable
to the range observe in the rural wells of San Luis de la Paz (Table 4.9). The highest Li value
measured in Dolores Hidalgo was observed in the rural well (Well 1D: CR7). The urban wells of
San Luis de la Paz had significantly less Li on average and displayed a narrow range of values
(Table 4.10). The range of Li concentrations observed in the urban wells of Dolores Hidalgo were
comparable to the range of values in the urban wells of San Luis de la Paz (Table 4.10). The urban
wells of San Miguel de Allende had Li concentrations ranging from 2.3 — 83.4 pg/L with an
average Li concentration of 44.6 pug/L. The highest Li concentrations in the San Miguel de Allende
was observed in the groundwater well located on the western side of the fault line. The urban well
of San Diego de la Union had a Li concentration of 107.0 pug/L. The average Li concentration
measured in the basin was 109.4 ug/L and ranged from 1.8 — 454.0 pg/L.

The dissolved Mn concentration was detectable in one of the five rural wells from San Luis
de la Paz at 1.3 pg/L. The urban wells of San Luis de la Paz had Mn concentrations ranging from
0.6 — 6.4 pg/L. Mn concentrations were detectable in eight of the nine urban wells and rural wells
of Dolores Hidalgo. These wells had the three highest Mn concentrations measured in the basin.

In the rural and urban wells of Dolores Hidalgo, Mn ranges where 0.7 — 159.2 pg/L and 1.2 — 36.2
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Ma/L, respectively. The urban wells of San Miguel de Allende had Mn concentrations which
ranged from 0.7 pg/L — 9.9 pg/L. The urban well of San Diego de la Union had a Mn concentration
of 5.7 pg/L. The average Mn measured in the basin was 16.4 pg/L with values ranging from 0.6 —
159.0 pg/L (Table 4.7).

Hand-Dug Wells Trace lons

The two hand dug wells had low As concentrations (Appendix A.3). The two hand dug
wells of San Felipe had the lowest B concentrations measured in the basin at values of 9.7 and
12.7 png/L. These wells had Fe concentrations of 127 pg/L — 197 pg/L. The hand-dug wells of San
Felipe had Li concentrations of 1.9 — 27.3 pg/L. These wells had Mn values ranging from 0.5 —
8.2 ug/L.

Waste Water Treatment Plant Trace lons

The water treatment plant of Dolores Hidalgo had an As concentration of 8.26 pg/L, a B
concentration of 161 pg/L, an Fe concentration of 48 pg/L, a Li concentration of 60 pg/L, and Mn
concentration that was below the detection limit of 0.05 pg/L.

Table 4.7 The averages and ranges of trace ions in only the groundwater samples collected
from the IBAS.

Trace lons Detectable Measurements Range (ug/L) Average (ug/L)
As n=21 3-935 23.2
B n=21 22.9-697 171
Fe n=14 7.6-196.8 29.2
Li n=21 1.8 —454 118.5
Mn n=15 0.6 —159 18

Table 4.8 Average values for selected trace ion concentrations that were detectable around
each of the five major municipalities in the basin. All values are expressed as pg/L.

Trace lons | San Luis de la Dolores San Miguel San Felipe San Diego de
(ug/L) Paz Hidalgo de Allende la Union
As 36.7 17.1 10.7 3.3 7.9
B 198.9 190.7 72.7 11.2 65.1
Fe 33.8 30.2 14.3 161.9 n.a.

Li 175.0 94.1 44.6 14.6 107.2
Mn 3.6 33.6 4.8 4.4 5.7
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Table 4.9 Range of values for selected trace ion concentrations that were detectable around
each of the five major municipalities in the basin. All values are expressed as pg/L.

Trace lons | San Luis de la Dolores San Miguel San Felipe San Diego de
(ug/L) Paz Hidalgo de Allende la Union
As 6.4-935 6.4 —40.3 3.0-255 14-52 7.3
B 60.3 -410 35.8-697 229-171 9.7-127 65.1
Fe 11-58 7.6-138 85-20 127 -196.9 <1
Li 24.4 — 454 1.8-333 2.3-834 19-273 107.2
Mn 06-6.4 0.7 -159 0.7-9.9 05-8.2 5.7

Table 4.10 Range of values for trace ion concentrations in the rural and urban wells near
two major urban areas in the IBAS. All values are expressed as pg/L.

Municipality San Luis de la Paz Dolores Hidalgo
Land Use Type Urban Rural Urban Rural
Trace lons (Mg/L) (ug/L) (ug/L) (ug/L)
As 6.4-11.3 13.1-935 6.4 —15.2 11.3-19.3
B 60.3-95.1 189 - 410 35.7-101.8 99.7 - 697
Fe 22.3-41.4 11-58 7.9-22.3 28 —-138
Li 24.4 — 126 89.7 — 454 1.8-128 38 — 333
Mn 0.63-6.4 1.3 0.7 -159.2 1.2-36.2
Arsenic (pg/L) Boron (ug/L) Iron (ug/L)
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Figure 4.3 Range of values in trace ions from groundwater, hand dug, and water treatment
effluent water samples with mean value designated with the symbol x. Interior and outlier
points a denoted alongside the four quartiles.

45




4.4 Oxygen (6'%0) and Deuterium (6°H) Isotopic Ratios of IBAS

Groundwater

A total of 24 water samples was brought back to the lab for isotopic analysis. The complete
dataset can be found in Table 4.11. The urban and rural groundwater wells sampled in the study
have an oxygen (5'80) ratios between -8.7 — -10.2 %o and -7.9 — -9.6 %o, respectively. The
deuterium (82H) ratios for the urban and rural groundwater wells is between -67 — -78 %o and -61
— =72 %o, respectively. The ranges of 680 and §2H for the five urban areas are in Table 4.12. The
hand dug wells sampled in this region have &80 ratios of -7.6 %o and -6.4 %o and §°H ratios of -
57 %o and -52%o (Table 4.14). The distribution of oxygen and deuterium isotopic ratios were
similar to the study conducted by Knappett et al. 2018 (Figure 4.4). The water samples isotopic
ratios cluster along the mixing and evaporation line generated by Mahlknecht et al., (2004) reflects
the contribution of rainfall from the Sierra de Guanajuato to the west and rainfall created from the
Atlantic to the east with evaporation effects because of irrigation from framing which alters the
isotopic ratios (Figure 4.5). The groundwater wells of the urban area of San Luis de la Paz have
the most isotopically enriched groundwater, whereas the rural wells near this city have the most
depleted groundwater isotopic ratios (Figure 4.6). The water treatment effluent water has §'#0 and
52H ratios of -8.9 and -69 %o, respectively.
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Table 4.11 Oxygen and Deuterium isotopic ratios for water samples from the IBAS.

. &°H 5180
Well Sampled City % VSMO % VSMO
Rura ]
Lourdes San Luis de la Paz -62 -7.9
LS-331-P San Luis de la Paz -66 -8.4
LS-012-L San Luis de la Paz -70 -94
LS-0178 San Luis de la Paz -70 -9.6
Terreros de la Concepciones San Luis de la Paz =72 -9.5
CARL-453-P Dolores Hidalgo -61 -7.9
CARL-506-P Dolores Hidalgo -66 -8.2
CR7 Dolores Hidalgo -71 -9
Cbw Dolores Hidalgo -69 -8.8
CARL-145-P Dolores Hidalgo -68 9.1
RL-2-A San Diego de la Union -71 -9.3
Urban
Pozo 9 San Luis de la Paz -75 -10
LS-531-P San Luis de la Paz -78 -10
LS-529-P San Luis de la Paz -79 -10.2
CARL-228 Dolores Hidalgo -67 -8.7
Pozo 4 Dolores Hidalgo =72 -9.2
CARL-238-P Dolores Hidalgo =72 -9.3
CARL-234-P Dolores Hidalgo -73 94
Ejido de Tirado San Miguel de Allende -68 -9
Insurgentes 2 San Miguel de Allende -71 -9.4
SMA:171:P San Miguel de Allende -71 -9.5
Waste Water Treatment Plant
Planta San Pablo Dolores Hidalgo -69 -8.9
Hand Dug Well
CARL-157-N-HD San Felipe -52 -6.4
Pozo Sergio San Felipe -57 -7.6

Table 4.12 Oxygen and deuterium isotopic ranges and averages for the major urban areas.
All units are expressed as %.VSMOW.

Isotones San Luis de la Dolores San Miguel San Eelipe San Diego
P Paz Hidalgo de Allende P de la Union
8H%o (-79) - (-62) (-73) - (-61) | (-71)—(-68) | (-57)—(-52) (-69)
3180%o (-10.2) = (-7.9) | (-9.4)—(-7.9) | (-9.5)—(-9.0) | (-7.6) —(-6.4) (-8.8)
Mean 82H%o -71.5 -69 -70 -54.5 n.a.
Mean 3'0%o -9.4 -8.9 -9.3 -7.0 n.a.
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Figure 4.4 Oxygen and deuterium isotopes for all water samples from the IBAS. The solid
black line represents the global meteoric water line (GMWL.: 8°H = 8 880 + 10) (Craig H.,
1961), the dashed lines represent the regional meteoric water line (RMWL: °H = 7.978'0
+ 11.03) and groundwater impacted by mixing between the western and eastern sides of the
basin (Mixing & Evaporation: 8°H = 6.978'80 — 4.40) (Mahlknecht et al., 2004).
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Figure 4.5 Oxygen and deuterium isotopic composition of wells sampled in the IBAS since
2008. The black triangles represent samples collected in the basin directly west of the IBAS
by Horst et al. (2008). The dashed lines represent: groundwater impacted by mixing between
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the western and eastern sides of the basin (Mixing & Evaporation: 8°H = 6.976'80 — 4.40)
(Mahlknecht et al., 2004), the global meteoric water line (GMWL: 8°H = 8 80 + 10) (Craig
H., 1961), and the regional meteoric water line (RMWL: 8°H = 7.978'80 + 11.03) (Cortes et
al., 1989). The black circles and the black dashed line represents the local meteoric water
line (LMWL: 8°H = 7.376%0 + 4.31) developed by Knappett et al. (2018).
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Figure 4.6 Oxygen and deuterium isotope ratios for San Luis de la Paz (SLP) and flow path.
(GMWL: 8°H = 8 80 + 10) (Craig H., 1961), (Mixing & Evaporation: 8°H = 6.9760 —
4.40)
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4.5 Dissolved Organic Carbon in the IBAS Water Sample

A total of 24 samples was brought back to the lab for DOC analysis. The complete dataset
can be found in Appendix A.4. The DOC concentrations measured throughout the basin are typical
for groundwater and did not show any correlation with respect to depth (Figure 4.7A). The DOC
values for all groundwater wells sampled ranged from 0.39 — 1.93 mg/L (Figure 4.7B). The highest
groundwater DOC concentration is (Well ID: CDW = 1.93 mg/L) on the eastern side of the basin
installed at a depth of 280 m. The hand dug wells (Well ID: CARL-157-HD and Well ID: Pozo
Sergio) are more representative of surface water with higher concentrations of DOC’s than the
groundwater wells with values of 2.961 and 5.093 mg/L (Table 4.13). The waste water treatment

plant had the highest DOC values of all the samples with a concentration of 16.18 mg/L.
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Figure 4.7 The DOC concentrations in groundwater wells with respect to the depth of the
well (A). The distribution of DOC values in the water samples collected from the IBAS (B).
The water treatment plant effluent water (16.18 mg/L) was excluded from the box and
whisker plot as it skewed the average concentration (B).

Table 4.13 Summary of the DOC measured near major urban areas.

San Luis de Dolores San Miguel . San Diego

DOC ’ la Paz Hidalgo ‘ de Allende ‘ San Felipe ‘ de la Union
Average (mg/L) 1.37 1.05 0.92 4.03 0.48
Range (mg/L) 0.96 — 1.65 0.39-1.93 0.61-1.32 2.96 - 5.09 n.a.
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4.6 X-Ray Diffraction of the Drill Cuttings from the IBAS

Western Side of Basin (Arrastres)

The 500-meters of drill cuttings from the Arrastres borehole on the western side of the

basin was analyzed through powder XRD. The XRD analyses results can be found in Appendix

A.32 — A.57. Summaries of the results for the Arrastres borehole can be found in Figure 4.8. The

first 0 — 40 m of the Arrastres drill cuttings are composed of plagioclase, pyroxene, and quartz.

The 40 — 220 m of the drill cuttings are composed of plagioclase, potassium feldspar, and quartz.

The 220 — 400 m of the drill cuttings are composed of plagioclase, pyroxene, and quartz. The 400

— 500 m of the drill cuttings are composed of plagioclase, potassium feldspar, and quartz.
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Figure 4.8 Stratigraphic column of the Arrastres drill cuttings from the western side of the

basin.
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Eastern Side of the Basin (Lourdes)

The 550-meters of drill cuttings from Lourdes borehole on the eastern side of the basin

were examined and results of the analysis can be found in Appendix A.58 — A.84. The 0 — 300 m

of the drill cuttings are composed of plagioclase, potassium feldspar, quartz, muscovite, and calcite

(Figure 4.9). The 300 — 550 m of the drill cuttings are composed of plagioclase, pyroxene, and

quartz. At 220 m depth a single mineral was found to be composed of fluorite (Appendix A.69).
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Figure 4.9 Stratigraphic column of the Lourdes drill cuttings from the eastern side of the
basin. Clinoptilolite was identified at the 180 m and hornblende between 240 and 280 m.

Magnetite was identified at the 420 m depth.

52




4.7 Surface Samples of Rocks and Sediments

During a trip in January of 2018, four field samples were by collected and analyzed by
XRD and XRF at the University of Guanajuato by Dr. Datta (Table 4.14, Figure 4.10, Figure 4.11,
Figure 4.12, Figure 4.13, and Figure 4.14). The XRF data is available in Appendix A.85. The
samples consisted of felsic volcanic rocks of ignimbrite and rhyolite composition, along with
sedimentary conglomerates and fine-grained sandstone.

Table 4.14 Rock samples collected in the field and analyzed by XRD.

P M K H
K- M 0
R L N A E
S C F U A
0 Q T 0 M
A A E S G M
C U o L A
M L L C I
K A R I T
P C D O @) l
T R L N I
L I S \Y/ C
Y T L I
E o . T | P | L o T c
E | A A N
E S ! E
R E T
E E
Sample 1 n.a. X X X X
Ignimbrite -or- X
Sample 2 ) X X
Rhyolite
Eocene X X
Sample 4 X X
Conglomerate
Sample 7 Ignimbrite X X X X
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Figure 4.10 The location of the four field samples collected in the IBAS.
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Figure 4.11 Sample one collected from the IBAS
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Figure 4.13 Sample four collected from the IBAS
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4.8 Petrographic Analysis Results on Thin Sections of the Drill Cuttings

Arrastres Drill Cuttings

Four thin sections were made from the Arrastres drill cuttings. The thin section from the

20 — 22 m depth displayed the presence of minerals consistent with an igneous rock of mafic to

intermediate composition composed primarily of weathered olive, pyroxene, plagioclase, quartz,
calcite, and apatite (Figure 4.15A and Table 4.15). The 160 — 162 m depth recovered a more felsic

lava composed of plagioclase, potassium feldspar, quartz, volcanic glass, clay minerals, and zircon
(Figure 4.15B and Table 4.15). The 340 — 342 m depth displayed a similar composition to the 20

— 22 m depth interval with minerals of pyroxene, amphibole, plagioclase, potassium feldspar,
quartz, biotite, and clay minerals (Figure 4.15C and Table 4.15). The 440 — 442 m depth recovered

a more felsic rock composition lava consisting of plagioclase, potassium feldspar, quartz, and

pyroxene (Figure 4.15D and Table 4.15). The pyroxene identified in the lower most thin section

of the Arrastres drill cuttings could be due to cavity collapse while drilling. Iron oxide minerals
were observed in the ~440 m depth (Figure 4.15E and Table 4.15).

Table 4.15 Minerals observed in the thin sections of the Arrastres drill cuttings.

Minerals 20—22m

160 -162 m

340 —-342 m

440 — 442

Quartz X
Calcite X
Plagioclase X
K-feldspar
Biotite
Volcanic Glass
Apatite
Clay Minerals
Zircon
Olivine
Pyroxene
Amphibole
Hematite

XX XX

X

XX X XX
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Lourdes Drill Cuttings

Five thin sections were made from the Lourdes drill cuttings. The thin sections from the
Lourdes drill cuttings were examined with respect to depth and the following minerology was
recorded. The 18 — 20 m depth was of sedimentary origin with rock fragments composed of
plagioclase, quartz, calcite, biotite, volcanic glass, and trace amounts of apatite (Figure 4.16A and
Table 4.16). The 140 — 142 m depth had a similar sedimentary origin with rock fragments
composed of plagioclase, quartz, calcite, biotite, clay minerals, volcanic glass, zircon, and apatite
(Figure 4.16B and Table 4.16). The 220 — 222 m depth was similar to the previously mentioned
sedimentary deposits, but clasts of clay were more dominant (Figure 4.16C and Table 4.16). Aside
from the clay clasts the rock fragments were composed of plagioclase, quartz, calcite, biotite,
volcanic glass, clay minerals, and minor amounts of apatite. The 360 — 362 m depth was composed
of mafic rock fragments containing weathered olivine, pyroxene, plagioclase, potassium feldspar,
quartz, calcite, volcanic glass, and trace amounts of apatite (Figure 4.16D and Table 4.16). The
540 — 542 m depth interval of the Lourdes drill cuttings was composed of similar rock fragments
as the 360 — 362 m depths (Figure 4.16E and Table 4.16). The rock fragments were composed of
pyroxene, amphibole, plagioclase, potassium feldspar, quartz, calcite, and minor amounts of
apatite (Figure 4.16F and Table 4.16). Iron oxides and hematite were identified under reflected
light at 440 m depth in the Lourdes drill cuttings (4.15F)

Table 4.16 Minerals observed in the thin sections of the Lourdes drill cuttings.

Minerals 18—-20m | 140-142m | 220-222m | 360-362m | 540-542 m
Quartz X
Calcite X

Plagioclase X

K-feldspar
Biotite
Chlorite

Volcanic Glass
Apatite
Clay Minerals
Zircon
Olivine
Pyroxene
Amphibole

Hematite
IImenite

XXX XXXXX
XXXX X XXX
X X X X

X X X X
XX XXX

XXXXX XX XXXXXX
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Figure 4.15 Images of the mineralogy observed in the ~20 m (A) ~160 m (B) ~340 m depth
(C) and ~440 m depth (D) of the Arrastres drill cuttings Images shown in transmitted light
with crossed polars. Images of the minerology observed in the ~540 m depth (E) of the
Lourdes drill cuttings and the ~440 m depth (F) of the Arrastres drill cuttings shown in
reflected light.
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Figure 4.16 Images of the mineralogy of the Lourdes drill cuttings from images of the
mineralogy observed in the ~140 m (A), ~220 m (B) ~360 m (C) depth with crossed polars,
and ~540 m (D) ~540 m depth (E and F). Images shown in transmitted light.
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4.9 X-ray fluorescence Results of Drill Cuttings

Arrastres Drill Cuttings:

The total elemental concentrations recovery from the XRF analysis with the Arrastres drill
cuttings was on average 68% after converting the values to percent oxides. The total elemental
concentrations recovery from the shale standard used was on average 92% after converting the
values to percent oxides. This is the result of the instruments inability to detect Na, difficulty in
determining Mg, as well as, air space between the grains attenuating the x-rays. A summary of the
results can be found in Table 4.17 and Figure 4.17 and the full data set can be found in Appendix
A.86 — A.88. The Arrastres drill cuttings display four distinct changes in major elemental
composition as observed from 0 — 500 m (Figure 4.17). These four distinct changes occur at 0 —
40 m, 40 — 220 m, 220 — 400 m, and 400 — 500 m depth. These four sections display As
concentrations which range from 2 — 5 mg/kg, 2 — 15 mg/kg, 0 — 21 mg/kg, and 8 — 27 mg/kg,
respectively (Table 4.17). Potassium, Rb, and Si have similar concentration profiles with depth,
comparable to As throughout the entire length of the Arrastres drill cuttings. The Ca, Fe, Mg, Sr,
and Mn concentrations profile patterns are all inversely related to As for the entire length of the

Aurrastres drill cuttings.

Table 4.17 Range of elemental concentrations for the Arrastres Drill cuttings from 0 — 500
m. All values are reported as parts per million (mg/kg).

Element

maka) 0-40m 40-220m 220 - 400 m 400 - 500 m
As 2-5 2-15 0-21 8- 27
K 9,436 — 10,931 12,126 — 32,368 10,101 — 23,463 16,689 — 34,849
Rb 48 — 66 76 — 238 155 -178 118 - 204
Si 179,344 — 184,334 195,070 — 284,629 | 164,594 — 257,958 | 197,927 — 281,975
Ca 34,399 — 42,774 5,977 — 38,992 19,513 - 45,119 11,492 — 32,071
Mg 8,374 — 12,105 145 - 9,328 2,829 — 14,076 882 — 4,331
Sr 339 - 348 27 — 347 131 - 395 61 — 261
Fe 41,589 — 46,227 10,991 — 31,649 17,102 — 43,489 13,501 — 35,897
Mn 682 — 911 292 - 670 448 - 911 284 - 530
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Figure 4.17 The major and trace element concentration profiles with depth for the Arrastres
drill cuttings with the blue line expressing the average value and horizontal lines expressing
the standard deviation calculated in Excel between the three measurements taken at each
depth.



Lourdes Drill Cuttings:

The recovery from the XRF analysis with the Lourdes drill cuttings was on average 62%
after converting to weight percent oxide and the recovery from the standard used was on average
89% after converting to weight percent oxide. A summary of the results can be found in Table 4.18
and Figure 4.18; the full data set can be found in Appendix A.89 — A.93. The Lourdes drill cuttings
display two distinct changes in elemental composition as observed from 0 — 550 meters depth
(Figure 4.20). These two distinct changes in lithology will be used to describe the changes in
elemental concentration from 0 to 300 m and 300 m to 550 m. Arsenic concentrations range from
0 -8 mg/kg in the upper 0 to 300 m and 0.5 and 4.5 mg/kg in the lower 300 to 550 m depths (Table
4.18). Potassium, Rubidium (Rb), and Silica (Si) have similar elemental concertation profiles with
depth, comparable to As throughout the entire length of the Lourdes drill cuttings. The Ca
elemental concentrations in the Lourdes drill cuttings displayed an inverse concertation profile to
the K, Rb, and Si concentration. An increase in Ca concentrations is observed between 60 to 160
m. Fe, Mg, Sr, and Mn concentration profiles with depth are all inversely related to As for the

entire length of the Lourdes drill cuttings.

Table 4.18 Range of elemental concentrations for the Lourdes Drill cuttings from 0 — 550 m.
All values are reported as parts per million (mg/kg).

Element (mg/kg) 0-300m 300 - 550 m
As 0-8 05-45
K 14,370 — 24,774 4,154 — 13,622
Rb 87 - 170 33 -105
Si 183,962 — 227,452 143,885 — 179,727
Ca 13,419 — 65,293 24,876 — 45,737
Mg 1,155 - 5,084 544 — 10,735
Sr 176 — 414 305 - 455
Fe 14,643 — 37,097 17,509 — 35,567
Mn 303 - 506 429 — 724
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Figure 4.18 The major and trace element concentration profiles with depth for the Lourdes
drill cuttings with the blue line expressing the average value and horizontal lines expressing
the standard deviation calculated in Excel between the three measurements taken at each
depth.
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4.10 Depth Dependent Distribution of Leachable Fluoride in the Basin

Overview

All sections of the Arrastres and Lourdes cores released F to some extent (Figures 4.19A,
4.19B, 4.20A, and 4.20B). The complete dataset can be found in Appendix A.5 through A.24. The
objective of this experiment is to determine which sections of the borehole drill cuttings are
releasing F. Additionally, this would be an inexpensive method for determining leachable F from
rocks by use of the FISE and comparing the results with measurements by IC. These leaching
experiments used DI water for one set of reactors as a control. A second set of reactors used
groundwater from IBAS wells which were positioned near the location of the borehole drill
cuttings. A complete summary of results from this experiment can be found in the appendix. The
initial water chemistry can be found in Table 4.19.

Table 4.19 Water Chemistry of the groundwater used in the leaching experiments.

Well ID Na* K* Mg?* Ca? Srz+ F CI- NOz | Br | NOs | POs* | SOs*

CDW 33.74 3.43 0.66 16.02 0.33 1.18 4.76 0.28 bdl 211 | 037 7.87
LS-0178 132.13 2.39 bdl 5.037 0.22 | 1524 | 24.04 bdl 030 | 3.35 | 0.64 | 44.12

Fluoride Leaching from Arrastres Drill Cutting in DI Waters:

As the Arrastres drill cuttings reacted with de-ionized water (DI) for 200 hours and
generated a leached F profile (Figure 4.19A). The 0 — 40 m section leached F ranging from 1.19 —
1.28 mg/L as measured by the FISE with an average value of 1.23 mg/L. The 40 — 220 m sections
leached F ranging from 0.24 — 1.09 mg/L with an average of 0.79 mg/L. The 220 — 400 m sections
leached F ranging from 0.18 — 0.61 mg/L with an average of 0.39 mg/L. The 400 — 500 m sections
leached F ranging from 0.33 — 0.68 mg/L with an average of 0.56 mg/L. The IC measurements
display a similar leached F concentration profile, with highest values measured in the 20 — 40 m
and 140 — 160 m sections (1.77 mg/L and 1.22 mg/L) with decreasing values in the central region
of the drill cuttings 240 — 260 m and 360 — 380 m (0.26 mg/L and 0.53 mg/L). The 440 — 460 m
sections had a higher value than the central region of the drill cuttings reaching 0.78 mg/L of F.

Fluoride Leaching from Lourdes Drill Cuttings in DI Water:

As the Lourdes drill cuttings reacted with DI water, measurements were taken with the
FISE; the 0 — 300 m sections showed a decreasing trend from 0 — 20 m (2.25 mg/L) toward the
280 — 300 m (0.91 mg/L) sections (Figure 4.19B). The 300 — 550 m depths of the Lourdes drill
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cuttings then showed an increasing trend from 300 — 320 m (1.34 mg/L) toward 520 — 550 m (1.5
mg/L). Between 300 — 550 meters depth higher F values were observed at 400 — 440 m and 460 —
520 m depth (2.15 - 1.86 mg/L and 2.15 — 1.99 mg/L). The IC results showed a similar trend for
selected sections with relatively high values of leached F at 20 — 40 m (1.67 mg/L). A similar
decreasing trend was observed in the IC results between 100 — 340 m (1.51 mg/L, 1.37 mg/L, and
1.48 mg/L). The highest F concentrations were observed in the 400 — 420 m sections (2.72 mg/L)
followed by a decreased in F concertation in the 520 — 550 m (1.87 mg/L).

: Fluoride (mg/I
A Fluoride (mg/l) ® 0.0 1.5( o) 3.0
0.0 1.0 2.0 0
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——Fluroide - --WHO limit O Duplicates *<IC

Figure 4.19 Leachable F concentrations from the Arrastres drill cuttings (A) and Lourdes
drill cuttings (B). Reactors used DI water, were run alongside a set of duplicates (red circles)
with measurements by IC (green X) Dashed lines represent the WHO safe drinking water
limit of 1.5 mg/L for F.
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Fluoride Leaching from the Arrastres Drill Cuttings in Groundwater:

The Arrastres drill cuttings was reacted with groundwater (GW) from a rural well (Well
ID: CDW) from the western side of the basin (Figure 4.20A). The groundwater from this well was
chosen for this experiment because it was the closest well positioned near the location of the
Avrrastres drill cuttings. The groundwater had an initial F concentration of 0.95 mg/L. After the
rocks reacted with groundwater for 200 hours, measurements were taken with the FISE. The 0 —
40 m sections leached F ranging from 1.45 — 1.95 mg/L with an average value of 1.7 mg/L. The
40 — 220 m sections leached F ranging from 1.08 — 1.81 mg/L with an average of 1.46 mg/L. The
220 — 400 m sections leached F ranging from 0.98 — 1.36 with an average of 1.15 mg/L. The 400
— 500 m sections leached F ranging from 1.12 — 1.40 mg/L with an average of 1.28 mg/L. The IC
measurements from the selected borehole sections showed a similar leached F concentration with
the highest values measured in the 20 — 40 m and 140 — 160 m sections (2.04 mg/L and 1.83 mg/L)
with decreasing values in the central region of the drill cuttings 240 — 260 m and 360 — 380 m
(1.24 mg/L and 1.3 mg/L). The 440 — 460 m sections had a higher value than the central region of
the drill cuttings reaching 1.77 mg/L of F.
Fluoride Leaching from the Lourdes Drill Cuttings in Groundwater:

The Lourdes drill cuttings reacted with groundwater from a production well (Well ID: LS-
0187) from the eastern side of the basin with the highest F concentrations (Figure 4.21B). After
the rocks reacted with groundwater for 200 hours, measurements were taken with the FISE. The 0
— 300 m sections showed F values that were less than the initial concentration of the groundwater
used in the experiment. The F concentrations decreased from the 0 — 20 m (12.75 mg/L) to the 280
— 300 m (16 mg/L) sections. The greatest decrease in F concentrations occurred in the 40 — 60 m
sections with a final concentration of 9.46 mg/L. The 300 — 550 m depths of the Lourdes drill
cuttings then showed variable increases and decreases in F values from 300 — 550 m. The 300 —
320 m sections showed the highest increase in F concentrations (17.36 mg/L). At depths below
these sections the lowest values of F were measured in the 360 — 380 m sections (15.52 mg/L). At
the 520 — 550 m sections the F concertation was 16 mg/L. The IC results showed a similar trend
for selected sections with lower than initial values of F at 0 — 20 m, 100 — 120 m, and 220 — 240
m (12.07 mg/L, 13.03 mg/L, and 15.25 mg/L). The 320 — 340 m, 400 — 420 m, and 520 — 550 m
sections showed higher than initial F concentrations (17.47 mg/L, 17.25 mg/L, 16.55 mg/L). Based
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on fluorite saturation index calculations completed with Geochemist Workbench Softaware with
the PHREEQC thermo database. The results from the IC tested sections (20, 100, 220, 320, 400,
and 520) indicate fluorite is supersaturated with repsect to the system (Appendix A.20)
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Figure 4.20 Leachable F concentration measurements for the Arrastres and Lourdes drill
cuttings. Reactors used groundwater from the rural wells CDW (C) and LS-0178 (D). Red
line indicates the initial F concentration of the groundwater. These reactors were run with
duplicates (red circles) and IC (green X) the dashed line represents the WHO Safe Drinking
Water Limit 1.5 mg/L for F.
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4.11 Time and pH dependent Water-Rock Interactions

Overview

Drill cuttings from the Arrastres and Lourdes boreholes reacted with groundwater from the
IBAS (Well ID: RL-2-A, Table 4.20) in laboratory scale batch reactors with adjusted pH values of
~5, ~7, and ~9. Concentration changes in the major and trace elements in the reactor are observed
among the three pH values. The complete dataset can be found in Appendix A.25 and A.30. This
goal of this experiment is to identify the reactions that are geochemically connected to the
groundwater and rock interactions occurring in the IBAS.
Table 4.20 Water chemistry of the basin

Well ID Na K Mg Ca Sr F Cl NO, Br NO; PO, SO,
Units mg/L mg/L mg/L mg/L mg/L | mg/L mg/L mg/L | mg/L mg/L mg/L mg/L
RL-2-A 66.88 19.73 5.46 0.63 112 0.83 12.96 Bdl 0.20 10.54 Bdl 38.45
As B Li Fe
Mo/l Mo/l Hg/L Ho/L
7.370 2891.047 98.597 9.273

Arrastres Drill Cuttings and Groundwater Interaction Experiment

The changes in average dissolved F concentrations over time vary in overall trends for each
of the three pH values use in these reactors. In the reactors with groundwater at a pH of ~5, the
average dissolved F concentrations are less than the initial average dissolved F concentration of
the groundwater (Well ID: RL-2-A = 0.83 mg/L; 0.043 mmol/L). The average dissolved F
concentrations decreased from 0.83 mg/L (0.043 mmol/L) to 0.59 mg/L (0.031 mmol/L) during
the initial 50 hours followed by a decreasing trend in average dissolved F concentrations until 200
hours of reaction (Figure 4.21). In contrast, the pH ~7 reactors have fluctuating average dissolved
F concentrations which vary between 0.71 mg/L (0.037 mmol/L) and 0.79 mg/L (0.042 mmol/L),
which is slightly less than the initial average dissolved F concentration of 0.83 mg/L (0.043
mmol/L) (Figure 4.21). The reactors with an adjusted pH of ~9, a minor increase in average
dissolved F concentrations occurs reaching 0.91 mg/L (0.048 mmol/L) after 50 hours of reaction.
This increase in average dissolved F concentrations is followed by steady-state conditions with
average dissolved F values fluctuating between 0.90 mg/L (0.046 mmol/L) and 0.93 mg/L (0.049
mmol/L) (Figure 4.23).
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The average As concentration changes in the pH ~5, ~7 and, ~9 reactors all show
continuously decreasing trends during the experiment. In the pH ~6 reactors a 1.84 pg/L (0.015
pmol/L) reduction in average As concentrations occurs during the initial 50 hours of reaction. This
initial decrease in average As concentrations is followed by fluctuating values of 6.17 pg/L (0.082
pmol/L) and 5.76 pg/L (0.077 umol/L) until 200 hours of reaction. In the pH ~7 and pH ~8 reactors
the average As concentrations decrease at a similar rate and display a crossing pattern after 100
hours of reaction. The average As values in the pH ~7 reactors became slightly greater than the
average concentrations observed in the pH ~9 reactors. After 200 hours of reaction, the pH ~6, ~7,
and ~8 reactors have values of 5.76 pg/L (0.077 pumol/L), 6.58 pg/L (0.088 umol/L), and 6.32
Mo/L (0.084 pumol/L), respectively (Figure 4.23).

The average dissolved Ca concentrations in the pH ~5 reactors show a continuous increase
in average dissolved Ca concentrations from the initial 25.44 mg/L (1.10 mmol/L) to 52.00 mg/L
(2.26 mmol/L) (Figure 4.25). In the pH ~7 reactors the average dissolved Ca concentrations
decrease from 25.44 mg/L (1.11 mmol/L) to 21.20 mg/L (0.92 mmol/L) after 50 hours of reaction
(Figure 4.25). This initial decrease in the average dissolved Ca concentrations is followed by
continuous increase in average dissolved Ca concentrations reaching 29.50 mg/L (1.28 mmol/L)
at 200 hours. The average dissolved Ca concentrations in the pH ~9 reactors change from 25.44
mg/L (1.11 mmol/L) to 15.97 mg/L (0.70 mmol/L). This was followed by a slight increase in
average dissolved Ca concentrations from 15.97 mg/L (0.70 mmol/L) to 20.33 mg/L (0.88
mmol/L) at 200 hours.

The average dissolved Na concentration increase from 66.88 mg/L (2.90 mmol/L) to
~101.00 mg/L (~4.40 mmol/L) in pH ~5 and ~7 reactors. The initial increase in average dissolve
Na concentration was followed steady state conditions until 200 hours of reaction (Figure 4.27).

B, and Li concentrations in the pH ~5, ~7, and ~9 reactors all increased over time (Figures
4.29 and 4.31). The average dissolved boron concentrations in the pH ~5, ~7, and ~9 reactors
increased from ~267.42 umol/L to ~340 pumol/L after 200 hours of reaction. The average dissolved
lithium concentrations in the pH ~5, ~7 and ~9 reactors displayed significant increases during the
initial 50 hours of reaction followed by gradual increases in at all three pH values (Figure 4.28).
The average dissolved Fe concentrations for all three pH values displayed steady-state conditions
(Figure 4.33).
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Lourdes Drill Cuttings and Groundwater Interaction Experiment

Drill cuttings from the eastern side of the basin generate increases in F concentrations are
over time at pH ~5, ~7, and ~9 with peak values at 50 hours of 1.04 mg/L (0.055 mmol/L), 1.35
mg/L (0.071 mmol/L), and 1.50 mg/L (0.079 mmol/L; respectively. These peak values are
followed by a continuous decrease in average dissolved F concentrations over time (Figure 4.22).

The average dissolved total arsenic concentrations in all reactors display a generally
decrease over time (Figure 4.24). In the pH ~7 and ~9 reactors slight increase occurs until 50 hours
of reaction to peak values of 8.04 pg/L (0.11 pmol/L) and 8.48 pg/L (0.11 pmol/L). This initial
increase in total arsenic concentrations is followed a continuous decrease in concentration over
time. The pH ~5 reactors displayed the most significant reduction in average dissolved total arsenic
concentrations reaching minimum values 5.67 pg/L (0.08 umol/L) after 200 hours of reaction
(Figure 4.24).

The average dissolved Ca concentrations display different trends over time at the different
pH values (Figure 4.26). In the pH ~5 reactors, the average dissolved Ca concentrations show a
continuous increase with a maximum value of 97.43 mg/L (4.24 mmol/L) after 200 hours of
reaction. In the pH ~7 reactors the average dissolved Ca concentrations decrease during the initial
50 hours of reaction from 25.44 mg/L (1.11 mmol/L) to 23.60 mg/L (1.03 mmol/L). After the
initial decrease in average dissolved Ca concentrations an increase occurs with a final value of
39.40 mg/L (1.71 mmol/L) after 200 hours. In the pH ~9 reactors the Ca concentrations decrease
during the initial 50 hours of reaction followed by fluctuating values between 8.99 mg/L (0.39
mmol/L) and 11.97 mg/L (0.52 mmol/L).

The average dissolved sodium and boron concentrations increased over time at all pH
values (Figure 4.28 and Figure 4.30). The average dissolved lithium concentrations increased in
concentration over time in pH ~5 and pH ~7 reactors. In groundwater with a pH of ~9 the average
dissolved lithium concentrations display fluctuating values between 96.72 pg/L (13.94 umol/L)
and 103.44 (14.90 umol/L) (Figure 4.32). The average dissolved Fe concentrations in the pH ~5,
~7, and ~9 reactors display a fluctuation in values with an anomalously high value of average

dissolved Fe at 100 hours of reaction in the pH ~5 reactors (Figure 4.34).
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Figure 4.21 The F concentration changes from the Arrastres drill cuttings on the western
side of the basin reacting with groundwater (A and B). The WHO safe drinking water limit

for F 1.5 mg/L (A) and 0.79 mmol/L (B).
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Figure 4.22 The F concentration changes from the Lourdes drill cuttings on the eastern side
of the basin reacting with groundwater (C and D). The WHO safe drinking water limit for

F 1.5 mg/L (A) and 0.79 mmol/L (A).
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Figure 4.23 The As concentration changes from the Arrastres drill cuttings on the western
side of the basin reacting with groundwater (E and F). The WHO safe drinking water limit
for F 10 pg/L (A) and 0.13 pumol/L (B).
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Figure 4.24 The As concentration changes from the Lourdes drill cuttings on the eastern

side of the basin reacting with groundwater (E and F). The WHO safe drinking water limit
for F 10 pg/L (A) and 0.13 pmol/L (B).
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Figure 4.25 Dissolved Ca concentration changes from the Arrastres drill cuttings on the
western side of the basin.
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Figure 4.26 Dissolved Ca concentration changes from the Lourdes drill cuttings on the
eastern side of the basin.
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Figure 4.27 Dissolved Na concentration changes from the Arrastres drill cuttings (M) from
the western side of the basin. Reactors impacted by the addition of NaOH were removed.
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Figure 4.28 Dissolved Na concentration changes from the Lourdes drill cuttings from the
eastern side of the basin. Reactors impacted by the addition of NaOH were removed.
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Figure 4.29 Dissolved B concentration changes from the Arrastres drill cuttings from the
western side of the basin.
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Figure 4.30 Dissolved B concentration changes from the Lourdes drill cuttings from the
eastern side of the basin.
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Figure 4.31 Dissolved Li concentration changes from the Arrastres drill cuttings from the
western side of the basin.
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Figure 4.32 Dissolved Li concentration changes from the Lourdes drill cuttings from the
eastern side of the basin.

77



co#eeepH5 - -pH7 ——pH9 co#eeepH5 - -pH7 ——pHI

0.80
30.00

0.60

Iron (umol/L)
o
£

0.20

0.00
0 50 100 150 200 0 50

100 150 200
Time (hrs.)

Time (hrs.)

Figure 4.33 Dissolved Fe concentration changes from the Arrastres drill cuttings from the
western side of the basin.
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Figure 4.34 Dissolved Fe concentration changes from the Lourdes drill cuttings from the
eastern side of the basin.
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4.12 Rate Const ant Calculations

The results from the laboratory-controlled experiments were used to determine whether the
reaction releasing F is zero, first, or second-order. A zero-order reaction results in a linear change
in concertation with respect to time. A first and second-order reaction is an exponential change in
concentration with time. A definitive rate order was not achieved, although the order does fall
between zero and first-order. Based on the assumption that the reaction is a zero-order reaction, a
linear rate of change was used to calculate the rate constant (k) (Equation 1). As the drill cuttings
from the Lourdes borehole were the only water-rock interaction experiments that released F into
the groundwater the rate constant for the three pH values was calculated by using the changes in
average F concentrations with respect to the time (Table 4.21). These values were derived from
the calculation below where C; is the concentration of F at a specified time, Co is the initial
concentration of F, k is the rate constant, and t is the time. This calculation was performed for the
25 hr. and 50 hr. reaction times for the changes in F concentrations and the two rate constants were
averaged together to derive a single rate constant that explained the rate of release from the drill

cuttings of the Lourdes borehole during the initial 50 hr. of reaction (Figure 4.35).
Equation 1

Ci=Co+ kt

Table 4.21 Table of rate constant values
pH ~5 pH ~7 pH ~9

mol

K 3.07E-04 7.25E-04 8.41E-04
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Figure 4.35 Bivariant plot representing the change in F concentrations with respect to time
during the initial 50 hours of reaction.

4.13 Geochemical Modeling of Batch Reactor Results

The geochemical model developed via the Geochemist Workbench Software was used to
describe the reactions with dissolved arsenate (As(OH)s), dissolved F, and Fe oxyhydroxide
minerals in groundwater with a pH of 5, 7, and 9. The Fe oxyhydroxide used in the model was
goethite which was given a surface area of 600 m?/g and 0.005 mol/mol for strong bonding sites
and 0.200 mol/mol for weak bonding sites. The modeling results display a ~18% decrease in F
concentrations at pH 9 (Figure 4.36A), a ~53% decrease in F concentrations at pH 7 (Figure
4.36B), and a ~98% decrease in F concentrations at pH 5 (Figure 4.36C). The modeling results for
As(OH)4 display decrease in concentration by ~7 orders of magnitude at a pH of 9 (Figure 4.37A),
decrease of ~8 orders of magnitude at pH 7 (Figure 4.37B), and a decrease of ~9 orders of
magnitude at pH 5 (Figure 4.37C). Comparing the experimental results with the modeling results,
a discrepancy in magnitude is observed. This may be due to the model reaction dependency on
mineral surface area, quantity of As and F-bearing minerals, the dimensions of the Fe
oxyhydroxide mineral surfaces, and the site density on these mineral surfaces. The modeling
prediction for the interactions of As(OH)s and F with Fe oxyhydroxides, indicate that adsorption
is a possible mechanism for reducing the As(OH)s and F concentrations in the groundwater as F-

bearing minerals undergo dissolution and release F.
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Chapter 5 - Discussion

5.1 How Water Chemistry Influences Elemental Mobilities in IBAS

The distributions of dissolved As and dissolved F in the groundwaters of the IBAS were
examined by analyzing the water chemistries around five major municipalities including: San Luis
de la Paz, Dolores Hidalgo, San Miguel de Allende, San Felipe, and San Diego de la Union. In this
groundwater system the highest concentrations of these two contaminants were found in rural wells
of the northeastern region of the IBAS near San Luis de la Paz (Figure 2.4 and Tables 4.5 and 4.9).
Previous investigations also found high concentrations of As and dissolved F in this northeastern
region of the basin (Mahlknecht et al., 2004; Ortega-Guerrero, 2009; Knappett et al., 2018).
Arsenic and F concentrations measured in the groundwater of this area have reached levels 9 to 10
times higher than the WHO guidelines (Tables 4.5 and 4.9). In this study the correlation (R? =
0.82) between As and F concentrations in groundwater samples from across the basin was highly
significant (p < 0.001) (Table 5.1). This suggests that As and F have similar geogenic source. In
addition to the northeastern region of the basin a groundwater well with As and F concentrations
above the WHO guidelines was located along the western side of the Taxco-San Miguel de Allende
Fault System (Figure 2.4). In groundwater wells installed to a depth of ~500 meters As exceeds
the WHO limit and F approaches and exceeds the WHO limit.

As well as co-varying themselves, concentrations of As and F in groundwater wells are
positively correlated with elevated Li, B, and groundwater temperatures (Table 5.1 and Figure
5.1A and 5.1B). Figure 5.1A displays the relationship between As concentrations greater than 10
po/L, B, Li, and groundwater temperatures greater than 30 °C. The groundwater wells with
temperatures greater than 30 °C also show a positive correlation with elevated B, Li, and F
concentrations Figure 5.1B. As reported by Webster and Nordstrom (2003) and Lopez et al. (2012)
B and Li are good indicators of geothermal fluids. The occurrence of these geothermal tracers in
the IBAS could indicate mixing between hydrothermal fluids and deep groundwater systems.
Knappett et al. (2018) conducted a survey of production well across the IBAS found correlation
between B and F. These correlations indicate a possible hydrothermal source for elevate As

concentrations.
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Table 5.1 R? Correlation matrix between physiochemical parameters and trace and major
elements. Values in bold have p-values below 0.05.

Parameter | Temp. | pH | Na | HCcos | B | Li | As | F
Temp. 1
oH 0.01 1
Na 0.22 0.45 1
HCOs3 0.02 0.28 0.6 1
B 0.33 0.06 0.57 0.42 1
Li 0.54 0.28 0.59 0.33 0.56 1
As 0.55 0.3 0.63 0.38 0.47 0.68 1
F 0.57 0.32 0.46 0.29 0.31 0.73 0.82 1
800 A 800 B
700 2 2 700 2
600 600
=500 =500
g g
= 400 <& = 400 <&
o * o *
3300 14 2300 ®
200 g o* 200 o o
100 73 OAs>10 “g/L 100 g OF>15 mg/L
0 & ® OAs <10 pg/L 0 & OF<1.5mg/L
0 200 400 600 0 200 400 600
Lithium (ug/L) Lithium (ug/L)

Figure 5.1 Bivariate plots which represents the relationship between boron and lithium in
groundwater wells. Markers with red fill are groundwater wells with water temperatures
greater than 30 C°.

Sodium and bicarbonate concentrations also correlated with elevated As and F
concentrations (Table 5.1). Figure 4.1 shows that the groundwater from the rural areas of the IBAS
are dominantly a Na-HCOs rich water. This could be owing to the alteration of albite (NaAISi3Og)
and sanidine like minerals ((K,Na)AISisOg) observed in the borehole drill cuttings which consume
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protons thereby increasing the pH and HCOz3™ content of the groundwater as indicated by Li et al.
(2013) (Equation 2 and 3).
Equation 2
2NaAlSiszOs(aibite) + 2H" + 9 H20 = 2 Na" + 4H4SiO4(q) + Al2Si205(OH)4(kaolinite)

Equation 3
NaAlSizOsgalbite) + H2CO3+ 9/2H20 > Na* + HCO3™ + 2H1SiOs + 1/2Al2Si205(0OH)akaolinite)

The urban wells contain water that is predominantly of the Ca-Mg-Na-HCOs rich. This
could be the results of weathering reactions having calcite (CaCOs3) in the system (Equation 4) and
anorthite (CaAl.Si20g) (Equation 5), both of which are observed in the drill cuttings.

Equation 4
CaCOs(caleite) + 2H" €= Ca*" + H,0 + CO»
Equation 5

2CaAL2S1208(northite) + 6H20 = AlaSi10010(OH)s + 2Ca" + 4(OH)

Additional sources of Ca could be from sodium exchange reactions which can contribute

Ca to groundwater (Mahlknecht et al., 2004). These different water types are important because
Ca concentration can limit F concentrations in groundwater by precipitations of fluorite
(Equation 6) and apatite (Equation 7).

Equation 6

CaFz(Fiorie)y > Ca?t+ F
Equation 7
(Cas(PO4)3(OH,F,Cl)(apatite) + 3H" = 5Ca2* + 3HPO4> + F

The limitation with respect to fluorite was quantified by Brown and Roberson (1977)

(Kfworite = 107196 at 25°C). Theoretically, when Ca concentrations are 40.08 mg/L, then F
concentrations are limited to 3.08 mg/L as stated by Hem (1985) (Figure 5.2).
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Figure 5.2 F and Ca concentration from the groundwater wells sampled in the Independence
Basin with dashed line representing fluorite saturation calculated from the equilibrium
constant provided by Brown and Roberson (1977).

Elevated As and F concentrations are observed in groundwater samples that also contain
low Ca and high Na concentrations (Figure 5.2). These rural groundwater wells (Well ID: Terreros
de la Concepciones and Well ID: LS-0178) approach and surpass the fluorite saturation point with
F concentrations of 12.04 and 15.24 mg/L (Figure 5.2). The presence of high Ca concentrations in
the urban wells near San Luis de la Paz will limit the solubility of fluorite through the common
ion effect ensuring F concentrations in the groundwater remain low (Equations 6 and 7). The high
Ca concentrations effectively decrease the solubility of Ca F-bearing minerals including fluorite
and fluorapatite (Apambire et al., 1997) (Equation 6 and 7).

The physiochemical parameters of low temperature geothermal conditions, an oxic
groundwater, and a high pH, as well as, elevated alkalinity, B, Li, and F indicates Fe?" oxidation
and desorption of As and possibly mixing of groundwater with hydrothermal waters can be
attributed to the sources of As as shown by Smedley and Kinniburgh, (2002).

The O- and H-isotope ratios of the rural groundwater wells (Figure 4.6 and Figure 2.4) with
the highest As and F concentrations near San Luis de la Paz have heavier isotope ratios compared

to the urban wells of that major city (Knappett et al., 2018). Groundwater wells along the flow
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path between San Luis de la Paz and Dolores Hidalgo are enriched in heavier isotope ratios
compared to the other wells sampled in the basin (Figure 4.6). This could be the result of
groundwater becoming enriched in heavier isotope ratios as subsurface groundwater flows towards
the central region of the basin (Mahlknecht et al. 2006). Additionally, during the extraction of
groundwater for agriculture purposes can result in enrichment in heavier isotopic ratios as the
groundwater recirculates (Mahlknecht et al., 2004). This is known as irrigation return flow. The
groundwater wells of Dolores Hidalgo, San Miguel de Allende, and San Diego de la Union display
similar isotopic ratios on the lighter (more depleted in the heavy isotopes) end of the LMWL. The
fact that As and F concentrations are particularly high in the area with heavier water isotopes (more
enriched) suggests that continuous extraction and evaporation effects could be leading to rising
concentrations of As (Welch et al., 2000) and F in the aquifer (Knappett et al., 2018).
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5.2 How Dominant Lithologies affect the Water Chemistry and Reactions in

IIBAS

The geology of the basin was examined through drill cuttings from Arrastres and Lourdes
boreholes. The Arrastres borehole is located on the western side of the basin near San Felipe in the
CARL aquifer and the Lourdes borehole is located on the eastern side of the basin near San Luis
de la Paz in the LS aquifer. The volcanic and sedimentary rocks of the IBAS are the dominant
controls on the major and trace element geochemistry of the aquifers as the groundwater flows
through the fractures and pore spaces under the influence of gravity to the phreatic water table
(Knappett P. personal communication). Therefore, it is important to understand the geology of the
basin as these findings will help determine the sources of major and trace ion in the groundwater.
The ages of the rocks of this study are not well constrained, but based on the mineralogy, hand
sample examination, location of boreholes within the basin, thin section descriptions, powdered
XRD, and XRF the origins of these deposits can be understood, and ages tentatively assigned.

The drill cuttings from the Arrastres borehole on the western side of the basin displayed
four changes in lithology with depth. In the upper 40 m, weathered olivine, pyroxene, plagioclase,
quartz, calcite, and clay minerals with trace amounts of apatite (Figure 4.8 and Table 4.15) were
observed. This mineralogical composition correlates with enrichment in heavier elements of Mg,
Ca, Mn, and Fe, but relatively depleted in light elements such as K, Rb, and Si. This mineral
assemblage is more typical of an igneous mafic lithology (Table 4.17 and Figure 4.17).
Additionally, these mafic volcanic rocks are positioned near an exposure of Quaternary basalts
(personal communication Loza-Aguirre 1.) (Figure 2.3). Underlying this Quaternary basalt layer
at ~40 to ~220-m depth are volcanic rocks composed of felsic minerals including plagioclase,
potassium feldspar, quartz, volcanic glass, clay minerals, and trace quantities of zircons (Figure
4.8 and Table 4.15). This change from mafic to felsic mineralogy is reflected in the changes in
elemental composition; heavy elements of Ca, Mg, Mn, and Fe are less abundant whereas light
elements such as K, Si, and Rb (Table 4.17 and Figure 4.17) occur in higher concentrations. The
crystalline nature of this formation could indicate emplaced volcanic rocks during a recent pulse
of extension (personal communication, Loza-Aguirre 1.). Based on the geographical location of
these rocks, they can be correlated with Miocene or Oligocene rhyolites or ignimbrites described

by Nieto-Samaniego et al. (2007). In this region F-rich rhyolites have been observed near San
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Felipe in the northwest corner of the basin and northern portion of the CARL aquifer. These F-rich
rhyolites are noted to be primarily composed of quartz, sanidine, and sodic plagioclase with trace
amounts of apatite, fluorite, ilmenite, and zircon (Burt et al., 1982). From ~220 to ~400-m depth,
the Arrastres borehole contain pyroxene, plagioclase, quartz, calcite, biotite, clay minerals, and
trace apatite; similar to the upper ~40 m of the borehole (Figure 4.8 and Table 4.15). The rocks of
this section could be tentatively correlated to Oligocene andesites (Figure 2.2). Below the ~400-m
depth until the termination of the borehole at ~500-m depths, felsic rocks containing plagioclase,
potassium feldspar, quartz, calcite, and pyroxene are observed (Figure 4.8 and Table 4.15). The
pyroxene of this section maybe the results of cavity collapse and mixing of the upper layers, due
to the drilling method. The felsic nature of this section is corroborated by relatively high
concentrations of light elements of K, Rb, Si alongside relatively low concentrations of heavy
elements of Ca, Mg, Mn, and Fe (Table 4.17 and Figure 4.17). This section would correlate to
either a lowermost section of Oligocene rhyolite (Figure 2.2).

On the eastern side of the basin, the drill cuttings from the Lourdes borehole which is ~550
m in depth displayed only two distinct changes in lithology with depth. The upper 300 m of the
borehole contained rounded rock fragments composed of plagioclase, potassium feldspar, calcite,
quartz, volcanic glass, biotite, muscovite, clay minerals, and trace amounts of apatite and zircon
(Figure 4.9 and Table 4.16). This mineralogy is corroborated by the enrichment in K, Rb, and Si
with relatively low concentrations of Mg, Mn, and Fe. The Ca concentrations in this section are
anomalously high, most likely owing to the presence of limestone clasts composed of calcite
(CaCO0a3) or calcite cement (Table 4.18 and Figure 4.18). The presence of fluorite was identified
by single grain XRD at 220 — 222 m of depth of the borehole drill cuttings (Appendix A.69). The
Ca F-bearing minerals could represent a spatially heterogenous distributed mineral that would be
a source of dissolved F. These sedimentary deposits correlated with Quaternary age sandstones
and conglomerates (Figure 2.2) and overlying continental strata (Nieto-Samaniego et al. 2007).
Underneath these Quaternary sedimentary deposits below ~300 m depth are basaltic rocks
composed of weathered olivine, pyroxene, amphibole, plagioclase, potassium feldspar, quartz, and
calcite (Figure 4.9 and Table 4.16). This mineralogy is consistent with the high concentrations of
Ca, Mg, Mn, and Fe and with low concentrations of K, Rb, and Si (Table 4.18 and Figure 4.18).

This section could represent Quaternary or Miocene basalts (Figure 2.2).
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The occurrence of fluorite was expected as the IBAS is included in the “fluorite belt”,
which includes the states of Coahuila, Zacatecas, San Luis Pototsi, Guanajuato, and Queretaro
(Ortega-Guerrero, 2009). However, until this study, the presence of fluorite has only been
speculated based on inverse geochemical modeling and studies in the surrounding region (Ortega-
Guerrero, 2009). Knappett et al. (2018) speculated apatite as the source of F in the basin. Apatite
was identified surrounded by plagioclase grain in layers of the drill cuttings, although the grains
were observed only in trace amounts. No minerals of pyrite or arsenopyrite were identified in the
drill cuttings of the basin by XRD or petrographic microscopy.

The minerals identified in the rocks of the basin include multiple possible sources of F
including fluorite, identified by XRD analysis. Alongside this F-bearing mineral are minerals
containing OH sites capable of accepting F into their lattice structure through isomorphic
substitution including biotite, hornblende, and muscovite, as well as, apatite (Madhavan, 2002)
which were identified in thin section.

In contrast to abundant primary mineral sources for F, no As-bearing minerals were
confirmed. Although primary host minerals for As were not identified, even after an exhaustive
search, As could be bonded to Fe oxyhydroxides, which is a secondary host. These were observed

in the rocks.

89



5.3 Leaching of Major and Trace Elements from Rocks of the Arrastres and

Lourdes Cores

The depth dependent release of F from the rocks of the Arrastres and Lourdes cores was
examined after 200-hours of water-rock interaction. These initial experiments emphasized the
spatial distribution of leachable F from the 0 - ~500 m depths of the Arrastres and Lourdes cores.
Following these initial 200-hour water-rock interaction experiments, the 400 - ~500 m depths of
the Arrastres and Lourdes cores were examined through water-rock interaction experiments
conducted across various pH values.

The distribution of leachable F from the four dominant lithologies which comprise the
rocks of the Arrastres core displayed a gradient of leachable F concentrations. The upper 140 m of
the Arrastres borehole is composed of Quaternary basalts and Miocene or Oligocene rhyolites or
ignimbrites which displayed the greatest release of F into the reacting DI and groundwater (Figures
4.19A and 4.20C). Compared to the upper 140 m, the Oligocene andesites of the 220 — 400 m
depths and the Oligocene rhyolites or ignimbrites of the 400 — 500 m depths released significantly
less F into the reacting DI and groundwater. The F concentrations in the Oligocene rhyolites and
ignimbrites of the MC have been investigated by Orozco-Esquivel et al., (2002). Their study
separated the Oligocene rhyolites and ignimbrites into an upper F-rich rhyolite which was
underlain by rhyolites and ignimbrites with comparably less F. The leachable F concentration
profile developed in this study could indicate the rhyolites or ignimbrites of the Arrastres borehole
are comparable with the upper and lower rhyolite and ignimbrite lithologies of the MC described
by Orozco-Esquivel et al. (2002). As these Miocene or Oligocene rhyolites or ignimbrites could
be F-rich and the Quaternary basalts contain apatite (Table 4.15). Apatite’s can contain F in their
crystal lattice structure (Edmunds and Smedley, 2013). The dissolution from these two sources
could be the reason for increased F concentrations in the upper 140 m.

The water-rock interactions involving major and trace elements from the 400 — ~500 m
depths of the Arrastres core was examined using pH-controlled batch reactors with groundwater
from the IBAS (Table 4.20). The pH of the groundwater used to saturate the rocks of the Arrastres
core has implications for the release and sequestration of F from mineral surfaces. In the basic pH
conditions (pH = ~9) the F concentrations in the IBAS groundwater increased when reacting with
the rocks of the 400 - ~500 m depths of the Arrastres core (Figure 4.21). The F concentrations in
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the groundwater reached steady state after 25 hours and peak concentrations were 0.88 mg/L. The
F concentrations in groundwater with a pH of ~5 resulted in a decrease in F concentrations when
reacting with the rocks from the 400 - ~500m depths of the Arrastres core (Figure 4.21). The
decrease in F concentrations can be explained by subsequent adsorption onto Fe oxyhydroxides
minerals (Jinadasa et al. 1993; Tang et al. 2010). Fe oxyhydroxides (hematite and goethite) have
been observed in the drill cuttings and rocks of the basin in previous studies (Mahlknecht et al.,
2006). The adsorption of F ions onto Fe oxyhydroxides is pH dependent, meaning that as the pH
of the system increases towards basic conditions (pH > 7) the adsorption ability of Fe
oxyhydroxides surfaces will decrease (Jinadasa et al. 1993; Tang et al., 2010). Meaning as the pH
of the solution around the Fe oxyhydroxide mineral surface decreases, the hydrogen ions in
solution will protonate the surface of the Fe oxyhydroxide generating a positively charged surface
that will attract negatively charge anions (Mamindy-Pajany et al., 2009). These adsorption
reactions are possibly through a combination of the Fe oxyhydroxide minerals present, goethite
and hematite, with a zero point of charge at pH 6.9 and pH 8.1, respectively (Mamindy-Pajany et
al., 2009). This point of zero charge is the pH value at which the charge on the Fe oxyhydroxide
mineral surface is zero and the continued increase in pH will generate a negatively charged surface
which will repel negatively charged ions (Adegoke et al., 2013). The protonation and
deprotonation reactions which occur on the Fe oxyhydroxide mineral surface (S) is explained by
inner-sphere complexation reactions (Equation 7 and 8) (Tang et al., 2010; Nur et al. 2014) where
inner sphere complexes are difficult to dislodge.
Equation 8
S—OH+H'"€¢> S—-0H*
Equation 9
S-OH"+H"+F € S-F + H,0

As apatite is the only mineral observed in the 400 - ~500 m depths of the Arrastres core
that could possibly contain F in the crystal lattice structure. The changes in F concentrations
observed as the pH was varied does not support the dissolution of this mineral as literature states
that fluorapatite dissolution increase as pH decreases (Zhu et al., 2009). These increasing rates of
fluorapatite mineral dissolution with decreasing pH would have resulted in a greater concentration

of F ions released into the groundwater used in the experiment. Therefore, this studies results
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support the presence of these adsorption and desorption reactions occurring as Fe oxyhydroxide
minerals surfaces responding to changes in the pH.

No primary minerals containing As were observed in hand sample, thin section, or XRD
analysis in this study of the 400 - ~500 m depths of the Arrastres core. Although, no primary As-
bearing minerals were observed, interactions between As and Fe oxyhydroxides mineral surfaces
are observed in this pH-adjusted study. The primary oxidation state of As in the groundwater used
in this study is arsenate, as the conditions observed are not reducing. In studies conducted by Dixit
and Hering (2003) the adsorption of arsenate onto Fe oxyhydroxide mineral surfaces is pH
dependent. Similar to the previously mentioned reactions with F and Fe oxyhydroxides, as the pH
of the system decreases, arsenate adsorption onto Fe oxyhydroxide mineral surfaces increases with
less adsorption occurring at pH values greater than 7 (Dixit and Hering, 2003; EPA,1999; Tang et
al., 2010). The data presented in Figure 4.23A displayed continuous decreasing values of As
concentrations supporting the adsorption onto Fe oxyhydroxides could be possible (Equation 9).

Equation 10
S-OH" + H" + H,AsO4 € S- H AsO4 + H20

The pH dependence of the As adsorption could also indicate biotite, which is present in the
drill cuttings from the western side of the basin, in sequestering As. Occurrence of As adsorption
onto biotite was observed in studies by Chakraborty et al. (2007) when groundwater has a pH range
of 6.5-7.5.

Interestingly, the use of B as an indicator of hydrothermal fluids influencing the chemistry
of the basin (Section 5.1) may be obscured by unusually high B concentration leached from the
rocks of the Arrastres core (Figure 4.29). Significant B concentrations (~1 mg/L) were leached
from the drill cuttings of the Arrastres core during the experiment. The release of B from the rocks
of the basin was not dependent on the pH of within the batch reactors. These elevated B
concentrations from the drill cuttings from the Arrastres core could be explained by two processes
hypothesized for the rocks of Guanajuato mentioned by Aranda-Gomez et al. (2003) including:
the merging of boron-rich sediments accumulating in the fore-arc basin with a magma source
and/or geothermal fluids mixing in a magma chamber. Lithium has also been proposed as a
hydrothermal indicator in section 5.1, although Li concentration showed continuously increasing
values during the experiments in all batch reactors across all three pH values. The sources of this

lithium could be muscovite and biotite micas. Lithium can substitute for aluminum in micas
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through isomorphic substitution (Foster, 1960). Additionally, lithium is present in rhyolites
(Prodromou., 2016). The pH of the groundwater system does impact the release of Li
concentrations.

The distribution of F concentrations leached from the Lourdes core on the eastern side of
the basin displayed a similar distribution profile pattern as compared to the Arrastres core. During
the rock and DI water interaction experiments, elevated leached F concentration were from the
upper 140 m of the Quaternary sedimentary deposits and Quaternary or Miocene basaltic rocks of
the 400 - ~550 m depths in the Lourdes core after 200 hours. The simplest interpretation of the
leaching experiments with DI water is that these two different rock types are generating F within
the aquifer from various minerals including biotite, chlorite, amphibole, and apatite, all of which
are observed in the rocks of the Lourdes core. As the rocks from the Lourdes borehole reacted with
groundwater containing high F concentration (Well 1D: LS-0178), the upper 300 m of sedimentary
rocks showed reductions in the F concentrations while the Quaternary or Miocene basaltic rocks
increased the F concentrations in groundwater. Based on calculations of fluorite saturation all
sections of this core are saturated with respect to fluorite (Appendix A.20). Which means the
precipitation of fluorite is more favorable to remove F in the Quaternary sedimentary deposits of
the basin.

The 400 - ~550 m of the Lourdes core were examined using pH-controlled batch reactors
with groundwater from the IBAS to explore the migration of major and trace elements during
water-rock interactions. During water-rock interactions at a pH of ~9, the F concentrations
increased during the initial 50 hours of reaction with a peak value of 1.5 mg/L (Figure 4.22). In
the batch reactors with a pH of ~7 and ~5 the F concentrations reached peak values after 50 hours
of reaction 1.35 and 1.04 mg/L; respectively (Figure 4.22). The minerals observed in the 400 -
~550 m section of the Lourdes core which contain F were biotite, chlorite, amphibole, and apatite
(Table 4.16).

The dissolution of these F-bearing minerals occurs alongside the F adsorption reaction with
Fe oxyhydroxides. These reactors were selected for geochemical modeling. The modeling results
indicate F concentrations are reduced during water-rock interactions with Fe oxyhydroxides
(Figure 4.36). The reactor experiments display a similar process as the drill cuttings of the Lourdes
core display are saturated with groundwater. The experimental data coupled with the modeling

simulations could indicate that during the water-rock interaction experiments the dissolution of F-
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bearing mineral releases F into the groundwater and Fe oxyhydroxide minerals are capable of
adsorption of the F ion from the groundwater (Figure 4.37). Furthermore, as the pH ~5, ~7, and
~9 reactors all released F into the groundwater the rate constants were calculated to be 3.07 x 10°
04/7.25 x 10, and 8.41 x 10 mol/L-hr; respectively. These results indicate the rate of release
of F from the drill cuttings of the Lourdes core decreases with decreasing pH. As precipitation of
fluorite is a possibility, the water chemistries of each reactor were used to calculate saturation
indexes for fluorite. The saturation index calculation indicate that fluorite is undersaturated with
respect to all reactors across all three pH values of ~5, ~7, and ~9 reactors (Appendix A.31). As
fluorite precipitation is not reducing the F concentrations and the dissolution of F-bearing minerals
of biotite, chlorite, amphibole, and apatite increase with decreasing pH (Zhu et al., 2009; Zhang et
al., 2006; Chakraborty et al. 2007; Bandstra et al., 2008) the adsorption of dissolve F onto the Fe
oxyhydroxide mineral surface is the possible process resulting in decreased peak F concentrations
as pH decreases.

The changes in As concentration over time in the pH ~5, ~7 and ~9 reactors with the rocks
of the Lourdes core are similar to the trends observed in the reactors with the rocks of the Arrastres
core (Figure 4.24). The decreasing As concentrations with could be the result of adsorption onto
Fe oxyhydroxide mineral surfaces. This process is pH dependent and the rocks of the Lourdes core
react with groundwater at a pH of ~5 the As concentrations are reduced from 7.93 to 5.67 pg/L
(Figure 4.25). As the pH of the reactors increases the As concentrations are reduced less as the Fe
oxyhydroxides mineral surfaces become protonated. Modeling simulations with Fe oxyhydroxides
and groundwater, having an initial As concentration of 7.93 pg/L, display a decrease in As
concentrations across all three pH values (Figure 4.37). These modeling results have a similar
trend compared to the changes in As concentrations observed in the reactors across all three pH
values (Figure 4.24). The leaching of B and Li concentration from the rocks of the Lourdes core
in the pH ~5, ~7, and ~9 reactors displayed a similar change in concentration as the rocks of the
Arrastres core (Figure 4.30). The B concentrations are independent of pH and could be attributed
to the geothermally impacted rocks of the basin described by Aranda-Gomez et al. (2003).
Additionally, the leaching of Li from the rocks of the Lourdes core in groundwater with a pH of
~5 and ~7 displayed a similar increasing change in concentration as the reactors with the rocks of
the Arrastres core. Lithium could be present in these basalt rock and could indicate these are
hydrothermally alter basalts (Dostal et al., 1996).
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Chapter 6 - Conclusions

The presence of elevated As and F concentrations in the groundwaters of the Central
Plateau poses a clear health-risk concern for the inhabitants of this region (Table 1.1 and 1.2)
(Ortega-Guerrero, 2009; Knappett et al., 2018). Across the states of Mexico these co-occurring
contaminants are present and have anthropogenic, geogenic, and geothermal sources (Reyes-
Gomez et al. 2013, Table 1.1). This study focused on the IBAS of Guanajuato state in Mexico
where thousands of citizens are exposed to toxic concentrations of As and F contamination in their
groundwater. The rural population, who completely rely on these groundwaters for drinking water,
are significantly impacted by this contamination compared to the nearby urban areas (Figure 2.4).
Chemical analysis of the groundwater wells across the basin confirmed a heterogenous distribution
of As and F contamination (Ortega-Guerrero, 2009). The regions primarily impacted by these two
contaminants are located near the northeastern extent of the basin adjacent to San Luis de la Paz
and on the western side of the Taxco-San Miguel de Allende Fault System in San Miguel de
Allende (Figure 2.4). The As and F laden groundwaters in these localities display positive
correlations with Li and B and physicochemical parameters such as higher groundwater
temperatures and elevated pH. These findings suggest that groundwater contamination is related
to hydrothermal fluids, which have undergone mixing with the Na-HCO3™ type groundwater
present in the aquifer (Table 5.1, Figures 4.1 and 5.1).

In addition to these hydrothermal fluid sources, the rocks comprising the aquifers, which
are located far above geothermal activity, are speculated to be a source of As and F in the
groundwaters. An examination of drill cuttings from the Arrastres core on the western side of the
basin and the Lourdes core located on the eastern side of the basin revealed the presence of fluorite
in Quaternary sedimentary deposits of the basin (Appendix A.69). This is the first confirmation of
fluorite in the IBAS. Apatite is also confirmed for the first time in this basin, although further
analysis will be needed to determine whether these is fluorapatite (Table 4.15 and 4.16). Although
no primary minerals containing As have been identified, arsenic could be bound to chlorite or Fe
oxyhydroxides, and possibly in the lattice structure of apatite’s that are present in the borehole drill
cuttings (Liu et al., 2017, Tables 4.15, 4.16 and Figures 4.15 and 4.16).

Experiments conducted with DI water and groundwater from the western side of the basin

reacting with Miocene or Oligocene rhyolites and ignimbrites resulted in increased F
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concentrations which approach the WHO limit of 1.5 mg/L. The F concentration leached from the
Quaternary or Miocene basalts approach and exceed the WHO limit. Orozco-Esquivel et al.,
(2002) found that Oligocene rhyolites are enriched in F. The Quaternary or Miocene basalt contain
apatite which is a possible F-bearing mineral. These could be the probable sources of the leached
F from these drill cuttings. The eastern side of the basin released F primarily from the upper
Quaternary sedimentary deposits and the Quaternary or Miocene basalt layers when reacting with
DI water. The presence of biotite, muscovite, chlorite, apatite and amphiboles could also be
sources releasing the F observed in the experiments (Tables 4.15 and 4.16, Figure 4.8, 4.9). In
addition to releasing F, the Quaternary sedimentary deposits of the basin are also capable of
sequestering F concentrations possibly through the precipitation of fluorite (Appendix A.20).
These lithologic units can provide some spatial understanding of the distribution of leachable F
within the basin.

The pH of the groundwater that interacts with the rock of the aquifer was demonstrated to
have important implications for the release and sequestering of As and F. Specifically the
Quaternary or Miocene basalts of the eastern side of IBAS in groundwater with a pH of ~5, ~7,
and ~9. The F released from the rocks competes with possible adsorption reactions with Fe
oxyhydroxides (Figures 4.22, 4.24). The Oligocene rhyolites of the western side of the basin in
groundwater with an adjusted pH displayed adsorption and desorption reaction which could be
linked to the surface charging of Fe oxyhydroxide minerals present in the drill cuttings (Figures
4.21, 4.23, and 4.15) Geochemical modeling simulations are consistent with the observed
dissolution and adsorption reactions involving F and As with Fe oxyhydroxide mineral surfaces
(Figures 4.36 and 4.37).

The arsenic and F concentrations in the groundwater of the IBAS are a cause for concern,
as they create unsafe water conditions. A combination of the poor water quality due to high F
concentrations and the presence of high As concentrations in groundwater will have detrimental
health effects on the citizens of Guanajuato, Mexico. This study has added to the understanding of
the spatial distribution of F and As, the mineralogy of the basin, as well as, the groundwater
interactions controlling As and F in the IBAS.
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Appendix A - Supplementary Data

Table A.1 Field measurement collected in the IBAS. (Bdl) indicates below detection limit. (nm) indicates no measurement.

Well Sampled F
Rural
Lourdes 0.826
LS-331-P 4.37
LS-012-L 3.19
LS-0178 9.37
Terreros de la Concepciones 8.53
RL-2-A 1.23
CARL-453-P 0.753
CARL-506-P 3.45
CR7 0.772
CARL-145-P 0.88
CDW 0.925
Urban
Pozo 9 0.937
LS-531-P 1.04
LS-529-P 1.5
CARL-228 0.826
Pozo 4 0.538
CARL-238-P 0.434
CARL-234-P 0.421
Ejido de Tirado 3
Insurgentes 2 0.293
SMA:171:P 0.351

As
F (tracer) (oph)
I
1.8 20
nm 50
nm 35
nm 80
nm 75
2.7 10
nm 20
nm 25
nm 10
nm <10
nm <10
nm <10
1.1 <10
15 <10
nm <10
nm <10
nm 0
nm <10
4 25
0.6 0
0.6 0

Waste Water Treatment Plant

Planta San Pablo

Hand Dug Well
CARL-157-N-HD 0.291
Pozo Sergio 0.325
LS-27-P (No Sample) 0.915
LS-817-NS (No Sample) 0.493

0.8
nm
nm
nm

<10

Mn
(mg/L)

OO OO0 ODO0OO0OO0OO O

O O O O O O o ooo

NO2-N

Bal
Bal
Badl
Badl
Bal
Bal
Bal
Bal
Bal
Bal
Badl

Badl
Badl
Bal
Bal
Bal
Bal
Bal
Bal
Bal

Bal

Bdl
Bal
nm

nm

I

Fe

nm

SO4

71
63.9
57
70
60
58
58
59.5
20
<20
<20

<20
53.4
63.3

PO4

0.04
0.08

0.08

Bdl

NH4

0.128
0.092
Bdl
Bdl
Bdl

0.045
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Table A.2 Field measurements continued. (nm) indicates no measurement.

- Alkalinit :
Alkalinity (HACH) (Chemetri?:/s) S Br SiO,
(ppm) (ppm) (ppm) (ppm) (ppm)
163.9 nm 0 0.5 100
313.9 nm 0 0 80
nm 210 0 0.9 80
nm 250 0 0 120
nm 360 0 0 100
169.8 nm 0 0.25 120
113.9 210 0 0.7 140
331.8 nm 0 0 160
193.4 nm 0 0 180
165.5 210 0 0.25 120
147.1 nm 0 0 120
|
298.9 nm 0 0 160
236.1 nm 0 0 180
152.5 nm 0 nm 160
142.2 nm 0 0 40
53.7 nm 0 0 120
126.6 nm 0 0.2 140
133.7 nm 0 0 100
<50 nm 0 0 180
127.6 nm 0 0 160
182 nm 0 0 160

nm 208 0 1.4 Nm

nm 225 0 1.4 nm
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Table A.3 Trace elements for the groundwater samples collected from the IBAS. The (n.a.) symbol indicates vales are not
available.

Ag As B Ba Be Bi Ce Co Cd Cr Cs Cu
Well Sampled
po/L po/L po/L po/L po/L po/L po/L po/L po/L po/L po/L po/L
Rural
Lourdes 0.199 | 32.100 199 74.9 n.a. 0.055 0.375 n.a. 0.038 3.06 0.791 8.99
LS-331-P 0.173 | 35.600 189 8.59 0.119 n.a. 0.273 n.a. 0.04 1.37 6.81 n.a.
LS-012-L 0.021 | 38.100 214 10.1 0.013 n.a. 0.04 n.a. 0.021 131 7.33 n.a.
LS-0178 0.035 | 69.500 342 11 0.129 n.a. 0.038 n.a. 0.061 1.33 13.8 n.a.
Terreros de la Concepciones n.a. 93.500 410 11.3 n.a. n.a. 0.04 n.a. 0.063 5.38 0.912 0.78
RL-2-A 0.083 7.930 65.1 97.9 n.a. 0.017 0.358 n.a. 0.028 1.82 1.15 2.63
CARL-453-P 0.007 | 13.121 167.5 127.1 0.009 n.a. 0.073 0.026 3.003 0.263
CARL-506-P 0.024 | 28.300 183 97.6 n.a. n.a. 0.034 n.a. 0.024 3.3 0.543 n.a.
CR7 n.a. 40.300 697 54.6 0.025 n.a. 0.086 n.a. 0.03 0.89 1.91 n.a.
CARL-145-P 0.079 | 11.300 313 315 0.035 0.05 0.31 n.a. 0.056 1.29 431 0.54
CDW 0.023 | 19.300 99.7 23.4 0.112 n.a. 0.034 n.a. 0.013 0.47 6.45 n.a.
Urban
Pozo 9 0.010 6.369 60.322 48.913 0.009 n.a. n.a. 0.256 0.006 0.627 n.a. 2.237
LS-531-P n.a. 7.040 81.6 49.1 n.a. n.a. 0.065 0.141 n.a. 0.69 1.27 2.02
LS-529-P 0.010 | 11.333 95.088 42.139 0.009 n.a. n.a. 0.465 0.014 1.320 n.a. 0.649
CARL-228 0.022 | 15214 101.806 111.227 0.008 n.a. n.a. 0.054 0.006 2.001 n.a. 0.251
Pozo 4 0.022 | 10.813 63.663 92.821 0.016 n.a. n.a. 0.092 0.018 1.277 n.a. 4.926
CARL-238-P 0.011 6.345 54.562 102.003 0.037 n.a. n.a. 0.065 0.009 0.819 n.a. 4.864
CARL-234-P 0.011 8.780 35.779 121.681 0.009 n.a. n.a. 0.062 0.004 0.488 n.a. 0.383
Ejido de Tirado 0.047 | 25.500 171 19.2 n.a. 0.056 0.345 n.a. 0.036 1.69 1.52 n.a.
Insurgentes 2 n.a. 3.010 24.2 90.9 n.a. n.a. 0.044 n.a. 0.018 1.69 8.1 0.88
SMA:171:P 0.007 3.668 22.883 83.267 0.009 n.a. n.a. 0.097 0.007 1.256 n.a. 0.407
Waste Water Treatment Plant
Planta San Pablo
Hand Dug Well
CARL-157-N-HD 0.042 5.154 9.673 79.322 0.141 n.a. n.a. 0.173 0.026 0.169 n.a. 0.639
Pozo Sergio n.a. 1.370 12.7 56.7 n.a. 0.018 0.134 0.186 n.a. n.a. 0.07 n.a.
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Well Sampled Dy Er Eu Fe Fe Ga Gd Ge Hf Hg Ho In La Li Lu
P pg/L pg/L pg/L pg/L mg/L | po/L | po/L | po/L pg/L po/L | po/L | pg/L pg/L pg/L pg/L
Rural
Lourdes 0.02 0.004 n.a. 58 n.a. n.a. 0.056 | 0.888 0.017 n.a. n.a. n.a. n.a. 89.7 n.a.
LS-331-P n.a. n.a. n.a. 11 0.04 | 0.429 n.a. 2.18 n.a. na. | 7E-04 | n.a. n.a. 183 0.007
LS-012-L n.a. 1E-03 n.a. n.a. n.a. 0.513 | 0.005 2.04 n.a. na. | 3e-04 | na. n.a. 214 0.001
LS-0178 n.a. n.a. n.a. n.a. n.a. 1.13 0.003 3.52 n.a. na. | 2E-04 | n.a. n.a. 454 0.002
Terreros de la Concepciones n.a. TE-04 n.a. n.a. n.a. 0.049 n.a. 3.05 n.a. n.a. n.a. na | 14.614 272 9E-04
RL-2-A 0.005 | 0.011 n.a. n.a. n.a. n.a. n.a. 0.958 0.0343 0.68 | 4E-04 | n.a. n.a. 107.2 n.a.
CARL-453-P n.a. n.a. n.a. 8.336 0.04 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 64.5 0.001
CARL-506-P n.a. 0.002 | 6E-04 n.a. n.a. n.a. 0.003 0.82 | 0.00149 | n.a. | 2E-04 | n.a. n.a. 104 0.002
CR7 n.a. 0.005 n.a. 138 0.12 | 0.021 n.a. 3.21 n.a. na. | 0.001 | na. n.a. 333 6E-04
CARL-145-P n.a. 0.004 n.a. 28 0.04 n.a. n.a. 2.03 n.a. n.a. n.a. n.a. 0.015 38 0.001
CDW n.a. n.a. n.a. n.a. n.a. 0.057 n.a. 1.52 n.a. n.a. n.a. n.a. n.a. 122 0.001
Urban ./ /| |
Pozo 9 n.a. n.a. n.a. 41.439 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 36.659 n.a.
LS-531-P 0.008 | 0.005 | 6E-04 36 n.a. n.a. 0.012 | 0.272 n.a. na. | 6e-04 | n.a. n.a. 24.361 n.a.
LS-529-P n.a. n.a. n.a. 22.325 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 126 0.003
CARL-228 n.a. n.a. n.a. 9.421 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 128 0.012
Pozo 4 n.a. n.a. n.a. 7.629 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 29.9 0.001
CARL-238-P n.a. n.a. n.a. 12.141 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 25.6 n.a.
CARL-234-P n.a. n.a. n.a. 7.884 0.12 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.069 1.75 0.004
Ejido de Tirado n.a. 0.011 n.a. 20 n.a. n.a. n.a. 0.567 | 0.0346 | 0.5 n.a. n.a. n.a. 83.4 | 0.005
Insurgentes 2 n.a. 1E-03 n.a. n.a. n.a. n.a. n.a. 0.551 n.a. n.a. n.a. n.a. n.a. 48.27 n.a.
SMA:171:P 8.519 n.a. n.a. n.a. .a. n.a. n.a. n.a. n.a. n.a.

Water Treatment

Planta San Pablo

Hand Dug Well
CARL-157-N-HD n.a. n.a. n.a. 196.88 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 27.330 n.a.
Pozo Sergio 0.02 | 0.016 n.a. 127 n.a. n.a. 0.028 | 0.016 n.a. na | 0.006 | n.a. n.a. 1.898 n.a.
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Mn Mn Mo Nb Nd Ni Pb Pr Rb Re Sb Sc Se Sm
Well Sampled
pg/L mg/L pg/L pg/L pg/L pg/L pg/L pg/L pg/L po/L | po/L | po/L | po/L | po/l
Rural
Lourdes 1.28 n.a. 6.89 n.a. n.a. n.a. 6.64 0.00508 415 0.004 | 0.076 | n.a. n.a. n.a.
LS-331-P n.a. n.a. 4.17 n.a. n.a. n.a. 6.8 0.00274 4.46 0.0035 | 0.249 | n.a. n.a. n.a.
LS-012-L n.a. n.a. 4.39 n.a. n.a. 2.03 0.226 0.00162 4.82 0.0027 | 0.295 | n.a. n.a. n.a.
LS-0178 n.a. n.a. 17.2 n.a. n.a. 1.91 0.15 0.00167 8.27 0.0036 | 1.02 n.a. n.a. n.a.
Terreros de la Concepciones n.a. n.a. 23.3 n.a. n.a. 2.05 0.205 n.a. 8.89 0.0027 | 0.205 | n.a. n.a. n.a.
RL-2-A 5.688 n.a. 7.310 n.a. n.a. 1.447 0.043 n.a. n.a. n.a. 0.174 | na. | 1.133 n.a.
CARL-453-P 36.2 0.03 0.91 0.0019 n.a. 14.9 5.89 0.00184 39.9 0.0017 | 0.367 | n.a. n.a. n.a.
CARL-506-P n.a. n.a. 6.98 n.a. n.a. 2.53 0.147 0.00165 24.6 0.004 | 0.162 | n.a. n.a. n.a.
CR7 21.8 0.02 8.45 n.a. 0.0045 1.63 0.183 0.00266 25.1 0.0023 | 0.137 | n.a. n.a. n.a.
CARL-145-P 9 n.a. 1.64 n.a. 0.0081 2.43 0.256 0.00409 19.2 0.0156 | 0.06 n.a. n.a. n.a.
CDW 1.15 n.a. 0.763 n.a. n.a. 2.92 0.239 0.00062 14 n.a. 0.32 n.a. n.a. n.a.
Urban 5 /| .| |
Pozo 9 6.443 n.a. 1.433 n.a. n.a. 1.314 0.356 n.a. n.a. n.a. 0.180 | na. | 0.334 n.a.
LS-531-P 6.237 n.a. 3.712 n.a. n.a. 1.515 0.016 n.a. n.a. n.a. 0.051 | na. | 9.119 n.a.
LS-529-P 0.63 n.a. 3.35 n.a. n.a. n.a. 6.78 0.00711 32.9 n.a. 0.04 n.a. n.a. n.a.
CARL-228 0.7 n.a. 131 n.a. n.a. n.a. 6.04 0.00279 17.6 n.a. 0.267 | n.a. n.a. n.a.
Pozo 4 n.a. n.a. 1.45 n.a. n.a. 17 0.171 0.00085 23.8 0.0022 | 0.124 | n.a. n.a. n.a.
CARL-238-P 7.224 n.a. 1.005 n.a. n.a. 1.307 0.156 n.a. n.a. n.a. 0.154 | n.a. | 0.201 n.a.
CARL-234-P 159 0.14 0.576 n.a. 0.117 244 0.165 0.0247 134 n.a. 0.146 | n.a. n.a. | 0.0243
Ejido de Tirado 0.68 n.a. 1.28 n.a. n.a. n.a. 6.31 0.00179 11.6 | 0.0062 | 0.494 | n.a. na. | 0.0078
Insurgentes 2 3.759 n.a. 1.686 n.a. n.a. 1513 0.027 n.a. n.a. n.a. 0.129 | n.a. | 0.862 n.a.
SMA:171:P .a. n.a. a. n.a. .a. n.a. n.a.

Water Treatment \ \

Planta San Pablo

Hand Dug Well
CARL-157-N-HD 8.198 n.a. 1.565 n.a. n.a. 2.140 0.072 n.a. n.a. n.a. 0.049 [ na. | 7.850 n.a.
Pozo Sergio 0.542 n.a. 1.968 n.a. n.a. 1.482 0.380 n.a. n.a. n.a. 0.535 | n.a. | 0.459 n.a.
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Well Sampled

Rural

Lourdes
LS-331-P
LS-012-L

LS-0178

Terreros de la
Concepciones
RL-2-A
CARL-453-P
CARL-506-P
CR7
CARL-145-P
CDW

Urban

Pozo 9
LS-531-P
LS-529-P

CARL-228
Pozo 4
CARL-238-P
CARL-234-P
Ejido de Tirado
Insurgentes 2
SMA:171:P

Water Treatment

Planta San Pablo

Sn Ta Th Te Th Ti Tl Tm U \Y W Y Yb Zn Zr Al
po/L | po/L | po/L pg/L pg/L po/L | po/L pg/L pg/L pg/L pg/L | pg/L pg/L pog/L | po/L | mg/L
15.3 n.a. n.a. n.a. n.a. 3.33 n.a. n.a. 3.98 28.6 0.828 | 0.021 | 0.00528 6.2 0.499 | na.

15 n.a. n.a. n.a. n.a. 1.48 | 0.0099 n.a. 8.84 5.38 3.85 n.a. 0.00488 n.a. 0.503 | n.a.
n.a. n.a. n.a. n.a. 0.00193 0.3 0.0028 n.a. 8.61 5.94 3.52 | 0.0091 | 0.00071 5.1 n.a. n.a.
n.a. n.a. n.a. n.a. 0.00758 | 0.59 | 0.0068 n.a. 1.97 5.31 11.3 | 0.0058 n.a. 14.7 0.02 n.a.
n.a. n.a. n.a. 0.018 | 0.00591 | 0.26 | 0.0119 n.a. 1.41 20.5 19 0.0054 n.a. n.a. 0.023 n.a.
0.003 n.a. n.a. n.a. 0.011 n.a. 0.003 n.a. 3.451 | 14.883 n.a. n.a. n.a. 5.996 n.a. 0.010
n.a. n.a. n.a. 0.019 | 0.00035 | 1.15 | 0.0013 n.a. 0.516 5.78 0.01 | 0.0115 | 0.00252 278 |0.116 | na.
44.8 n.a. n.a. n.a. 0.00038 | 0.19 | 0.0036 n.a. 45 27.9 0.323 | 0.0135 | 0.00124 n.a. n.a. n.a.
0.37 n.a. n.a. 0.017 | 0.00258 | 0.27 | 0.0524 n.a. 2.71 18.9 2.31 | 0.0397 0.002 11.1 0.026 | n.a.
n.a. n.a. n.a. n.a. 0.00176 | 0.19 | 0.0151 n.a. 4.99 53.7 0.087 | 0.0471 | 0.00289 6.9 n.a. n.a.
n.a. n.a. n.a. n.a. 0.00079 | 1.28 | 0.0116 n.a. 1.55 2.95 2.45 n.a. n.a. n.a. n.a. n.a.
0.013 | na. n.a. n.a. 0.046 n.a. 0.013 n.a. 0.843 | 8.007 n.a. n.a. n.a. 50.499 | n.a. 0.013
0.002 | na. n.a. n.a. 0.026 n.a. 0.016 n.a. 5.202 | 47.651 n.a. n.a. n.a. 3.753 n.a. 0.012
15.1 n.a. n.a. n.a. n.a. 2.6 0.0067 n.a. 3.57 23.2 0.396 n.a. 0.00361 25 0.386 | n.a.
155 n.a. n.a. 0.488 n.a. 1.84 | 0.0074 n.a. 1.59 13.7 0.575 n.a. n.a. n.a. 0.474 | na.
n.a. n.a. n.a. n.a. 0.00198 | 0.24 | 0.0063 n.a. 2.38 47.9 0.17 | 0.0091 n.a. n.a. n.a. n.a.
n.a. n.a. n.a. n.a. 0.002 n.a. 0.001 n.a. 0.956 | 5.648 n.a. n.a. n.a. 4.388 na. | 0.012
n.a. n.a. | 0.0022 n.a. 0.00768 | 0.26 | 0.0203 | 0.0024 | 0.147 | 0.975 | 0.016 | 0.166 0.0189 n.a. 0.096 | n.a.
14.7 n.a. n.a. n.a. n.a. 2.52 | 0.0056 n.a. 1.47 20.8 1.23 n.a. 0.00897 52.3 0.557 | n.a.

2.669 n.a. n.a. n.a. 0.058 n.a. 0.114 n.a. 4.946 2.791 n.a. n.a. n.a. 19.870 n.a. 0.012
0.058 n.a. n.a. n.a. 0.140 n.a. 0.152 n.a. 0.119 1.241 n.a. n.a. n.a. 11.603 n.a. 0.594

Hand Dug Well
CARL-157-N-HD 0.005 | n.a. n.a. n.a. 0.034 n.a. 0.014 n.a. 5.372 | 35.042 n.a. n.a. n.a. 9.766 n.a. | 0.010
Pozo Sergio 1.123 | n.a. n.a. n.a. 0.416 n.a. 0.355 n.a. 0.558 | 0.900 n.a. n.a. n.a. 24.870 | n.a. | 0.020
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Table A.4 Dissolved organic carbon values for all wells in the IBAS. The values without
highlighting are DOC values for samples that were acidified with 10.2 M HCI in the field.
The values highlighted yellow are from samples not acidified in the field.

City DOC DOC
Well Sampled ma/L -l
Rural
Lourdes San Luis de La Paz 0.9558 70.16
LS-331-P San Luis de La Paz 1.061 94.31
LS-012-L San Luis de La Paz 1.481 57.64
LS-0178 San Luis de La Paz 1.271 58.96
Terreros de la Concepciones San Luis de La Paz 1.363 89.62
CARL -453-P Dolores Hidalgo 0.6504 64.83
CARL -506 - P Dolores Hidalgo 1.461 69.64
CR7 Dolores Hidalgo 0.8835 107.6
CDW Dolores Hidalgo 1.925 33.45
CARL-145-P Dolores Hidalgo 1.36 56.12
RL-2-A San Diego de La Union 0.4749 61.07
Urban
Pozo 9 San Luis de La Paz 1.648 64.87
LS-531-P San Luis de La Paz 1.592 73.62
LS-529-P San Luis de La Paz 1.623 73
CARL-228 Dolores Hidalgo 0.7483 46.59
Pozo 4 Dolores Hidalgo 0.388 43.39
CARL-238-P Dolores Hidalgo 1.475 4558
CARL-234-P Dolores Hidalgo 0.5739 42.34
Ejido de Terredos San Miguel de Allende (W of fault) 1.32 47.32
Insurgentes 2 San Miguel de Allende (E of fault) 0.8327 64.39
SMA:171:P San Miguel de Allende (E of fault) 0.6089 65.39
Water Treatment
Planta San Pablo Dolores Hidalgo 16.18 62.34
Hand Dug Wells
CARL -157-P-HD San Felipe 5.093 33.82
Pozo Sergio San Felipe 2.961 13.27
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Table A.5 Arrastres rock drill cuttings: data collected from the target batch reactor for F
using DI water.

Drill cuttings
Sectionsg EC SC pH F F F average T
m ps/cm ps/cm mg/L mg/L mg/L °C
0-20 331 370 7.48 1.200 1.180 1.19 19.5
20-40 222 248 7.59 1.270 1.280 1.275 19.5
40 - 60 167.9 188 7.54 | 0.947 0.988 0.968 19.5
60 - 80 136.1 152 7.7 0.963 0.989 0.976 19.5
80 - 100 185.8 208 7.6 0.922 0.888 0.905 19.5
100 - 120 106.9 119 7.65 | 0.893 0.687 0.79 19.6
120 - 140 151.8 169 7.34 | 0.708 0.835 0.772 19.7
140 - 160 146.5 163 7.62 1.070 1.100 1.085 19.6
160 - 180 121.7 136 754 | 0.841 0.811 0.826 19.6
180 - 200 123.9 138 7.53 | 0.526 0.525 0.526 19.5
200 - 200 198 220 8.34 | 0.252 0.220 0.236 19.8
220 - 240 176.4 196 8.48 | 0.202 0.177 0.190 19.7
240 - 260 167.7 187 8.24 | 0.190 0.168 0.179 19.7
260 - 280 153 170 8.37 | 0.246 0.230 0.238 19.7
280 - 300 169.9 190 8.23 | 0.381 0.288 0.335 19.5
300 - 320 210.2 234 8.09 | 0.346 0.493 0.420 19.6
320 - 340 181 201 8.03 | 0.393 0.447 0.42 19.7
340 - 360 194.2 216 8.23 | 0.601 0.617 0.609 19.7
360 - 380 241 269 8.18 | 0.518 0.540 0.529 19.5
380 - 400 185.7 207 7.96 | 0.527 0.615 0.571 19.6
400 - 420 158.4 177 7.99 | 0.667 0.700 0.684 19.5
420 - 440 177.2 198 8.04 | 0.506 0.690 0.598 19.5
440 - 460 222 248 8.01 | 0.527 0.658 0.593 19.6
460 - 480 219 245 7.89 | 0.521 0.716 0.619 19.5
480 - 504 243 272 7.71 | 0.319 0.338 0.329 19.5

Table A.6 Arrastres Drill cuttings: lon chromatography anion results from the DI batch
reactors.

Drill Fluorite
cuttings Water F Cl NO; Br NO; | POs SO, Saturation
Sections type Index Log

m mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L (Q/K)

0-20 DI | 17705 |4.7695| na. |0.0129 | na. na. | 32.6276 -1.188

140 - 160 DI 1.2193 | 3.7481 | n.a. n.a. n.a. na. | 7.6648 -1.687
240 — 260 DI 0.2595 | 2.3216 | n.a. n.a. n.a. n.a. | 2.6983 -3.687
360 - 380 DI 0.5259 | 3.3364 | n.a. n.a. n.a. n.a. | 8.3704 -2.798
440 — 460 DI | 0.7799 | 5.7507 | 0.5075 | n.a. |6.6815| n.a. | 15.8193 -2.555
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Table A.7 Arrastres Drill cuttings: lon chromatography cation results from the DI batch

reactors.
Drill
cuttings Water Na NH. K Mg Ca Sr
Sections type
m mg/L mg/L mg/L mg/L mg/L mg/L
0-20 DI 47.0299 1.2549 14.0534 n.a. 9.7598 0.1543
140 - 160 DI 27.0209 0.4796 8.0435 0.7785 5.8577 n.a.
240 — 260 DI 43.8652 0.3772 3.0653 n.a. 1.2673 n.a.
360 — 380 DI 66.1152 0.7066 5.5586 0.0945 2.5379 n.a.
440 — 460 DI 59.9266 0.6848 0.8616 n.a. 2.0474 n.a.
Table A.8 Arrastres Drill cuttings: Duplicates using DI water batch reactor.
Drill F
cuttings | Water EC SC F F T
Sectiogr]ls type pH average
m ps/cm ps/cm mg/L mg/L mg/L °C
200 - 220 DI 208 227 9.35 0.312 0.333 0.323 20.7
280 - 300 DI 166.8 180 8.81 0.292 0.320 0.306 21.1
380 - 400 DI 155.4 165 8.04 0.566 0.634 0.600 | 22.1
480 - 504 DI 219.1 232 8.2 0.297 0.329 0.313 22
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Table A.9 Arrastres rock drill cuttings: The F values from batch reactor using
groundwater from the rural well (CDW).

Drill cuttings EC sC = = F T
Sections pH average
m ps/cm ps/cm mg/L mg/L mg/L °C
0-20 475 525 7.12 1.6 1.29 1.445 20
20-40 354 381 7.63 1.99 1.9 1.945 21.3
40 - 60 315 337 7.74 1.82 1.63 1.725 21.6
60 - 80 281 302 7.81 1.66 1.64 1.65 21.3
80 -100 318 344 7.49 151 1.45 1.48 21.1
100 - 120 247 265 7.43 1.32 1.29 1.305 21.4
120 - 140 303 327 6.86 1.55 15 1.525 21.1
140 - 160 289 312 7.29 1.85 1.76 1.805 21.2
160 - 180 282 303 7.32 1.32 1.27 1.295 21.3
180 - 200 272 293 751 1.25 1.24 1.245 21.2
200 - 220 331 357 8.19 1.09 1.07 1.08 21.2
220 - 240 320 346 8.41 1.15 1.16 1.155 21.1
240 - 260 293 315 8.36 0.963 0.986 0.975 21.3
260 - 280 283 305 8.31 1.06 1.08 1.07 21.2
280 - 300 310 334 7.86 1.08 1 1.04 21.2
300 - 320 333 359 8.22 111 1.06 1.085 21.2
320 - 340 319 344 8.17 1.21 1.19 1.2 21.2
340 - 360 304 328 8.38 1.28 1.26 1.27 21.1
360 - 380 327 353 8.36 1.33 1.07 1.2 21.1
380 - 400 280 301 8.33 1.38 1.34 1.36 21.4
400 - 420 296 320 8.13 1.42 1.38 14 21.1
420 - 440 307 332 8.21 1.3 131 1.305 21.1
440 - 460 352 376 8.1 1.23 1.23 1.23 21.6
460 - 480 369 400 8.08 1.3 1.4 1.35 21
480 - 504 336 363 7.95 1.14 1.09 1.115 21.1

Table A.10 Arrastres Drill cuttings: lon chromatography anion results from the GW batch

reactors.

Drill Fluorite
cuttings Water F Cl NO: Br NOs PO4 S04 Saturation
Sections type Index

m mg/L | mg/L | mg/L | mg/L mg/L mg/L mg/L Log(Q/K)

0-20 GW | 2.0399 | 5.9985 | n.a. | 0.0262 n.a. n.a. 39.7173 -0.9855

140 - 160 GW | 1.8245 | 5.7072 | n.a. n.a. 0.0745 n.a. 15.8051 -1.016
240 — 260 GW | 1.2431 | 41909 | n.a. | 0.0192 n.a. n.a. 9.9566 -20.98
360 — 380 GW | 1.3013 | 4.6945 | n.a. n.a. 8.2874 n.a. 16.2888 -1.754
440 - 460 GW | 1.7683 | 9.3605 | n.a. n.a. 8.2841 n.a. 23.1449 -1.59
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Table A.11Arrastres Drill cuttings: lon chromatography cation results from the GW batch

reactors.
Drill
cuttings Water Na NHa K Mg Ca Sr
Sections type
m mg/L mg/L mg/L mg/L mg/L mg/L
0-20 GW | 92.6809 | 1.9764 | 15.7694 | 2.8293 | 13.0854 | 0.3547
140 - 160 GW | 58.8051 | 0.649 | 13.6929 | 2.413 | 14.4701 | 0.2618
240 — 260 GW 86.077 | 0.9637 | 6.5176 0.163 2.4822 n.a.
360 — 380 GW | 93.9932 | 1.1446 | 7.3787 | 0.7722 | 5.1971 n.a.
440 — 460 GW | 99.9095 | 1.3195 | 1.2353 | 0.0751 | 4.2173 n.a.

Table A.12 Arrastres Drill cuttings: Duplicates using groundwater from CDW.

Drill F
cuttings Water EC SC F F Temp
Sections type PH average
m ps/cm ps/cm mg/L mg/L mg/L °C
200 - 220 GW 324 349 9.18 1.260 1.190 1.225 21.2
280 — 300 GW 294 317 8.5 1.120 1.080 1.100 21.2
380 - 400 GW 290 317 7.87 1.34 1.33 1.335 20.6
480 - 504 GW 308 322 7.94 1.12 111 1.115 22.8
Table A.13 The initial measurements of the waters in the F targeting batch reactor.
EC SC F Temp DO ORP
Water type ps/cm ps/cm PH mg/L °C mg/L mvV
GW - CDW 207.9 226 7.16 0.948 20.9 10 525.4
DI Water 5.33 6 7.22 BDL 22.1 3 457.5
Table A.14 Controls used for the experiment after 200 hours.
F
Water type EC SC pH F F average Temp
ps/cm ps/cm mg/L mg/L mg/L °C
GW - CDW 196.2 214 7.46 1.07 1.01 1.040 20.7
DI Water 8.34 9 7.81 0.0533 | 0.0561 0.055 20.7
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Table A.15 Lourdes rock drill cuttings: data collected from the target batch reactor for F
using DI water.

Drill cuttings Avg. Avg. Avg.
Sectionsg Avg. EC Avg. SC Avg. OR?D Ag/ A%CI Average F Terr?p
m ps/cm ps/cm PH mV mvV mg/L °C
0-20 471 508 8.7 120 319 2.247 21.2
20-40 363 393 8.5 121 320 1.721 21
40 - 60 318 345 8.4 128 327 1.822 20.9
60 - 80 264 287 8.5 127 326 2.003 20.7
80 - 100 286 312 8.6 127 326 1.495 20.7
100 - 120 n.a. n.a. 8.5 127 326 1.475 20.6
120 - 140 261 285 8.5 129 328 1.569 20.6
140 - 160 240 262 8.5 127 326 1.359 20.6
160 - 180 229 250 8.5 129 328 1.153 20.6
180 - 200 234 254 8.8 126 325 1.257 20.8
200 - 220 218 237 8.7 127 326 1.077 20.7
220 - 240 237 257 8.7 130 329 1.127 20.9
240 - 260 251 272 8.7 131 330 1.017 20.9
260 - 280 286 310 8.7 132 331 1.057 20.9
280 - 300 234 253 8.7 133 332 0.908 21
300 - 320 218 236 8.6 139 338 1.337 21
320 - 340 211 228 8.9 134 333 1.197 21
340 - 360 233 252 8.9 134 333 1.457 21
360 - 380 271 294 8.9 135 334 1.593 20.9
380 - 400 280 304 8.9 134 333 1.507 20.9
400 - 420 245 267 8.8 137 336 2.147 20.7
420 - 440 259 283 8.9 138 337 1.860 20.6
440 - 460 212 231 9.1 132 331 1.500 20.6
460 - 480 240 262 9.0 133 332 2.153 20.6
480 — 500 245 267 9.1 133 332 1.977 20.7
500 - 520 257 276 9.0 99 298 1.987 21.4
520 - 540 264 283 8.8 110 309 1.507 21.5
Table A.16 Lourdes Drill cuttings: lon chromatography anion results from the DI batch
reactors.

Drill Fluorite
cuttings | Water | F Cl NO; Br NOsz | POs | SO4 | Saturation Index
Sections | type Log(Q/K)

m mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L
20-40 DI 1.67 | 7.68 | na. 0.13 | 0.15 | na. | 62.68 -1.630
100-120 | Dl 151 | 520 | na 0.09 | 019 | na. |1551 -1.721
220-240 | Dl 137 | 532 | na 0.09 | 0.18 | na. |1842 -1.999
320 - 340 DI 148 | 451 | na n.a. 0.18 | na. |11.22 -1.915
400-420 | DI 272 | 518 | na n.a. 0.34 | na. |1271 -1.390
520-550 | DI | 187 | 453 | na. | na. | 017 | na. |1585 -1.842
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Table A.17 Lourdes Drill cuttings: lon chromatography cation results from the DI batch

reactors.
Drill
cutti_ngs V,X/aptgr Na NH. K Mg Ca Sr
Sections
m - mg/L mg/L mg/L mg/L mg/L mg/L
20-40 DI 81.6292 n.a. 12.9962 0.4805 4.539 0.6433
100 - 120 DI 55.4251 0.6536 13.3073 0.6429 3.8857 0.3943
220 - 240 DI 56.217 n.a. 6.4972 0.5562 2.482 0.3549
320 - 340 Dl 46.5553 n.a. 6.4012 0.9597 2.5245 0.352
400 - 420 DI 59.4654 n.a. 6.5663 1.2081 2.5743 n.a.
520 - 550 DI 66.8043 n.a. 4.611 0.6637 1.9705 n.a.
Table A.18 Lourdes Drill cuttings: Duplicates for DI water batch reactor
Dr'iII Avg. Avg. Avg.
guttl_ngs Avg. EC Avg. SC Avg. ORP Ag/AGC Average F Temp
ections pH
m ps/cm ps/cm mV mV mg/L °C
100 - 120 323 348 8.3 105 304 1.27 21.3
200 — 220 223 240 8.6 98 297 1.14 21.2
300 — 320 219 236 8.7 96 295 142 21.2
400 -420 247 267 8.8 104 303 212 21.2
500 - 520 253 271 9.1 104 303 2.06 21.5
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Table A.19 Lourdes rock drill cuttings: data collected from the target batch reactor for F
using groundwater.

Drill cuttings Avg. Avg. Avg.
Sectionsg Avg. EC Avg.SC | Avg. ORQP g A%CI Average F Ten?p
m ps/cm ps/cm PH mV mV mg/L °C
0-20 832 905 8.5 143 342 12.750 20.8
20 - 40 697 758 8.4 152 351 10.980 20.8
40 - 60 629 687 8.4 153 352 9.460 20.6
60 — 80 635 693 8.4 157 356 13.060 20.6
80 — 100 641 699 8.4 158 357 12.240 20.7
100 - 120 604 657 8.4 157 356 14.050 20.8
120 - 140 581 630 8.4 167 366 12.340 20.9
140 - 160 615 667 8.5 163 362 12.500 20.9
160 - 180 603 654 8.4 169 368 13.560 20.9
180 - 200 598 648 8.4 167 366 14.580 21.0
200 - 220 596 644 8.4 167 366 15.920 21.1
220 - 240 632 685 8.4 170 369 15.240 21.0
240 - 260 637 692 8.4 168 367 15.400 20.8
260 - 280 664 730 8.4 167 366 15.440 20.3
280 - 300 634 689 8.5 164 363 15.960 20.9
300 - 320 609 660 8.5 163 362 17.360 21.0
320 - 340 608 658 8.6 164 363 16.380 21.0
340 - 360 621 672 8.5 166 365 16.900 21.0
360 - 380 633 685 8.6 165 364 15.520 21.0
380 - 400 638 692 8.5 166 365 15.760 21.0
400 - 420 623 674 8.6 167 366 16.820 21.0
420 - 440 638 692 8.6 165 364 16.640 20.9
440 - 460 615 672 8.6 165 364 16.960 20.5
460 - 480 621 678 8.7 163 362 16.100 20.6
480 — 500 624 679 8.6 163 362 16.840 20.7
500 — 520 617 667 8.6 161 360 16.480 21.0
520 - 540 625 675 8.6 163 362 16.040 21.1
Table A.20 Lourdes Drill cuttings: lon chromatography anion results from the GW batch
reactors
Drill Fluorite
cuttings | Water F Cl NO; Br NO; | POq S04 Saturation Index
Sections type Log(Q/K)
m mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L
20-40 GW | 12.07 | 33.07 n.a. 0.46 | 0.34 | na. |110.24 0.3636
100-120 | GW | 13.03 | 30.11 n.a. 042 | 029 | na. | 66.73 0.5121
220-240 | GW | 15.25 | 29.97 n.a. 041 | 276 | n.a. | 66.89 0.5451
320-340 | GW | 17.47 | 29.32 n.a. 0.40 | 250 | na. | 62.06 0.6079
400-420 | GW | 17.25 | 30.04 | 0.16 | 0.39 | 289 | na. | 62.87 0.5559
520-550 | GW | 16.55 | 29.30 n.a. 040 | 295 | na. | 66.62 0.5071
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Table A.21 Lourdes Drill Cuttings: lon chromatography cation results from the GW batch

reactors
Drill

cutti_ngs V,X/aptgr Na NH. K Mg Ca Sr

Sections
m - mg/L mg/L mg/L mg/L mg/L mg/L

20-40 GW | 166.3652 1.4716 20.9352 0.9008 10.184 n.a.
100-120 | GW | 135.3372 0.9388 23.0936 1.5852 11.3948 0.0136
220-240 | GW | 149.3268 1.114 13.8424 1.1848 9.0688 1.8792
320-340 | GW | 151.4204 1.414 14.1016 1.5656 7.9524 n.a.
400-420 | GW | 150.9564 1.4156 12.5176 1.618 7.2344 n.a.
520-550 | GW | 165.6016 1.5072 9.828 1.3308 7.1316 n.a.

Table A.22 Lourdes Drill Cuttings: lon chromatography cation results from the DI batch

reactors
Drill
cutti_ngs Vxlaptgr Na NH. K Mg Ca Sr
Sections
m - mg/L mg/L mg/L mg/L mg/L mg/L
20-40 DI 81.9248 0.6454 13.5204 0.451 5.5134 0.0662
100 - 120 DI 54.305 0.5526 13.2766 0.5882 4.4122 n.a.
220 - 240 DI 57.335 0.383 7.012 0.4972 3.0786 n.a.
320 - 340 DI 59.6578 0.5074 8.7048 1.1496 5.6434 10.024
400 - 420 DI 59.3044 0.4968 6.9194 1.1486 3.0384 n.a.
520 — 550 DI 68.5538 0.4578 5.0876 0.5634 2.0952 0.3614
Table A.23 Lourdes Drill cuttings: Duplicates for GW batch reactor
Drill
cutti_ngs Avg. EC Avg. SC Avg. é\F/{% AQX\%CI Average F .I'_A; \:T%]p
Sections pH
m ps/cm ps/cm mvV mvV mg/L °C
100 -120 617 667 8.4 165 364 12.62 21.1
200 — 220 601 650 8.5 164 363 14.82 21.1
300 - 320 606 653 8.5 167 366 16.38 21.2
400 — 420 619 666 8.6 166 365 16.4 21.3
500 - 520 615 662 8.6 164 363 16.78 21.3
Table A.24 Lourdes Drill Cuttings physicochemical parameters.
EC SC F Temp DO
Water type ps/cm ps/cm PH mg/L °C mg/L
GW - LS-0178 207.9 541 8.0 16 20.9 9
DI Water 5.33 2 7.2 BDL 22.1 7
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Table A.25 Major anion analysis of pH adjusted batch reactor.

sample ID F (mg/L) Cl(mg/L) | NO.(mg/L) | Br(mg/iL) | NOs(mg/L) | POs(mg/L) | SOu(mgiL)
1-1A 25 hr 0.6139 145.7596 0.206 0.1547 42.442 n.a. 35.1889
1-2A 25 hr 0.6364 142.1002 0.2207 0.1565 39.4142 n.a. 35.4943
2-1A 25 hr 0.6425 55.4794 0.1395 0.168 170.782 n.a. 36.7295
2-2A 25 hr 0.6971 60.4003 0.1879 0.1675 78.1201 n.a. 36.9207
2-3A 25 hr 0.7945 38.2694 0.2168 0.1686 72.6672 na. 36.5252
3-1A 25 hr 0.8535 13.5671 0.3161 0.162 34.6179 n.a. 36.6031
3-2A 25 hr 0.7752 20.6343 0.3439 0.1609 30.7748 0.3795 33.5822
3-3A 25 hr 0.8607 14.6738 0.3754 0.1667 27.6535 0.3822 36.5683
1-1L 25 hr 1.0415 172.2539 0.3726 0.2196 44.8887 0.0687 41.3525
1-2L 25 hr 0.9523 147.6919 0.6601 0.2104 166.6316 0.4139 41.2488
1-3L 25 hr 1.031 171.3386 0.4622 0.2104 62.6586 0.2813 41.524
2-1L 25 hr 1.2519 40.1354 0.4189 0.2242 70.1554 0.1492 43.6492
2-2L 25 hr 1.2393 30.6328 0.4202 0.221 164.4638 0.2802 43.804
2-3L 25 hr 1.2579 56.5722 0.3286 0.2187 55.4987 0.064 43.4075
3-1L 25 hr 1.2976 14,5483 0.2607 0.2142 34.3148 0.0485 42.9743
3-2L 25 hr 1.2905 14.4839 0.2498 0.2191 47.7181 0.0067 43.2229
3-3L 25 hr 1.4007 14.9868 0.428 0.2279 149.8969 0.2915 44.6109
1-1A 50 hr 0.5735 186.1752 0.5198 0.1572 41.2893 n.a. 35.1369
1-2A 50 hr 0.601 190.0187 0.4829 0.1625 47.1814 n.a. 35.9829
2-1A 50 hr 0.7229 59.6758 0.3507 0.1661 175.372 n.a. 38.4759
2-2A 50 hr 0.791 66.5363 1.0874 0.168 82.5021 n.a. 38.8394
2-3A 50 hr 0.8586 49.0755 0.8062 0.1667 76.4221 n.a. 37.5888
3-1A 50 hr 0.9504 14.8168 1.0686 0.177 42.9806 n.a. 37.6901
3-2A 50 hr 0.8507 23.2274 1.0395 0.1643 46.462 n.a. 36.192
3-3A 50 hr 0.9287 16.7079 1.0502 0.1664 35.4514 na. 37.3183
1-1L 50 hr 1.0417 250.0082 0.7286 0.2215 45.6043 n.a. 43.2586
1-2L 50 hr 1.033 222.5084 1.0791 0.226 184.9259 0.0201 43.4788
1-3L 50 hr 1.0472 257.0842 0.5369 0.2225 64.9396 n.a. 43.2501
2-1L 50 hr 1.3635 62.2539 1.0752 0.2421 71.7976 na. 46.2408
2-2L 50 hr 1.307 47,5739 1.9922 0.2374 180.0734 na. 46.246
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2-3L 50 hr
3-1L 50 hr
3-2L.50 hr
3-3L 50 hr
1-1A 100 hr
1-2A 100 hr

2-1A 100 hr
2-2A 100 hr

2-3A 100 hr
3-1A 100 hr
3-2A 100 hr
3-3A 100 hr
1-1L 100 hr
1-2L 100 hr
1-3L 100 hr

2-1L 100 hr
2-2L. 100 hr

2-3L 100 hr
3-1L 100 hr
3-2L 100 hr
3-3L 100 hr
1-1A 150 hr
1-2A 150 hr
2-1A 150 hr
2-2A 150 hr

2-3A 150 hr
3-1A 150 hr

3-2A 150 hr
3-3A 150 hr
1-1L 150 hr
1-2L 150 hr
1-3L 150 hr

1.3897
1.4656
1.5635
1.4789
0.5607
0.5636

0.7121
0.7593

0.7655
0.9502
0.8122
0.9304
0.945
0.9315
0.9386

1.1999
1.2246

1.2085
1.3698
1.4304
1.3345
0.5831
0.5905
0.7294
0.7996

0.8344
0.9947

0.8477
0.9431
0.9019
0.9359
0.8909

75.643
13.5998
14.3934
14.5277

n.a.
n.a.

58.9669
64.593

58.2145
15.519
20.3503
17.9582
n.a.
n.a.
n.a.

69.3951
49.2866

76.8113
13.7982
14.0664
13.9855
n.a.
n.a.
73.0253
77.446

72.6793
16.7767

20.9152
19.4618
n.a.
n.a.
n.a.

0.813
1.0339
1.8796
1.1501
0.4694
0.6053

0.3385
0.965

0.8596
2.5109
1.8579
2.1979
3.2083
1.0018
1.1582

2.898
1.4324

1.9776
3.8033
3.0199
11.3766
1.4184
2.738
0.281
0.4712

0.8337
3.6963

2.4563
3.4315
0.8512
2.5003
2.4299

0.2223
0.1885
0.189
0.192
0.177
0.1782

0.1892
0.1825

0.181
0.1824
0.1829
0.1862
0.1802
0.1766
0.1842

0.1977
0.1902

0.1862
0.1865
0.1792
0.1702
0.1831
0.1806
0.1994
0.1844

0.2009
0.198

0.1924
0.1902
0.1792
0.1778
0.1836

55.7681
30.3856
47.4563
145.4974
43.6768
49.5603

150.6909
69.3883

69.7957
46.5103
52.7258
43.0273
24.2442
152.249
49.0587

49.8412
151.7663

42.0326
12.9736
41.1741
95.0803
41.5228
45.1108
147.6854
64.1359

66.3563
47.1439

57.9963
42.5421
12.9855
129.8672
34.3713

n.a.
n.a.
n.a.
n.a.

0.1821

0.1811

0.2149
0.1979

0.2305
0.1776
0.3052
0.5841
0.1621
0.2196
0.2116

0.2031
0.1835

n.a.
n.a.
0.1799
0.1945
0.2339
n.a.
n.a.
n.a.

n.a.
n.a.

n.a.
n.a.
n.a.
n.a.
n.a.

44.4399
39.5872
39.7717
39.8626
33.4835
34.0439

36.442
37.0481

36.1672
34.8904
33.9806
35.7416
36.2456
36.4152
36.4063

39.002
39.3511

38.5315
38.2077
36.705
35.9089
35.2881
35.5258
38.686
38.8056

38.52
36.4156

35.558
36.6614
36.2891
36.8693

36.176
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2-1L 150 hr
2-2L 150 hr

2-3L 150 hr
3-1L 150 hr

3-2L 150 hr
3-3L 150 hr
1-1A 200 hr
1-2A 200 hr
2-1A 200 hr
2-2A 200 hr
2-3A 200 hr
3-1A 200 hr

3-2A 200 hr
3-3A 200 hr

1-1L 200 hr
1-2L 200 hr
1-3L 200 hr
2-1L 200 hr
2-2L 200 hr
2-3L 200 hr
3-1L 200 hr

3-2L 200 hr
3-3L 200 hr

1.096
1.1417

1.1185
1.2654

1.3361
1.2651
0.5316
0.552
0.6763
0.789
0.7438
0.9233

0.8131
0.9031

0.7888
0.8514
0.7992
1.1046
1.117
1.0705
1.2229

1.3126
1.2693

75.425
58.0642

83.0928
13.6174

13.3824
14.2358
n.a.
n.a.
72.169
78.8768
75.1334
15.388

19.2622
18.7707

n.a.
n.a.
n.a.

91.1417

68.5989

95.3401

13.8486

13.636
14.9566

6.151
1.0872

5.1905
2.0667

2.6479
26.249
3.6006
7.9485
0.2758
0.4144
0.8086
4.6383

2.7691
5.1795

1.0978
1.4593
7.2703
2.1272
3.7955
4.5036
0.8667

4.3922
0.3704

0.1626
0.1732

0.169
0.167

0.1616
0.1406
0.16
0.1557
0.2056
0.1637
0.1912
0.1751

0.1826
0.1678

0.1574
0.1625
0.1559
0.1723
0.1781
0.1682
0.1705

0.1597
0.1639

22.479
120.734

23.4481
6.032

23.1199
5.7101
28.9406
25.7025
112.1993
51.3172
53.3469
38.7123

51.155
36.2299

2.4583
95.1257
9.7597
7.6703
86.1326
4.027
2.4139

6.7054
1.9507

n.a.
n.a.

0.1488
0.1735

0.1685
n.a.
n.a.
n.a.

0.2719
n.a.

0.3367
n.a.

n.a.
n.a.

n.a.
0.154
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
n.a.

36.8266
37.5304

37.1395
36.1695

34.9573
33.787
33.5019
33.7421
36.3636
37.1351
36.4288
34.2256

34.2953
35.3063

33.8113
34.5627
34.181
37.7188
37.7055
36.5631
36.4108

35.2418
34.2645
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Table A.26 Major cation result from pH adjusted batch reactor

Sample 1D Na (mg/L) NH4 (mg/L) K (mg/L) Mg (mg/L) Ca (mg/L) Sr (mg/L)
1-1A 50 hr 116.5184 n.a. 4.1889 3.1723 29.3892 n.a.
1-2A 50 hr 119.75 n.a. 4.0292 2.9979 28.6848 n.a.
2-1A 50 hr 126.0316 n.a. 4.1231 2.9221 24.1012 n.a.
2-2A 50 hr 120.0392 n.a. 3.9239 2.6907 21.604 n.a.
2-3A 50 hr 113.3044 n.a. 3.714 2.3546 17.9147 n.a.
3-1A 50 hr 118.5868 n.a. 3.3786 1.9504 15.3267 n.a.
3-2A 50 hr 120.9276 n.a. 3.6407 2.0056 16.4574 n.a.
3-3A 50 hr 121.4524 n.a. 3.4782 1.9066 15.246 n.a.
1-1L 50 hr 118.188 n.a. 18.411 1.9078 35.78 n.a.
1-2L. 50 hr 121.4724 n.a. 19.7969 7.5298 47.4384 n.a.
1-3L 50 hr 121.794 n.a. 19.7016 6.8676 38.2096 n.a.
2-1L 50 hr 118.0952 n.a. 15.9404 4.0253 22.4736 n.a.
2-2L 50 hr 116.9828 n.a. 17.7379 4.7561 27.8876 n.a.
2-3L 50 hr 118.3644 n.a. 16.5155 3.9676 21.8216 n.a.
3-1L 50 hr 115.6864 n.a. 13.3227 1.9838 10.0303 n.a.
3-2L. 50 hr 123.2712 n.a. 14.1992 2.0824 10.6931 n.a.
3-3L 50 hr 137.7048 n.a. 16.2991 3.3544 18.1036 n.a.
1-1A 100 hr 121.566 n.a. 4.6574 3.6638 36.3228 n.a.
1-2A 100 hr 125.8552 1.2122 4.5842 3.5239 36.6644 n.a.
2-1A 100 hr 138.7288 n.a. 4.267 2.9689 31.4632 n.a.
2-2A.100 hr 121.3164 n.a. 4.0956 2.7807 24.0844 n.a.
2-3A100 hr 117.4512 n.a. 3.7683 2.4586 21.8156 n.a.
3-1A 100 hr 120.7365 n.a. 3.754 1.7755 15.0032 n.a.
3-2A100 hr 129.3248 n.a. 3.8055 2.0832 16.7699 n.a.
3-3A 100 hr 125.488 n.a. 3.7031 1.9281 17.9862 n.a.
1-1L 100 hr 125.0356 n.a. 21.81 9.525 53.3428 0.8748
1-2L 100 hr 124.1976 n.a. 23.1162 11.4292 64.6268 n.a.
1-3L 100 hr 128.4856 n.a. 23.0506 10.8251 61.6732 0.9203
2-1L 100 hr 123.8216 n.a. 18.4002 5.3547 30.45 n.a.

125




2-2L.100 hr
2-3L.100 hr
3-1L 100 hr
3-2L.100 hr
3-3L 100 hr
1-1A 150 hr
1-2A 150 hr
2-1A 150 hr
2-2A 150 hr
2-3A 150 hr
3-1A 150 hr
3-2A 150 hr
3-3A 150 hr
1-1L 150 hr
1-2L 150 hr
1-3L 150 hr
2-1L 150 hr
2-2L 150 hr
2-3L 150 hr
3-1L 150 hr
3-2L 150 hr
3-3L 150 hr
1-1A 200 hr
1-2A 200 hr
2-1A 200 hr
2-2A 200 hr
2-3A 200 hr
3-1A 200 hr
3-2A 200 hr
3-3A 200 hr
1-1L 200 hr
1-2L 200 hr

120.632
121.3812
123.1844

137.58
154.48
122.2676
128.8876
129.3012
122.1408
119.1072
129.1484
128.9744
131.0076
120.4644
117.9248
116.7248

118.716
118.9052
120.3984
127.3068
133.1756
149.2608
108.1876

123.32
122.7536
113.9428
114.7852
130.4328

131.632
133.8476
113.9168
112.5972

n.a.
n.a.
n.a.
n.a.

1.6064
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

19.3811
18.8624
13.1766
12.4136
14.4894
4.3147
4.8609
4.3674
4.3035
4.1186
4.1155
3.9971
4.1093
22.8344
23.555
23.567
18.8923
19.147
18.7222
13.6084
13.2014
14.8617
4.9155
4.8941
4.3342
4.2702
3.912
3.9103
4.0347
4.1785
23.4635
18.7891

6.0367
5.2819
2.0675
1.4432
2.2166
4.1954
41134
3.0955
3.0233
2.8823
2.082
2.3231
2.2365
11.7895
13.2387
12.4488
6.448
6.8493
6.0894
2.2806
1.9247
2.5442
4.6746
4.5187
3.4115
3.3424
3.1883
2.3364
2.6324
2.5527
14.075
16.2991

33.1792
29.1292
10.5785
6.3694
9.5011
45.5148
46.664
30.1256
28.074
24.8088
18.5792
19.8476
20.0132
72.6816
82.8312
74.6616
34.0796
37.0568
32.2124
11.4487
9.3042
12.181
51.2724
50.7796
30.0036
27.12
27.026
18.6528
18.6388
21.2308
89.3756
103.2812

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

2.5841

1.452

1.5527

1.4193
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

3.0827
n.a.
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1-3L 200 hr 111.2936 n.a. 23.5449 14.3809 90.1916 2.6287
2-1L 200 hr 113.1856 n.a. 18.4986 6.8678 36.3856 1.47
2-2L 200 hr 113.0208 n.a. 19.3539 7.4865 39.9664 n.a.
2-3L 200 hr 115.7492 n.a. 19.2673 6.9136 35.744 1.5243
3-1L 200 hr 128.1132 n.a. 13.5769 2.6111 12.3624 0.8198
3-2L 200 hr 135.7832 n.a. 12.9326 2.1782 9.8523 n.a.
3-3L 200 hr 143.9084 n.a. 13.836 2.5093 11.6304 n.a.
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Table A.27 Major and trace results from pH-adjusted batch reactor

Al B Ba Be Ca Cr Cu Fe K Mg Mn Mo Na

Sample 1D (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L)

1-1A-50hr 0.232 2.66 0.004 | <0.0001 | 28.1 <0.005 | 0.019 0.009 4.06 3.42 | 0.207 | 0.019 102
1-1A-100hr 0.282 3.15 0.004 | 0.0001 36.5 <0.005 | 0.009 0.007 4.32 3.98 | 0.302 | 0.017 109
1-1A-150hr 0.276 3.02 0.005 | 0.0001 444 <0.005 | 0.009 0.007 481 464 | 0398 | 0.016 110
1-1A-200hr 0.254 3.18 0.005 | <0.0001 | 51.7 <0.005 | 0.008 0.029 4.97 511 | 0.493 | 0.014 109
1-2A-50hr 0.321 3.52 0.003 | <0.0001 | 28.1 <0.005 | 0.019 0.011 3.92 3.22 | 0.196 0.02 106
1-2A-100hr 0.301 3.32 0.003 | <0.0002 | 37.4 <0.010 | 0.015 0.012 4.32 4.03 | 0.297 0.02 112
1-2A-150hr 0.26 3.56 0.003 | <0.0001 | 44.7 <0.005 0.01 0.011 4.79 4.5 0.386 | 0.017 114
1-2A-200hr 0.692 3.62 0.004 | 0.0001 52.3 <0.005 | 0.009 0.01 5.03 5.26 | 0.491 | 0.016 112
2-1A-50hr 0.349 3.74 | 0.003 | <0.0001 | 23.8 <0.005 | 0.018 0.01 3.94 3.16 | 0.127 | 0.021 111
2-1A-100hr 0.307 3.16 0.003 | <0.0002 | 26.4 <0.010 | 0.013 0.015 3.98 3.34 | 0.148 | 0.022 112
2-1A-150hr 1.09 3.22 0.003 | <0.0001 | 29.3 <0.005 | 0.018 0.017 4.26 358 | 0.184 | 0.021 117
2-1A-200hr 0.275 3.33 0.003 | <0.0001 | 31.7 <0.005 | 0.019 0.011 431 3.89 | 0.197 | 0.018 114
2-2A-50hr 0.561 3.65 0.004 | <0.0001 | 21.6 <0.005 | 0.021 0.105 3.77 293 | 0.142 | 0.022 106
2-2A-100hr 0.249 2.95 0.002 | <0.0001 | 24.1 <0.005 | 0.013 0.007 3.8 3.15 | 0.159 0.02 106
2-2A-150hr 0.324 3.72 0.003 | <0.0001 | 26.6 <0.005 | 0.018 0.007 411 3.51 | 0.172 | 0.018 107
2-2A-200hr 0.342 3.53 0.003 | <0.0001 29 <0.005 | 0.018 0.01 4.12 381 | 0.187 | 0.017 106
2-3A-50 hr 0.236 2.76 0.002 | <0.0001 | 18.2 <0.005 | 0.019 0.008 3.61 25 0.103 | 0.022 101
2-3A-100 hr 0.293 3.11 0.003 | <0.0001 22 <0.005 | 0.016 0.01 3.65 286 | 0.128 | 0.021 105
2-3A-150 hr 0.304 3.26 0.003 | <0.0001 | 25.1 <0.005 | 0.014 0.007 3.95 3.25 | 0.147 | 0.018 105
2-3A-200 hr 0.314 3.42 0.003 | <0.0001 | 27.8 <0.005 | 0.014 0.012 3.94 3.54 | 0.168 | 0.017 104
3-1A-50 hr 0.276 2.86 0.002 | <0.0001 | 15.8 <0.005 | 0.011 0.009 3.38 211 | 0.018 | 0.022 106
3-1A-100 hr 0.317 3.13 0.002 | <0.0001 | 14.5 <0.005 | 0.012 0.018 3.55 2.01 0.02 0.019 112
3-1A-150 hr 0.324 3.28 0.003 | <0.0002 | 17.9 <0.010 | <0.010 | 0.008 3.84 239 | 0.031 | 0.019 114
3-1A-200 hr 0.302 3.12 0.002 | <0.0001 | 18.8 <0.005 | 0.007 0.007 3.89 261 | 0.032 | 0.016 117
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Al B Ba Be Ca Cr Cu Fe K Mg Mn Mo Na
Sample 1D | gy | (moit) | (moiL) | (marL) | (mgi) | (mgiL) | (mort) | (moit) | (mgiL) | marL) | (morLy | (maiL) | (moiL)
3-2A-50 hr 0.322 3.66 0.003 | <0.0001 16.8 <0.005 0.015 0.013 3.46 2.1 0.017 0.02 109
3-2A-100 hr 0.265 2.95 0.003 | <0.0001 16.8 <0.005 0.007 0.01 3.77 2.46 0.023 0.015 112
3-2A-150 hr 0.304 3.14 0.003 | <0.0002 20.7 <0.010 0.014 0.017 3.87 2.95 0.032 0.014 111
3-2A-200 hr 0.294 3.19 0.002 | <0.0001 20.9 <0.005 0.009 0.008 3.97 2.94 0.032 0.012 116
3-3A-50 hr 0.344 3.36 0.002 | <0.0001 15.3 <0.005 0.015 0.012 3.27 1.96 0.016 0.022 106
3-3A-100 hr 0.351 3.31 0.003 | <0.0001 17.7 <0.005 0.012 0.011 3.52 2.21 0.025 0.02 113
3-3A-150 hr 0.304 3.61 0.003 | <0.0001 19.7 <0.005 0.009 0.008 3.9 2.53 0.032 0.018 117
3-3A-200 hr 1.05 3.33 0.003 | <0.0001 21.3 <0.005 0.011 0.014 4.11 2.82 0.042 0.015 119
1-1L-50 hr 0.279 2.71 0.057 0.0001 35.3 <0.005 | <0.005 | 0.007 18.8 7.02 0.077 0.013 103
1-1L-100 hr 0.307 3.19 0.076 | <0.0001 54.9 <0.005 | <0.005 | 0.009 21.6 10.5 0.098 0.013 110
1-1L-150 hr 0.282 3.14 0.098 | <0.0001 75.9 <0.005 | <0.005 | 0.007 23.5 14.1 0.14 0.012 108
1-1L-200 hr 0.317 3.53 0.115 | <0.0001 91.9 <0.005 | <0.005 | 0.009 24.2 16.9 0.186 0.012 103
1-2L.-100 hr 0.286 3.01 0.088 | <0.0001 66.6 <0.005 0.006 0.029 22.9 12.6 0.135 0.013 110
1-2L-150 hr 0.201 2.67 0.104 | <0.0001 85.9 <0.005 0.006 0.008 24.2 15.8 0.171 0.012 105
1-2L.-200 hr 0.306 3.6 0.121 | <0.0002 107 <0.010 | <0.010 | 0.011 24.7 19.4 0.214 0.01 99.2
1-3L-50 hr 0.292 3.1 0.06 <0.0001 39.6 <0.005 | <0.005 0.01 20.4 7.79 0.083 0.013 110
1-3L-100 hr 0.288 3.72 0.083 | <0.0001 61.7 <0.005 | <0.005 | 0.012 22.8 11.9 0.121 0.013 112
1-3L-150 hr 0.28 3.12 0.098 | <0.0001 78 <0.005 | <0.005 | 0.009 24 14.6 0.16 0.011 106
1-3L-200 hr 0.306 3.47 0.11 <0.0002 93.4 <0.010 | <0.010 | 0.009 23.9 17.2 0.2 0.01 97.9
2-1L-50 hr 0.828 3.21 0.037 | <0.0001 21.7 <0.005 0.01 0.017 16.6 4.45 0.034 0.015 104
2-1L-100 hr 0.331 3.25 0.044 | <0.0001 29.5 <0.005 0.008 0.008 18.4 5.93 0.035 0.014 108
2-1L-150 hr 0.332 3.37 0.05 <0.0001 35.2 <0.005 0.008 0.008 19.2 7 0.044 0.013 107
2-1L-200 hr 0.372 3.69 0.053 | <0.0001 38.2 <0.005 0.006 0.009 19.3 7.88 0.05 0.012 103
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sample ID Al B Ba Be Ca Cr Cu Fe K Mg Mn Mo Na
ampre (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L)
2-2L-50 hr | <0.001 | 2.56 | 0.053 | <0.0001 | 27.7 <0.005 | 0.012 | <0.001 18 5.19 0.059 | 0.016 101
2-2L-100hr | 0.31 3.18 | 0.053 | <0.0001 | 33.4 <0.005 | 0.008 | 0.008 19 6.63 0.048 | 0.014 107
2-2L-150 hr | 0.324 299 | 0.056 | <0.0001 | 39.2 <0.005 | 0.008 | 0.007 20 7.76 0.056 | 0.014 107
2-2L-200 hr | 0.466 3.35 | 0.058 | <0.0001 | 42.1 <0.005 | <0.005 | 0.009 20.1 8.54 0.062 | 0.013 103
2-3L-50 hr 1.2 3.12 | 0.038 | <0.0001 | 214 <0.005 | 0.005 | 0.012 16.9 4.34 0.037 | 0.014 104
2-3L-100 hr | 0.35 3.65 0.05 | <0.0001 | 326 <0.005 | 0.007 | 0.009 19.8 6.24 0.043 | 0.014 118
2-3L-150 hr | 0.357 4 0.05 | <0.0002 | 34.1 <0.010 | <0.010 | 0.008 19.2 6.93 0.04 0.014 107
2-3L-200 hr | 0.362 3.66 | 0.054 | <0.0001 | 37.9 <0.005 | 0.006 | 0.008 19.8 7.8 0.05 0.013 106
3-1L-50 hr 3.04 2.79 | 0.019 | <0.0001 | 10.5 <0.005 | 0.013 | 0.024 13.3 2.31 0.036 | 0.015 104
3-1L-100 hr | 0.257 2.74 | 0.018 | <0.0001 | 10.7 <0.005 | 0.009 | 0.006 13.1 2.35 0.01 0.015 110
3-1L-150 hr | 0.349 3.05 | 0.019 | <0.0001 | 11.7 <0.005 | 0.011 | 0.008 135 2.55 0.01 0.013 113
3-1L-200 hr | 0.297 341 | 0.021 | <0.0001 | 12.8 <0.005 0.01 0.013 13.7 2.87 0.01 0.012 115
3-2L-50 hr 0.25 2.8 0.018 | <0.0001 | 10.7 <0.005 | 0.009 0.01 135 2.34 0.007 | 0.017 105
3-2L-100 hr | 0.266 2.84 | 0.012 | <0.0001 | 6.57 <0.005 | 0.006 | 0.007 12.1 1.66 0.005 | 0.016 119
3-2L-150 hr | 0.317 2.84 | 0.017 | <0.0001 | 9.45 <0.005 | <0.005 0.1 12.7 2.11 0.009 | 0.014 117
3-2L-200 hr | 0.362 3.58 | 0.018 | <0.0001 | 10.6 <0.005 0.01 0.019 13.1 2.35 0.009 | 0.014 122
3-3L-50 hr | 0.308 292 | 0.028 | <0.0001 | 17.6 <0.005 | 0.008 | 0.009 15.8 3.68 0.017 | 0.014 119
3-3L-100 hr | 0.32 2.93 | 0.017 | <0.0001 9.7 <0.005 | 0.015 | 0.008 14 2.53 0.008 | 0.012 138
3-3L-150 hr | 0.31 3.24 | 0.021 | <0.0001 | 125 <0.005 | 0.012 | 0.008 14.6 2.9 0.011 | 0.012 136
3-3L-200 hr | 0.639 3.39 | 0.019 | <0.0001 | 125 <0.005 | 0.013 | 0.009 14.3 2.83 0.014 | 0.011 133
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Sample ID Ni P S Si Sr \Y Zn
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
1-1A-50hr 0.003 0.39 11.9 50.8 0.032 0.006 0.048
1-1A-100hr 0.003 0.45 11.6 51 0.031 <0.005 0.05
1-1A-150hr 0.005 0.46 11.7 50.7 0.036 <0.005 0.064
1-1A-200hr 0.006 0.47 11.6 50.8 0.039 <0.005 0.064
1-2A-50hr 0.002 0.42 11.9 50.3 0.0292 0.006 0.064
1-2A-100hr 0.006 0.49 12.2 50.1 0.0318 <0.010 0.08
1-2A-150hr 0.005 0.49 11.8 50 0.0359 <0.005 0.102
1-2A-200hr 0.005 0.49 11.6 51.7 0.0395 <0.005 0.106
2-1A-50hr 0.002 0.23 12.5 514 0.0278 0.01 0.026
2-1A-100hr <0.004 0.29 13 50.2 0.0246 <0.010 0.021
2-1A-150hr 0.003 0.21 12.8 51 0.0242 0.009 0.028
2-1A-200hr 0.003 0.28 12.8 51 0.0267 0.01 0.033
2-2A-50hr 0.003 0.31 12.5 51.8 0.0252 0.011 0.017
2-2A-100hr 0.004 0.3 12.4 50.2 0.0221 0.01 0.027
2-2A-150hr 0.004 0.32 12.6 51.4 0.0243 0.01 0.021
2-2A-200hr 0.004 0.34 12.8 52 0.0256 0.011 0.02
2-3A-50 hr <0.002 0.3 12.6 50.3 0.0213 0.012 0.012
2-3A-100 hr <0.002 0.34 12.4 50.3 0.021 0.011 0.034
2-3A-150 hr 0.002 0.37 12.6 51.3 0.0231 0.01 0.024
2-3A-200 hr 0.003 0.36 12.5 51.1 0.0241 0.01 0.026
3-1A-50 hr <0.002 0.85 12.6 48.8 0.0187 0.016 0.004
3-1A-100 hr 0.005 1.24 11.9 46.7 0.0157 0.015 0.011
3-1A-150 hr <0.004 1.41 12.4 48.2 0.0192 0.015 0.012
3-1A-200 hr 0.002 15 11.7 48.3 0.0193 0.015 0.012
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Sample ID Ni P S Si Sr \Y Zn
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
3-2A-50 hr <0.002 1.16 12.2 47.9 0.018 0.016 0.018
3-2A-100 hr 0.005 1.7 11.9 48.5 0.0191 0.016 0.021
3-2A-150 hr <0.004 1.83 11.7 48.6 0.0233 0.015 0.033
3-2A-200 hr 0.003 2.04 115 49.8 0.0207 0.014 0.01
3-3A-50 hr <0.002 1.04 12.3 47.7 0.0176 0.017 0.004
3-3A-100 hr <0.002 1.54 12.3 47.3 0.0177 0.015 0.02
3-3A-150 hr 0.003 1.7 11.9 475 0.0201 0.014 0.017
3-3A-200 hr <0.002 1.83 11.9 48.5 0.0223 0.014 0.02
1-1L-50 hr <0.002 0.38 12.2 47.7 0.253 0.019 0.024
1-1L-100 hr <0.002 0.38 12.2 48.7 0.379 0.017 0.022
1-1L-150 hr <0.002 0.39 11.8 49.3 0.507 0.014 0.027
1-1L-200 hr 0.005 0.37 11.5 50.3 0.597 0.012 0.027
1-2L.-100 hr <0.002 0.64 12.3 51 0.447 0.015 0.019
1-2L-150 hr <0.002 0.57 11.8 50.5 0.561 0.013 0.017
1-2L.-200 hr <0.004 0.56 11.6 51.8 0.673 0.011 0.017
1-3L-50 hr <0.002 0.44 12.5 48.3 0.281 0.019 0.018
1-3L-100 hr 0.003 0.49 12.3 49.2 0.423 0.016 0.039
1-3L-150 hr 0.002 0.45 11.7 49.7 0.52 0.012 0.041
1-3L-200 hr <0.004 0.44 11.8 50.3 0.595 0.011 0.033
2-1L-50 hr <0.002 0.34 13 479 0.163 0.03 0.007
2-1L-100 hr <0.002 0.43 13.1 46.9 0.219 0.03 0.009
2-1L-150 hr 0.002 0.4 12.9 47.3 0.257 0.028 0.011
2-11.-200 hr 0.002 0.41 12.6 48.7 0.28 0.026 0.014
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Ni P S Si Sr \Y Zn

Sample ID (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
2-2L.-50 hr <0.002 0.33 13 49.1 0.192 0.028 0.015
2-2L.-100 hr 0.003 0.46 13 48.3 0.241 0.028 0.036
2-2L.-150 hr 0.017 0.44 13 48.7 0.283 0.028 0.016
2-2L.-200 hr <0.002 0.44 12.7 49.5 0.303 0.026 0.015
2-3L-50 hr <0.002 0.29 12.9 46.6 0.16 0.029 0.004
2-3L-100 hr <0.002 0.39 14.3 50.8 0.234 0.033 0.027
2-3L-150 hr <0.004 0.4 12.9 47.9 0.252 0.03 0.017
2-3L-200 hr <0.002 0.41 12.7 48.5 0.276 0.027 0.013
3-1L-50 hr <0.002 0.24 12.9 44.5 0.0822 0.041 0.006
3-1L-100 hr <0.002 0.37 12.9 42 0.0848 0.046 0.011
3-1L-150 hr <0.002 0.36 12.5 41.9 0.0925 0.047 0.011
3-1L-200 hr 0.004 0.35 12.1 42.3 0.102 0.047 0.017
3-2L-50 hr <0.002 0.3 12.9 43.4 0.0848 0.043 0.003
3-2L-100 hr 0.002 0.35 12.4 40.6 0.0572 0.052 0.026
3-2L-150 hr <0.002 0.35 11.9 40.2 0.0769 0.05 0.014
3-2L.-200 hr 0.002 0.35 12.1 41.8 0.0841 0.051 0.009
3-3L-50 hr <0.002 0.4 12.7 43.3 0.137 0.034 <0.002
3-3L-100 hr 0.004 0.46 11.9 40.4 0.084 0.041 0.016
3-3L-150 hr <0.002 0.48 12 41.2 0.1 0.043 0.023
3-3L-200 hr 0.009 0.41 11.8 41.1 0.0961 0.047 0.02
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Table A.28 Trace element data for the pH adjusted batch reactors.

Li Be B Al Mn Co Ni Cu Zn Sr Mo Ag Cd

Sample 1D po/L pg/L pg/L po/L pg/L po/L po/L po/L po/L pg/L po/L po/L po/L

1-1A-50hr 123.373 0.106 2681.777 | 208.833 | 177.530 | 1.015 3.121 | 17.018 | 42.872 32.378 | 18.398 | 0.009 0.207
1-2A-50hr 124.596 0.092 3504.122 | 286.256 | 169.908 | 1.207 3.174 | 19.488 | 58.272 29.961 | 20.367 | 0.007 0.206
2-1A-50hr 129.130 0.020 3651.011 | 310.654 | 110.463 | 0.484 2.869 | 17.126 | 25.388 28.546 | 22.100 | 0.014 0.136
2-2A-50hr 131.423 0.038 3727.935 | 474.728 | 125.819 | 0.643 2416 | 17.991 | 17.847 26.390 | 21.873 | 0.020 0.131
2-3A-50 hr 122.449 0.016 2692.739 | 210.749 | 88.503 0.382 1.665 | 17.095 | 12.941 21.949 | 21.324 | 0.009 0.117
3-1A-50 hr 117.897 0.007 2761.425 | 243.269 | 15.851 0.085 0.973 | 11.982 6.631 19.322 | 21.703 | 0.015 0.075
3-2A-50 hr 119.121 0.005 3619.026 | 283.142 | 15.311 0.088 1.096 | 14.039 | 18.387 18.881 | 19.306 | 0.032 0.073
3-3A-50 hr 121.909 0.007 3390.861 | 300.794 | 14.552 0.087 0.988 | 12.583 6.429 18.528 | 22.062 | 0.022 0.071
1-1L-50 hr 108.786 0.022 2691.928 | 270.038 | 69.949 0.360 2.005 7.821 24.337 | 260.268 | 13.633 | 0.016 0.061
1-2L-50 hr 116.482 0.030 3150.087 | 321.530 | 100.937 | 0.500 2.442 8.954 33.083 | 318.605 | 13.048 | 0.024 0.070
1-3L-50 hr 115.579 0.016 3061.653 | 280.392 | 73.516 0.332 1.904 5.979 18.137 | 289.425 | 13.160 | 0.013 0.060
2-1L-50 hr 109.099 0.004 3299.520 | 337.143 | 24.905 0.133 1.014 | 10.996 8.103 168.061 | 14.946 | 0.016 0.051
2-2L-50 hr 111.569 0.004 2651.482 1.661 54.490 0.223 1.249 | 16.069 | 25.553 | 207.686 | 14.542 | 0.006 0.059
2-3L-50 hr 112.007 0.006 3348.083 | 359.702 | 25.671 0.110 1.020 9.053 6.464 170.923 | 15.309 | 0.009 0.052
3-1L-50 hr 99.585 0.004 2972.525 | 467.923 7.436 0.050 0.850 | 12.428 7.774 87.797 | 15.371 | 0.009 0.040
3-2L-50 hr 98.547 0.002 2914.928 | 237.452 6.465 0.065 0.827 | 11.063 5.611 90.145 | 16.867 | 0.011 0.054
3-3L-50 hr 105.412 0.006 3002.271 | 295.387 | 15.436 0.085 0.776 | 11.501 3.899 145.186 | 14.129 | 0.010 0.044
1-1A-100hr 131.095 0.075 3285.132 | 273.800 | 265.836 | 1.160 4.596 | 10.615 | 48.837 34.400 | 17.591 | 0.008 0.274
1-2A-100hr 131.175 0.077 3286.107 | 280.673 | 252.039 | 1.608 5.891 | 12.042 | 71.789 33.621 | 18.635 | 0.008 0.255
2-1A-100hr 137.565 0.016 3215.396 | 293.964 | 128.938 | 0.537 3.221 | 15.325 | 21.932 26.594 | 20.942 | 0.007 0.110
2-2A-100hr 137.411 0.019 3212.641 | 239.470 | 138.972 | 0.536 2.892 | 16.721 | 27.626 24.863 | 20.391 | 0.039 0.115
2-3A-100 hr 127.782 0.010 3150.587 | 279.859 | 112.783 | 0.429 2.264 | 15.689 | 33.285 23.445 | 19.736 | 0.028 0.115
3-1A-100 hr 128.769 0.005 3373.630 | 310.285 | 19.005 0.134 4.337 | 11.552 | 11.544 17.930 | 19.653 | 0.025 0.057
3-2A-100 hr 119.840 0.002 3030.145 | 254.693 | 19.652 0.095 4194 | 11.601 | 18.881 21.192 | 14.922 | 0.022 0.050
3-3A-100 hr 125.254 0.006 3346.999 | 322.330 | 22.608 0.104 1.128 | 12.582 | 20.949 19.571 | 19.867 | 0.023 0.054
1-1L-100 hr 126.536 0.014 3311.509 | 311.848 | 88.271 0.363 2.859 4.458 22.626 | 421.311 | 13.360 | 0.037 0.045
1-2L.-100 hr 128.260 0.009 3060.801 | 294.483 | 118.798 | 0.477 3.082 6.910 20.096 | 494.422 | 12.972 | 0.027 0.054
1-3L-100 hr 128.333 0.014 3811.043 | 291.681 | 106.702 | 0.419 4.840 5.917 37.962 | 468.304 | 12.653 | 0.019 0.054
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2-1L-100 hr
2-2L-100 hr
2-3L-100 hr
3-1L-100 hr
3-2L-100 hr
3-3L-100 hr
1-1A-150hr
1-2A-150hr
2-1A-150hr
2-2A-150hr
2-3A-150 hr
3-1A-150 hr
3-2A-150 hr
3-3A-150 hr
1-1L-150 hr
1-2L-150 hr
1-3L-150 hr
2-11L-150 hr
2-2L-150 hr
2-3L-150 hr
3-1L-150 hr
3-2L-150 hr
3-3L-150 hr
1-1A-200hr
1-2A-200hr
2-1A-200hr
2-2A-200hr
2-3A-200 hr
3-1A-200 hr
3-2A-200 hr
3-3A-200 hr
1-1L-200 hr

117.065
120.312
114.874
98.874
93.906
97.384
129.658
131.482
141.564
139.206
133.605
127.280
123.857
126.963
128.240
130.165
128.608
124.384
125.962
125.079
102.269
97.021
100.849
135.722
136.746
143.223
138.220
140.627
129.155
126.035
128.996
138.126

0.003
0.003
0.002
0.002
0.002
0.001
0.086
0.045
0.012
0.010
0.017
0.010
0.003
0.016
0.009
0.014
0.014
0.002
0.010

n.a.
n.a.

n.a.
n.a.

0.076
0.091
0.011
0.004

0.000
n.a.

n.a.
n.a.

0.002

3314.569
3288.980
3403.524
2863.644
2988.188
3050.510
3094.628
3654.150
3405.198
4070.513
3409.977
3402.602
3343.342
3793.577
3216.962
2724.101
3176.802
3542.456
3105.554
4431.183
3426.162
3231.238
3575.235
3608.455
4083.576
3778.961
3958.185
3981.289
3542.105
3608.467
3648.653
4000.551

312.650
304.735
326.993
246.709
253.661
311.980
268.113
252.038
365.668
309.860
294.788
306.930
298.253
290.112
286.077
220.277
295.224
321.474
319.031
324.109
312.454
285.083
276.260
238.110
435.291
248.089
304.225
283.721
276.816
268.813
541.864
318.894

31.337
43.929
35.219
8.936
4.516
7.145
343.007
331.903
153.953
151.588
128.775
27.559
27.584
29.346
124.193
152.460
140.608
39.802
49.917
35.895
9.109
7.613
9.322
420.229
423.805
172.473
160.574
145.111
28.351
28.897
33.023
164.835

0.137
0.162
0.137
0.052
0.038
0.050
1.330
1.991
0.676
0.524
0.406
0.117
0.131
0.246
0.540
0.556
0.662
0.158
0.214
0.193
0.063
0.062
0.062
1.518
2.563
2.420
0.532
0.430
0.119
0.148
0.151
0.654

1.649
4.205
1.832
1.458
1.453
3.004
5.351
5.945
3.846
2.938
2.532
1.469
1.582
2.798
3.344
3.700
4.435
2.629
15.891
1.644
0.921
1.062
1.241
6.446
6.522
3.841
2.952
2.803
2.155
2.803
2.545
7.209

9.667
9.288
9.247
12.160
9.658
11.613
8.606
9.845
15.885
15.829
13.865
11.042
10.970
11.732
4.244
5.533
4.478
8.449
8.361
7.369
10.300
8.394
10.872
8.248
9.251
16.895
16.307
12.841
10.895
10.133
11.895
4.239

11.224
35.685
26.077
12.116
24.748
15.497
58.844
93.362
26.852
21.547
22.476
13.159
18.321
18.811
27.396
16.995
39.295
12.846
16.732
17.957
12.299
14.664
21.783
58.339
94.337
30.184
19.384
24.529
13.105
11.206
19.990
25.164

241.905
268.739
237.597
92.862
62.547
92.108
39.583
39.562
26.958
27.388
25.855
21.020
22.723
22.772
564.428
624.590
573.605
286.436
311.301
248.249
93.089
77.918
99.443
40.750
41.591
28.127
26.750
25.473
20.710
21.792
23.065
617.269

14.228
14.731
14.483
15.068
15.759
13.078
15.664
16.820
19.956
17.989
17.736
17.553
13.573
18.433
12.470
11.860
11.231
13.250
13.484
14.266
14.151
15.207
12.283
14.232
15.873
17.811
16.337
15.992
15.566
12.124
15.566
11.308

0.061
0.040
0.074
0.024
0.035
0.012
0.014
0.013
0.011
0.014
0.016
0.009
0.008
0.075
0.026
0.012
0.010
0.014
0.010
0.035
0.018
0.025
0.030
0.019
0.012
0.014
0.011
0.017
0.012
0.003
0.013
0.020

0.038
0.042
0.042
0.044
0.041
0.038
0.373
0.348
0.133
0.101
0.127
0.046
0.039
0.120
0.062
0.058
0.052
0.045
0.082
0.053
0.049
0.047
0.037
0.476
0.482
0.138
0.108
0.122
0.062
0.048
0.060
0.056
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1-2L-200 hr | 134.252 | 0.001 | 3894.851 | 316.587 | 190.254 | 0.648 | 5.091 | 4.581 | 17.522 | 702.584 | 10.581 | 0.102 | 0.056
1-3L-200 hr | 135.540 | 0.002 | 3863.723 | 305.205 | 177.166 | 0.714 | 4.645 | 3.757 | 29.278 | 624.731 | 10.420 | 0.009 | 0.061
2-1L-200 hr | 127.107 | 0.012 | 4175458 | 334.168 | 44.627 | 0.341 | 2.641 | 9.239 | 15541 | 299.471 | 13.310 | 0.093 | 0.137
2-2L-200 hr | 128.907 | 0.000 | 3770.678 | 418.429 | 54.187 | 0.246 | 2572 | 7.778 | 15.241 | 319.832 | 12.847 | 0.021 | 0.071
2-3L-200 hr | 126.420 n.a. 4097.623 | 332.335 | 44.216 | 0.204 | 2.354 | 6.702 | 13.811 | 299.136 | 13.191 | 0.015 | 0.053
3-1L-200 hr | 107.246 n.a. 4065.874 | 270.719 | 9.262 | 0.068 | 3.002 | 8514 | 16.981 | 106.663 | 13.003 | 0.017 | 0.040
3-2L-200 hr | 102.243 n.a. 4118.015 | 320.828 | 7.547 | 0.113 | 1.475 | 8222 | 10.129 | 88.404 | 13.992 | 0.028 | 0.041
3-3L-200 hr | 100.842 n.a. 3872563 | 388.501 | 10.657 | 0.068 | 8.507 | 12.692 | 19.739 | 99.291 | 11401 | 0.111 | 0.038
Table A.29 Trace elements results from the pH adjusted batch reactors.
Sample ID Sn Sb Ba TI Pb Th U Cr Fe Ni Se As \%
pa/L pa/L pa/L pa/L pa/L pa/L pa/L pa/L pa/L pa/L pa/L pa/L pa/L
1-1A-50hr 1.332 | 0.152 3.256 0.052 | 0175 | 0.017 | 0.186 | 1.567 | 15375 | 3.146 | 1.237 | 5.990 | 9.785
1-2A-50hr 0.895 | 0.134 2.810 0.052 | 0214 | 0.013 | 0.189 | 1.667 | 16.708 | 3.043 | 1.192 | 5560 | 8.984
2-1A-50hr 3.340 | 0.135 2.927 0.051 | 0.170 | 0.015 | 3.893 | 1.301 | 15120 | 2.889 | 1.110 | 6.614 | 13.401
2-2A-50hr 6.644 | 0.142 3.883 0.053 | 0.663 | 0.075 | 4.853 | 1.462 | 92950 | 2.290 | 1.180 | 6.960 | 13.789
2-3A-50 hr 2.341 | 0.155 2.165 0.044 | 0.155 | 0.014 | 5039 | 1.820 | 12.896 | 1.661 | 1.158 | 7.210 | 14.754
3-1A-50 hr 9.571 | 0.135 2.046 0.042 | 0214 | 0020 | 6.324 | 2.441 | 13.738 | 0.940 | 1.064 | 7.756 | 17.822
3-2A-50 hr 15.392 | 0.198 2.353 0.041 | 0226 | 0021 | 6.032 | 2.643 | 17.125 | 1.059 | 1.093 | 7.545 | 17.661
3-3A-50 hr 5.455 | 0.161 2.309 0.038 | 0.167 | 0.021 | 6459 | 2590 | 14.985 | 0.974 | 1.064 | 7.710 | 17.613
1-1L-50 hr 2,703 | 0240 | 55574 | 0045 | 0.121 | 0.025 | 0493 | 1.553 | 14922 | 2.052 | 1.061 | 7.140 | 19.775
1-2L-50 hr 7.062 | 0254 | 65953 | 0.060 | 0.188 | 0.026 | 0.689 | 1.928 | 18.088 | 2.394 | 1.219 | 6.774 | 17.772
1-3L-50 hr 3.079 | 0226 | 55779 | 0.049 | 0.117 | 0017 | 0522 | 1.776 | 16.102 | 1.845 | 1.117 | 6.768 | 18.341
2-1L-50 hr 21711 | 0241 | 34681 | 0.185 | 0.139 | 0.012 | 4.835 | 2182 | 18748 | 0975 | 1.116 | 7.769 | 26.694
2-2L-50 hr 2701 | 0311 | 50.340 | 0.089 | 0.032 | 0.013 | 3.893 | 1.421 6.893 1.224 | 1.185 | 7.737 | 24.404
2-3L-50 hr 23.085 | 0.241 | 37.124 | 0063 | 0.138 | 0.019 | 4.968 | 2111 | 12175 | 0.974 | 1.064 | 7.748 | 26.961
3-1L-50 hr 43.996 | 0.257 | 18561 | 0.041 | 0.167 | 0.012 | 5469 | 2390 | 11.479 | 0.772 | 1143 | 8.368 | 34.663
3-2L-50 hr 3506 | 0274 | 17.293 | 0.035 | 0.139 | 0.010 | 5476 | 2.301 | 11.905 | 0.752 | 1.088 | 7.897 | 35.903
3-3L-50 hr 34883 | 0.252 | 27.139 | 0038 | 0.114 | 0.023 | 5548 | 2157 | 12536 | 0.741 | 1.039 | 8.692 | 29.983
1-1A-100hr 1.418 | 0.140 3.685 0.063 | 0.130 | 0.019 | 0.319 | 1.097 | 14316 | 4.071 | 1.073 | 6.254 | 6.205
1-2A-100hr 1.164 | 0.143 2.802 0.059 | 0.141 | 0.016 | 0.231 | 1.283 | 14876 | 5320 | 1.117 | 5683 | 5976
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2-1A-100hr
2-2A-100hr
2-3A-100 hr
3-1A-100 hr
3-2A-100 hr
3-3A-100 hr
1-1L-100 hr
1-2L-100 hr
1-3L-100 hr
2-1L-100 hr
2-2L.-100 hr
2-3L-100 hr
3-1L-100 hr
3-2L-100 hr
3-3L-100 hr
1-1A-150hr
1-2A-150hr
2-1A-150hr
2-2A-150hr
2-3A-150 hr
3-1A-150 hr
3-2A-150 hr
3-3A-150 hr
1-1L-150 hr
1-2L-150 hr
1-3L-150 hr
2-1L-150 hr
2-2L.-150 hr
2-3L-150 hr
3-1L-150 hr
3-2L-150 hr
3-3L-150 hr

4.837
8.122
2.858
4.722
6.833
3.089
2.790
8.643
3.763
19.852
17.223
16.540
20.714
4.464
30.113
0.836
1.027
4.676
9.034
2.986
2.224
5.372
2.266
7.626
4.796
3.372
16.272
13.125
11.225
14.712
3.275
21.209

0.182
0.164
0.168
0.164
0.178
0.196
0.252
0.256
0.251
0.295
0.281
0.296
0.319
0.313
0.292
0.169
0.155
0.174
0.146
0.178
0.165
0.189
0.295
0.259
0.287
0.248
0.304
0.326
0.279
0.320
0.340
0.324

2.576
2.283
2472
2.230
2.056
2.309
71.339
81.223
75.822
40.655
49.490
42.301
17.380
11.227
16.097
4.546
2.999
2.488
2.433
2.324
2.199
2.210
2.959
89.767
96.356
89.982
46.095
52.237
46.536
17.909
15.843
18.754

0.056
0.056
0.049
0.046
0.047
0.042
0.052
0.055
0.051
0.035
0.043
0.037
0.024
0.022
0.027
0.061
0.058
0.054
0.052
0.055
0.045
0.046
0.120
0.072
0.059
0.054
0.039
0.048
0.041
0.024
0.023
0.025

0.160
0.829
0.163
0.251
0.172
0.146
0.179
0.144
0.216
0.099
0.123
0.117
0.132
0.130
0.159
0.138
0.210
2.043
0.171
0.306
0.194
0.164
0.338
0.171
0.138
0.123
0.130
0.143
0.158
0.124
0.117
0.178

0.010
0.009
0.012
0.016
0.009
0.020
0.015
0.012
0.014
0.008
0.010
0.010
0.029
0.017
0.013
0.016
0.013
0.014
0.007
0.037
0.022
0.014
0.016
0.018
0.017
0.016
0.013
0.048
0.086
0.035
0.032
0.025

4.867
5.671
5.274
6.598
5.816
6.638
1.230
0.975
1.291
4.889
4.945
4.982
5.662
5.426
5.551
0.241
0.203
5.270
5.817
5.432
6.361
5.888
6.555
1.975
1.338
1.237
5.597
5.070
4.994
5.632
5.377
5.675

1.128
1.095
1.311
2.359
2.324
2.350
1.207
1.524
1.563
1.398
1.217
1.651
2.169
2.301
1.982
1.000
1.378
1.244
1.286
1.234
2.206
2.289
2.489
1.050
1.152
1.248
1.333
1.337
1.971
2.232
2424
2.018

15.284
11.606
13.831
20.761
11.442
13.744
18.567
38.293
22.220
12.533
14.295
13.423
9.076
9.139
9.274
14.840
18.057
15.580
11.891
11.831
10.930
13.412
16.294
20.209
22.182
21.465
14.352
14.187
14.805
11.707
99.409
12.423

2.962
2.613
1.992
3.899
3.746
1.072
2.557
2.780
4.323
1.435
3.789
1.687
1.266
1.240
2.638
4.822
5.375
3.417
2.601
2.208
1.285
1.446
2.575
3.065
3.249
3.904
2.334
13.848
1.656
0.955
1.123
1.313

1.023
1.112
1.133
0.973
1.045
1.045
1.050
1.106
0.962
1.109
1.117
0.946
1.072
1.060
0.884
0.995
1.039
1.107
1.001
0.954
0.953
0.995
1.137
1.052
0.963
0.949
1.065
1.057
1.397
1.276
1.248
1.147

6.816
6.917
6.852
6.794
6.759
6.812
6.350
6.049
5.939
6.667
6.691
6.650
7.309
7.140
8.352
5.977
5.482
6.581
6.802
6.533
6.347
6.302
6.664
5.538
5.610
5.438
6.074
6.132
6.870
7.869
8.629
9.515

10.498
10.414
10.967
14.330
14.718
14.208
15.104
13.479
13.547
23.900
22.519
23.781
35.469
38.118
31.314
5.308
5.233
9.291
9.856
10.045
12.868
13.220
12.843
12.140
11.456
10.861
21.604
21.036
30.905
47.692
50.122
42.993
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138

1-1A-200hr 1.386 0.171 4.700 0.063 0.282 0.027 0.280 1.660 38.708 6.866 1.280 7.058 6.989
1-2A-200hr 1.215 0.141 3.275 0.065 0.236 0.024 0.235 1.261 21.945 6.897 1.427 6.806 6.504
2-1A-200hr 3.544 0.165 2.530 0.054 0.180 0.023 5.097 1.550 18.136 3.969 1.234 8.059 | 12.095
2-2A-200hr 8.691 0.142 2.469 0.050 0.173 0.022 5.473 1.565 17.144 3.137 1.427 8.604 | 13.001
2-3A-200 hr 2.463 0.162 2.594 0.050 0.233 0.021 5.167 1.533 19.595 3.021 1.343 7.970 | 12.893
3-1A-200 hr 1.471 0.190 2.222 0.055 0.167 0.055 5.941 2.418 12.838 2.243 1.295 7.951 | 16.372
3-2A-200 hr 4.778 0.209 2.149 0.047 0.141 0.033 5.576 2.473 14.426 3.023 1.255 7.957 | 16.716
3-3A-200 hr 1.991 0.326 2.536 0.045 0.217 0.027 6.007 2.697 18.109 2.672 1.284 8.201 | 16.502
1-1L-200 hr 1.645 0.221 | 104.383 | 0.054 0.128 0.033 1.509 1.154 26.848 6.967 1.192 6.394 | 14.487
1-2L.-200 hr 3.629 0.236 | 109.480 | 0.055 0.141 0.032 2.086 1.250 30.771 4.868 1.011 6.200 | 13.874
1-3L-200 hr 2.405 0.202 99.601 0.052 0.155 0.025 1.190 1.334 26.745 4.615 1.134 6.307 | 12.574
2-1L-200 hr 14790 | 0.355 48.783 0.131 0.415 0.021 5.380 1.850 22.086 2.787 1.421 7.471 | 25.675
2-2L-200 hr 11.609 | 0.283 52.232 0.068 0.189 0.019 5.008 1.581 20.081 2.675 1.258 7.344 | 25.250
2-3L-200 hr 10.078 | 0.270 49.221 0.046 0.146 0.019 5.218 1.758 16.760 2.419 1.328 7.377 | 26.000
3-1L-200 hr 13.261 | 0.301 19.175 0.025 0.179 0.018 5.723 2.010 15.401 3.031 1.278 8.236 | 41.362
3-2L-200 hr 2.857 0.319 16.377 0.023 0.142 0.020 5.622 2.273 21.506 1.525 1.291 9.650 | 45.298
3-3L-200 hr 14542 | 0.328 17.008 0.025 0.211 0.019 5.928 1.523 12.209 8.831 1.131 | 10.562 | 41.323
Table A.30 Control De-ionized water and groundwater used in the pH adjusted reactor.

Sample Li Be B Al Mn Co Ni Cu Zn Sr Mo Ag Cd Cd
ID pa/L pa/L pg/L pg/L pg/L pg/L pg/L pg/L pg/L pg/L pg/L pg/L pg/L | pg/L
DI 0.565 0.003 99.486 2.290 0.053 | 0.000 | 0.000 0.001 0.002 0.004 0.001 | 0.000 | 0.000 | -0.045

RL-2A | 98,597 | 0.004 | 2891.047 | 251.243 | 0.214 | 0.059 | 1.169 3.265 16.106 | 191.625 | 3.791 | 0.005 | 0.026 | 0.018

Sn Sb Ba TI Pb Pb Mn Al Al Cr Fe Fe Ni Ni
pg/L pg/L pg/L pg/L pg/L pg/L pa/L pg/L pg/L pg/L pg/L pg/L po/L | pg/L
DI 0.000 0.000 0.000 0.000 0.000 | 0.000 | 0.060 2.327 2.194 0.001 0.001 | 0.000 | 0.000 | 0.000
RL-2A 0.629 0.056 87.957 0.007 0.168 | 0.170 | 0.261 | 249.913 | 254.615 | 2.562 9.273 | 13.467 | 1.230 | 0.455
Se Se As \Y
po/L Ho/L Ho/L pg/L
DI 0.000 0.000 0.001 0.000
RL-2A 1.017 1.173 7.370 21.827




Table A.31 Fluorite saturation index calculation for the pH-adjusted batch reactors

. Fluorite Fluorite Fluorite

Fluorite Saturation Saturation Saturation

Sample ID Saturation Sample ID Sample ID Sample ID
Index log(Q/K) Index Index Index
log(Q/K) log(Q/K) log(Q/K)

1-1A 25 hr -1.91009 2-3A 150 hr -1.58203 3-2L 50 hr -1.37893 3-3L 200 hr -1.52244
1-2A 25 hr -1.89585 3-1A 150 hr -1.53611 3-3L 50 hr -1.22468
2-1A 25 hr -1.89177 3-2A 150 hr -1.64936 1-1L 100 hr -1.17659
2-2A 25 hr -1.84466 3-3A 150 hr -1.55269 1-2L 100 hr -1.13001
2-3A 25 hr -1.78755 1-1A 200 hr -1.66979 1-3L 100 hr -1.132
3-1A 25 hr -1.74715 1-2A 200 hr -1.64589 2-1L 100 hr -1.19031
3-2A 25 hr -1.86967 2-1A 200 hr -1.69208 2-2L 100 hr -1.14497
3-3A 25 hr -1.74836 2-2A 200 hr -1.59176 2-3L 100 hr -1.20204
1-1A 50 hr -1.86519 2-3A 200 hr -1.6434 3-1L 100 hr -1.49174
1-2A 50 hr -1.83714 3-1A 200 hr -1.59757 3-2L 100 hr -1.67819
2-1A 50 hr -1.73025 3-2A 200 hr -1.71153 3-3L 100 hr -1.58319
2-2A 50 hr -1.68677 3-3A 200 hr -1.56591 1-1L 150 hr -1.09892
2-3A 50 hr -1.6855 1-1L 25 hr -1.3781 1-2L 150 hr -1.03054
3-1A 50 hr -1.6515 1-2L 25 hr -1.40263 1-3L 150 hr -1.1027
3-2A 50 hr -1.72011 1-3L 25 hr -1.38648 2-1L 150 hr -1.2217
3-3A 50 hr -1.67387 2-1L 25 hr -1.3362 2-2L 150 hr -1.15958
1-1A 100 hr -1.76422 2-2L 25 hr -1.28988 2-3L 150 hr -1.22805
1-2A 100 hr -1.7587 2-3L 25 hr -1.36825 3-1L 150 hr -1.52739
2-1A 100 hr -1.63302 3-1L 25 hr -1.53047 3-2L 150 hr -1.57089
2-2A 100 hr -1.67469 3-2L 25 hr -1.46445 3-3L 150 hr -1.51244
2-3A 100 hr -1.70465 3-3L 25 hr -1.34037 1-1L 200 hr -1.13888
3-1A 100 hr -1.66055 1-1L 50 hr -1.28216 1-2L 200 hr -1.03012
3-2A 100 hr -1.75548 1-2L 50 hr -1.19382 1-3L 200 hr -1.12563
3-3A 100 hr -1.6066 1-3L 50 hr -1.58203 2-1L 200 hr -1.18842
1-1A 150 hr -1.64226 2-1L 50 hr -1.20558 2-2L 200 hr -1.1463
1-2A 150 hr -1.62415 2-2L.50 hr -1.16266 2-3L 200 hr -1.22395
2-1A 150 hr -1.63097 2-3L 50 hr -1.20052 3-1L 200 hr -1.52476
2-2A 150 hr -1.56992 3-1L 50 hr -1.45544 3-2L 200 hr -1.56098
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Counts
10 - 12 Arrastres

.Albite, calcian
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1000 —{ ] Augite
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Figure A.32 X-ray diffraction pattern for Arrastres drill cuttings.
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Counts
18 - 20 Arrastres

.Albite, calcian
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Figure A.33 X-ray diffraction pattern for Arrastres drill cuttings
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Counts

40 - 42 Arrastres
Saniding

.Albite, calcian
Quartz

. Mantronite

3000
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Position [°28] (Copper (Cu))
Figure A.34 X-ray diffraction pattern for Arrastres drill cuttings
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60 - 62 Arrastres
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Figure A.35 X-ray diffraction pattern for Arrastres drill cuttings
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Counts

80 - 82 Arrastres
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Figure A.36 X-ray diffraction pattern for Arrastres drill cuttings
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Counts
100 - 102 Arrastres

Sanidine

Quartz
.Nontmnite
.CIinoptiIoIite-Na

4000 —

2000 —

. Albite, calcian, ordered

o

i

i

et el g

20

30

40 50

Position [°28] (Copper (Cu))

Figure A.37 X-ray diffraction pattern for Arrastres drill cuttings
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Counts
120 - 122 Arrastres

Sanidine
.Albite, calcian, ordered

.Quartz

2000 . Montronite
. Clinoptilolite-Na

1000 —

Position [°28] (Copper (Cu))

Figure A.38 X-ray diffraction pattern for Arrastres drill cuttings
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Counts

140 - 142 Arrastres
Sanidine

B 2bite

Quartz
Montranite
Clinoptilolite-Ca

2000 —

1000

W I
o /MT 200 A on

30 40 50 60

Position [*28] (Copper (Cu))

Figure A.39 X-ray diffraction pattern for Arrastres drill cuttings
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Counts

158-160 Arrastres
Sanidine

B :bite

Quartz
.Nontmnite

10000 —

5000 —

F bt

10 20

0
Paosition [*28] (Copper (Cu))

Figure A.40 X-ray diffraction pattern for Arrastres drill cuttings
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Counts
180 - 182 Arrastres
Sanidine
2000 .Albite, disordered
. Quartz
. Mantronite
1000 —
T I I il III‘II‘ i o
0 1 1 1 T 1 1 T 1 T 1 T 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 T 1 1 1 T 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
I I I I I I
10 20 30 40 50 &0

Position [°28] (Copper (Cu))

Figure A.41 X-ray diffraction pattern for Arrastres drill cuttings
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Counts

200 - 202 Arrastres
Sanidine

B 2bite

Quartz
.Nontmnite

. Clinoptilolite-Ca
3000 —

2000 —

1000 —

0 LI B L L L L L L L
I I

10

20

40 50

Position [*28] (Copper (Cu))

Figure A.42 X-ray diffraction pattern for Arrastres drill cuttings
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Counts

220 - 222 Arrastres
Sanidine
.Albite, calcian
Quartz

. Montronite

. Augite

Biotite-1M, Ti-rich

2000 —

1000 —

..

0 LI B riT.. I L. r11
I I

10

20

il wwwmwmmfm

30

Paosition [*28] (Copper (Cu))

Figure A.43 X-ray diffraction pattern for Arrastres drill cuttings
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Counts

240 - 242 Arrastres
.Albite, calcian
Quartz

.Dicpside

1000

500 —

0 ||||||||||||||||||||||
10 20

Position [*28] (Copper (Cu))

Figure A.44 X-ray diffraction pattern for Arrastres drill cuttings
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Counts

260 - 262 Arrastres
Sanidine

1000 — .Albite, calcian
. Quartz
.Augite

. Montronite

500 —

i HLLlli [ retenr oo e sty

0 1 1 1 T | 1 1 T 1 T 1 T 1 1 | 1 1 1 1 1 1 1
10 20 30 40 50 60

Position [°28] (Copper (Cu))

Figure A.45 X-ray diffraction pattern for Arrastres drill cuttings
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Counts

280 - 282 Arrastres
Sanidine
.Ancr‘thite, sodian, disordered

. Augite
. Montronite

800 —
.Anor‘thoclase

600 —

400 —

200 —

b

0 L | jASasanaess [vtor ottt

10 30 40 50 &0

Position [°28] (Copper (Cu))

Figure A.46 X-ray diffraction pattern for Arrastres drill cuttings
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Counts
300 - 302 Arrastres

Sanidine
.Albite, calcian

. Augite

. Mantronite

400 —

200 —

o

10 20 3

o o
a0 a0

40

Position [28] (Copper (Cu))

Figure A.47 X-ray diffraction pattern for Arrastres drill cuttings
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Counts
320 - 322 Arrastres

.Albite, calcian
1000 — . Quartz

.Augite
P sictite-1M, Ti-rich
.Nontmnite

500 —

| 1
0 o
(&)

R

40 50

0 |||

10 20 30
Paosition [*28] (Copper (Cu))

Figure A.48 X-ray diffraction pattern for Arrastres drill cuttings
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Counts
340 - 342 Arrastres

.Ancr‘thite, ardered

.Quartz
.Augite

. Mantronite

1000 —

500 —

I’HIIﬂu||||illllnlilinmwlllumimlmuumhm|| K1 o
a0

30 40 50

10 20
Position [*28] (Copper (Cu))

Figure A.49 X-ray diffraction pattern for Arrastres drill cuttings
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Counts

1500 - 360-362 Arrastres
.Albite, calcian
. Quartz
. Diopside
P Bictite-1M, Ti-rich
. Montronite

1000 —

500
| .
i |l Al i (Y :Il| ity _._ T Pt L L ..
0 00 0 o 4 g a1

30 40 50 a0
Position [°28] (Copper (Cu))

Figure A.50 X-ray diffraction pattern for Arrastres drill cuttings
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Counts

384-386 Arrastres
Sanidine
. Plagioclase (Labradorite)

.Dicpside
8000 — . Maontronite

6000 —

4000 —

I |
il

10 20 30 40

Position [*28] (Copper (Cu))

Figure A.51 X-ray diffraction pattern for Arrastres drill cuttings
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Counts

600 400 - 402 Arrastres

.Ancr‘thite, ardered

.Quarlz

.Augite

P siotite-1M, Ti-rich
.CIinoptiIoIite-Ca

400 —

200 —

D 1 1 1 T | 1 1 T 1 T 1 T 1
10

|I|I||||||||I|I||hlll|||||M|||I|mm|nn||

50

il

Position [°28] (Copper (Cu))

Figure A.52 X-ray diffraction pattern for Arrastres drill cuttings
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Caounts

1000 —

500 —

420 - 422 Arrastres
Orthoclase

.Albite, calcian, ordered
Quartz

. Clinoptilolite-Ca

| me%

Y
I

frpemapetins WLWW"-'MNM hpipimison

Mwwwwl«

Position [28] (Copper (Cu)

Figure A.53 X-ray diffraction pattern for Arrastres drill cuttings
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Counts

430 - 432 Arrastres
1500 — .
Sanidine
.Albite, calcian, ordered
Quartz
. Clinoptilolite-Ca
1000
500 —
0 1 1 1 T | 1 1 T 1 T 1 T 1 1 | 1 1 1 ||I 1 1 ||I 1 T‘w 1 1 dw 1 1 Iﬂ | 1 III 1 T Iﬁ1l 1 1 1 |h{l 1 1 1 1 1 1 1 1 |H~Ih'l 1 II.I;
10 20 30 40 30 a0

Position [*28] (Copper (Cu))

Figure A.54 X-ray diffraction pattern for Arrastres drill cuttings
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Counts

30000 —

20000 —

10000 —

]

452-454 Arrastres
Sanidine

.Ancr‘thite, ardered
Quartz

.CIinoptiIoIite-Na

m«w

10

Lr‘h'r-wrmr! ‘”‘”'”'T"L“I_“J‘I'“‘l”"fﬁ i 1

| “thﬁmmr ITW‘VW‘I"‘—HH"—FT*T'W“TW'I

Position [*28] (Copper (Cu))

Figure A.55 X-ray diffraction pattern for Arrastres drill cuttings
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Counts

480 - 482 Arrastres
Sanidine
600 — .Albite, calcian

.Quartz

. Clinoptilolite-Ca

400 —

200 —

|

H|II i e

0 40 50 60

Paosition [*28] (Copper (Cu))

Figure A.56 X-ray diffraction pattern for Arrastres drill cuttings
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Counts

15000 —

10000 —

5000 —

0

498-500 Arrastres
Sanidine

.Albite, calcian, ordered
Quartz

. Clinoptilolite-Ca

”Wm il Mmr mWMM oot

|\r**“‘T“"T’ML“n“’L "

]

10

Position [°28] (Copper (Cu))

Figure A.57 X-ray diffraction pattern for Arrastres drill cuttings
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Counts

018 -020 m

Sanidine

.Anor‘thite, sodian, disordered
.Quarlz low

.Calcite

. Muscovite 2M1

20000 —

10000 —

I

Figure A.58 X-ray diffraction pattern for Lourdes drill cuttings

Paosition [*28] (Copper (Cu))
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Counts

040 - 042 m
15000 — Sanidine low
.Anor‘thite, sodian
GQuartz low, syn
. Calcite
Cristobalite low
MWuscovite-2M1, ferroan
10000 —
5000 —
ML L
|
i bl ] I
|
II I II II VTRt IEN ¥7 ST,
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 T 1 1 1 1 1 1 1 1 1 T 1 1 1 1 1 1 1
I I I I I
10 20 30 40 50 &l

Position [28] (Copper (Cu))
Figure A.59 X-ray diffraction pattern for Lourdes drill cuttings

167



Counts

058 - 060 m
Sanidine low
.Ancr‘thite, sodian
Quartz low, syn

.Calcite

Muscovite-2M2

15000 —

10000 —

Ua.. .L«lJ |

(LA

*

Jhknhmbmﬁ WJﬁ\ J T

I:I ||||||||||||||| |||||||||||||
10 20 30 40 50

Position [*28] (Copper (Cu))

Figure A.60 X-ray diffraction pattern for Lourdes drill cuttings
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Counts

20000 —

10000 —

078 -080 m
Sanidine
.Ancr‘thite, sodian, syn
Quartz

.Calcite

Figure A.61 X-ray diffraction pattern for Lourdes drill cuttings

Position [°28] (Copper (Cu))



Counts

15000 —

10000 —

5000 —

098 - 100 m
Sanidine

.Anor‘thite, sodian, ordered
Quartz

.Calcite

Cristobalite, low, syn

L

il

it

m

Ml

| WJ_L.JL

10 20

30

40

Position [28] (Copper (Cu))

Figure A.62 X-ray diffraction pattern for Lourdes drill cuttings
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Counts

120 -122 m
Sanidine

.Ancr‘thite, sodian
Quartz, syn

15000 — . Calcite
Cristobalite low

Mica

10000 —

5000 —

M

i
| IHM -ﬁ

10 20 40 50 &0

»»JL.;,,_HJ. o ,-JL%MA—{..LL <ol
i

Position [°28] (Copper (Cu))

Figure A.63 X-ray diffraction pattern for Lourdes drill cuttings
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Counts
140 - 142 m

Sanidine
.Ancr‘thite, sodian
.Quarlz
.Calcite

. Muscovite-2M1, ferroan

10000 —

5000 — “

Position [*28] (Copper (Cu))

Figure A.64 X-ray diffraction pattern for Lourdes drill cuttings
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Counts
160 - 162 m

Sanidine
.Anor‘thite, sodian
10000 — . Quartz

.Calcite

. Muscovite 1M, magnesian

5000 —

N\

D LI LI LI LI LI T LI 1
I I

10 20 30 40 50
Position [28] (Copper (Cu))

Figure A.65 X-ray diffraction pattern for Lourdes drill cuttings
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Counts
180 - 182 m

Sanidine

.Anor‘thite, sodian

GQuartz low, syn

.Calcite
.CIincptiIclite-Na
Cristobalite alpha low
Muscovite 1M, magnesian

10000 —

3000 —

" " U I b | |
oL L \, f A e

10 20 30 40
Position [28] (Copper (Cu))

Figure A.67 X-ray diffraction pattern for Lourdes drill cuttings
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Counts

200 - 202 m

Sanidine
.Anor‘thite, sadian, syn
Quartz

. Calcite

. Magnesichornblende
Muscovite-2h1
20000 —

10000 —

/\ J
T

0 LI L | L L LI | T
10 20

b

Position [28] (Copper (Cu))

Figure A.68 X-ray diffraction pattern for Lourdes drill cuttings
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Counts

220 - 222 Lourdes
- Fluorite
1000 —
500 —
|
Q T T T 1 T T T 1 T T T T T T T T T 1 T T T T T T T T 1 1 T T T | 1 T T T T T T T T 1 T T T T 1 T T | T 1 T T
10 20 30 40 50 a0

Position ["28] (Copper (Cul)

Figure A.69 X-ray diffraction pattern for Lourdes drill cuttings
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Counts

240 - 242 m
Sanidine
.Anor‘thite, sodian
Quartz low

.Calcite

.MagnESiohcrnblende

20000 —

10000 —

| 1
10 30 40 50
Position [28] (Copper (Cu))

Figure A.70 X-ray diffraction pattern for Lourdes drill cuttings
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Counts

280 - 262 m
Feldspar (K-component)

.Ancr‘thite, sodian
. Quartz
. Calcite
. hMagnesichornblende
. huscovite-2m1

10000 —

5000 —

D ||||||||||||
10

30

40 50

Position [*28] (Copper (Cu))

Figure A.71 X-ray diffraction pattern for Lourdes drill cuttings
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Counts

30000 —

20000 —

10000 —

280 - 282 m
Feldspar (K-component)
.Albite, disordered
Quartz
.Magnegiohornblende

N ¥

by

10

20

I
30

Tt .”‘ﬂ"ﬁfﬂ'w%T‘I"TT.‘T.LTWL.T'JJ"T.’”'"T”’.‘*.'"’?”‘TJL."“.“

Paosition [°28] (Copper (Cu))

Figure A.72 X-ray diffraction pattern for Lourdes drill cuttings
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Counts
300 - 302 m

-Andesine

Quartz

Anorthoclase, disordered
-ﬂugite
-Montmorillonite

60000 — - Clinoptiloite

40000 —

20000 —

Position [*28] (Copper (Cu))

Figure A.73 X-ray diffraction pattern for Lourdes drill cuttings
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Counts
320 -322m

M cuartz

- Orthopyroxene
- Calcite
-AndESine

20000 — - MMontmaorillonite
-Clinoptiloite

10000 —

A

ﬂm il T

A 0 A 0

10 20 20 4

Pasition [*28] (Copper (Cul)

Figure A.74 X-ray diffraction pattern for Lourdes drill cuttings
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Counts

340 - 342 m
-Anor‘thite, sodian, intermediate
Quartz

-Augite

-Montmorillonite
-Clinoptiloite

40000 —

20000 —

bl

0 T 1 ||||||||||| 17 11
30 40

Position [*28] (Copper (Cul)

Figure A.75 X-ray diffraction pattern for Lourdes drill cuttings
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Counts
360 - 362 m

-Augite
-Albite, calcian

-Quartz
15000 -Clinoptilolite-Na
-Montmorillonite

10000 —

5000 —ﬂ

0 | L L L L

10 20 20 40

Position [*28] (Copper (Cu))

Figure A.76 X-ray diffraction pattern for Lourdes drill cuttings
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Counts

400 - 402 m
-Albite, calcian
- Calcite

- Quartz
-Augite

- Clinaptilolite-Ma
15000 — - mantmaorillonite

10000 —

5000 — f

0 LI L

10

20

30

40

Position [*28] (Copper (Cu))

Figure A.77 X-ray diffraction pattern for Lourdes drill cuttings
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Counts
420 - 422 m

-Calcite
-Andesine
Quartz

- Clinoptilolite-ma
-Montr‘norillonite

20000 —

10000 —

N

10 20 30

10

Position [*28] (Copper (Cu))

Figure A.78 X-ray diffraction pattern for Lourdes drill cuttings
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Counts

440 - 442 m
Quartz
-Diopside
Andesine
-Clinoptilolite-Na
-Montmorillonite

20000 —

10000 —

\ ||||l|

0 IIIIIIIIIII|I

0 G g

10 20 30 4

Pasition [*28] (Copper (Cu))

Figure A.79 X-ray diffraction pattern for Lourdes drill cuttings
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Counts
458 - 460 m

-Augite
-Andesine
Quartz

so000 -l clinoptilolite-Ma
rontmorillonite

20000 —

10000 —

a L L I

10 20

Position [°28] (Copper (Cul)

Figure A.80 X-ray diffraction pattern for Lourdes drill cuttings
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Counts

480 - 482 m
Quartz low
-Clinop}froxene
-Albite, calcian
40000 (|l clinoptilolite-Ma
-Montmorillonite
30000 —
20000 —
10000 —
Q0

v

10

20

30

Position [*28] (Copper (Cul)

Figure A.81 X-ray diffraction pattern for Lourdes drill cuttings

188




Counts
500 - 502 m

15000 ||l ~lbite, calcian
M quartz
.Augite

. Montmorillonite

10000 —

3000 —

I

Y

40 50

il

Paosition [°28] (Copper (Cu))

0 ||||||||||||||||||
10 20 30

6

Figure A.82 X-ray diffraction pattern for Lourdes drill cuttings
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Counts
520 - 522 m

.Andezine
30000 — . Quartz
.Augite
.Calcite

.Mcntmarillcnite

20000 —

10000 —

1 1 1 1 |
10 20 30 40
Position [*28] (Copper (Cu))

Figure A.83 X-ray diffraction pattern for Lourdes drill cuttings
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Counts
540 - 542 m

.Ancr‘thite, sodian
.Augite '
. Calcite

.Montmorillonite

20000 —

10000 —

Position [*28] (Copper (Cu))

Figure A.84 X-ray diffraction pattern for Lourdes drill cuttings
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Table A.85 Field rock samples: X-ray fluorescence results for major and trace elements. Values indicated as red were below
guantification levels.

Mg Al Si P S Cl K Ca Ti \Y
mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg
SAMPLE 4 - FINE SSF 4290 80900 3E+05 n.a 1520 56.4 21400 5710 3170 48.6
SAMPLE 4 -
CONGLOMERADE n.a 85900 3E+05 n.a 59200 n.a 32200 1210 625 49
SAMPLE 7 -
IGNIMBRITE n.a 71700 4E+05 n.a 155 95.7 40100 583 990 n.a
Cr Mn Fe Co Ni Cu Zn Ga As Rb
mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg
SAMPLE 4 - FINE SSF n.a 2910 26500 52.5 22.4 20.6 77 19.7 16.6 164
SAMPLE 4 -
CONGLOMERADE n.a 41.2 725 n.a 3.87 n.a 6.95 13.2 9.92 111
SAMPLE 7 -
IGNIMBRITE 7.65 167 13500 41.9 n.a 10.5 79.2 21.9 6.77 169
Sr Y Nb Sn Ba Hf Ta W Ir Au
mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg
SAMPLE 4 - FINE SSF 125 66.2 22.1 15.7 653 n.a 17.6 n.a 7.65 3.81
SAMPLE 4 -
CONGLOMERADE 78.5 10.1 19.2 11.9 618 9.69 24.9 5.85 8.92 2.52
SAMPLE 7 -
IGNIMBRITE 20.6 39.1 24.2 15.1 n.a 17.1 8.89 n.a n.a 2.33
TI Pb @] Ra Sc Na Zr Re Ar Kr
mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg
SAMPLE 4 - FINE SSF 4.06 20.7 6E+05 1.85 n.a 3790 2230 8.11 319 7.42
SAMPLE 4 - n.a n.a
CONGLOMERADE n.a 19.8 5E+05 n.a 1770 4.47 384 4.96
SAMPLE 7 - n.a n.a
IGNIMBRITE n.a n.a 5E+05 21600 2390 n.a 157 3.43



Majors
010 - 012 Arrastres 1

010 - 012 Avrrastres 2
010 - 012 Arrastres 3
020 - 022 Arrastres 1
020 - 022 Avrrastres 2
020 - 022 Arrastres 3
040 - 042 Arrastres 1
040 - 042 Arrastres 2
040 - 042 Avrrastres 3
060 - 062 Arrastres 1
060 - 062 Arrastres 2
060 - 062 Arrastres 3
080 - 082 Arrastres 1
080 - 082 Arrastres 2
080 - 082 Arrastres 3
100 - 102 Arrastres 1
100 - 102 Arrastres 2
100 - 102 Arrastres 3
120 - 122 Arrastres 1
120 - 122 Arrastres 2
120 - 122 Arrastres 3
142 - 144 Arrastres 1
142 - 144 Avrrastres 2
142 - 144 Arrastres 3
160 - 162 Arrastres 1
160 - 162 Arrastres 2
160 - 162 Arrastres 3
180 - 182 Arrastres 1

180 - 182 Arrastres 2

Table A.86 Arrastres drill cuttings: X-ray fluorescence results for major elements

Mg Kal
0.49
0.92
1.10
0.96
0.92

1.03

0.01

0.00
0.11
0.11
0.08
0.27
0.09

0.24

0.31

Al Kal
4.36
4.84
5.40
5.24

Si Kal
17.67
18.79
18.84
18.07
18.04
18.55
17.92
17.95
17.94
21.58
23.14
22.80
29.05
27.12
28.66
26.38
27.48
26.04
28.19
28.34
28.86
22.32
23.73
21.63
27.48
28.49
28.73
20.58

22.07

P Kal

0.06
0.09
0.10
0.10
0.09
0.11
0.13
0.13
0.13
0.05
0.05
0.05
0.04
0.03
0.04
0.01
0.02
0.02
0.03
0.03
0.03
0.00
0.01
0.00
0.02
0.02
0.02
0.07

0.08

S Kal

0.20

0.21
0.18

K Kal
0.92
1.05
1.10
1.09

Ca Kal
297
3.28
4.07
411
4.11
4.14
4.23
431
4.29
2.30
2.44
2.32
1.09

Ti Kal
0.62
0.66
0.81
0.77

V Kal
0.00
0.01
0.01
0.01

Cr Kal
0.01
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

0.01

Mn Kal
0.05
0.06
0.09
0.09

Fe Kal
4.38
5.18
3.84

4.09

2.01
2.05
1.66

1.72
1.16

1.05
2.97



180 - 182 Arrastres 3
200 - 202 Avrrastres 1
200 - 202 Arrastres 2
200 - 202 Avrrastres 3
220 - 222 Avrrastres 1
220 - 222 Arrastres 2
220 - 222 Avrrastres 3
240 - 242 Arrastres 1
240 - 242 Avrrastres 2
240 - 242 Arrastres 3
260 - 262 Arrastres 1
260 - 262 Arrastres 2
260 - 262 Arrastres 3
280 - 282 Arrastres 1
280 - 282 Arrastres 2
280 - 282 Avrrastres 3
300 - 302 Arrastres 1
300 - 302 Arrastres 2
300 - 302 Arrastres 3
320 - 322 Arrastres 1
320 - 322 Arrastres 2
320 - 322 Arrastres 3
340 - 342 Arrastres 1
340 - 342 Arrastres 2
340 - 342 Arrastres 3
360 - 362 Arrastres 1
360 - 362 Arrastres 2
360 - 362 Arrastres 3
380 - 382 Arrastres 1
380 - 382 Arrastres 2
380 - 382 Arrastres 3

404 - 406 Arrastres 1

0.19
0.37
0.71
0.62
1.00
0.77
1.03
0.92
1.05
0.87
1.06
0.75
0.94
0.81
0.91
0.73
1.09
1.08
1.36

0.98
0.87
1.12

1.00
1.09
1.03
0.91
1.17
1.43

0.28

20.62
21.19
24.53
23.21
20.11
18.81
19.60
18.91
19.21
19.38
18.39
18.90
19.06
16.48
17.60
18.59
17.08
17.45
19.37
18.44
19.65
19.59
16.40
16.39
16.59
19.17
18.83
19.13
17.78
18.69
19.31

26.34

0.06
0.07
0.10
0.08
0.20
0.16
0.17
0.28
0.25
0.26
0.22
0.21
0.25
0.15
0.14
0.15
0.21
0.20
0.27
0.19
0.22
0.22
0.20
0.18
0.17
0.18
0.20
0.20
0.13
0.16
0.17

0.06

1.95
1.62

1.78

141

1.43
1.36

1.39
1.23
1.40

111
1.17
1.39
1.01
1.05
1.20

1.39
1.39
0.97

1.25
1.02
1.12

2.47

2.37
2.56

2.77
3.95
3.83
3.92
450
4.50
454
3.94
3.98
437
3.39
3.50
3.77
3.53
3.57
4.20
3.77
4.28
4.20
3.27
3.27
3.19
4.37
4.45
441
373
3.92
4.10

1.89

0.40

0.00

0.01
0.00
0.00

0.00

0.00
0.00
0.01
0.00
0.00
0.00

0.00
0.00

0.00

0.01

0.06
0.07
0.06
0.07
0.07
0.07
0.06
0.09
0.09
0.09
0.08
0.07
0.07
0.09
0.09
0.08
0.07

2.44

2.43



404 - 406 Avrrastres 2
404 - 406 Arrastres 3
424 - 426 Arrastres 1
424 - 426 Arrastres 2
424 - 426 Arrastres 3
440 - 442 Avrrastres 1
440 - 442 Arrastres 2
440 - 442 Arrastres 3
460 - 462 Arrastres 1
460 - 462 Arrastres 2
460 - 462 Arrastres 3
480 - 482 Arrastres 1
480 - 482 Arrastres 2
480 - 482 Arrastres 3
500 - 502 Arrastres 1
500 - 502 Arrastres 2
500 - 502 Arrastres 3
RTC-W-220-1
RTC-W-220-2
RTC-W-220-3
RTC-W-220-4
RTC-W-220-5

0.30
0.27

0.11

0.07

0.35
0.47
0.47

0.94
0.74
0.85
0.66
0.78

25.04
26.01
22.83
22.58
22.55
25.47
23.98
25.14
19.71
19.68
19.99
24.71
24.68
25.28
27.85
28.42
28.32
31.76
31.32
31.39
31.08
31.49

0.06
0.06
0.04
0.03
0.04
0.02
0.02
0.02
0.09
0.10
0.10
0.03
0.03
0.03
0.04
0.04
0.04
0.10
0.10
0.10
0.09
0.09

1.66
1.68
2.82
2.86
2.95
3.39
3.51
3.55
2.44
241
241
2.38

2.44

1.95
1.88
1.82
0.18
0.17
0.20
0.18
0.18

0.58
0.41

0.36
0.34

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

0.05
0.05
0.03
0.03
0.03
0.03
0.03
0.03
0.02
0.02
0.02
0.02

2.58

2.45
2.37
2.48

1.53
1.22

3.59
3.60
1.92



Trace
010 - 012 Arrastres 1
010 - 012 Arrastres 2
010 - 012 Arrastres 3
020 - 022 Arrastres 1
020 - 022 Avrrastres 2
020 - 022 Arrastres 3
040 - 042 Arrastres 1
040 - 042 Avrrastres 2
040 - 042 Arrastres 3
060 - 062 Arrastres 1
060 - 062 Arrastres 2
060 - 062 Arrastres 3
080 - 082 Arrastres 1
080 - 082 Arrastres 2
080 - 082 Arrastres 3
100 - 102 Arrastres 1
100 - 102 Arrastres 2
100 - 102 Arrastres 3
120 - 122 Arrastres 1
120 - 122 Arrastres 2
120 - 122 Avrrastres 3
142 - 144 Arrastres 1
142 - 144 Avrrastres 2
142 - 144 Arrastres 3
160 - 162 Arrastres 1
160 - 162 Arrastres 2
160 - 162 Arrastres 3
180 - 182 Avrrastres 1

180 - 182 Avrrastres 2

Table A.87 Arrastres drill cuttings: X-ray Fluorescence results for trace element

Balal
1.9E-01
1.4E-01
1.3E-01
2.7E-01
2.7E-01
1.3E-01
2.6E-01
3.2E-01
1.3E-01
1.4E-01
1.6E-01
1.3E-01
5.2E-02
8.3E-02
4.8E-02
4.9E-02

5.8E-02
2.0E-02

2.1E-02
3.8E-02
4.7E-02

2.0E-02
1.2E-01

3.0E-02

CoKal
6.6E-03
7.3E-03
7.0E-03
7.4E-03
7.5E-03
7.1E-03
8.7E-03
7.1E-03
5.2E-03
1.7E-03
3.0E-03
1.7E-03
9.2E-04
8.3E-04
8.4E-04
6.8E-04
4.1E-04
7.8E-04
7.8E-04
7.5E-04
6.2E-04
8.7E-04
7.0E-04
6.0E-04
5.3E-04
6.4E-04
4.3E-04
1.5E-03

1.5E-03

NiKal
9.7E-03
9.9E-03
1.0E-02
9.4E-03
9.2E-03
9.6E-03
9.7E-03
9.4E-03
8.5E-03
4.9E-03
5.8E-03
4.9E-03
2.0E-03
1.9E-03
1.5E-03
7.3E-04

7.1E-04
2.2E-03
1.6E-03
1.2E-03
6.0E-04
1.7E-03
7.1E-04
4.4E-04
3.8E-04
2.4E-04
2.9E-03

2.8E-03

CuKal
1.2E-02
9.9E-03
1.1E-02
5.4E-03
4.7E-03
5.2E-03
9.6E-03
7.6E-03
6.1E-03
3.6E-03
4.4E-03
3.7E-03
2.7E-03
3.3E-03
2.7E-03
4.9E-03
6.9E-04
3.4E-03
2.6E-03
2.5E-03
2.2E-03
1.1E-03
1.7E-03
1.2E-03
1.1E-03
9.9E-04
1.4E-03
1.8E-03

1.6E-03

ZnKal
1.3E-02
1.3E-02
1.2E-02
1.2E-02
1.2E-02
1.3E-02
1.3E-02
1.2E-02
9.9E-03
1.3E-02
1.5E-02
1.3E-02
7.3E-03
7.7E-03
6.7E-03
8.8E-03
3.2E-03
8.0E-03
1.0E-02
1.0E-02
1.0E-02
8.1E-03
8.8E-03
8.7E-03
6.2E-03
5.8E-03
6.1E-03
6.9E-03

7.0E-03

GaKal
1.9E-03
1.9E-03
2.2E-03
1.9E-03
1.7E-03
1.8E-03
2.0E-03
1.6E-03
1.1E-03
2.2E-03
2.3E-03
2.1E-03
1.7E-03
1.9E-03
1.5E-03
2.0E-03
6.7E-04
2.0E-03
2.2E-03
2.1E-03
2.2E-03
1.9E-03
2.4E-03
2.3E-03
1.5E-03
1.7E-03
1.7E-03
1.9E-03

1.8E-03

AsKal

4.9E-04

1.3E-04
4.1E-04
2.3E-04
1.7E-04
1.8E-04
6.4E-04
9.7E-04
1.3E-03
4.2E-04

1.0E-05
1.0E-03
1.0E-03
9.0E-04
1.4E-03
1.9E-03
1.3E-03
6.1E-04
9.6E-04
6.7E-04
7.6E-04
1.0E-03
1.5E-03
5.5E-04

7.8E-04



180 - 182 Arrastres 3
200 - 202 Avrrastres 1
200 - 202 Arrastres 2
200 - 202 Arrastres 3
220 - 222 Arrastres 1
220 - 222 Arrastres 2
220 - 222 Arrastres 3
240 - 242 Arrastres 1
240 - 242 Arrastres 2
240 - 242 Arrastres 3
260 - 262 Arrastres 1
260 - 262 Arrastres 2
260 - 262 Arrastres 3
280 - 282 Arrastres 1
280 - 282 Arrastres 2
280 - 282 Arrastres 3
300 - 302 Arrastres 1
300 - 302 Arrastres 2
300 - 302 Arrastres 3
320 - 322 Arrastres 1
320 - 322 Arrastres 2
320 - 322 Arrastres 3
340 - 342 Arrastres 1
340 - 342 Arrastres 2
340 - 342 Arrastres 3
360 - 362 Arrastres 1
360 - 362 Arrastres 2
360 - 362 Arrastres 3
380 - 382 Arrastres 1
380 - 382 Arrastres 2
380 - 382 Arrastres 3

404 - 406 Arrastres 1

1.5E-01
3.3E-01
1.1E-01
2.0E-01
3.7E-01
2.8E-01
4.7E-01
3.9E-01
2.7E-01
1.9E-01
4.6E-01
1.5E-01
2.0E-01
1.3E+00
1.3E+00
1.0E+00
6.4E-01
1.3E+00
1.1E+00
7.7E-01
1.0E+00
9.5E-01
1.5E+00
2.6E+00
1.6E+00
3.7E-01
2.8E-01
3.1E-02
3.2E-01
6.4E-01
3.9E-01

1.9E-01

9.8E-04
2.8E-03
2.8E-03
4.6E-03
8.9E-03
8.1E-03
7.6E-03
8.4E-03
8.7E-03
9.5E-03
1.1E-02
1.3E-02
1.1E-02
2.4E-02
2.3E-02
2.2E-02
2.6E-02
3.1E-02
3.4E-02
2.6E-02
2.6E-02
2.2E-02
4.5E-02
7.1E-02
4.7E-02
8.3E-03
7.6E-03
7.6E-03
9.1E-03
9.0E-03
8.5E-03

1.9E-03

2.5E-03
4.3E-03
4.3E-03
5.0E-03
6.9E-03
6.5E-03
6.3E-03
7.1E-03
7.0E-03
7.3E-03
7.7E-03
8.1E-03
7.6E-03
9.9E-03
9.9E-03
9.7E-03
1.0E-02
1.1E-02
1.1E-02
1.0E-02
1.0E-02
9.7E-03
1.2E-02
1.2E-02
1.2E-02
7.0E-03
7.1E-03
6.9E-03
8.3E-03
8.2E-03
8.2E-03

3.2E-03

1.2E-03
2.1E-03
2.6E-03
3.4E-03
3.1E-03
3.2E-03
3.3E-03
3.2E-03
3.3E-03
3.2E-03
3.4E-03
3.3E-03
3.0E-03
5.6E-03
6.0E-03
5.3E-03
5.0E-03
4.9E-03
5.5E-03
4.8E-03
5.1E-03
4.4E-03
8.8E-03
9.1E-03
8.2E-03
3.7E-03
3.7E-03
3.9E-03
4.1E-03
4.0E-03
4.2E-03

1.9E-03

6.1E-03
8.8E-03
9.9E-03
1.1E-02
1.3E-02
1.2E-02
1.3E-02
1.4E-02
1.4E-02
1.3E-02
1.6E-02
1.6E-02
1.6E-02
1.6E-02
1.6E-02
1.6E-02
2.0E-02
2.0E-02
2.0E-02
1.8E-02
1.7E-02
1.7E-02
2.1E-02
2.4E-02
2.0E-02
1.3E-02
1.3E-02
1.2E-02
1.1E-02
1.2E-02
1.2E-02

8.6E-03

1.4E-03
2.4E-03
2.5E-03
2.9E-03
2.3E-03
2.5E-03
2.4E-03
2.4E-03
2.5E-03
2.4E-03
2.7E-03
2.2E-03
2.5E-03
3.0E-03
3.1E-03
2.8E-03
2.7E-03
3.0E-03
2.7E-03
3.0E-03
3.1E-03
2.8E-03
3.1E-03
2.9E-03
3.3E-03
2.2E-03
2.2E-03
2.2E-03
2.2E-03
2.3E-03
2.2E-03

2.1E-03

3.0E-04
5.6E-04
7.8E-04

3.2E-04

5.6E-06

2.0E-04
1.3E-05

1.6E-04

6.9E-06

2.3E-03



404 - 406 Arrastres 2
404 - 406 Arrastres 3
424 - 426 Arrastres 1
424 - 426 Arrastres 2
424 - 426 Arrastres 3
440 - 442 Arrastres 1
440 - 442 Arrastres 2
440 - 442 Arrastres 3
460 - 462 Arrastres 1
460 - 462 Arrastres 2
460 - 462 Arrastres 3
480 - 482 Arrastres 1
480 - 482 Arrastres 2
480 - 482 Arrastres 3
500 - 502 Arrastres 1
500 - 502 Arrastres 2
500 - 502 Arrastres 3
RTC-W-220-1
RTC-W-220-2

7.0E-02
4.5E-01
0.112236
0.092335
0.128243
6.6E-02
2.7E-02
1.4E-01
0.044474
0.07408
0.055158
0.06954
0.027101

7.3E-02
1.7E-03
8.2E-02
8.4E-02
2.8E-01

2.2E-03
3.3E-03
0.001022
0.001203
0.001047
1.3E-03
7.9E-04
9.1E-04
0.0032
0.003074
0.002884
0.000872
0.000792
0.000741
5.6E-04
5.9E-04
7.3E-04
1.5E-03
1.6E-03

4.1E-03
4.7E-03
0.002442
0.002443
0.002539
2.8E-03
1.1E-03
9.5E-04
0.004386
0.004492
0.004338
0.002038
0.001547
0.00153
9.6E-04
9.3E-04
1.1E-03
1.4E-02
1.4E-02

2.0E-03
2.2E-03
0.002739
0.00276
0.002861
9.8E-04
5.5E-04
1.1E-03
0.002391
0.00256
0.002496
0.003753
0.002867
0.003333
4.5E-03
4.4E-03
4.4E-03
1.2E-02
1.2E-02

8.8E-03
9.0E-03
0.007367
0.007002
0.007645
6.6E-03
4.8E-03
5.5E-03
0.010932
0.010506
0.010768
0.006476
0.005651
0.006029
5.0E-03
4.7E-03
4.8E-03
8.3E-02
8.1E-02

2.3E-03
2.5E-03
0.002116
0.001961
0.002156
2.0E-03
2.0E-03
2.0E-03
0.001918
0.001873
0.001877
0.001972
0.001615
0.00199
1.8E-03
2.0E-03
1.8E-03
1.8E-03
1.7E-03

1.7E-03
2.3E-03
0.001981
0.001824
0.001313
1.3E-03
1.7E-03
1.7E-03
0.000601
0.000872
0.000805
0.00133
0.001581
0.001636
3.2E-03
1.9E-03
3.0E-03
2.0E-03
2.6E-03



Trace
010 - 012 Arrastres 1
010 - 012 Avrrastres 2
010 - 012 Avrrastres 3
020 - 022 Arrastres 1
020 - 022 Avrrastres 2
020 - 022 Arrastres 3
040 - 042 Arrastres 1
040 - 042 Arrastres 2
040 - 042 Arrastres 3
060 - 062 Arrastres 1
060 - 062 Arrastres 2
060 - 062 Arrastres 3
080 - 082 Arrastres 1
080 - 082 Arrastres 2
080 - 082 Arrastres 3
100 - 102 Arrastres 1
100 - 102 Arrastres 2
100 - 102 Avrrastres 3
120 - 122 Arrastres 1
120 - 122 Avrrastres 2
120 - 122 Avrrastres 3
142 - 144 Arrastres 1
142 - 144 Avrrastres 2
142 - 144 Arrastres 3
160 - 162 Arrastres 1
160 - 162 Arrastres 2
160 - 162 Arrastres 3
180 - 182 Arrastres 1

180 - 182 Arrastres 2

Table A.88 Arrastres drill cuttings: X-ray Fluorescence results for trace element continued

PbLal
1.2E-03
1.3E-03
1.2E-03
1.1E-03
1.1E-03
1.2E-03
1.3E-03
1.0E-03
9.2E-04
1.5E-03
1.6E-03
1.7E-03
1.2E-03
1.1E-03
1.0E-03
1.6E-03
1.1E-03
1.5E-03
1.7E-03
1.8E-03
1.7E-03
1.4E-03
1.6E-03
1.5E-03
1.4E-03
1.5E-03
1.6E-03
1.4E-03

1.4E-03

ThLal
5.7E-04
6.3E-04
6.0E-04
5.7E-04
5.8E-04
5.6E-04
4.6E-04
4.1E-04
3.3E-04
8.8E-04
7.8E-04
8.8E-04
1.1E-03
1.1E-03
9.7E-04
1.5E-03
8.1E-04
1.5E-03
1.7E-03
1.7E-03
1.7E-03
8.1E-04
8.7E-04
8.8E-04
1.9E-03
1.8E-03
1.8E-03
1.3E-03

1.3E-03

RbKal
6.4E-03
7.0E-03
6.5E-03
6.3E-03
6.9E-03
6.4E-03
5.1E-03
5.0E-03
4.3E-03
1.1E-02
9.6E-03
1.1E-02
1.5E-02
1.4E-02
1.3E-02
2.0E-02
1.0E-02
2.0E-02
2.2E-02
2.2E-02
2.2E-02
1.1E-02
1.1E-02
1.2E-02
2.4E-02
2.4E-02
2.4E-02
1.7E-02

1.7E-02

U Lal

5.9E-04

8.6E-04

2.3E-04
8.0E-04
9.1E-05

1.5E-04
2.5E-04

1.1E-03
1.0E-03
7.5E-04
9.9E-04

1.4E-04

SrKal
3.4E-02
3.3E-02
3.5E-02
3.4E-02
3.4E-02
3.4E-02
4.0E-02
3.6E-02
2.8E-02
2.5E-02
2.7E-02
2.7E-02
1.2E-02
1.1E-02
1.1E-02
5.2E-03
1.9E-03
3.8E-03
1.1E-02
1.2E-02
1.2E-02
6.2E-03
6.4E-03
6.3E-03
3.0E-03
2.7E-03
2.3E-03
1.6E-02

1.5E-02

Y Kal
4.6E-03
4.6E-03
4.7E-03
4.2E-03
4.3E-03
4.1E-03
4.0E-03
3.4E-03
2.8E-03
3.8E-03
4.2E-03
4.1E-03
4.2E-03
3.7E-03
4.2E-03
2.7E-03
2.7E-03
2.3E-03
1.7E-03
1.7E-03
1.7E-03
5.2E-03
6.0E-03
5.0E-03
1.1E-03
1.1E-03
1.2E-03
3.1E-03

3.3E-03

ZrKal
2.4E-02
2.4E-02
2.4E-02
2.2E-02
2.2E-02
2.3E-02
2.1E-02
1.9E-02
1.5E-02
3.1E-02
2.3E-02
2.1E-02
2.0E-02
2.1E-02
1.9E-02
1.5E-02
8.4E-03
2.1E-02
2.0E-02
1.6E-02
1.6E-02
1.9E-02
2.6E-02
1.7E-02
1.4E-02
1.4E-02
1.5E-02
2.0E-02

2.0E-02

NbKal
1.0E-03
1.1E-03
1.1E-03
1.0E-03
8.8E-04
1.0E-03
9.6E-04
9.6E-04
1.1E-03
1.3E-03
1.3E-03
1.4E-03
1.5E-03
1.5E-03
1.5E-03
1.7E-03
1.7E-03
1.7E-03
1.7E-03
1.7E-03
1.6E-03
1.8E-03
2.0E-03
1.7E-03
1.6E-03
1.6E-03
1.7E-03
1.3E-03

1.4E-03

MoKal
1.9E-03
2.6E-03
2.7E-03
1.8E-03
2.4E-03
2.1E-03
1.9E-03
1.7E-03
3.4E-04
2.5E-03
1.6E-03
1.1E-03
9.1E-04
1.0E-03
1.1E-03

4.9E-04

1.5E-03

1.0E-03



180 - 182 Avrrastres 3
200 - 202 Arrastres 1
200 - 202 Avrrastres 2
200 - 202 Avrrastres 3
220 - 222 Arrastres 1
220 - 222 Avrrastres 2
220 - 222 Arrastres 3
240 - 242 Avrrastres 1
240 - 242 Arrastres 2
240 - 242 Arrastres 3
260 - 262 Arrastres 1
260 - 262 Arrastres 2
260 - 262 Arrastres 3
280 - 282 Arrastres 1
280 - 282 Avrrastres 2
280 - 282 Avrrastres 3
300 - 302 Arrastres 1
300 - 302 Arrastres 2
300 - 302 Arrastres 3
320 - 322 Arrastres 1
320 - 322 Arrastres 2
320 - 322 Arrastres 3
340 - 342 Arrastres 1
340 - 342 Arrastres 2
340 - 342 Arrastres 3
360 - 362 Arrastres 1
360 - 362 Arrastres 2
360 - 362 Arrastres 3
380 - 382 Arrastres 1
380 - 382 Arrastres 2
380 - 382 Arrastres 3

404 - 406 Arrastres 1

1.1E-03
1.5E-03
1.6E-03
1.6E-03
1.3E-03
1.3E-03
1.2E-03
1.3E-03
1.3E-03
1.3E-03
1.2E-03
1.2E-03
1.3E-03
1.5E-03
1.4E-03
1.4E-03
1.4E-03
1.5E-03
1.4E-03
1.4E-03
1.4E-03
1.4E-03
1.5E-03
1.5E-03
1.6E-03
1.1E-03
1.1E-03
1.1E-03
1.2E-03
1.2E-03
1.2E-03

1.9E-03

1.1E-03
1.0E-03
1.0E-03
9.3E-04
6.8E-04
7.1E-04
6.8E-04
6.2E-04
6.3E-04
6.1E-04
5.6E-04
5.6E-04
5.6E-04
5.7E-04
5.8E-04
5.7E-04
5.1E-04
5.1E-04
5.0E-04
5.6E-04
5.8E-04
5.8E-04
5.0E-04
4.3E-04
5.6E-04
5.9E-04
5.8E-04
5.7E-04
5.6E-04
5.6E-04
5.3E-04

1.2E-03

1.5E-02
1.2E-02
1.2E-02
1.1E-02
7.4E-03
7.5E-03
8.0E-03
6.6E-03
6.9E-03
6.8E-03
5.7E-03
6.2E-03
5.9E-03
5.8E-03
5.9E-03
5.9E-03
5.0E-03
4.2E-03
4.8E-03
5.6E-03
5.0E-03
5.8E-03
4.0E-03
3.6E-03
4.7E-03
6.8E-03
6.2E-03
6.7E-03
6.7E-03
6.3E-03
5.6E-03

1.6E-02

8.0E-04

2.8E-04

9.4E-05

1.4E-02
2.2E-02
2.2E-02
2.2E-02
3.3E-02
3.4E-02
3.6E-02
3.8E-02
3.8E-02
3.7E-02
3.3E-02
3.3E-02
3.4E-02
2.9E-02
2.9E-02
3.0E-02
2.7E-02
2.5E-02
2.4E-02
2.7E-02
2.8E-02
3.0E-02
2.1E-02
1.5E-02
2.3E-02
4.0E-02
3.9E-02
3.9E-02
3.3E-02
3.3E-02
3.3E-02

1.2E-02

3.5E-03
4.0E-03
4.1E-03
3.8E-03
4.3E-03
4.1E-03
4.5E-03
4.6E-03
4.6E-03
4.7E-03
4.6E-03
4.3E-03
4.5E-03
4.1E-03
4.1E-03
4.9E-03
4.5E-03
4.5E-03
4.3E-03
4.0E-03
3.9E-03
4.0E-03
3.8E-03
3.8E-03
4.1E-03
4.5E-03
4.4E-03
4.4E-03
4.0E-03
4.7E-03
4.6E-03

3.6E-03

1.6E-02
2.3E-02
2.4E-02
2.7E-02
2.8E-02
2.9E-02
2.9E-02
3.0E-02
2.9E-02
3.0E-02
2.7E-02
2.7E-02
2.8E-02
4.2E-02
4.2E-02
4.0E-02
3.9E-02
4.2E-02
4.6E-02
4.2E-02
4.3E-02
3.9E-02
4.9E-02
5.5E-02
4.9E-02
2.8E-02
2.9E-02
2.9E-02
2.7E-02
2.8E-02
2.8E-02

2.0E-02

1.4E-03
1.5E-03
1.6E-03
1.7E-03
1.4E-03
1.5E-03
1.4E-03
1.4E-03
1.4E-03
1.3E-03
1.3E-03
1.3E-03
1.3E-03
1.8E-03
1.9E-03
1.8E-03
1.9E-03
2.0E-03
2.1E-03
2.1E-03
2.0E-03
1.9E-03
2.3E-03
2.7E-03
2.2E-03
1.3E-03
1.3E-03
1.3E-03
1.3E-03
1.2E-03
1.2E-03

1.6E-03

2.0E-04
1.4E-03
7.5E-04
1.7E-03
2.5E-03
3.0E-03
2.8E-03
3.3E-03
2.8E-03
3.0E-03
2.0E-03
2.5E-03
2.4E-03
3.9E-03
4.4E-03
3.8E-03
3.3E-03
4.2E-03
4.9E-03
3.4E-03
4.6E-03
4.3E-03
4.3E-03
5.1E-03
5.1E-03
3.3E-03
3.1E-03
3.1E-03
2.6E-03
3.2E-03
3.1E-03

3.5E-04



404 - 406 Arrastres 2
404 - 406 Avrrastres 3
424 - 426 Arrastres 1
424 - 426 Arrastres 2
424 - 426 Arrastres 3
440 - 442 Arrastres 1
440 - 442 Avrrastres 2
440 - 442 Arrastres 3
460 - 462 Arrastres 1
460 - 462 Arrastres 2
460 - 462 Arrastres 3
480 - 482 Arrastres 1
480 - 482 Arrastres 2
480 - 482 Arrastres 3
500 - 502 Arrastres 1
500 - 502 Avrrastres 2
500 - 502 Arrastres 3
RTC-W-220-1
RTC-W-220-2

1.8E-03
2.1E-03
0.001746
0.001749
0.001675
1.6E-03
1.7E-03
1.7E-03
0.001351
0.001375
0.001407
0.001618
0.001592
0.001685
2.0E-03
1.7E-03
2.0E-03
1.7E-03
1.9E-03

1.2E-03
1.2E-03
0.001322
0.001368
0.001386
1.4E-03
1.5E-03
1.6E-03
0.000944
0.000942
0.000933
0.001617
0.001466
0.001684
1.5E-03
1.5E-03
1.5E-03
1.1E-03
1.1E-03

1.5E-02
1.5E-02
0.016985
0.017864
0.017661
1.8E-02
2.0E-02
2.0E-02
0.011461
0.012043
0.0119
0.020513
0.019231
0.021344
2.0E-02
1.9E-02
2.0E-02
1.3E-02
1.4E-02

0.000189
3.3E-04

5.0E-04

0.000249

0.000374

0.000334

0.000666
2.4E-04
5.8E-04

1.8E-03
1.7E-03
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1.3E-02
1.4E-02
0.006815
0.007692
0.007883
7.3E-03
6.4E-03
4.7E-03
0.026442
0.025746
0.025971
0.008603
0.010307
0.009623
1.1E-02
1.2E-02
1.1E-02
5.9E-03
5.8E-03

3.7E-03
3.9E-03
0.003736
0.003069
0.003013
3.1E-03
2.5E-03
2.2E-03
0.003866
0.004102
0.004083
0.001834
0.002925
0.001437
2.7E-03
2.5E-03
3.0E-03
3.2E-03
3.3E-03

2.1E-02
2.3E-02
0.016577
0.017147
0.017533
1.8E-02
1.4E-02
1.7E-02
0.021539
0.023627
0.021408
0.0168
0.014593
0.017134
1.4E-02
1.2E-02
1.2E-02
1.1E-02
1.1E-02

1.7E-03
1.7E-03
0.001797
0.001589
0.001569
1.6E-03
1.6E-03
1.7E-03
0.00139
0.001394
0.001446
0.001673
0.001648
0.001729
1.6E-03
1.6E-03
1.7E-03
1.3E-03
1.3E-03

6.0E-04
1.0E-03

4.2E-04

0.001124
0.00118
0.001024

7.4E-03
7.3E-03



Table A.89 Lourdes drill cuttings: X-ray Fluorescence results for major element

Majors MgKal AlKal SiKal P Kal S Kal
000 - 002 Lourdes 1 0.238447 5.15229 18.60317 0.052029 0.195803
000 - 002 Lourdes 2 0.325449 5.175692 18.76511 0.049553 0.211126
000 - 002 Lourdes 3 0.250224 5.376904 19.19744 0.05921 0.210848
020 - 022 Lourdes 1 0.143909 4.84564 21.20641 0.029311 0.221776
020 - 022 Lourdes 2 0.12805 4.677539 21.00386 0.020452 0.215629
020 - 022 Lourdes 3 0.108509 4.760353 21.29804 0.028122 0.20738
040 - 042 Lourdes 1 0.284155 5.661889 22.64366 0.038876 0.191674
040 - 042 Lourdes 2 0.191705 5.316404 22.19997 0.035143 0.214412
040 - 042 Lourdes 3 0.209732 5.452156 22.08115 0.031469 0.197591
060 - 062 Lourdes 1 0.138901 4.700972 19.92619 0.044601 0.18792
060 - 062 Lourdes 2 0.231512 4.862853 19.9913 0.043626 0.192353
060 - 062 Lourdes 3 0.231146 4.826306 20.01521 0.049329 0.199224
080 - 082 Lourdes 1 0.108581 4.067607 21.01082 0.040919 0.171737
080 - 082 Lourdes 2 0.069838 4.002416 21.12529 0.042163 0.165942
080 - 082 Lourdes 3 0.174774 4.021532 21.04132 0.040993 0.160095
100 - 102 Lourdes 1 0.122747 4.048063 19.11509 0.027559 0.167272
100 - 102 Lourdes 2 0.183532 4.1591 19.26408 0.026892 0.165653
100 - 102 Lourdes 3 0.21281 4.261624 19.85793 0.031999 0.167717
120 - 122 Lourdes 1 0.164607 4.602059 20.48174 0.032569 0.165695
120 - 122 Lourdes 2 0.145587 4.497628 20.20029 0.02535 0.194739
120 - 122 Lourdes 3 0.042087 4.091045 18.75457 0.021956 0.169873
140 - 142 Lourdes 1 0.20363 4.467691 21.05533 0.026558 0.163586
140 - 142 Lourdes 2 0.106554 4.450611 21.31714 0.027216 0.158335
140 - 142 Lourdes 3 0.04125 4.205198 20.34461 0.027862 0.155867
160 - 162 Lourdes 1 0.083319 4.584091 21.69139 0.030506 0.15979
160 - 162 Lourdes 2 0.179393 4.673981 21.97358 0.031254 0.166777
160 - 162 Lourdes 3 0.083714 4.32491 20.66871 0.021233 0.153696
180 - 182 Lourdes 1 4.012521 20.29854 0.013874 0.166388
180 - 182 Lourdes 2 3.937717 19.56111 0.007002 0.174425
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180 - 182 Lourdes 3
200 - 202 Lourdes 1
200 - 202 Lourdes 2
200 - 202 Lourdes 3
220 - 222 Lourdes 1
220 - 222 Lourdes 2
220 - 222 Lourdes 3
240 - 242 Lourdes 1
240 - 242 Lourdes 2
240 - 242 Lourdes 3
260 - 262 Lourdes 1
260 - 262 Lourdes 2
260 - 262 Lourdes 3
280 - 282 Lourdes 1
280 - 282 Lourdes 2
280 - 282 Lourdes 3
300 - 302 Lourdes 1
300 - 302 Lourdes 2
300 - 302 Lourdes 3
320 - 322 Lourdes 1
320 - 322 Lourdes 2
320 - 322 Lourdes 3
340 - 342 Lourdes 1
340 - 342 Lourdes 2
340 - 342 Lourdes 3
360 - 362 Lourdes 1
360 - 362 Lourdes 2
360 - 362 Lourdes 3
380 - 382 Lourdes 1
380 - 382 Lourdes 2
380 - 382 Lourdes 3

400 - 402 Lourdes 1

0.530684
0.450798
0.543649
0.090988

0.01778

0.333143
0.313657
0.375042
0.367117
0.417491
0.415602
0.197889
0.315628
0.343225

0.58305

4.136851
4.413069
4.316357
4.581008
4.479179
4.532791
4571017
4.231288
4.333135
4.368179
4.319641
4.216879
4.166113
4.343053
4.567486
4.723134
4.860862
4.622207
4.875995
4.837377
3.030479
4.597345
4.425133
4.679302
4.706354
4.683822
4.5495

4.692394
3.983431
4.152678
4.243208

4.069847

12

20.32384
22.66482
22.24113
23.32961
22.43427
22.42747
23.19094
20.94296
22.58516
22.57778
21.48452
21.12597
20.76185
20.83226
22.23138
22.21429
18.09897
18.41165
18.67804
20.33774
14.03028
19.54999
17.44607
17.33798
17.76985
17.27413
17.67346
17.2487

17.26676
17.81876
18.07368

15.63327

0.010339
0.009228
0.009813
0.01626

0.013084
0.01522

0.02032

0.00936

0.013287
0.013235
0.009708
0.010503
0.006468
0.002005
0.00795

0.010157
0.081469
0.075598
0.089909
0.036386

0.026481
0.060913
0.067972
0.065752
0.08654

0.052716
0.053336
0.026163
0.02962

0.034636

0.056052

0.164823
0.157145
0.1664
0.170653
0.171354
0.16862
0.164308
0.169109
0.17765
0.166318
0.169445
0.174992
0.17332
0.169567
0.181363
0.171165
0.134783
0.136233
0.142918
0.162387
0.140281
0.148848
0.144164
0.151923
0.142613
0.138654
0.152599
0.145609
0.159022
0.170408
0.162633

0.147803



400 - 402 Lourdes 2
400 - 402 Lourdes 3
420 - 422 Lourdes 1
420 - 422 Lourdes 2
420 - 422 Lourdes 3
440 - 442 Lourdes 1
440 - 442 Lourdes 2
440 - 442 Lourdes 3
458 - 460 Lourdes 1
458 - 460 Lourdes 2
458 - 460 Lourdes 3
480 - 482 Lourdes 1
480 - 482 Lourdes 2
480 - 482 Lourdes 3
500 - 502 Lourdes 1
500 - 502 Lourdes 2
500 - 502 Lourdes 3
520 - 522 Lourdes 1
520 - 522 Lourdes 2
520 - 522 Lourdes 3
540 - 542 Lourdes 1
540 - 542 Lourdes 2
540 - 542 Lourdes 3
548 - 550 Lourdes 1
548 - 550 Lourdes 2
548 - 550 Lourdes 3
RTC-W-220-6

RTC-W-220-7

RTC-W-220-8

0.550035
0.582812
0.408664
0.600597
0.471706
0.701387
0.919855
0.699171
0.591773
0.772491
0.857974
0.974529
1.059245
1.186711
1.021146
1.15225
0.864274
1.100626
1.037931
1.018604
0.656435
0.709471
0.893714
0.757663
1.081161
0.812865
0.753569
0.60229

0.695015

4.36205
4.04891
4.447973
457524
4.412618
461426
5.04958
4.620562
469553
5.088909
5.18791
4577879
4542803
4633009
4746574
4850833
4594035
4.448843
4.468893
4.416004
3.970082
3.989037
4.298524
4.186693
4852687
4.431714
4754989
4727493

4.729598
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15.74825
15.01843
15.88269
16.17045
15.7247
15.72336
16.64704
15.6703
15.69957
16.48064
16.71546
16.0191
16.38112
16.3908
15.37715
15.85699
15.41806
15.14795
15.13941
15.29682
14.29512
14.01407
14.85632
14.84547
16.05686
15.15095
30.43974
30.11072

30.13022

0.061678
0.049869
0.061111
0.063506
0.058677
0.054622
0.078323
0.062587
0.053661
0.073086
0.071173
0.070495
0.081252
0.075737
0.077789
0.092847
0.078678
0.081946
0.078527
0.086415
0.06155
0.058049
0.061212
0.064245
0.081533
0.071615
0.08789
0.082462

0.083178

0.162472
0.153532
0.140783
0.150939
0.149915
0.15595
0.146299
0.137727
0.152045
0.141573
0.15031
0.122243
0.124481
0.12099
0.134992
0.13282
0.133455
0.132799
0.132076
0.131025
0.139505
0.140142
0.147369
0.144596
0.137043
0.128067
2.366838
2.332471

2.401822



Table A.90 Lourdes drill cuttings X-ray fluorescence results for major elements continued

Majors K Kal CaKal TiKal V Kal CrKal MnKal FeKal
000 - 002 Lourdes 1 1.681881 4.202154 0.242089 0.007628 0.008067 0.034421 3.517262
000 - 002 Lourdes 2 1.664178 4.385637 0.258388 0.008139 0.008017 0.033061 3.573946
000 - 002 Lourdes 3 1.704541 4.267543 0.246763 0.007893 0.008132 0.033547 3.617011
020 - 022 Lourdes 1 2.092586 3.763477 0.295237 0.006907 0.008144 0.054283 2.720485
020 - 022 Lourdes 2 2.038352 3.730759 0.303839 0.003004 0.007769 0.049028 2.708655
020 - 022 Lourdes 3 2.108296 3.68536 0.305074 0.00408 0.007974 0.04859 2.644729
040 - 042 Lourdes 1 2.310197 2.081414 0.303435 0.007107 0.00866 0.044789 3.726098
040 - 042 Lourdes 2 2.343579 1.828438 0.267973 0.007222 0.008875 0.04085 3.671428
040 - 042 Lourdes 3 2.317969 1.891393 0.284358 0.006701 0.008744 0.045386 3.731429
060 - 062 Lourdes 1 1.880069 5.765817 0.245133 0.005779 0.008207 0.037166 3.141392
060 - 062 Lourdes 2 1.862392 6.694946 0.243825 0.004492 0.008223 0.033601 3.075333
060 - 062 Lourdes 3 1.852569 6.684623 0.241253 0.004542 0.008243 0.033817 3.104244
080 - 082 Lourdes 1 1.987358 6.312526 0.206994 0.005179 0.008352 0.03006 2.444966
080 - 082 Lourdes 2 1.914439 6.130382 0.192066 0.006804 0.008633 0.02992 2.518225
080 - 082 Lourdes 3 1.935048 6.384388 0.192896 0.0061 0.008994 0.030873 2.525049
100 - 102 Lourdes 1 1.951237 6.218643 0.186109 0.007138 0.008511 0.031872 2.383238
100 - 102 Lourdes 2 1.879579 6.553857 0.199886 0.007072 0.008344 0.033168 2.510531
100 - 102 Lourdes 3 1.973067 6.815536 0.217927 0.00548 0.007806 0.032652 2.434646
120 - 122 Lourdes 1 2.144685 5.34993 0.23322 0.004492 0.008166 0.037832 2.507955
120 - 122 Lourdes 2 1.973286 5.22983 0.218883 0.004042 0.007442 0.038794 2.521817
120 - 122 Lourdes 3 1.925331 5.093696 0.200848 0.00494 0.00789 0.035187 2.432781
140 - 142 Lourdes 1 2.23735 3.982227 0.228634 0.006922 0.008174 0.039078 2.565706
140 - 142 Lourdes 2 2.222288 3.98029 0.218504 0.007641 0.008734 0.038778 2.562348
140 - 142 Lourdes 3 2.148093 3.643937 0.211734 0.006721 0.00834 0.037097 2.549138
160 - 162 Lourdes 1 2.294438 3.853965 0.238519 0.006808 0.008428 0.039642 2.729306
160 - 162 Lourdes 2 2.291014 4.007025 0.246679 0.006812 0.008969 0.039317 2.768641
160 - 162 Lourdes 3 2.03175 3.430232 0.205433 0.009975 0.011344 0.042972 2.183556
180 - 182 Lourdes 1 2.231012 2.170456 0.191029 0.006291 0.010042 0.037551 2.313962
180 - 182 Lourdes 2 2.097274 2.071283 0.155289 0.008334 0.011584 0.040538 1.867486
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180 - 182 Lourdes 3
200 - 202 Lourdes 1
200 - 202 Lourdes 2
200 - 202 Lourdes 3
220 - 222 Lourdes 1
220 - 222 Lourdes 2
220 - 222 Lourdes 3
240 - 242 Lourdes 1
240 - 242 Lourdes 2
240 - 242 Lourdes 3
260 - 262 Lourdes 1
260 - 262 Lourdes 2
260 - 262 Lourdes 3
280 - 282 Lourdes 1
280 - 282 Lourdes 2
280 - 282 Lourdes 3
300 - 302 Lourdes 1
300 - 302 Lourdes 2
300 - 302 Lourdes 3
320 - 322 Lourdes 1
320 - 322 Lourdes 2
320 - 322 Lourdes 3
340 - 342 Lourdes 1
340 - 342 Lourdes 2
340 - 342 Lourdes 3
360 - 362 Lourdes 1
360 - 362 Lourdes 2
360 - 362 Lourdes 3
380 - 382 Lourdes 1
380 - 382 Lourdes 2
380 - 382 Lourdes 3

400 - 402 Lourdes 1

2.173417
2.463624
2.42334
2.5453
2.319741
2.317144
2.408624
2.30675
2.442127
2.438023
2.246966
2.256294
2.151812
1.844147
2.021855
2.118857
1.414233
1.443712
1.453011
1.603137
0.986754
1.434075
1.275998
1.286522
1.27538
1.207366
1.248183
1.2244
1.35777
1.352438
1.376404

0.879114

2.120067
1.465352
1.307297
1.448008
1.31687
1.32127
1.387593
1.419085
1.581175
1.578907
1.429888
1.385656
1.313303
1.392884
1.508174
1.475689
3.45238
3.077742
3.436215
2.918608
1.676246
2.867811
3.382472
3.381938
3.207457
3.810011
3.392352
3.582469
2.693005
2.680157
2.823987

3.388329

0.150873
0.114713
0.133606
0.138918
0.167968
0.165963
0.173632
0.168825
0.136201
0.133525
0.160357
0.167029
0.146192
0.103446
0.117522
0.106414
0.4692
0.472141
0.474529
0.367074
0.242383
0.388257
0.522191
0.537692
0.55167
0.654504
0.59613
0.640284
0.474893
0.465998
0.485212

0.766252
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0.007658
0.009395
0.009248
0.008704
0.00525

0.006067
0.007057
0.009092
0.008063
0.007606
0.007495
0.008013
0.008406
0.008493
0.009363
0.010947
0.000405

0.014045

0.009546
0.00985
0.010634
0.011079
0.009878
0.009982
0.010171
0.013826
0.011176
0.01081
0.010286
0.00997
0.01008
0.010055
0.010776
0.010461
0.006378
0.005335
0.00617
0.007305
0.020051
0.00636
0.005071
0.004204
0.003649
0.00238
0.00162
0.0019
0.00513
0.005303

0.005073

0.035851
0.032417
0.035371
0.036613
0.037433
0.037601
0.043148
0.040152
0.039553
0.039314
0.036234
0.039747
0.035906
0.025437
0.028205
0.041488
0.039282
0.037114
0.038388
0.039989
0.053257
0.03774
0.041341
0.042306
0.045109
0.048384
0.04644
0.049642
0.046504
0.047141
0.050238

0.048569

2.215448
1.787864
1.833967
1.865741
2.071968
2.132584
2.144615
1.460371
1.802473
1.810699

2.20519
2.213716
2.177466
1.477793
1.517958
1.397026
3.347331
3.055514
3.081008
2.360701
0.477456
2.414656
3.045165
2.989075
2.986867
3.010744
3.159457
3.186996
3.551746
3.502716
3.615508

3.338367



400 - 402 Lourdes 2
400 - 402 Lourdes 3
420 - 422 Lourdes 1
420 - 422 Lourdes 2
420 - 422 Lourdes 3
440 - 442 Lourdes 1
440 - 442 Lourdes 2
440 - 442 Lourdes 3
458 - 460 Lourdes 1
458 - 460 Lourdes 2
458 - 460 Lourdes 3
480 - 482 Lourdes 1
480 - 482 Lourdes 2
480 - 482 Lourdes 3
500 - 502 Lourdes 1
500 - 502 Lourdes 2
500 - 502 Lourdes 3
520 - 522 Lourdes 1
520 - 522 Lourdes 2
520 - 522 Lourdes 3
540 - 542 Lourdes 1
540 - 542 Lourdes 2
540 - 542 Lourdes 3
548 - 550 Lourdes 1
548 - 550 Lourdes 2
548 - 550 Lourdes 3
RTC-W-220-6
RTC-W-220-7

RTC-W-220-8

0.944534
0.853993
1.013123
0.970093
0.928598
0.696691
0.718191
0.681258
0.740714
0.865235
0.863251
0.604921
0.59586
0.584317
0.65597
0.658787
0.649914
0.410449
0.423483
0.412338
0.678178
0.633541
0.736434
0.75399
0.771016
0.771643
2.442331
2.418874

2.43413

3.489097
3.515666
3.928137
4.598596
4.473521
3.800177
4.492424
3.942236
3.47539
4.032048
4.152195
4.171444
4.100753
4.065765
4.619086
4.613423
4.488701
4.271684
4.279211
4.344808
3.337558
3.28596
3.690492
3.601892
4.194472
3.966185
0.131747
0.12005

0.139391

0.783415
0.768999
0.776571
0.809918
0.819412
0.916988
1.025526
0.98609
0.804054
0.884689
0.894841
0.899119
0.90122
0.885919
1.066719
1.030924
0.998951
1.086028
1.052923
1.163684
0.80277
0.885012
0.89415
0.864675
0.980173
0.962327
0.269617
0.268604

0.262921
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0.000959
0.00597

0.002975

0.002738
0.001736
0.00485
0.002554
0.001149
0.008267
0.005253
0.002703
0.006215
0.003817
0.011408

0.003287
0.003168
0.09363
0.093249

0.091573

1.25E-05

0.010075
0.010155

0.010416

0.052174
0.053089
0.063616
0.059853
0.060672
0.065686
0.071731
0.065187
0.058489
0.06698
0.067661
0.061589
0.060545
0.058863
0.069094
0.067141
0.065831
0.073562
0.071613
0.075093
0.056932
0.057362
0.064411
0.060295
0.068751
0.063233
0.023193
0.02291

0.022992

3.331552
3.39179
3.109181
3.435728
3.444911
3.437308
3.085787
3.147528
3.404307
3.291052
3.340067
3.559447
3.472655
3.521534
3.196476
3.332716
3.454014
3.026476
3.087525
2.756131
3.733543
3.544727
3.387361
3.493537
3.347468
3.434218
2.825729
2.780955

2.801312



Trace
000 - 002 Lourdes 1
000 - 002 Lourdes 2
000 - 002 Lourdes 3
020 - 022 Lourdes 1
020 - 022 Lourdes 2
020 - 022 Lourdes 3
040 - 042 Lourdes 1
040 - 042 Lourdes 2
040 - 042 Lourdes 3
060 - 062 Lourdes 1
060 - 062 Lourdes 2
060 - 062 Lourdes 3
080 - 082 Lourdes 1
080 - 082 Lourdes 2
080 - 082 Lourdes 3
100 - 102 Lourdes 1
100 - 102 Lourdes 2
100 - 102 Lourdes 3
120 - 122 Lourdes 1
120 - 122 Lourdes 2
120 - 122 Lourdes 3
140 - 142 Lourdes 1
140 - 142 Lourdes 2
140 - 142 Lourdes 3
160 - 162 Lourdes 1
160 - 162 Lourdes 2
160 - 162 Lourdes 3
180 - 182 Lourdes 1

180 - 182 Lourdes 2

Table A.91 Lourdes drill cuttings: X-ray fluorescence results for trace elements

Balal
1.4E-02

5.5E-02

4.1E-02
3.3E-03
6.7E-02
5.3E-02
1.1E-01

4.7E-02
7.2E-02
7.2E-02
1.5E-01
6.9E-02
5.1E-02
5.4E-02
1.1E-01
1.4E-01
7.6E-02
3.6E-02
2.6E-02
3.1E-02
1.5E-01

1.8E-01

1.3E-01
2.3E-03

4.8E-02

CoKal
1.3E-03
1.4E-03
1.3E-03
7.6E-04
9.8E-04
7.7E-04
1.5E-03
1.3E-03
1.1E-03
9.3E-04
9.9E-04
1.0E-03
8.0E-04
7.9E-04
9.9E-04
5.9E-04
5.4E-04
7.7E-04
8.2E-04
9.0E-04
9.2E-04
5.9E-04
6.7E-04
8.8E-04
1.2E-03
9.8E-04
8.9E-04
7.5E-04

6.4E-04
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NiKal
3.4E-03
3.9E-03
3.6E-03
2.7E-03
2.5E-03
2.1E-03
3.0E-03
3.2E-03
3.3E-03
2.7E-03
2.4E-03
2.8E-03
1.7E-03
1.9E-03
1.9E-03
2.1E-03
2.0E-03
2.0E-03
2.1E-03
2.1E-03
1.8E-03
2.0E-03
2.0E-03
2.2E-03
2.8E-03
2.6E-03
2.7E-03
1.7E-03

1.4E-03

CuKal
2.1E-03
2.1E-03
2.2E-03
1.4E-03
1.6E-03
1.5E-03
1.9E-03
1.7E-03
1.7E-03
1.9E-03
1.9E-03
1.6E-03
1.4E-03
1.7E-03
1.7E-03
1.2E-03
1.3E-03
1.3E-03
1.3E-03
1.2E-03
1.2E-03
1.3E-03
1.3E-03
1.3E-03
1.3E-03
1.2E-03
1.3E-03
8.3E-04

1.0E-03

ZnKal
9.1E-03
9.1E-03
9.2E-03
7.6E-03
7.9E-03
7.4E-03
1.0E-02
9.6E-03
9.7E-03
7.5E-03
7.6E-03
7.1E-03
6.9E-03
6.6E-03
7.5E-03
6.5E-03
6.3E-03
6.3E-03
7.3E-03
6.7E-03
6.5E-03
6.8E-03
6.7E-03
6.3E-03
7.2E-03
6.8E-03
6.9E-03
5.8E-03

6.1E-03

GaKal
1.8E-03
2.0E-03
1.7E-03
1.7E-03
1.7E-03
1.8E-03
1.9E-03
1.9E-03
1.8E-03
1.8E-03
1.8E-03
2.0E-03
1.4E-03
1.5E-03
1.4E-03
1.4E-03
1.5E-03
1.4E-03
1.4E-03
1.6E-03
1.7E-03
1.7E-03
1.6E-03
1.7E-03
1.6E-03
1.6E-03
1.8E-03
1.6E-03

1.7E-03



180 - 182 Lourdes 3
200 - 202 Lourdes 1
200 - 202 Lourdes 2
200 - 202 Lourdes 3
220 - 222 Lourdes 1
220 - 222 Lourdes 2
220 - 222 Lourdes 3
240 - 242 Lourdes 1
240 - 242 Lourdes 2
240 - 242 Lourdes 3
260 - 262 Lourdes 1
260 - 262 Lourdes 2
260 - 262 Lourdes 3
280 - 282 Lourdes 1
280 - 282 Lourdes 2
280 - 282 Lourdes 3
300 - 302 Lourdes 1
300 - 302 Lourdes 2
300 - 302 Lourdes 3
320 - 322 Lourdes 1
320 - 322 Lourdes 2
320 - 322 Lourdes 3
340 - 342 Lourdes 1
340 - 342 Lourdes 2
340 - 342 Lourdes 3
360 - 362 Lourdes 1
360 - 362 Lourdes 2
360 - 362 Lourdes 3
380 - 382 Lourdes 1
380 - 382 Lourdes 2
380 - 382 Lourdes 3

400 - 402 Lourdes 1

7.6E-02
1.2E-01
1.9E-02
6.0E-02
1.1E-01
1.1E-01
5.4E-02
8.1E-02
7.8E-02
7.7E-02
1.1E-01
9.1E-02
1.3E-01
6.5E-02
1.6E-01
7.1E-02
1.4E-01
1.2E-01
1.2E-01
1.3E-01
1.8E-01
1.8E-01
1.0E-01
1.7E-01
2.3E-01

1.8E-01
1.8E-01
2.7E-02
9.6E-02
1.7E-01

3.8E-01

6.3E-04
8.2E-04
7.9E-04
5.1E-04
4.8E-04
6.5E-04
5.5E-04
7.2E-04
6.6E-04
5.4E-04
7.5E-04
5.3E-04
7.7E-04
5.3E-04
5.8E-04
7.2E-04
2.2E-03
1.9E-03
2.0E-03
1.5E-03
1.5E-03
1.3E-03
2.4E-03
2.8E-03
2.8E-03
3.3E-03
3.6E-03
3.2E-03
2.5E-03
2.6E-03
3.0E-03

5.0E-03

18

1.7E-03
8.4E-04
1.2E-03
1.1E-03
6.8E-04
1.1E-03
1.1E-03
8.1E-04
1.0E-03
1.0E-03
1.0E-03
1.2E-03
1.3E-03
3.2E-04
7.0E-04
8.1E-04
5.4E-03
5.5E-03
5.6E-03
3.5E-03
3.4E-03
3.4E-03
5.2E-03
6.0E-03
5.6E-03
5.5E-03
5.0E-03
5.4E-03
5.0E-03
5.0E-03
4.8E-03

6.3E-03

6.5E-04
4.3E-04
5.7E-04
6.3E-04
5.4E-04
5.9E-04
7.9E-04
5.3E-04
6.1E-04
6.3E-04
5.4E-04
4.5E-04
7.3E-04
3.5E-04
5.5E-04
4.5E-04
1.9E-03
1.7E-03
1.6E-03
1.5E-03
1.5E-03
1.3E-03
2.0E-03
2.1E-03
1.8E-03
1.8E-03
1.6E-03
1.7E-03
1.6E-03
1.7E-03
1.5E-03

2.0E-03

5.7E-03
4.6E-03
4.3E-03
4.3E-03
5.5E-03
5.5E-03
5.9E-03
4.8E-03
5.1E-03
4.8E-03
5.8E-03
6.1E-03
6.0E-03
3.7E-03
4.1E-03
3.9E-03
7.4E-03
6.9E-03
7.5E-03
5.4E-03
5.4E-03
5.3E-03
7.7E-03
7.6E-03
7.5E-03
8.7E-03
8.0E-03
8.1E-03
8.7E-03
9.1E-03
8.7E-03

1.0E-02

1.7E-03
1.6E-03
1.8E-03
1.7E-03
1.9E-03
1.9E-03
1.8E-03
1.7E-03
1.6E-03
1.6E-03
1.6E-03
1.8E-03
1.6E-03
1.8E-03
1.6E-03
1.8E-03
2.0E-03
2.2E-03
1.8E-03
1.8E-03
1.9E-03
2.0E-03
2.0E-03
2.0E-03
2.0E-03
1.9E-03
2.0E-03
2.0E-03
1.9E-03
1.8E-03
1.9E-03

1.9E-03



400 - 402 Lourdes 2
400 - 402 Lourdes 3
420 - 422 Lourdes 1
420 - 422 Lourdes 2
420 - 422 Lourdes 3
440 - 442 Lourdes 1
440 - 442 Lourdes 2
440 - 442 Lourdes 3
460 - 462 Lourdes 1
460 - 462 Lourdes 2
460 - 462 Lourdes 3
480 - 482 Lourdes 1
480 - 482 Lourdes 2
480 - 482 Lourdes 3
500 - 502 Lourdes 1
500 - 502 Lourdes 2
500 - 502 Lourdes 3
520 - 522 Lourdes 1
520 - 522 Lourdes 2
520 - 522 Lourdes 3
540 - 542 Lourdes 1
540 - 542 Lourdes 2
540 - 542 Lourdes 3
548 - 550 Lourdes 1
548 - 550 Lourdes 2
548 - 550 Lourdes 3

2.4E-01
1.8E-01
1.9E-01
1.6E-01
2.4E-01
2.3E-01
2.9E-01
2.0E-01
9.0E-02
2.3E-01
8.2E-03
1.3E-01
1.2E-01
1.8E-01
4.2E-01
1.6E-01
1.7E-01
2.5E-01
3.7E-01
3.7E-01
2.8E-01
2.9E-01
1.7E-01
2.7E-01
3.1E-01
2.8E-01

5.1E-03
4.2E-03
4.9E-03
4.7E-03
4.9E-03
5.7E-03
6.7E-03
6.2E-03
5.3E-03
5.4E-03
5.0E-03
5.3E-03
5.4E-03
5.6E-03
6.6E-03
7.4E-03
7.0E-03
6.7E-03
6.5E-03
7.9E-03
7.4E-03
7.3E-03
7.3E-03
7.5E-03
7.3E-03
7.0E-03
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6.4E-03
6.2E-03
6.2E-03
6.2E-03
6.1E-03
7.0E-03
7.2E-03
7.1E-03
7.1E-03
6.9E-03
7.0E-03
8.1E-03
8.2E-03
8.0E-03
7.1E-03
7.3E-03
7.4E-03
7.0E-03
6.9E-03
7.3E-03
7.6E-03
7.8E-03
7.3E-03
7.7E-03
7.5E-03
7.8E-03

2.1E-03
1.8E-03
3.6E-03
3.7E-03
3.9E-03
4.0E-03
3.7E-03
4.2E-03
2.6E-03
2.5E-03
2.8E-03
3.8E-03
4.0E-03
4.4E-03
2.7E-03
3.1E-03
3.1E-03
4.1E-03
3.0E-03
4.6E-03
4.0E-03
4.0E-03
3.3E-03
3.0E-03
3.5E-03
3.9E-03

1.0E-02
9.5E-03
9.4E-03
9.8E-03
9.9E-03
1.0E-02
1.1E-02
1.1E-02
9.4E-03
9.6E-03
9.6E-03
1.0E-02
9.9E-03
1.1E-02
9.3E-03
1.1E-02
1.0E-02
1.1E-02
1.0E-02
1.2E-02
1.1E-02
1.1E-02
1.1E-02
1.1E-02
1.0E-02
1.0E-02

1.9E-03
2.0E-03
2.1E-03
2.2E-03
2.1E-03
2.0E-03
2.1E-03
2.0E-03
2.1E-03
2.0E-03
2.1E-03
1.8E-03
1.7E-03
1.9E-03
1.9E-03
2.1E-03
2.0E-03
1.9E-03
2.0E-03
2.0E-03
2.0E-03
2.1E-03
2.0E-03
1.9E-03
2.0E-03
2.1E-03



Table A.92 Lourdes drill cuttings: X-ray fluorescence results for trace elements continued

Trace AsKal PbLal ThLal RbKal U Lal SrKal
000 - 002 Lourdes 1 6.1E-04 1.3E-03 9.3E-04 1.2E-02 8.7E-05 2.5E-02
000 - 002 Lourdes 2 4.3E-04 1.3E-03 9.6E-04 1.2E-02 1.5E-04 2.6E-02
000 - 002 Lourdes 3 5.7E-04 1.2E-03 9.5E-04 1.2E-02 2.6E-02
020 - 022 Lourdes 1 5.7E-04 1.3E-03 1.2E-03 1.6E-02 5.8E-04 1.8E-02
020 - 022 Lourdes 2 5.6E-04 1.3E-03 1.2E-03 1.6E-02 1.7E-02
020 - 022 Lourdes 3 2.5E-04 1.2E-03 1.2E-03 1.5E-02 6.5E-04 1.8E-02
040 - 042 Lourdes 1 5.4E-04 1.3E-03 1.1E-03 1.5E-02 1.9E-02
040 - 042 Lourdes 2 5.0E-04 1.3E-03 1.2E-03 1.5E-02 1.8E-02
040 - 042 Lourdes 3 3.5E-04 1.2E-03 1.2E-03 1.5E-02 1.8E-02
060 - 062 Lourdes 1 2.7E-04 1.2E-03 1.1E-03 1.4E-02 3.7E-04 2.0E-02
060 - 062 Lourdes 2 4.2E-04 1.3E-03 1.2E-03 1.5E-02 4.2E-04 2.0E-02
060 - 062 Lourdes 3 5.8E-04 1.4E-03 1.2E-03 1.5E-02 1.9E-02
080 - 082 Lourdes 1 7.0E-04 1.2E-03 1.0E-03 1.3E-02 8.8E-04 2.2E-02
080 - 082 Lourdes 2 3.3E-04 1.1E-03 1.1E-03 1.3E-02 6.0E-04 2.2E-02
080 - 082 Lourdes 3 7.1E-04 1.2E-03 1.0E-03 1.3E-02 3.1E-04 2.1E-02
100 - 102 Lourdes 1 2.0E-04 1.0E-03 1.1E-03 1.4E-02 6.4E-04 2.1E-02
100 - 102 Lourdes 2 2.5E-04 1.1E-03 1.1E-03 1.4E-02 3.5E-04 2.0E-02
100 - 102 Lourdes 3 1.3E-04 1.0E-03 1.1E-03 1.4E-02 1.9E-02
120 - 122 Lourdes 1 1.9E-04 1.1E-03 1.1E-03 1.4E-02 7.0E-04 1.7E-02
120 - 122 Lourdes 2 1.0E-04 1.1E-03 1.1E-03 1.5E-02 1.4E-04 1.8E-02
120 - 122 Lourdes 3 2.7E-04 1.1E-03 1.1E-03 1.5E-02 6.0E-04 1.8E-02
140 - 142 Lourdes 1 8.4E-04 1.3E-03 1.2E-03 1.5E-02 7.0E-04 1.8E-02
140 - 142 Lourdes 2 6.4E-04 1.3E-03 1.2E-03 1.5E-02 2.7E-04 1.8E-02
140 - 142 Lourdes 3 7.9E-04 1.3E-03 1.2E-03 1.5E-02 6.4E-04 1.8E-02
160 - 162 Lourdes 1 9.5E-04 1.4E-03 1.2E-03 1.6E-02 1.6E-04 2.0E-02
160 - 162 Lourdes 2 6.1E-04 1.3E-03 1.1E-03 1.4E-02 8.3E-04 1.9E-02
160 - 162 Lourdes 3 6.2E-04 1.3E-03 1.2E-03 1.5E-02 9.3E-05 1.9E-02
180 - 182 Lourdes 1 4.9E-04 1.3E-03 1.3E-03 1.7E-02 6.0E-05 1.8E-02
180 - 182 Lourdes 2 7.1E-04 1.3E-03 1.3E-03 1.6E-02 5.1E-04 1.7E-02
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180 - 182 Lourdes 3
200 - 202 Lourdes 1
200 - 202 Lourdes 2
200 - 202 Lourdes 3
220 - 222 Lourdes 1
220 - 222 Lourdes 2
220 - 222 Lourdes 3
240 - 242 Lourdes 1
240 - 242 Lourdes 2
240 - 242 Lourdes 3
260 - 262 Lourdes 1
260 - 262 Lourdes 2
260 - 262 Lourdes 3
280 - 282 Lourdes 1
280 - 282 Lourdes 2
280 - 282 Lourdes 3
300 - 302 Lourdes 1
300 - 302 Lourdes 2
300 - 302 Lourdes 3
320 - 322 Lourdes 1
320 - 322 Lourdes 2
320 - 322 Lourdes 3
340 - 342 Lourdes 1
340 - 342 Lourdes 2
340 - 342 Lourdes 3
360 - 362 Lourdes 1
360 - 362 Lourdes 2
360 - 362 Lourdes 3
380 - 382 Lourdes 1
380 - 382 Lourdes 2
380 - 382 Lourdes 3

400 - 402 Lourdes 1

4.9E-04
7.9E-04
1.9E-04
5.9E-04
2.9E-04
5.0E-04
3.5E-04
6.3E-04
3.8E-04
4.2E-04
6.7E-04
4.8E-04
9.5E-04

4.9E-04
3.7E-04

7.9E-06
1.1E-04
2.4E-05

3.1E-04
4.2E-04

6.2E-04

1.3E-03
1.3E-03
1.2E-03
1.3E-03
1.2E-03
1.3E-03
1.2E-03
1.3E-03
1.2E-03
1.2E-03
1.3E-03
1.2E-03
1.4E-03
1.1E-03
1.2E-03
1.2E-03
1.1E-03
1.1E-03
1.0E-03
1.1E-03
1.1E-03
1.1E-03
1.2E-03
1.1E-03
1.1E-03
1.1E-03
1.0E-03
1.1E-03
1.3E-03
1.3E-03
1.3E-03

1.0E-03
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1.2E-03
1.2E-03
1.3E-03
1.2E-03
1.3E-03
1.2E-03
1.2E-03
1.3E-03
1.3E-03
1.3E-03
1.2E-03
1.2E-03
1.3E-03
1.1E-03
1.1E-03
1.1E-03
7.4E-04
7.3E-04
7.1E-04
7.8E-04
7.8E-04
7.5E-04
7.5E-04
7.1E-04
7.2E-04
6.5E-04
6.8E-04
6.8E-04
8.4E-04
8.2E-04
8.3E-04

5.6E-04

1.6E-02
1.6E-02
1.7E-02
1.6E-02
1.6E-02
1.5E-02
1.6E-02
1.7E-02
1.7E-02
1.7E-02
1.6E-02
1.6E-02
1.6E-02
1.3E-02
1.4E-02
1.3E-02
8.8E-03
8.6E-03
8.7E-03
9.4E-03
9.5E-03
9.0E-03
9.0E-03
9.0E-03
9.0E-03
7.3E-03
8.7E-03
8.1E-03
1.1E-02
1.1E-02
1.0E-02

6.7E-03

2.1E-04
1.0E-03
9.0E-05
9.1E-04
7.9E-04
9.5E-04
1.2E-03

6.3E-04

9.4E-04
6.6E-04
5.3E-04
3.7E-04
1.3E-03
1.2E-03
7.9E-04
5.0E-04
4.3E-04

5.6E-04

4.1E-04

2.6E-04

3.7E-04

5.9E-04

6.1E-05

1.8E-02
2.1E-02
2.0E-02
2.1E-02
2.1E-02
2.2E-02
2.1E-02
1.9E-02
2.0E-02
2.0E-02
2.2E-02
2.2E-02
2.1E-02
4.1E-02
3.9E-02
3.9E-02
4.2E-02
4.1E-02
4.1E-02
4.3E-02
4.5E-02
4.5E-02
4.2E-02
4.1E-02
4.1E-02
4.1E-02
4.1E-02
4.1E-02
3.1E-02
3.0E-02
3.0E-02

3.8E-02



400 - 402 Lourdes 2
400 - 402 Lourdes 3
420 - 422 Lourdes 1
420 - 422 Lourdes 2
420 - 422 Lourdes 3
440 - 442 Lourdes 1
440 - 442 Lourdes 2
440 - 442 Lourdes 3
460 - 462 Lourdes 1
460 - 462 Lourdes 2
460 - 462 Lourdes 3
480 - 482 Lourdes 1
480 - 482 Lourdes 2
480 - 482 Lourdes 3
500 - 502 Lourdes 1
500 - 502 Lourdes 2
500 - 502 Lourdes 3
520 - 522 Lourdes 1
520 - 522 Lourdes 2
520 - 522 Lourdes 3
540 - 542 Lourdes 1
540 - 542 Lourdes 2
540 - 542 Lourdes 3
548 - 550 Lourdes 1
548 - 550 Lourdes 2
548 - 550 Lourdes 3

1.8E-04

2.0E-04

6.0E-05

1.0E-04

8.1E-05
8.8E-06

1.4E-05

1.7E-04

1.2E-03
1.1E-03
1.1E-03
1.1E-03
1.2E-03
1.1E-03
1.1E-03
1.2E-03
9.5E-04
1.0E-03
1.0E-03
1.1E-03
9.9E-04
1.0E-03
8.9E-04
9.3E-04
1.0E-03
9.5E-04
9.0E-04
9.5E-04
1.1E-03
1.0E-03
9.9E-04
1.1E-03
1.0E-03
1.1E-03
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5.6E-04
5.3E-04
5.7E-04
5.8E-04
6.0E-04
4.5E-04
4.4E-04
4.5E-04
5.6E-04
5.4E-04
5.5E-04
4.3E-04
4.4E-04
4.2E-04
4.0E-04
4.3E-04
3.9E-04
3.0E-04
3.1E-04
3.0E-04
3.8E-04
3.9E-04
4.4E-04
4.2E-04
4.1E-04

4.2E-04

6.9E-03
6.1E-03
6.4E-03
7.4E-03
6.9E-03
4.9E-03
5.1E-03
5.0E-03
6.8E-03
6.2E-03
6.6E-03
4.8E-03
5.1E-03
4.6E-03
4.7E-03
4.9E-03
4.1E-03
3.2E-03
3.4E-03
3.2E-03
4.1E-03
4.2E-03
4.6E-03
5.0E-03
4.2E-03
4.2E-03

4.5E-04

3.4E-04

1.2E-04

2.2E-04

1.3E-04

1.1E-04
3.7E-05

8.5E-05

6.5E-04

2.3E-04

3.9E-02
3.8E-02
4.0E-02
3.9E-02
4.0E-02
4.1E-02
4.2E-02
4.1E-02
4.0E-02
4.1E-02
4.2E-02
4.3E-02
4.3E-02
4.3E-02
4.2E-02
4.2E-02
4.4E-02
4.5E-02
4.6E-02
4.5E-02
4.5E-02
4.3E-02
4.4E-02
4.3E-02
4.3E-02
4.3E-02



Table A.93 Lourdes drill cuttings: X-ray fluorescence results for trace elements

Trace Y Kal ZrKal NbKal MoKal
000 - 002 Lourdes 1 3.5E-03 2.1E-02 1.3E-03 9.3E-04
000 - 002 Lourdes 2 3.7E-03 2.2E-02 1.3E-03 1.6E-03
000 - 002 Lourdes 3 3.8E-03 2.0E-02 1.4E-03 1.1E-03
020 - 022 Lourdes 1 3.4E-03 2.6E-02 1.5E-03 1.8E-03
020 - 022 Lourdes 2 3.5E-03 2.7E-02 1.5E-03 1.5E-03
020 - 022 Lourdes 3 3.6E-03 2.7E-02 1.5E-03 2.3E-03
040 - 042 Lourdes 1 3.9E-03 2.3E-02 1.5E-03 1.0E-03
040 - 042 Lourdes 2 3.8E-03 2.3E-02 1.5E-03 1.1E-03
040 - 042 Lourdes 3 3.8E-03 2.3E-02 1.4E-03 1.0E-03
060 - 062 Lourdes 1 3.6E-03 2.0E-02 1.4E-03 6.2E-04
060 - 062 Lourdes 2 3.4E-03 2.0E-02 1.4E-03 7.0E-04
060 - 062 Lourdes 3 3.5E-03 2.0E-02 1.4E-03 6.7E-04
080 - 082 Lourdes 1 3.3E-03 2.0E-02 1.2E-03 1.2E-03
080 - 082 Lourdes 2 3.3E-03 1.8E-02 1.2E-03 8.8E-04
080 - 082 Lourdes 3 3.5E-03 1.9E-02 1.3E-03 1.1E-03
100 - 102 Lourdes 1 3.6E-03 1.7E-02 1.2E-03 1.0E-03
100 - 102 Lourdes 2 3.4E-03 2.1E-02 1.3E-03 9.5E-04
100 - 102 Lourdes 3 3.6E-03 1.9E-02 1.3E-03 6.1E-04
120 - 122 Lourdes 1 3.2E-03 2.2E-02 1.3E-03 1.0E-03
120 - 122 Lourdes 2 3.4E-03 2.2E-02 1.3E-03 1.1E-03
120 - 122 Lourdes 3 3.3E-03 2.0E-02 1.3E-03 1.2E-03
140 - 142 Lourdes 1 3.2E-03 2.1E-02 1.4E-03 8.5E-04
140 - 142 Lourdes 2 3.5E-03 2.0E-02 1.4E-03 9.4E-04
140 - 142 Lourdes 3 3.4E-03 2.1E-02 1.4E-03 9.5E-04
160 - 162 Lourdes 1 3.6E-03 2.3E-02 1.5E-03 1.5E-03
160 - 162 Lourdes 2 3.4E-03 2.1E-02 1.4E-03 7.7E-04
160 - 162 Lourdes 3 3.3E-03 2.3E-02 1.5E-03 9.2E-04
180 - 182 Lourdes 1 3.3E-03 2.0E-02 1.5E-03 8.7E-04
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180 - 182 Lourdes 2
180 - 182 Lourdes 3
200 - 202 Lourdes 1
200 - 202 Lourdes 2
200 - 202 Lourdes 3
220 - 222 Lourdes 1
220 - 222 Lourdes 2
220 - 222 Lourdes 3
240 - 242 Lourdes 1
240 - 242 Lourdes 2
240 - 242 Lourdes 3
260 - 262 Lourdes 1
260 - 262 Lourdes 2
260 - 262 Lourdes 3
280 - 282 Lourdes 1
280 - 282 Lourdes 2
280 - 282 Lourdes 3
300 - 302 Lourdes 1
300 - 302 Lourdes 2
300 - 302 Lourdes 3
320 - 322 Lourdes 1
320 - 322 Lourdes 2
320 - 322 Lourdes 3
340 - 342 Lourdes 1
340 - 342 Lourdes 2
340 - 342 Lourdes 3
360 - 362 Lourdes 1
360 - 362 Lourdes 2
360 - 362 Lourdes 3
380 - 382 Lourdes 1
380 - 382 Lourdes 2

380 - 382 Lourdes 3

3.2E-03
3.4E-03
3.3E-03
3.3E-03
3.3E-03
3.2E-03
3.2E-03
3.0E-03
3.0E-03
3.2E-03
3.0E-03
3.2E-03
3.2E-03
3.1E-03
3.3E-03
3.0E-03
3.1E-03
3.9E-03
3.8E-03
4.0E-03
3.4E-03
3.5E-03
3.5E-03
4.1E-03
4.1E-03
4.2E-03
3.9E-03
4.6E-03
3.8E-03
3.9E-03
3.9E-03

3.7E-03

1.8E-02
1.9E-02
2.0E-02
1.7E-02
1.8E-02
2.0E-02
1.8E-02
2.3E-02
1.6E-02
1.6E-02
1.7E-02
1.7E-02
1.7E-02
1.7E-02
1.2E-02
1.3E-02
1.3E-02
2.5E-02
2.5E-02
2.4E-02
2.1E-02
2.1E-02
1.9E-02
2.5E-02
2.5E-02
2.5E-02
2.7E-02
2.3E-02
2.6E-02
2.2E-02
2.3E-02

2.1E-02
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1.3E-03
1.4E-03
1.3E-03
1.3E-03
1.4E-03
1.4E-03
1.4E-03
1.4E-03
1.4E-03
1.3E-03
1.4E-03
1.3E-03
1.4E-03
1.4E-03
1.2E-03
1.2E-03
1.2E-03
1.2E-03
1.1E-03
1.2E-03
1.1E-03
1.2E-03
1.1E-03
1.2E-03
1.2E-03
1.2E-03
1.2E-03
1.1E-03
1.2E-03
1.2E-03
1.3E-03

1.3E-03

5.6E-04
6.7E-04
1.3E-03
6.0E-04
8.5E-04
1.4E-03
1.1E-03
1.8E-03
2.8E-04
2.2E-04
4.6E-04
4.4E-04
7.7E-04
5.1E-04
1.1E-03
5.7E-04
5.3E-04
2.7E-03
2.3E-03
2.3E-03
1.9E-03
2.2E-03
1.7E-03
2.5E-03
2.9E-03
2.7E-03
3.3E-03
2.5E-03
2.6E-03
1.6E-03
1.7E-03

1.3E-03



400 - 402 Lourdes 1
400 - 402 Lourdes 2
400 - 402 Lourdes 3
420 - 422 Lourdes 1
420 - 422 Lourdes 2
420 - 422 Lourdes 3
440 - 442 Lourdes 1
440 - 442 Lourdes 2
440 - 442 Lourdes 3
460 - 462 Lourdes 1
460 - 462 Lourdes 2
460 - 462 Lourdes 3
480 - 482 Lourdes 1
480 - 482 Lourdes 2
480 - 482 Lourdes 3
500 - 502 Lourdes 1
500 - 502 Lourdes 2
500 - 502 Lourdes 3
520 - 522 Lourdes 1
520 - 522 Lourdes 2
520 - 522 Lourdes 3
540 - 542 Lourdes 1
540 - 542 Lourdes 2
540 - 542 Lourdes 3
548 - 550 Lourdes 1
548 - 550 Lourdes 2

548 - 550 Lourdes 3

4.1E-03
4.4E-03
3.9E-03
4.6E-03
4.3E-03
3.9E-03
4.0E-03
4.2E-03
3.9E-03
4.2E-03
3.9E-03
4.5E-03
3.8E-03
3.8E-03
3.9E-03
3.7E-03
3.9E-03
3.8E-03
4.0E-03
4.0E-03
4.2E-03
3.9E-03
4.3E-03
4.0E-03
4.3E-03
4.2E-03

4.2E-03

2.5E-02
2.6E-02
2.5E-02
2.5E-02
2.6E-02
2.6E-02
2.4E-02
2.5E-02
2.8E-02
2.5E-02
2.4E-02
2.4E-02
2.5E-02
2.3E-02
2.3E-02
2.1E-02
2.1E-02
2.1E-02
2.2E-02
1.9E-02
2.2E-02
2.2E-02
2.4E-02
2.4E-02
2.3E-02
2.3E-02

2.3E-02
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1.1E-03
1.1E-03
1.1E-03
1.1E-03
1.1E-03
1.1E-03
1.1E-03
1.0E-03
1.0E-03
1.0E-03
1.1E-03
1.1E-03
1.0E-03
1.1E-03
1.0E-03
9.2E-04
9.4E-04
9.3E-04
9.4E-04
9.5E-04
1.0E-03
1.0E-03
1.0E-03
9.9E-04
9.8E-04
1.0E-03

1.1E-03

2.4E-03
3.1E-03
3.1E-03
3.1E-03
2.9E-03
2.5E-03
3.0E-03
3.5E-03
3.4E-03
2.8E-03
2.5E-03
2.9E-03
3.0E-03
3.0E-03
3.0E-03
2.7E-03
2.5E-03
2.6E-03
2.1E-03
2.1E-03
2.2E-03
2.3E-03
2.8E-03
2.9E-03
2.7E-03
2.4E-03

2.4E-03



