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Historically the favorite and most famous of all
poisons is arsenic, though the arsenic in question was
generally not the pure chemical element itself but
rather its oxide, As>Os3 or diarsenic trioxide, otherwise
known with equal inaccuracy as white arsenic. Indeed,
since the most common form of this compound is actu-
ally composed of discrete AssOs molecules, it should
more properly be called tetraarsenic hexaoxide.

For centuries proof of arsenic poisoning was prob-
lematic at best. True chemical tests for its presence did
not appear until the late 18th century and most of these
relied on precipitation of the arsenic as a characteristic
colored compound, such as yellow As>S3(s) or diarse-
nic trisulfide (Hahnemann’s Test) (1). Unfortunately,
when analyzing a sample of stomach fluid, for exam-
ple, various other stomach contents were often copre-
cipitated with the arsenic leading to masking of the
result and to a corresponding ambiguity in the evidence.

Origins of the Marsh Test
Such a problem was encountered in 1832 when a Brit-

ish chemist in the employ of the Royal Arsenal at
Woolwich by the name of James Marsh (figure 1) was

Figure 2. Marsh’s original apparatus as depicted in his
paper of 1836.
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Figure 1. James Marsh (1794-1846).

called upon to give expert testimony at the trial of one
John Bodle, who was accused of poisoning his grand-
father by putting arsenic in his coffee. Marsh success-
fully detected arsenic using Hahnemann’s test but
found that his precipitate deteriorated with time due to
the gradual deposition of other material. As a result,
the jury was unconvinced and Bodle was found inno-
cent, though he later confessed to the crime.

Frustrated by this experience, Marsh determined to
develop a better test for arsenic based on its separation
as a volatile gaseous compound rather than as a solid
precipitate. He first published his new test in 1836 (2)
and, because it addressed an important forensic prob-
lem, his paper was rapidly translated into both German
(3) and French (4). His original apparatus (figures 2
and 3) consisted of a U-tube with unequal arm lengths
and a stopcock fitted to the shorter arm. With the stop-
cock in the open position, a piece of zinc [Zn] was
placed in the shorter arm and the tube filled with
dilute sulfuric acid [H2(SO4)] up to the stopcock in
order to displace any air, both reagents having been
previously tested to ensure that they were arsenic
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Figure 3. Reproduction of a Marsh apparatus similar to that
in figure 2 (Jensen-Thomas Apparatus Collection). A short
section of glass tubing is placed in the bend of the U-tube in
order to keep the rod of Zn metal in the short arm.

free. With the stopcock now in the closed position, the
forensic sample to be tested was then added to the lig-
uid. If arsenic was present in the sample, the ensuing
reaction would generate a mixture of flammable dihy-
drogen gas [H»] and trihydrogen arsenide or arsine gas
[H3As], which would accumulate below the stopcock

Figure 4. Marie-Fortunée Lefarge (1816-1852).

and force the liquid up the taller arm of the U-tube (5).
When sufficient gas had formed, the stopcock was
opened once again and the gases, under the hydrostatic
pressure of the liquid column in the tall arm, were
forced out the nozzle where they were ignited and the
interior of the resulting flame allowed to play on a
square of glazed ceramic or, better still, on the bottom
of a glazed ceramic dish filled with cold water. If
HsAs(g), and hence arsenic, was present, a black mir-
ror of elemental arsenic would deposit on the bottom
of the dish.

Figure 5. Mathieu Joseph Bonaventure Orfila (1787-1853).
Legal Vindication of the Marsh Test

Because the arsenic in the Marsh test was separated
from the forensic sample in the form of a gas, the com-
plications that had plagued earlier precipitation tests
were avoided and it soon became the definitive proce-
dure for the forensic detection of arsenic. It was first
employed in France during the 1840 trial of an at-
tractive young widow by the name of Marie-Fortunée
Lefarge (figure 4), who was accused of poisoning her
much older husband, Charles, with arsenic that she
had allegedly purchased for the purpose of killing rats
(6). The trial was closely followed by the French
press, especially when several faulty attempts to detect
arsenic in Charles’ body using the new Marsh test
proved negative, only to be subsequently overturned
when repeated by the famous toxicologist, Mathieu
Orfila (figure 5), who had been originally hired as an
expert witness by the defense! In the end Marie was
found guilty and the Marsh test both legally and pub-
licly vindicated.
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The Chemistry of the Marsh Test Reconsidered

Rather surprisingly the chemistry underlying this his-
torically important test appears to have been incor-
rectly rationalized for most of its history. According to
this traditional interpretation, the zinc and sulfuric acid
first react to produced dihydrogen gas:

Zn(s) + H2(SO4)(aq) — Zn(SO4)(aq) + Ha(g) [1

which then reduces the tetraarsenic hexaoxide to trihy-
drogen arsenide and water (7):

12H> + As4O¢(s) — 4H3As + 6HO(1) [2]

followed by the partial oxidation of the trihydrogen
arsenide in the interior of the burning flame:

4H3As(g) + 302(g) — 4As(s) + 6H20(g) [3]

The only problem with this scenario is that, while
steps 1 and 3 are both thermodynamically allowed
(A4G° = -147.16 kJ/mol rx and -1.7 x 103 kJ/mol rx
respectively), step 2 is thermodynamically disallowed
(4G° = +3.62 kJ/mol rx) (8). Indeed, it was known by
the early 19th century that As4O¢(s) cannot be di-
rectly reduced to H3As(g) using Ha(g), though it is
apparently so reduced when the Hx(g) is generated in
situ within the Marsh apparatus. This led to the further
speculation that freshly generated or “nascent” hydro-
gen gas differed in some way from regular hydrogen
gas, thereby allowing it to undergo reactions not ob-
served for the bulk form of the gas.

While the observation that freshly generated gases
are often more reactive than bulk gases is an ex-
perimentally verifiable fact, its proper theoretical
rationale is a different matter altogether. Thus an his-
torical review of the nascent state concept uncovered a
bewildering array of alternative theories, as well as ex-
perimental data suggesting that the effect is in fact ki-
netic rather than thermodynamic in nature (9). Never-
theless, the earliest and most persistent of these ration-
ales, as well as the one most commonly invoked to
explain the Marsh reaction in both 19th- and 20th-
century textbooks (10), is the theory that freshly gener-
ated gases are initially monoatomic and that these tran-
sient free atoms only later combine with one another to
produce the experimentally observed diatomic gas.
Thus reactions 1 and 2 become instead:

Zn(s) + H2(SO4)(aq) — Zn(SOs4)(aq) + 2H(g) [4]

24H(g) + As4O¢(aq) — 4H3As(g) + 6H>0(1) [5]
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Unlike reaction 2, reaction 5 is thermodynamically
allowed (4G° = -4.87 x 103 kJ/mol rx). Unfortunately,
however, reaction 4, unlike reaction 1, is now thermo-
dynamically disallowed (4G° = +259.34 kJ/mol rx)
and thus our thermodynamic objections to the pro-
posed mechanism remain.

From time to time an alternative proposal has ap-
peared in the textbooks in which Zn(s), rather than
either Ha(g) or H(g), is considered to be the active re-
ducing agent (11):

127Zn(s) + As4O¢(s) + 12H2(SO4)(aq) —
12Zn(S04)(aq) + 4H3As(g) + 6H>O(1) [6]

The thermodynamics of this reaction are overwhelm-
ingly favorable (AG° = -1.76 x 103 kJ/mol rx) and in-
volve the oxidation of Zn from O to II and the reduc-
tion of As from III to -III. In this interpretation not
only is hydrogen not the active reducing agent, reac-
tion 1 is now relegated to the status of an unavoidable
competing side-reaction resulting from the fact that
both Zn(s) and H2(SO4)(aq) are required to be simulta-
neously present in the reaction mixture in order to fa-
cilitate reaction 6.

Later Developments

The original U-tube apparatus designed by Marsh con-
tinued to be sold by apparatus dealers well into the
second decade of the 20th century (12). However, in
1837 the famous Swedish chemist, Jons Berzelius,
proposed an alternative version (figures 6-7) in which
the sample to be tested was mixed with the Zn(s) and
H>(SO4)(aq) in either a conventional gas-generating
bottle or a two-necked Woulfe bottle and the resulting
HsAs(g) passed through a tube that was divided into
two sections by a narrow constriction that was
strongly heated with an alcohol lamp or gas burner

Figure 6. A version of Marsh’s apparatus based on modifica-
tions introduced by Berzelius in 1837.



WILLIAM B. JENSEN

Figure 7. A reproduction of Berzelius’ modification of the
Marsh apparatus similar to that in figure 6 (Jensen-Thomas
Apparatus Collection).

(13). The H3As(g) was decomposed on passing through
this heated constriction according to the equation:

2H3As(g) — 2As(s) + 3Ha(g) [7]

and the As(s) deposited as a mirror in the second sec-
tion. The accompanying Ha(g) was still burned off at
the end of the tube, presumably to prevent any unde-
composed H3As(g) from escaping into the room. Since
reaction 7 is thermodynamically favored at room tem-
perature (AG° = -137.8 kJ/mol rx), H3As(g) must exist
only because it is kinetically metastable, thus implying
that the purpose of the heat source is to provide the
necessary activation energy for its otherwise thermo-
dynamically spontaneous decomposition. Because the
decomposition or thermolysis tube could be weighed
before and after deposition of the arsenic mirror, Ber-
zelius” modification also allowed for partial quantifica-
tion of the test. By the 1920s various versions of this
alternative — often with a CaCl, drying tube inserted
between the gas generator and the thermolysis tube —
had completely displaced Marsh’s original apparatus.

Yet a third variation of the Marsh test (figure 8)
was to eliminate the thermolysis tube in Berzelius’
apparatus and instead connect the gas-generating
bottle directly to a simple delivery tube with a turned
up end or jet for ignition of the evolved H3As(g). In
this case, the latter was allowed to oxidize completely
to As4Os(s)

4H3As(g) + 602(g) — AssO¢(s) + 6H20(1) [8]

which was then collected in a small test tube held
above (rather than within) the flame, followed by con-
firmation tests using standard precipitation reactions
for arsenic. Since the arsenic had been completely
separated from the organic constituents of the forensic
sample, these tests could now be performed without
fear of coprecipitation.

The Marsh Test in Fiction

By the early 20th century the Marsh test was suffi-
ciently well-known so as to make an appearance in
several popular detective stories. In particular, it is
mentioned in Dorothy L. Sayers’ 1930 novel Strong
Poison, where it is performed by Lord Peter Whim-
sey’s manservant, Bunter. In keeping with the date, the
procedure employed is actually Berzelius’ thermolysis
modification of the original test. Unfortunately Sayers
left out some key information on the reagents used
and so leaves the reader with the false impression that
the test was done in boiling water (14):

In a small apartment usually devoted to Bunter’s pho-
tographic work and furnished with a sink, a bench and
a bunsen burner, stood the apparatus necessary for
making a Marsh’s test of arsenic. The distilled water
was already bubbling gently in the flask, and Bunter
lifted the little glass tube which lay across the flame of
the burner.

“You will perceive my lord,” he observed, “that
the apparatus is free from contamination.”

... Bunter [then] dropped the white powder into
the wide mouth of the flask. All five heads eagerly bent

Figure 8. A rather cartoonish circa 1855 etching from the
Lllustrated London News depicting Dr. Alfred Swaine Taylor
(on the left) — the so-called “father of British medical juris-
prudence” — performing yet a third variation of the Marsh
test in which the H3As is completely oxidized to As4Os.
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over the apparatus. And presently, definitely, magically,
a thin silver stain began to form in the tube where the
flame impinged upon it. Second by second it spread
and darkened to a deep brownish-black ring with a
shining metallic center.

... “Is that arsenic?” breathed Miss Murchison,
gently.

“I hope so,” said Whimsey, gently detaching the
tube and holding it up to the light. “It is either arsenic
or antimony.”

“Allow me, my lord. The addition of a small quan-
tity of solute chlorinated lime should decide the ques-
tion beyond reach of cavil,”

He performed this further test amid an anxious
silence. The stain dissolved out and vanished under the
bleaching solution.

“Then it is arsenic,” said Parker.

“Oh yes,” said Whimsey nonchalantly,“of course
it is arsenic. Didn’t I tell you?” His voice wavered a
little with suppressed triumph.

>

Actually a far better description of the Marsh test
is given in R. Austin Freeman’s 1923 detective novel,
The Cat’s Eye, which features his well-known scientific
detective, Dr. John Evelyn Thorndyke (figure 9). The
test is performed with the help of Thorndyke’s man-
servant and laboratory assistant, Polton, on a sample of
poisoned chocolate (15, 16):

“And now we will try the most definite and conclusive
test of all — Marsh’s.” He turned to the other apparatus
which Polton had made ready, which consisted of a
squat bottle with two short necks, through one of which
passed a tall glass funnel, and through the other a
glass tube fitted with a tap and terminating in a fine jet.
The contents of the bottle — lumps of zinc immersed in
sulphuric acid — were effervescing briskly, and the tap
was turned on to allow the gas to escape through the
jet. To the latter Polton now applied a lighted match,
and immediately there appeared a little pale violet
flame. Picking up a white tile that had been placed in
readiness, Thorndyke held it for a moment in the flame
and then looked at it.

“You see,” said he, “that the tile is quite unsoiled.
If there had been the smallest trace of arsenic in the
bottle, a dark spot would have appeared on the tile. So
we may take it that our chemicals are free from arse-
nic. Now let us try the solution of the sweet.”

He took up the beaker containing the solution of
disintegrated chocolate, and poured very slowly, drop
by drop, about a teaspoon into the funnel of the bottle.
Then, after giving it time to mix thoroughly with the
other contents, he once more picked up the tile and
held it for an instance in the flame. The result was, to
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Figure 9. R. Austin Freeman’s great scientific detective, Dr.
John Evelyn Thorndyke, as depicted in a 1908 drawing from
Pearson’s Magazine.

me, most striking. In the very moment when the tile
touched the flame, there appeared on the white surface
a circular spot, black, lustrous, and metallic.

“That,” said Thorndyke, must be either antimony
or arsenic. By its appearance it is obviously metallic
arsenic, but still we will make a differential test. If it is
arsenic it will dissolve in a solution of chlorinated
lime; if it is antimony it will not.” He removed a stop-
per from a bottle labelled “Chlorinated Lime,” and
poured a little pool of the solution on the tile. Almost
immediately the black spot began to fade at the edges,
and to grow smaller and fainter until at length it dis-
appeared altogether. “That completes our inquiry,”
said Thorndyke as he laid down the tile.

This account is actually preceded by a description of
various preliminary qualitative tests for arsenic, includ-
ing its precipitation as yellow diarsenic trisulfide [As2S3],
as green copper hydrogen arsenite [CuH(AsO3)], and
its deposition on copper metal (Reinsch’s test). The
accuracy of Freeman’s descriptions is doubtlessly due
to the fact that he maintained a private workshop/
laboratory in his home in which he personally repli-
cated all of the forensic tests performed by his fictional
detective (17).

Like its close analog in the periodic table, anti-
mony [Sb], if present in the forensic sample, will also
deposit a metallic mirror during the Marsh test and
testing of the mirror with the aqueous solution of chlo-



WILLIAM B. JENSEN

rinated lime or calcium hypochlorite [Ca(OCl):] used
by both Bunter and Thorndyke was necessary in order
to distinguish between the two deposits. The net reac-
tion in question would appear to be:

4As(s) + 3Ca(OCl)2(aq) + 2H20(1) —
3CaClx(aq) + 4H(AsO2)(aq) [9]

in which arsenic is oxidized from O to III and chlorine
is reduced from I to -I. However, from a thermody-
namic standpoint it is not readily understandable why
reaction 9 works for As(s) but the analogous reaction
for Sb(s) does not:

4Sb(s) + 3Ca(OCl)2(aq) + 2H0(1) —
3CaClx(aq) + 4H(SbO»)(aq) [10]

since H(SbOz)(aq) is thermodynamically more stable
than H(AsOz)(aq) (8).

Today the Marsh test is largely an historical relic
and is unlikely to appear in modern detective novels
other than those deliberately set in the past. Like most
analytical procedures based on wet chemistry, it was
gradually displaced, starting in the 1960s, by more
modern instrumental methods of analysis, and espe-
cially by the detection of arsenic using either atomic
absorption spectrometry or neutron activation analysis (1).
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