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Abstract

The opening of the Panama Canal in 1913 increased the availability of inter-
nationally traded goods and transformed ocean-shipping by shortening travel
time between the Atlantic Ocean and Pacific Ocean. The canal sparked the
growth of port authorities and increased ship tonnage on both coasts of Pa-
nama. Since the construction of the Panama Canal, in the 1910s, pesticides,
herbicides and chemicals, including arsenic, have been essential for control-
ling wetland vegetation, including hyacinth, which blocked rivers, lakes, and
the canal as well as managing mosquitoes. Pesticides and chemicals flowed
into Lake Gatun (reservoir) either attached to sediment or in solution during
the monsoon season. Lake Gatun was the drinking water source for most of
the people living in the Panama Canal Zone. The United States military base
commanders had the ability to order and use cacodylic acid (arsenic based)
from the Naval Depot Supply Federal and Stock Catalog and the later Federal
Supply Catalog on the military base grounds in the Panama Canal Zone. Ca-
codylic acid was shipped to Panama Canal Zone ports, including Balboa and
Cristobal, and distributed to the military bases by rail or truck. The objective
of this study is to determine the fate of arsenic: 1) applied between 1914 and
1935 to Panama Canal shipping lane hyacinth and other wetland vegetation
and 2) cacodylic acid (arsenic) sprayed from 1948 to 1999 on the US military
base grounds in the Panama Canal Zone.
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1. Introduction
1.1. Arsenic in the World’s Drinking Water

The problem of arsenic (As) contamination of drinking water resources is glo-
bally recognized. Other environmental toxic contaminants in drinking water
have been reported in all 20 Latin American countries including Panama. Ar-
senic is naturally released into the environment and mobilized by humans and
livestock via drinking water or the food chain. Arsenic rich (arsenite (III)) water
ascending from deep geo-thermal reservoirs can contaminate freshwater sources.
Mining and related activities have increased the mitigation challenges [1]. As is
transported by rivers from mining sites over long distances and often reaches the
coastal environments. There is a lack of a long-term strategy to remediate As prob-
lem. Data on the As sources, speciation, mobilization, mobility and pathways are
lacking and it is imperative for determining the public and private quality of a
water source.

Arsenic in Panama water resources has only been studied marginally via sev-
eral monitoring programs for restoring the groundwater and surface systems;
however, the results have not officially been published [1]. Panamanian exposure
to As in drinking water data is very scarce. Some studies investigating trace met-
als, including As in rocks, sediments and water have been carried out in the
Colon Province, Bahia Damas, Gulf of Chiriqui, Azuero peninsula, and Bocas de
Toro. The University of Cartagena and the University of Panama, Colombia are
conducting an ongoing study on “Trace Elements and Toxicity of Sediments” in
the Panama Channel basin [2].

There are several silver, copper, and gold deposits in the territory that have
been exploited since colonial times. In one of the largest deposits of gold-bearing
Cu-porphyry in the world, the Petaquilla, deposit southeast of Panama City in
Donoso, Colon Province. Corral et al. [3] found “As concentrations in drilled
surface samples varied from 15,000 - 28,000 ug-kg™" in sulfide ores and 15,000 -
3,700,000 pg-kg™" in oxide ores. The results show that sulfide ores have also the
highest concentration of Cu, Zn, As (2.74%) and Cd in the whole-rock data [3].
The mining concession contains headwaters are used for agricultural purposes
on the national level, producing milk, beef, rice, vegetables and fruits’ [4]. Hu-
man exposure to As from gold tailing dams and other pollution contaminants
studies are limited [1].

In the Bay of Panama, increasing industrial growth has raised concern about
metalloids pollution and heavy metals and their impact on the marine ecosys-
tem. Heavy metals (Cd, Cu, As, Zn, and Hg) in sediments and tissues of the cor-
als were analyzed by Berry et al [5] [6]. Neary [7] conducted another study as-
sessing contents of As and trace metals in Panama water resources. Ross studied
marine turtles in Panama and related implications for human consumption. An
important source of food and income in Panama is turtles and their eggs. Me-
dian As contents were 0.12 + 0.06 mg/kg™ and 0.12 + 0.04 mgkg™ for Olive
Ridley and Green eggs. According to WHO, organic As species are rapidly ex-
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creted by the human body, which are abundant in seafood, are less harmful than

inorganic species.

1.2. Source of Arsenic: Wetland Vegetation and Hyacinth Control
in Panama Canal

The Panama Canal shipping lanes in (Figure 1) [8] the newly created Lake Ga-
tun (Figure 2), were periodically covered by floating plants including hyacinths
[9] [10] [11]. It was apparent, in 1913, the water hyacinth had to be controlled.
Gatun Lake, a feeder lake was formed by impounding the waters of the many
rivers and streams behind Gatun Locks and Dam (Figure 3). In March of 1914,
the destruction of the water hyacinth in the Panama Canal, Lake Gatun and its
tributaries began. The white arsenic was commercially available in 1914 and
could be ordered and used separately by any Federal Agency [8] [11] [12] or the
Panama Canal Zone Company. White As was shipped to Panama Canal Zone
ports, Balboa or Cristobal, and used on the Panama Canal Zone and Lake Gatun
wetland vegetation (Figure 4).

Commercially available white arsenic was purchased to eliminate the float-
ing plants. White arsenic was mixed with soda bicarbonate and water [10] [11]
and applied to the floating plants. In 1914, white arsenic was commercially
from multiple sources including the Panama Canal Zone Company or the Naval
Depot Supply Federal and Stock Catalog. The Federal Standard Stock Catalog
(Procurement Division of the Treasury) was not established until 1935. This ar-
senic and soda was then sprayed on floating plants including hyacinths. An outfit
consisting of a 10 m steam launch with a quarter boat and a pump boat was
used [10] [11]. The launch supplied steam to the pump boat and for transporta-
tion of men and towing of supplies. The arsenic mixture used was made up of

Figure 1. Construction in the early 1910s of a lock on the Panama Canal. Reprinted with
permission from Editor of Open Journal of Soil Science.
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Figure 2. Panama Canal Zone map showing the Panama Canal, Lake Gatun, military bases and Panama City.
Reprinted with permission from Editor of Open Journal of Soil Science.

soda, arsenic, and water in proportions of 0.45 kg soda, 0.45 kg of arsenic, and
68 liters of water. The arsenic desiccated and killed the water plants and the ar-
senic rich residues to the bottom of Panama Canal and Lake Gatun. Bottom
feeding fish could feed on the decomposing vegetation and bio-accumulate the
arsenic. Bigger fish and birds ate these bottom feeding fish and then humans ate
the fish and birds. This soda-arsenic mixture was used on the Panama Canal
shipping lane vegetation until 1935.

The water soluble arsenate and arsenite were disbursed throughout the lake
and canal plant residues, waters, and sediments [13]. Since arsenic has no half-life,
the arsenic remained trapped in the reservoir water, plants (Figure 5) and sedi-
ments until such time as the arsenic rich water was released to both oceans via
the locks and dam system. After 1935, the white arsenic and soda usage was dis-
continued and replaced by other herbicides including a solution of copper sul-
phate and water which was used until 1948 [9] [10].

The reason for the switch from white arsenic and soda to a copper sulphate

solution was not provided. Apparently, there was either concern about the raising
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Figure 3. Gatun Locks sign dated 1913 at the Panama Canal dam. Reprinted with per-
mission from Editor of Open Journal of Soil Science.

Figure 4. Islands in Lake Gatun which were created in 1913 as a result of Gatun dam.
Reprinted with permission from Editor of Open Journal of Soil Science.

Figure 5. Forested islands and peninsula uplands in Lake Gatun. Reprinted with permis-
sion from Editor of Open Journal of Soil Science.
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arsenic levels in the Lake Gatun water or copper sulphate was better at control-
ling wetland vegetation. With the creation of 2,4-D during WWII and the com-
mercial availability of 2,4-D, by 1948, copper sulphate was replaced. One of the
reasons for the herbicide switch related to poisoning of local livestock and wild-
life by the copper sulphate. The 2,4-D was also more effective for wetland vege-

tation control than copper sulphate and is still in use today [10].

1.3. White Arsenic

The top producer of white arsenic (70%) in the world is China followed by Rus-
sia, Morocco and Belgium. Most arsenic refinement operations in both U.S. and
Europe have been closed as a result of environmental concerns. Arsenic is also
found in smelter dust from lead, gold and copper refinement [13] [14]. The Eu-
ropean Union (EU), US Environmental Protection Agency (EPA), and World
Health Organization (WHO) all recognize arsenic contamination as a significant
threat to human health [15]. The WHO guideline for processed drinking water is
10 ug/L and the untreated water standard is 100 ug/L. Ingestion includes eating
products from animals, including meat, that were fed with arsenic feed addi-
tives and food crops (grain) that grown with arsenic-laced irrigation water [16].
Another source of As was drinking water from arsenic rich groundwater wells
and canal.

Food and agricultural researchers thought for years that organic arsenic [16]
[17] would never become toxic inorganic arsenic. However, now there is consi-
derable doubt about this agricultural practice [18] [19]. For decades, chickens in
the U.S. were given compounds with organic arsenic in them to make the meat
redder, plumper, and to prevent or treat specific diseases. The chemical and
chicken industries had insisted the arsenic in the feed was organic. However, the
livers of chickens fed with organic arsenic compounds were found to contain
more arsenic than the control group. Researchers concluded that organic arsenic
had been converted (transformed) into the toxic inorganic arsenic. Olson and
Cihacek [13] reported: “after a release of a 2011 peer-evaluated FDA study 89
forms of 102 arsenic compounds which could potentially be converted from or-
ganic to inorganic arsenic were removed from the market. Arsenic is a heavy
metal and thought to be a carcinogen and dangerous. WHO suggests 10 ug/ L is
the safe drinking water standard. Many countries ignore this standard since it

takes decades for people to begin to show symptoms of As poisoning”.

1.4. Cacodylic Acid

Olson and Cihacek found [13]: “cacodylic acid, C,H,AsO,, is created by reducing
disodium methyl arsenate with sulfur dioxide and converting the sodium salt to
the resultant Arseno methane. The solubility in water of both sodium salt and acid
are extremely high. Cacodylic acid (Figure 6), is water soluble and non-volatile,
but being an organic (C- or carbon-containing) compound, it decomposes ra-

pidly to non-soluble, relatively non-toxic, inorganic arsenical compounds in soil
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Figure 6. Cacodylic acid structure. Reprinted with permission from Editor of Open
Journal of Soil Science.

and water. The chemical compound is stable in sunlight. Chemical and physical
properties of cacodylic acid effect the fate in the soil and plants. Cacodylic acid is
a contact herbicide and only kills tissues with chemical symptoms appearing
within two days since it lacks mobility. It is not effective if rain falls within a few
hours of the treatment. Sub-lethal doses induce defoliation, malformed inflores-
cence, and fewer seeds. In plant tissue, cacodylic acid appears to undergo limited
breakdown” [13].

“Since it contains C in its chemical structure, soil microflora degrades caco-
dylic acid. Under aerobic conditions the breakdown is slow but is much more
rapid under anaerobic and flooded conditions. The ultimate environmental fate
is a change from organic to inorganic arsenate which occurs primarily in soil.
Soils naturally contain 5 ppm of arsenic in the inorganic form. Plants absorb ca-
codylic acid from the soil more readily than inorganic arsenic. Evidence suggests
that crops do not suffer injury on soils which was previously treated. However,
excessive rates on land unusually rich in phosphates can cause injury to sensitive
plants such as peanuts and rice. In humans, toxicity rating of cacodylic acid is 3,
or medium toxicity. Toxicological data for Ansar 138 (16.8% arsenic) and Phytar

560G (15% arsenic) are similar to cacodylic acid’ [13].

1.5. Use of Cacodylic Acid on Panama Canal Military Bases

For security reasons, 14 United States military areas, including eight bases, were
established in the Panama Canal Zone [20] [21]. The flora and fauna needed to
be controlled to make life bearable for the military personnel on these tropical
jungle bases. The 2010 U.S. Medical Department and Center and School sub-
course [22] and 1967 U.S. Army grounds manual [23] gave specific instructions
on how grounds crews should deal with each type of weed. Chemicals and pesti-
cides flowed, either attached to the sediment or in solution, into Lake Gatun via
subsurface flow and surface runoff and. These herbicides, including cacodylic
acid (arsenic), can be bio-accumulated in birds and fish and enter the human
food supply [13]. The extent of the current arsenic contamination in Lake Ga-
tun, the Panama Canal channel and former Panama Canal Zone U.S. military
base grounds is unknown. Systematic sampling of the Lake Gatun or the Panama
Canal sediments and soil sampling of former military bases, chemical disposal
sites, and sediment is needed to determine if restoration and mitigation are re-
quired.

After 1948, the United States military base commanders had the ability [22]
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[24] to requisition cacodylic acid (arsenic based) from the Federal Supply Cata-
log for use on the military bases grounds in the Panama Canal Zone. Cacodylic
acid was shipped to Panama Canal Zone ports, including Cristobal and Balboa,
and distributed to the military bases. This herbicide was available for ordering
and use at 800 world-wide US military bases. Cacodylic acid was used to control
narrow leaf grasses. Panama Canal Zone cacodylic acid herbicide shipping
records still exist. Almost all the Agent Blue (with the active ingredient cacodylic
acid), the arsenic based herbicide used during the Vietnam War for food denial,
was shipped through the Panama Canal (Figure 7). Often the shipping records
for “Agent Blue” were labeled as “cacodylic acid” [8] [12]. Cacodylic acid, Physar
560G, Ansar 138 could be purchased from the Federal Supply Catalog by any
Panama Canal Zone Base Commander.

The objective of this study is to determine the fate of arsenic: 1) applied be-
tween 1914 and the 1935 to Panama Canal shipping lane hyacinth and other
wetland vegetation and 2) cacodylic acid (arsenic) sprayed from the 1948 to 1999

on the US military base grounds in the Panama Canal Zone.

2. Findings
2.1. Herbicide Testing in Panama Canal Zone

Cacodylic acid has been widely used in developed countries in forestry and agri-
culture for many years prior to the Vietnam War with few known risks to human
health [25] [26]. In 1960s and 1970s the US military tested tactical herbicides in
Panama Canal Zone [22] [24]. The most likely herbicides tested were probably
cacodylic acid, 2.4-D and 2,4,5-T with unknown amounts of dioxin TCDD) [24].
Cristobal and Balboa ports were the port destinations in the Panama Canal Zone
which received herbicide shipments for testing and use on military base grounds.
Fort Detrick scientists, DOD, CIA, and USDA may have secretly tested cacodylic

Figure 7. Tactical herbicides sprayed from a vehicle. Reprinted with permission from
Editor of Open Journal of Soil Science.
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acid, in Panama Canal Zone [24]. Other known herbicide test sites included Fort
Drum, New York and Korea DMZ were not tropical forests so it seems logical
that some testing would have been done in at a tropical site.

The only remaining US official record, not requiring declassification, found to
date confirming the testing of herbicides in Panama was published in the pro-
ceedings of the 92" National Convention of the American Legion. The Director
of National Legislative Commission [24] stated the following at the 92nd Na-
tional Convention of the American Legion. Report to: Convention Committee
on Veteran Affairs and Rehabilitation (on pages 201 and 202 of the proceedings
of Wednesday, September 1, 2010):

“WHEREAS, VA was congressionally mandated by Public Law 1024 (1991)
to contract with the National Academy of Sciences (NAS) to review existing
peer-reviewed research on herbicides—to include their components—exposure
and medical evidence on related health effects; and WHEREAS, A committee
convened by the Institute of Medicine (IOM) of the National Academies to
study the health effects of herbicide exposure had little information about the
exposures the Vietnam veterans encountered and recommended in its 1994 bi-
ennial report that VA, upon discovering the feasibility of a valid exposure recon-
struction model, facilitate epidemiological studies; and WHEREAS, The Secre-
tary of VA, in response to the recommendation, requested that IOM convene a
separate committee to oversee development and evaluation of herbicide expo-
sure models for use in studies of Vietnam veterans, and WHEREAS, The IOM
committee determined—in 2003 that a model created by researchers from Co-
lumbia University's Mailman School of Public Health demonstrated the feasibil-
ity of a valid exposure-reconstruction model of Vietnam veterans herbicide ex-
posure and recommended that VA and other governmental agencies promote
more epidemiological studies of veterans by non-governmental groups and in-
dependent researchers; and WHEREAS, The Department of Veterans Affairs has
still not funded the major epidemiology study mandated by public law; and
WHEREAS, In view of the current absence of alternative judicial recourse to re-
medy the injustice perpetuated on so many disabled Vietnam veterans, their
families and survivors, The American Legion will continue to monitor other
pending dioxin related suits. WHEREAS, Information has been released by the
Department of the Defense on numerous locations other than Vietnam where
the herbicide was tested, sprayed, stored, including: testing at Fort Drum, New
York, in 1959; spraying in the Panama Canal Zone in the 1960s and 1970s
and in the Korean Demilitarized Zone (DMZ) in 1968-69; and the storage of
unused herbicide on Johnston Atoll in the Pacific from 1972 78; and WHEREAS,
VA has recently identified more units that were exposed to herbicide at the Ko-
rean DMZ [24]”.

Since Agent Orange was not available for testing in the early 1960s, the herbi-
cides tested in the tropical climate in Panama would most likely have been Agent

Purple (with dioxin), Agent White (perchloric acid), and Agent Blue with caco-
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dylic acid (arsenic). The CIA laboratory, Fort Detrick, located Fredrick, Mary-
land, was responsible for the creation and testing of cacodylic acid (Agent Blue).
If the scientists at Fort Detrick, the CIA laboratory did test cacodylic acid (Agent
Blue) in Panama, it was a top secret program, and these documents are still clas-
sified. Panama has not been identified by DOD and CIA, on the public record, as
a location where herbicides were tested, sprayed, or stored.

The only official US government statement, on the existing record, related to
the spraying in the Panama Canal Zone in the 1960s and 1970s was made by a
Communication from Director, National Legislative Commission [24] in his
presentation at the 92nd National Convention of the American Legion. Report
to: Convention Committee on Veteran Affairs and Rehabilitation (on pages 201
and 202 of the proceedings of Wednesday, September 1, 2010). If the Director of
National Legislative Commission statement acknowledging the testing of herbi-
cides in Panama was not true, the National Convention of the American Legion
records would probably have been changed and corrected. Since the CIA was
responsible for the spraying of herbicides during the Second Indochina War
(Laos, Cambodia and South Vietnam) prior to the official start of the Ameri-
can-Vietnam war in 1965 it seems logical that CIA laboratory at Fort Detrick
spray records for Panama would have been classified (as were the spray records
in Laos, Cambodia and South Vietnam) and apparently remain classified to this
day. After 60 years, these CIA Fort Detrick Research Laboratory records for Pa-
nama need to be declassified and released to the media and public. Why have
these records not been declassified for more than 60 years? Perhaps, FOIA re-
quest might help obtain these documents, even if redacted, that would acknowl-
edge the CIA and Fort Detrick testing of herbicides, including cacodylic acid, in

Panama Canal Zone.

2.2. Panama Vietnam Era Veterans Exposure to Cacodylic Acid
and Arsenic

Many Vietnam Era veterans while serving in Panama, came in contact with ca-
codylic acid and arsenic that was sprayed on military bases in the Panama Canal
Zone. Military personnel applied cacodylic acid residues by using sprayers on
back packs, trucks (Figure 7), helicopters (Figure 8) and boats. The military
personnel, serving in the Panama Canal Zone (Figure 9), were told that the her-
bicides, including cacodylic acid, were harmless. The US soldiers and civilians
herbicide handlers (Figure 10), did not need to wear protective gear such as fa-
cemasks, googles, gloves and suits. The cacodylic acid came in contact with the
skin of military personnel and ground crews while they were spraying cacodylic
acid. The used and almost empty herbicide barrels containing cacodylic acid were
washed and poured out on the ground or buried by handlers often without pro-
tective gear (Figure 10). The rinse water, from cleaning the barrels, was poured
on the soil surface and was either transported off-site during monsoon rains and

into the waterways or leached into the soil and groundwater.
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Figure 8. Cacodylic acid being sprayed by arial sprayers. Reprinted with permission from
Editor of Open Journal of Soil Science.

Figure 9. Ships going through a lock near the southern entrance of the Panama Canal.
Reprinted with permission from Editor of Open Journal of Soil Science.

Figure 10. Tactical herbicides barrels being buried by military personnel. Photo Credit:
ResearchGate. Reprinted with permission from Editor of Open Journal of Soil Science.
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2.3. Effects of Cacodylic Acid and Arsenic on Animal and Human
Health

Watson et al [16] found “that life expectancies of animals exposed to cacodylic
acid were reduced to less than ten percent of the unexposed animal population.
The lethal concentration for rats of cacodylic acid is 3.5 ug/L. Soldiers with pro-
longed exposure to cacodylic acid had a garlic odor in their breath which is one
of the common noticeable symptoms of arsenic poisoning”. Other research stu-
dies [25] [26] have shown the human liver absorbs 40% of the cacodylic acid.
High bioaccumulation of arsenicals in the body and extreme levels of arsenicals
are detrimental to human health and crops.

Cognetta et al [27] found “the most common manifestation of As exposure in
susceptible individuals is bilateral palmoplantar hyperkeratosis. Arsenic is one of
the known causes of acquired palmoplantar keratoderma (PPK)”. Cognetta et al.
[27] reported “a unique case of palmoplantar hyperkeratotic lesions and nu-
merous squamous cell carcinoma in situ (SCCIS) which developed in a Vietnam
veteran approximately 15 years after exposure to As (cacodylic acid) during the
Vietnam War’. Cognetta et al. [27] stated “It is possible that exposure to Agent
Blue (cacodylic acid), ANSAR 138 (powder) and PHYTAR 560G (liquid)) herbi-
cides all containing cacodylic acid (arsenic) contributed to the development of
these lesions. Though a causal link between Agent Blue (cacodylic acid) and skin
cancer cannot be established, increased awareness of this potential exposure may
prompt further study to improve our understanding of Agent Blue and its role in
cutaneous oncology.” During the last 50 years, the Panamanian’s living in the
Panama Canal Zone have continued to ingest and bio-accumulate As (natural
and manufactured) via their food supply and drinking water. However, not all of
the ingested As remains in the human body. The major proportion can be ex-
creted as organic forms of As. The portion that bio-accumulates is not excreted.
Arsenic is transported by blood to different organs in the body and can bio-
accumulate in humans and animals [28].

The routes of entry of cacodylic acid into the human body are ingested, inha-
lation, absorption through the skin and eye contact. Cacodylic acid is more rea-
dily absorbed into the bloodstream when inhaled as an aerosol [29]. It bio-acc-
umulates in and is excreted by nails, skin, and hair and is metabolized by the
liver and [28]. The dimethyl arsenic (DMAA) are metabolites of inorganic ar-
senic formed intra-cellular by most living organisms exposed to natural sources
and do not bind strongly to human molecules. Consequently, the acute toxicity
is less than that of the inorganic arsenicals [30]. Recent studies [31] [32] of the
trivalent organic arsenicals have shown metabolic products of inorganic arsenic
to be more toxic than the parent compound. This includes endocrine, immune,
and epigenetic effects as well as inhibition of oxidative stress [33] [34]. An ex-
amination of arsenic levels in hair, urine, and toenails can be made to analytical-
ly determine arsenic poisoning. Kapaj and Pederson [35] found “individual

communities relying on groundwater sources for drinking water should consider
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a program to document arsenic levels. Since arsenic poisoning of humans can
occur by the gradual accumulation of small doses until the lethal levels are
reached, the use of cacodylic acid and other organic arsenicals pose a long-term
danger” [35]. Gastro-intestinal effects are less common than neurological symp-
toms over prolonged exposure to organic arsenicals [22]. Cacodylic acid may
cause weakness of the hands and feet or parathesis [30] [36]. Repeated skin con-
tact may cause hyperpigmentation and keratosis. Malnourished people are more

susceptible to arsenic-related skin lesions [27] [37].

2.4. Arsenic in Panama Canal Zone Drinking Water

Although the chronic and acute effects of organic arsenicals are not as severe as
those of inorganic arsenicals, organic arsenicals still have a significant impact on
human health. Future studies many uncover more currently unknown or un-
proven health effects. The present public health concern to human exposure to
arsenic was linked with the consumption of drinking water rich in arsenic. This
is a result of the alluvial sediments on the floodplains being rich in anthropic
and natural arsenic [1] [31] [38]. Current experimental and epidemiological stu-
dies and have attempted to identify the specific mechanism of arsenic carcino-
genicity. This has led to the question of whether it is an epigenetic carcinogen.
Because of genetic polymorphism in the human population and due to the com-
plexity of the mechanism of toxicity on the molecular level both options contin-
ue to remain viable [30]. However, recent studies [18] [31] [32] [39] show that
the trivalent organic arsenicals are metabolic products of inorganic arsenic could
be more toxic that the parent compound.

Additional anthropic sources include [8], U.S. military use on bases located in
Panama Canal Zone, sewage and industrial sources, and wastewater treatment
discharge into the waterways have raised the As levels in the Panama Canal Zone
groundwater. Arsenic does not have a half-life and once added to the Panama
Canal Zone environment, since 1914, was not destroyed. As could only be elim-
inated when the water-soluble arsenic in the lake and canal water flowed to the
Atlantic and Pacific Oceans [1]. In addition, As can be volatized in wetlands, in-
cinerated and released into the air or transported in the harvested grain. How-
ever, most of the water-soluble arsenic was retained in the food crop soils and/or
leached into the groundwater or transported in runoff water to Lake Gatun. The
water plants or wells along the Panama Canal then return the As rich ground-
water to the land surface for urban and agricultural uses. Fish ingest significantly
more arsenic than plant food (grain) crops but As is converted to less harmful
organic As that is excreted in large quantities from the animal and human bo-
dies. The more toxic inorganic As in the grain which is consumed is more diffi-
cult for humans to excrete and can bio-accumulated.

Cacodylic acid is considered to have very low toxicity for mammals. Cacodylic
acid is a highly soluble organic arsenic compound that readily breaks down in

the soil into water-soluble arsenic. In 2009, the USEPA issued a cancellation or-
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der to phase out and eliminate the use of organic arsenical pesticides by 2013.
The only exception of monosodium methane arsonate [MSMA] a broadleaf
weed herbicide for use on cotton. The highest exposure in insecticide manufac-
turing was usually found during, screening, drying, mixing, drum-filling and
bagging operations. During these operations, reported arsenic concentrations
ranged from 0.5 - 45 mg/m’. The As in the sediments may be associated with
iron oxyhydroxides and released into the groundwater by reductive dissolution
of iron. The oxidation of sulfide phases could also release arsenic to the ground-
water, but sulfur concentrations in sediments were below 1 mg/g. The World
Health Organization guideline for the safety limit of arsenic is 10 ug/L in drink-

ing water.

3. Results

3.1. Arsenic

Olson and Cihacek [13] found “arsenic, a natural element with an atomic num-
ber of 33, is present in the biosphere, hydrosphere, pedosphere and atmosphere.
Arsenic is the 12th most common element in the earth’s crust, 12th most abun-
dant element in the human body, and 14th most abundant in seawater. There
are four oxidation states of arsenic: =3, 0, +3 and +5. Gaseous arsine, in the form
of AsH,, is characteristic of the —3 oxidation state and elemental arsenic is cha-
racteristic of the 0-oxidation state. The most common As species are arsenite [ As
(IID)] which is characteristic of the +3 oxidation state, and arsenate [As (V)]
which is characteristic of the +5 oxidation state. The most readily available oxi-
dation states for bioaccumulation are the +3 and +5 oxidation states but can be
ingested in the As (—3) form by inhalation” [13].

Arsenic, as the crystalline oxides As,O; and As,Q;, is readily soluble and hy-
groscopic in water to form acidic solutions [40] [41] [42]. Arsenic salts are weak
acids called arsenates and the most abundant arsenic contaminants in drinking
water and groundwater of the thousands of Panamanian people living in the
Panama Canal Zone including the Chagres River Delta. When As-containing
biomass is burned, at burn temperatures below 400°C, these arsenic oxides can
decompose and form As-containing aerosols. Even at temperatures below 200°C,
this decomposition and formation of aerosol compounds can be aided by the
presence of carbon (charcoal). During smoke exposure, airborne ash, particulate
As-containing aerosols, can also contain inhalable As [13].

Olson and Cihacek [13] reported “arsenic is a natural constituent of water,
soil, animals (Figure 11) and plants. The average arsenic content in soil is 5 ppm
but can vary from 1 to 40 ppm while fresh and sea water contain between 0.003
to0 0.05 ppm. Crystalline rock has an average 2.0 ppm, table salt 2.71 ppm, and
most edible parts of plants are between 0.1 and 1.0 ppm but sometimes as high
as 3 ppm and higher on a dry weight basis. Arsenic is water soluble but rarely
found in its elemental form, rather, it forms compounds called arsenicals. Ar-

senicals are detected in more than 200 different minerals. Arsenicals are often
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Figure 11. American crocodile in Lake Gatun. Reprinted with permission from Editor of
Open Journal of Soil Science.

associated with complex sulfurous minerals made up of sulfur, gold, iron, cop-
per, silver, nickel, antimony and cobalt due to the anionic ion structure being
similar to sulfate (2 SO, ). Arsenic is a chemical element which occurs in many
minerals. Arsenic and its compounds including the trioxide are used in insecti-
cides and pesticides. Arsenical herbicide use is declining due to the toxicity of
arsenic and its compounds. Arsenic is the 53rd most common element in nature
comprises about 0.00015% of the Earth's crust. Typical background concentra-
tions of arsenic are about 100 mg/kg in the soils, usually less than 10 ug/L in

freshwater and 3 ng/m’ in the atmosphere” [13].

3.2. What Is the Difference between Organic and Inorganic
Arsenic?

Schwarcz [18] determined that “Arsenic atoms can combine with other ele-
ments atoms to form two types of compounds, ‘inorganic and ‘organic. When
arsenic atoms are attached to a carbon atom it forms a highly complex, non-toxic
organic arsenic molecule. The inorganic arsenic compounds do not contain car-
bon, are simple molecules, but are highly toxic. The reason organic arsenicals
are non-toxic is because arsenic atoms are tightly bound with bio-molecules in-
cluding proteins. Groundwater can contain inorganic arsenic in the form of ar-
senite or arsenate in which arsenic is bound to oxygen atoms. The organic and
inorganic forms of arsenic can be found in soil, water and food around the
world. Inorganic arsenic is not usually in water and food that we ingest but is
found in the soil [13]. Organic arsenic is not thought to be harmful except in
high doses. However, inorganic arsenic is highly poisonous and is a known car-

cinogen” [18].

4. Discussion

The addition of white arsenic to control wetland vegetation, including hyacinth,
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would have increased the arsenic levels in Lake Gatun water. Similarly, arsenic
levels in the ground water were increased with the use of cacodylic acid on the
US military bases. In many places in the Panama Canal Zone there are high le-
vels of both anthropic and/or natural arsenic, which exceed the WHO standard
of 10 pg/l, in the drinking water.

After the construction of the Panama Canal the vegetation control program
would have added arsenic to the water in Lake Gatun and the Panama Canal
shipping lanes (Figure 9). After 1914, the bio-accumulation of arsenic in the
food chain, including birds, fish, and animals, would adversely affected human
health of the people living in the Panama Canal Zone who eat local foods and

drinking the arsenic rich water from Lake Gatun.

4.1. Fate of Cacodylic Acid Applied to Tropical Soils

For the last 50 years, the National Academy of Sciences (NAS) Part A: The Ef-
fects of Herbicides in South Vietnam. Summary and Conclusion report dated
1974 [43] was the “final word’ on the fate of Agent Blue and its active compo-
nent cacodylic acid in the environment including water and soil. The NAS re-
port stated: “Cacodylic acid breaks down in the soil and thought to remain
tightly bond as arsenate (+5) to soil compounds and particles’.

The 1974 National Academy of Sciences Part A: Summary and Conclusions
report [43] states: “Cacodylic acid, the active component in Agent Blue, is a non-
selective herbicide killing a wide variety of herbaceous plants. It is a non-volatile,
highly soluble organic compound which is broken down in soil, mostly to inor-
ganic arsenate bound as insoluble compounds which also exist naturally in the
soil. Acute and chronic toxicity studies in a variety of animals indicates a low to
medium toxicity rating. No teratological studies, nor toxicity studies in man have
been reported’. While the author has great respect for NAS scientists and their
research and field work in South Vietnam during the Vietnam War, its scope
was limited. The NAS study (1971-1972) was conducted after President Nixon
ordered the stop of herbicide spraying and completed just before he ordered the
withdraw of soldiers from the American Vietnam War in January 1973 [13]. Due
to the unstable political environment on the ground, the study was conducted
mostly from the air. This provided little chance for scientist boots on the ground.
The arsenic was not bound to the soil matrix and immobilized as originally
thought by NAS scientists 50 years ago.

Soil scientists [44] determined the arsenate and arsenite were actually water
soluble in the soil root zone and could leach into and pollute the Mekong
ground water. By 1952 Buckman and Brady [44] had already established the fact
that soils have a cation exchange capacity and that water soluble cations, such as
As" (arsenite) and As™ (arsenate), were retained on soil particle surfaces, espe-
cially those surfaces of minerals and soil organic matter. The cations are ad-
sorbed to soil surfaces by the electrostatic interaction between the negative

charge of the particle surfaces and the cations positive charge. The As cations
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retained a shell of water molecules and did not form direct and permanent
chemical bonds with the surface [45]. The NAS findings, that arsenic is bound to
the soil matric and is immobile, needs to be updated and corrected.

Young [46] in a recently (2022) revised chapter re-stated the 1970s NAS find-
ings and more recent Institute of Medicine information: “Agent Blue was an or-
ganic arsenical as cacodylic acid and sodium cacodylate, and once in contract
with the soil it would have been bound within the soil matrix making it immo-
bile, but slowly converting to volatile alkyl arsine and released into the atmos-
phere. In rice fields sprayed with Agent Blue, anaerobic conditions would have
dominated and the conversion of the cacodylic acid and sodium cacodylate to
alkyl arsine would have been even faster, 61% in 24 weeks. The phytotoxic prop-
erties of cacodylic acid were quickly inactivated on contact with moist soils”.
These statements are misleading and out-of-date. Soil scientists have long
known that arsenic (arsenate and arsenite) was water soluble in the soil root
zone and often leached into the groundwater.

The arsenic rich groundwater in topical soils including the Mekong Delta in
South Vietnam has been pumped, since the late 1970s, to the surface via 700,000
tube wells for use in rice paddies, shrimp ponds and to meet the hold water
needs, including drinking water, for 15 to 20 million Vietnamese living on the
Mekong Delta [13]. The Vietnamese now have elevated arsenic levels in their
bodies as a result of eating local foods and drinking the As rich groundwater.
The arsenic was not tightly bound to the soil matrix and immobilized as scien-
tists at the National Academy of Science had claimed in 1970s. The Institute of
Medicine information, based on out-of-date science and cited by Young [46],
also needs to be updated and corrected.

Olson and Cihacek [13] found that: “Arsenic exists in four forms including
two water soluble forms arsenite (+3) and arsenate (+5), which is a water soluble
arsenic salt, and much of the water soluble arsenic was not tightly bound and
leached from the root zone into the groundwater potentially contaminating the

groundwater”.

4.2. Health Effects of Cacodylic Acid on Animals and Humans

The 1974 National Academy of Sciences Part A: Summary and Conclusions re-
port [43] states: “Acute and chronic toxicity studies in a variety of animals indi-
cates a low to medium toxicity rating. No teratological studies, nor toxicity stu-
dies in man seem to have been reported’.

Young in a recently revised chapter [46] stated: “The toxicity of the active in-
gredients, the acid and sodium salt of cacodylic acid, were considered low (LD50
012600 mgl kg in the raf). In man, these active ingredients were rapidly excreted
unchanged in the urine. Reviews of the limited available studies by the Institute
of Medicine concluded that cacodylic acid was likely not a carcinogen, teratogen,
or a mutagen in man.” In the 1970s, cacodylic acid is an organic form of arsenic

which is considered to be harmless to animals and humans [43] by National
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Academy of Sciences and the Institute of Medicine. However, later research has
shown that inorganic arsenic can be converted by chickens into inorganic arsen-
ic which is toxic and a carcinogen. Recent U.S. Food & Drug Administration re-
search [47] study found “the effects of feeding chickens organic arsenic (non-toxic)
supplements and their ability to convert it into inorganic arsenic (toxic Group-A
carcinogen). As a result of these findings the use of organic rich chicken feed
was banned in the United States. The feed had been used to make chickens more
marketable (plumper, redder and prevent certain chicken diseases). Arsenic is a
heavy metal and thought to be a carcinogen and dangerous”.

Arsenic poisoning of organisms, including humans and animals, occurs when
exposed to As quantities larger than needed. Millions of people living on South-
east Asia deltas, including the Mekong Delta, are affected by arsenic contamina-
tion of groundwater. The US Environmental Protection Agency (EPA) considers
arsenic, in all forms, a significant risk to human health [48] and is classified as a
Group-A carcinogen. On its Hazardous Substances Superfund sites list [49], the
U.S. Agency for Toxic Substances and Disease Registry (ATSDR) ranks arsenic
No. 1. Synthetic arsenates include cupric hydrogen arsenate, calcium arsenate,
and lead hydrogen arsenate. These 3 synthetic compounds, used prior to, during
and after the Vietnam War time period, have also been used in agricultural in-
secticides, herbicides, and poisons. The list is based on overall toxicity and po-
tential for frequency of occurrence and human exposure at National Priority List
Superfund sites. This list ranks chemicals using a formula or algorithm that
ranks potential public health hazards on a points-scaled system [49]. The human

body is not immune to potential caused by arsenic.

5. Conclusions

Floating plants, including hyacinth, started to clog the shipping lanes through
Lake Gatun after the damming of the Chagres River to create the Lake Gatun for
the Panama Canal. A mixture of white arsenic, soda and water was sprayed from
boats on the floating vegetation from 1914 to 1935. The arsenic, which has no
half-life and is water soluble, was deposited in Lake Gatun waters and sediments.
Over time, the arsenic levels in Lake Gatun should have declined as a result of
the discharge of canal water into the Atlantic and Pacific Oceans [1]. However,
water testing is needed to check the arsenic levels and if above 10 pg/l the drink-
ing water should be treated.

The As hotspots in Panama Canal Zone need to be cleaned up [8]. The As le-
vels, including both natural and anthropic sources, in the surface and ground-
water of the Panama Canal Zone, need to be reduced to meet WHO drinking
water standard (10 ug/L). The canal and groundwater is the drinking water
source for the millions of people living in the Panama Canal Zone and Panama
City. High As levels in the water used for agriculture can also contribute to the
As contamination of the food supply, including sea food. Some of the As can

bio-accumulate in animals and humans. As levels in the Panama Canal Zone
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hotspots, surface water and groundwater need to be mitigated regardless of
whether it is from anthropic sources or is naturally occurring As.

Most of the As spikes in the Panama Canal Zone surface water and ground-
water are from both anthropic sources and natural alluvial sediment sources.
Anthropic sources [1] include past use of As to control wetland vegetation, in-
dustrial sources, use of herbicides (cacodylic acid, ANSAR 138 (powder) and
PHYTAR 560G (liquid)) on military bases and perimeters, smelting by-products;
sewage and wastewater treatment discharges into the Panama Canal and Lake
Gatun have added to the As levels in the soil, surface water and groundwater.
The As spikes and levels in the Panama Canal Zone soils, surface water and
groundwater need to be mitigated [8], especially when used as a drinking water
source. Inorganic arsenic in plant food (grain) can be more problematic than As
in sea food including fish which is often organic arsenic. The uptake of trace
amounts of inorganic As in plant food is indeed a critical human health and food
security issue.

The As is water-soluble and can flow into the Atlantic or Pacific Oceans via
the Panama Canal [1]. The As rich ground water on the US military base peri-
meters can remained in the saturated soil root zone, runoff or was leached into
the groundwater. The As levels in anthropic sources, from herbicides (cacodylic
acid, ANSAR 138 (powder) and PHYTAR 560 (liquid)) applications, spilling,
spraying and dumping hotspots in Panama Canal Zone, are more concentrated
(spikes) than the natural As concentration in the alluvial sediments and soils.

The extent of the current arsenic contamination in Lake Gatun, the Panama
Canal channel and former Panama Canal Zone U.S. military base grounds is un-
known. Systematic sampling of the Lake Gatun or the Panama Canal sediments
and soil sampling of former military bases, chemical disposal sites, and sediment

is needed to determine if restoration and mitigation are required.

Acknowledgements

This research study was conducted with the support and approval of the Merry
Band of Retirees Research Committee. The team includes five US Vietnam vet-
erans, two US Vietnam Era veterans, two US Army veterans, and four Agricul-
tural College Professors. Our team mission is to conduct soil, water, agricultural
and natural resource management scientific research; the synthesis and analysis
of current and historical documents and scientific evidence relevant to the lega-
cies of war, especially the US Vietnam War; and the preparation and publication
of peer reviewed papers of interest and value to those who lead and served in the
US military, especially Vietnam Era veterans, their families and the general pub-
lic. The legacies of the US Vietnam War had impacts far beyond front line vet-
erans; encompassing civilian and military personnel who manufactured, trans-
ported and handled the tactical herbicides--arsenic-based Agent Blue and Agent
Orange (and other 2,4,5-T herbicides) contaminated with the dioxin TCDD;

those who came in contact with contaminated aircraft and other equipment; and

DOI: 10.4236/0jss.2023.1310018

409 Open Journal of Soil Science


https://doi.org/10.4236/ojss.2023.1310018

K. R. Olson

the residual effects of these chemicals on southern Vietnam soil and water and

the health of people who continue to work these lands for their living.

Conflicts of Interest

The author declares no conflicts of interest regarding the publication of this pa-

per.

References

[1] Brudschuh, J., Armienta, M.A., Morales-Simfors, N., Alam, M.A., Lopez, D.L. and
Quezada, V.D. (2021) Arsenic in Latin America: New Findings on Source, Mobili-
zation and Mobility in Human Environments in 20 Countries Based on Decadal
Research 2010-2020. Critical Reviews in Environmental Science and Technology,
51, 1727-1865. https://doi.org/10.1080/10643389.2020.1770527

[2] Nelson, C.E. and Ganoza, J. (2011) Mineralizacién de oro en la franja aurifera de
Veraguas, Panamd. Revista Geoldgica de América Central, 22, 87-100.
https://doi.org/10.15517/rgac.v0i22.8589

[3] Corral, I, Corbella, M., Gémez-Gras, D. and Griera, A. (2018) Trace-Metal Content
of the Cerro Quema Au-Cu Deposit (Azuero Peninsula, Panama): Implication for
Exploration. Boletin de la Sociedad Geoldgica Mexicana, 70, 549-565.
https://doi.org/10.18268/BSGM2018v70n2al4

[4] Degray, A. and Miles, C. (2014) An Analysis of the Hydrological and Socioeconom-
ic Impacts of the Cerro Quema Open Pit Mine. Final Report. ENVR 451, Panama,
1-59.

[5] Berry, K.L.E., Seemann, J., Dellwig, O., Struck, U., Wild, C. and Leinfelder, R.R.
(2013) Sources and Spatial Distribution of Heavy Metals in Scleractinian Coral Tis-
sues and Sediments from the Bocas de Toro Archipelago, Panama. Environmental
Monitoring and Assessment, 185, 9089-9099.
https://doi.org/10.1007/s10661-013-3238-8

[6] Cornejo, A.E., Lopez-Lopez, R.A., Ruiz-Picos, J.E., Sedefio-Dias, B., Armitage, B.,
Arefina, C., Nieto, A., Tuflon, M., Molinar, T., Abrego, E., Pérez, A.R., Tuiion, J.,
Magué, A., Rodriguez, J., Pineda, J., Cubilla, J. and Quintero, A. (2017) Diagnoéstico
de la condicién ambiental de los afluentes superficiales de Panamd. Instituto
Conmemorativo Gorgas de Estudios de la Salud, Ministerio de Ambiente, Panama.

[7] Neary, R.D.A. (2015) Trace Metal Content in Panamanian Marine Turtles, Its Po-
tential to Differentiate Populations, and Implications for Human Consumption. MSc
Thesis, McGill University, Montreal.

[8] Olson, K.R. and Tornoe, D. (2021) Long-Term Environmental Impacts of Pesticides
and Herbicides Use in Panama Canal Zone. Open Journal of Soil Science, 11, 403-434.
https://doi.org/10.4236/0jss.2021.119021

[9] Sanders, D.R,, Theriot, R.F. and Theriot, E.A. (1982) Organism Impacting Water
Hyacinth in the Panama Canal. Miscellaneous Paper A-82-1, U.S. Army Engineer
Waterway. Experiment Station CE, Vicksburg.

[10] Hearne, J.S. (1966) The Panama Canal’s Aquatic Weed Problem. Hyacinth Control
Journal, 5, 1-5.

[11] Panama Canal Review (1963) The Panama Canal. The Panama Canal Company. A
History of the Panama Canal French and American Construction Efforts. Balboa
Heights.

DOI: 10.4236/0jss.2023.1310018 410 Open Journal of Soil Science


https://doi.org/10.4236/ojss.2023.1310018
https://doi.org/10.1080/10643389.2020.1770527
https://doi.org/10.15517/rgac.v0i22.8589
https://doi.org/10.18268/BSGM2018v70n2a14
https://doi.org/10.1007/s10661-013-3238-8
https://doi.org/10.4236/ojss.2021.119021

K. R. Olson

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

Tornoe, D. (2017) The Travels of Orange and Other Toxins in the Panama Canal
Zone.

Olson, K.R. and Cihacek, L. (2020) The Fate of Agent Blue, the Arsenic Based Rice
Herbicide, Used in South Vietnam during the Vietnam War. Open Journal of Soil
Science, 10, 518-577. https://doi.org/10.4236/0jss.2020.1011027

Brooks, W.E. (2007) Mineral Commodity Summaries. Arsenic. U.S. Geological Sur-
vey.

Brammer, H., Ravenscroft, P. and Richards, K. (2009) Arsenic Pollution: A Global
Synthesis. Wiley-Blackwell, Hoboken. https://doi.org/10.1002/9781444308785

Watson, A., Van Hook, R. and Reichle, D. (1976) Toxicity of Organic and Inorganic
Arsenicals to an Insect Herbivore. Environmental Science and Technology, 10,
356-359. https://doi.org/10.1021/es60115a001

House of Representatives (1980) Agent Orange: Exposure of Vietnam Veterans
Hearing before the Sub-Committee on Oversight and Investigation of the Commit-
tee on Interstate and Foreign Commerce, 96th Congress, 2nd Session. September
25.

Schwarcz, J. (2018) What Is the Difference between Organic and Inorganic Arsenic?
Office for Science and Society, Montreal.

Sommerfreund, J.K., Ganhi, N., Diamond, M.L., Gerino, M., Bellucci, L.G. and Gui-
liani, S. (2010) Contaminant Fate and Transport in the Venice Lagoon: Results from
a Multi-Segment Multimedia Model. Ecoloxicology and Environmental Safety, 73,
222-230. https://doi.org/10.1016/j.ecoenv.2009.11.005

Wikipedia: The Free Encyclopedia (2020) Panama. Wikimedia Foundation, St. Pe-
tersburg.

Bennett, H.H. (1929) Soil Reconnaissance of Panama Canal Zone and Contiguous
Territory. Technical Bulletin No. 94 Soil Investigations, Bureau of Chemistry and
Soils, USDA, Washington DC.

U.S. Army Medical Department Center and School (2010) Pesticides in the Military.
Subcourse MDO0173. Edition 100, Fort Sam Houston.

Department of Army (1967) Repairs and Utilities Ground Maintenance and Land
Management. Technical Manual Tm5-630. Headquarters, Department of Army.

Communication from Director, National Legislative Commission (2011) Proceed-
ings of the 92nd National Convention of the American Legion. Report: Convention
Committee on Veteran Affairs and Rehabilitation. 202 Proceedings of Wednesday,
September 1, 2010. Referred to Committee on Veteran’s Affairs, US Government
Printing Office 64-755. 194-260.

Hood, R.D. (1985) Cacodylic Acid: Agricultural Uses, Biologic Effects, and Envi-
ronmental Fate. VA Monograph Series, December 1985, Agent Orange Projects Of-
fice, Department of Medicine and Surgery, Veterans Administration Central Office,
Washington DC.

Ehman, P.J. (1964) Much-Maligned Arsenicals Are a Valuable Class of Herbicides.
Agricultural Chemistry, 19, 56-58, 132.

Cognetta, A.B., Wolfe, C.M. and Herbst, A.T. (2016) Palmoplantar Keratosis and
Bowen’s Disease in a Vietnam Veteran: Could Agent Blue Be Implicated? Australa-
sian Journal of Dermatology, 57, e66-e68. https://doi.org/10.1111/ajd.12387

Patty, F.A. (1962) Industrial Hygiene and Toxicology. 2nd Edition, John Wiley,
Hoboken.

Fishel, F.M. (2005, Revised 2011) Pesticide Toxicity Profile: Arsenical Services: Uni-

DOI: 10.4236/0jss.2023.1310018

411 Open Journal of Soil Science


https://doi.org/10.4236/ojss.2023.1310018
https://doi.org/10.4236/ojss.2020.1011027
https://doi.org/10.1002/9781444308785
https://doi.org/10.1021/es60115a001
https://doi.org/10.1016/j.ecoenv.2009.11.005
https://doi.org/10.1111/ajd.12387

K. R. Olson

(30]
(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

(42]

(43]

(44]

(45]

(46]

versity of Florida. https://doi.org/10.32473/edis-pi088-2005
https://edis.ifas.ufl.edu/pdf/PI/P122400.pdf#: ~:text=Fishel %2C%20F.M.%202011.%
20Pesticide%20Toxicity%20Profile%3A%200rganophos-phate%20Pesticides.,Gaine
sville%3 A %20University%200f%20Florida%20Institute%200f%20Food%20and

Hayes, W. (1982) Pesticides Studied in Man. Williams and Wilkins, Baltimore.

Abernathy, C.O., Thomas, D.J. and Calderon, R.L. (2003) Health Effects and Risk As-
sessment of Arsenic. Journal of Nutrition, 133, 15365-15388S.
https://doi.org/10.1093/jn/133.5.1536S

Petrick, J.S. and Jagadish, B. (2001) Mononethylarsonous Acid (MMA(III)) and Ar-
senic in Hamsters and in Vitro Inhibition of Pyruvate Dehydrogenase. Chemical
Research Toxicology, 14, 651-656. https://doi.org/10.1021/tx000264z

Style, M. (2000) Comparative Arsenicals in Rat and Human Cells. Archive Toxicol-
ogy, 74, 289-299. https://doi.org/10.1007/s002040000134

Vahter, M. (2009) Effects of Arsenic on Maternal and Fetal Health. Annual Review
of Nutrition, 29, 381-399. https://doi.org/10.1146/annurev-nutr-080508-141102

Kapaj, S. and Peterson, H. (2006) Human Health Effects from Chromic Arsenic Poi-
soning: A Review. Environmental Science Health, 41, 2399-2428.
https://doi.org/10.1080/10934520600873571

Lievremont, D., Bertin, P. and Lett, M.C. (2009) Biochemical Cycle, Microbial Me-
tabolism and Bio-Treatment Processes. Biochimie, 91, 1229-1237.
https://doi.org/10.1016/j.biochi.2009.06.016

Schroeder, H.A. and Balassa, J.J. (1966) Abnormal Trace Metals in Man. Journal of
Chronic Diseases, 19, 85-106. https://doi.org/10.1016/0021-9681(66)90152-4

Bencko, V. and Foong, F.Y.L. (2017) The History of Arsenical Pesticides and Health
Risks Related to the Use of Agent Blue. Annals of Agricultural and Environmental
Medicine, 24, 312-316. https://doi.org/10.26444/aaem/74715

Bencko, V. and Slamova, A. (2007) Best Practices for Promoting Farmer’s Health:
The Case of Arsenic History. Journal of Public Health, 15, 279-288.
https://doi.org/10.1007/s10389-007-0123-3

Berg, M., Stengel, C., Trang, P.T.K., Viet, P.H., Sampo, M.L., Leng, M., Samreth, S.
and Fredericks, D. (2007) Magnitude of the Arsenic Pollution in Mekong and Red
River Delta-Cambodia and Vietnam. Science of Total Environment, 372, 413-425.
https://doi.org/10.1016/j.scitotenv.2006.09.010

Ansul Company (1965) Ansar Kills Weeds! Ansul Company, Marinette.
https://archive.lib.msu.edu/tic/wetrt/page/1964dec21-30.pdf

Standford Biology Study Group (SBSG) (1971) The Destruction of Indochina. Science
and Public Affairs, 27, 36-40.
https://doi.org/10.1080/00963402.1971.11455366

National Academy of Sciences (NAS) (1974) The Effects of Herbicides in South
Vietnam. Part A Summary and Conclusions. National Academy of Sciences, Com-

mittee on the Effects of Herbicides in Vietnam, Division of Biological Sciences, As-
sembly of Life Sciences, National Research Council, Washington DC.

Lyon, L.T., Buckman, H.O. and Brady (1952) The Nature and Properties of Soils. 5th
Edition, The Macmillan Company, London, 591 p.
https://doi.org/10.1097/00010694-195210000-00018

Schaetze, R.J. and Thompson, M.L. (2015) Soils: Genesis and Geomorphology. 2nd
Edition, Cambridge University Press, Cambridge.

Young, A.L. (2022) Update on Cacodylic Acid, the Major Component of Agent Blue.

DOI: 10.4236/0jss.2023.1310018

412 Open Journal of Soil Science


https://doi.org/10.4236/ojss.2023.1310018
https://doi.org/10.32473/edis-pi088-2005
https://edis.ifas.ufl.edu/pdf/PI/PI22400.pdf#:%7E:text=Fishel%2C%20F.M.%202011.%20Pesticide%20Toxicity%20Profile%3A%20Organophos-phate%20Pesticides.,Gainesville%3A%20University%20of%20Florida%20Institute%20of%20Food%20and
https://edis.ifas.ufl.edu/pdf/PI/PI22400.pdf#:%7E:text=Fishel%2C%20F.M.%202011.%20Pesticide%20Toxicity%20Profile%3A%20Organophos-phate%20Pesticides.,Gainesville%3A%20University%20of%20Florida%20Institute%20of%20Food%20and
https://edis.ifas.ufl.edu/pdf/PI/PI22400.pdf#:%7E:text=Fishel%2C%20F.M.%202011.%20Pesticide%20Toxicity%20Profile%3A%20Organophos-phate%20Pesticides.,Gainesville%3A%20University%20of%20Florida%20Institute%20of%20Food%20and
https://doi.org/10.1093/jn/133.5.1536S
https://doi.org/10.1021/tx000264z
https://doi.org/10.1007/s002040000134
https://doi.org/10.1146/annurev-nutr-080508-141102
https://doi.org/10.1080/10934520600873571
https://doi.org/10.1016/j.biochi.2009.06.016
https://doi.org/10.1016/0021-9681(66)90152-4
https://doi.org/10.26444/aaem/74715
https://doi.org/10.1007/s10389-007-0123-3
https://doi.org/10.1016/j.scitotenv.2006.09.010
https://archive.lib.msu.edu/tic/wetrt/page/1964dec21-30.pdf
https://doi.org/10.1080/00963402.1971.11455366
https://doi.org/10.1097/00010694-195210000-00018

K. R. Olson

(47]

(48]

[49]

In: Young, A.L.,, Ed., Agent Orange, Studies in History and Philosophy of Science,
Vol. 58, Springer, Berlin, 61-81.
https://doi.org/10.1007/978-3-031-08187-3_5

U.S. Food & Drug Administration (2020) Arsenic-Based Animal Drugs and Poultry.
https://www.researchgate.net/deref/https%3A%2F%2Ffda.gov%2Fanimal-veterinar
y%2Fproduct-safety-information%2Farsenic-based-animal-drugs-and-poultry

Uthus, E.O. (1992) Evidence for Arsenic Essentiality. Environmental Geochemistry
and Health, 14, 55-58. https://doi.org/10.1007/BF01783629

Agency for Toxic Substances and Disease Registry (ATSDR) (2007) Toxicological
Profile for Arsenic. U.S. Department of Health and Human Services, Washington
DC.

DOI: 10.4236/0jss.2023.1310018

413 Open Journal of Soil Science


https://doi.org/10.4236/ojss.2023.1310018
https://doi.org/10.1007/978-3-031-08187-3_5
https://www.researchgate.net/deref/https%3A%2F%2Ffda.gov%2Fanimal-veterinary%2Fproduct-safety-information%2Farsenic-based-animal-drugs-and-poultry
https://www.researchgate.net/deref/https%3A%2F%2Ffda.gov%2Fanimal-veterinary%2Fproduct-safety-information%2Farsenic-based-animal-drugs-and-poultry
https://doi.org/10.1007/BF01783629

	Review and Analysis: Fate of Arsenic Applied to Canal Shipping Lane Vegetation and United States Military Base Grounds in the Panama Canal Zone
	Abstract
	Keywords
	1. Introduction
	1.1. Arsenic in the World’s Drinking Water
	1.2. Source of Arsenic: Wetland Vegetation and Hyacinth Control in Panama Canal
	1.3. White Arsenic 
	1.4. Cacodylic Acid 
	1.5. Use of Cacodylic Acid on Panama Canal Military Bases 

	2. Findings
	2.1. Herbicide Testing in Panama Canal Zone
	2.2. Panama Vietnam Era Veterans Exposure to Cacodylic Acid and Arsenic
	2.3. Effects of Cacodylic Acid and Arsenic on Animal and Human Health 
	2.4. Arsenic in Panama Canal Zone Drinking Water

	3. Results
	3.1. Arsenic
	3.2. What Is the Difference between Organic and Inorganic Arsenic? 

	4. Discussion
	4.1. Fate of Cacodylic Acid Applied to Tropical Soils
	4.2. Health Effects of Cacodylic Acid on Animals and Humans

	5. Conclusions
	Acknowledgements
	Conflicts of Interest
	References

