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  ABOUT JAMES HALL AND THIS EPUB


  
    James Hall
  


  Sir James Hall of Dunglass, 4th Baronet FRS FRSE (January 17, 1761 – June 23, 1832) was a Scottish geologist and geophysicist, born at Dunglass, Haddingtonshire, to Sir John Hall, 3rd Baronet (died 1776), by his spouse, Magdalen (died 1763) daughter of Sir Robert Pringle, 3rd Baronet, of Stichill, Roxburghshire. Sir James was also Member of Parliament for St. Michael's borough (Mitchell, Cornwall) 1807 - 1812.


  Hall studied at Christ's College, Cambridge, and the University of Edinburgh. Early in his career, Hall studied chemistry under Joseph Black and natural history under John Walker (naturalist). During the 1780s he travelled to France and met Lavoisier. He returned to Scotland to promote the new French chemical nomenclature.


  He was particularly taken by James Hutton's Theory of the Earth during the 1780s and 1790s, and in the Spring of 1788 was with Hutton and John Playfair on the boat trip east from his home at Dunglass along the coast of the Firth of Forth, which found the famous Hutton's Unconformity at Siccar Point. He published several papers on the chemical composition of strata. He carried out research on granite that showed that it was possible for molten rock to form conformities. His results were published in the Transactions of the Royal Society of Edinburgh and were well received by those like John Playfair who wanted to use Hutton's theory to promote a more mathematical approach to geology. Hall traveled extensively in Europe to examine geological formations of the Alps and Mount Etna, and noted the similarity of lava flows in Italy to locations in Scotland.


  Sir James Hall was President of the Royal Society of Edinburgh, and author of various works on architecture and the sciences. He married Helen (d. 1837), daughter of Dunbar Hamilton later Douglas (d. 1799), Earl of Selkirk and sister of the 5th Earl of Selkirk. They had three sons and three daughters. Sir James Hall died at Edinburgh, Scotland. (from Wikipedia)


  
    About This Epub
  


  I've followed the formatting of the original papers as closely as possible except for a minor change in footnotes. Citations are numbered in square brackets, such as [1], and the actual footnote is also encased in square brakets such as [1] xxxxx. but have been changed to endnotes and moved from page bottoms to the end of the journal article where it is cited. Citations and endnotes have been hotlinked together (the five footnotes in this Introduction are not linked). Tables are shown as images rather than text. A hotlink table of contents has been added at the beginning of the epub.


  Although experiments on rocks and minerals did not originate with Hall, his work is nevertheless important in the history of the geological sciences because he was the first to perform experiments using conditions analogous in temperatures and pressures to those prevailing in deep subsurface environments where igneous and other types of rocks originate or are modified. Because of this he can be considered as the founder of high T/P experimental petrology, a field that is essential to understanding rocks that have undergone high temperatures and pressures as a result of deep burial.


  This ebook is comprised of four of Hall's publications in support of James Hutton's 'Theory of the Earth' (1788) and are arranged in sequence according to date of publication. The first, an abstract only, concerns the origin of granites[1], and Hall speculated about the effect that slow cooling of a melted granite might have on the resultant solid. He also speculated about the the presence of another material, feldspar, as being able to lower the melting point of a second mineral, quartz when the two are heated together. He reported no experiments of his own although he mentions a sample from a 'glass-house' where glass was commercially manufactured. The second about the melting of whin[2] (chiefly basalt), is probably his best known work. According to Hutton, basalt is an igneous rock but the Neptunists proposed that these rocks together with granites and other igneous rocks, were precipitated from a primordial ocean that covered the entire globe. A major problem with assigning a molten origin to whin was that early chemists found that when melted and then re-solidifed by cooling, the new solid does not resemble basalt rock but rather is a black glass. This observation was used by the Neptunists such as Richard Kirwan as support for their belief that basalts are not igneous but rather aqueous precipitates. Hall's experiments showed for the first time that the rate of cooling controls whether a glass or a crystalline rock formed from a melted basalt; rapid cooling produces a glass whereas slow cooling produces a rock-like texture. These experiments helped sway opinions that Hutton's ideas about basalt were correct rather than those of the Neptunists.


  [1] Hall, J., 1790. Observations on the formation of granite. Trans. Roy. Soc. Edinburgh. vol. 3, p. 8-12.


  [2] Hall, J., 1798. Experiments on whinstone and lava. Trans. Roy. Soc. Edinburgh, vol. 5, p. 43-75.


  The third paper, by far the longest, is about Hall's experiments in melting limestone[3]. Hutton had concluded that crystalline limestones (or Hall's saline limestones), those without fossils and consisting of large, interlocking crystals of calcium carbonate, were once molten but this belief conflicted with early experiments on melting limestone. Numerous earlier experiments proved that limestone could not be melted under normal atmospheric conditions because limestone, calcium carbonate, when heated in a container open to the air changes to calcium oxide when carbon dioxide gas is driven off by heating. Even if the calcium oxide were melted (M.P. = 2572 °C), the solid formed from cooling would not be limestone. Hall heated crushed limestone, chalk, and other calcareous materials in a sealed vessel that largely prevented carbon dioxide from escaping into the surrounding air. In this way he was able to produce solid limestone from the starting materials. He interpreted this as showing the material had melted, and this conclusion is supported by careful reading of his experimental results[4]. Today geologists are convinced that sedimentary limestones were never melted (Hutton was wrong about this) and that crystalline sedimentary limestones were formed from solid-state recrystallization rather than melting, but Hall's experiments are pertinent to later discoveries of igneous calcium carbonate rocks called carbonitites that seem to originate from molten calcium carbonate. In addition these experiments were important in illustrating the interaction of temperature and confining pressure in geological processes.


  [3] Hall, J., 1812. Account of a series of experiments, shewing the effects of compression in modifying the action of heat. Trans. Roy. Soc. Edinburgh, vol. 6, p. 71-184.


  [4] Wyllie, Peter J., 1998, Hutton and Hall on theory and experiments: the view after 2 centuries. Episodes, Vol. 21, no. 1, p. 3-10.


  The last paper, on the consolidation of strata[5], detailed his experiments in which sand mixed with sodium chloride (common salt) was heated, with the result being consolidation of the sand into a sandstone. He concluded that heated salt vapors melted the periphery of the sand grains, and this partial melting caused the grains to firmly stick together when cooled.


  [5] Hall, J., 1826, On the consolidation of the strata of the earth. Trans. Roy. Soc. Edinburgh, vol. 10, p. 314-329.
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  1. Observations on the Formation of Granite. By Sir JAMES HALL, Bart. F. R. S. & F. A. S. EDIN.


  March 1, 1790


  Sir James Hall declined putting the two papers above mentioned into the hands of the Committee for publication, as they refer to Dr Hutton's Theory, which the author has not yet explained so fully as he intends, but which he is preparing to give, accompanied by that variety of proofs and illustrations, which the profound reflection, and extensive observation of many years have furnished him with. The following abstract of them, therefore, is all that Sir James thinks it proper to communicate at present.


  The first paper was suggested to him by a mineralogical excursion which he made in 1788, in company with the Honourable T. Douglas, among the mountains of Galloway, in order to examine into the curious facts respecting the junction of the granite and the schistus, which were first observed by Dr Hutton, as related in his paper mentioned above, and soon after communicated by him to Sir James Hall. Sir James accordingly having met with the line of separation of these two bodies, continued to follow it till he made the entire circuit of a considerable tract of granite country, which reaches from the banks of Loch Ken, where the junction is most distinctly seen, to the valley of Palnure, and occupies a mountainous space of about eleven miles by seven; and in all this extent, he found, that wherever the junction of the granite with the schistus was visible, veins of the former, from fifty yards, to the tenth of an inch in width, were to be seen running into the latter, and pervading it in all directions, so as to put it beyond all doubt, that the granite of these veins, and consequently of the great body itself, which he observed forming with the veins one connected and uninterrupted mass, must have flowed in a soft or liquid state into its present position.


  In giving an account of these observations,


  Sir James Hall was led, by finding it impossible for him to express his ideas clearly on the subject, to enter at considerable length into a discussion of the terms of mineralogy, the imperfection of the language of that science, and the principles on which, a less ambiguous nomenclature might be formed. He particularly pointed out, as the basis of such a nomenclature, the grand division which nature has made in the mineral kingdom, into stratified and unstratified bodies, the former comprehending both the primary and secondary strata, the latter comprehending granite, porphery, basaltes, trap or whinstone, and lava.


  He next stated the argument which the facts concerning granite that have been referred to above, afford in support of Dr Hutton's Theory of the Earth. He remarked also the great number of facts which he had met with in Scotland, and in the volcanic countries of Italy, that were connected and explained by that theory, and by no other; concluding on the whole, that there was scarcely any system in physics established on more solid principles, and that the publication of it was likely to form a very important epoch in the history of this branch of philosophy.


  To a theory, however, which embraces so great a variety of objects, some difficulties must be expected to occur; and this is the more likely to happen, that though the agents employed in it be such as we are well acquainted with, yet they are introduced as acting in circumstances very different from those in which we usually see them act.


  Of these difficulties the most considerable appeared to


  Sir James Hall to be the following: In granites which contain quartz and felt-spar, it frequently occurs, that the felt-spar is seen with the form of its crystals distinctly defined, whilst the quartz is a confused and irregular mass, being almost; universally molded upon the crystals of felt-spar. Now, were it true, that all granite is formed by fusion, the very contrary, it would seem, ought always to take place, as felt-spar is very easily melted, and quartz resists the greatest efforts of heat that have hitherto been applied to it.


  This difficulty is obviated thus: It is well known, that when quartz and felt-spar are pounded and mixed together, the mixture may, without difficulty, be melted and run into a kind of glass, the felt-spar serving as a flux to the quartz. The same fact may be stated in another way, by considering the felt-spar, when melted, as a fluid in which, as in a menstruum, the quartz is dissolved; and in this view, we may expect, by analogy, that phenomena, similar to those of the solution of salt in water, should take place. Now, it is certain, that when excessive cold is applied to salt water, the water is frozen to the exclusion of the salt, the ice obtained yielding fresh water when melted, and the salt, when the experiment is pushed to the utmost, separating from it in the form of sand. Why should not the same thing happen in the solution of quartz in liquid felt-spar, when the mass is allowed to cool below the point of congelation of the menstruum? The felt-spar may crystalize separately from the quartz, as we have seen pure ice formed separately from the salt; in both cases, the congelation of the solvent being simultaneous to that of the dissolved substance. Hence the crystals may mutually interfere with each other's forms, and we may as naturally expect to see quartz molded on crystals of felt-spar as the reverse.


  In answer to an objection which might be urged against this reasoning, viz. that the result of the fusion of granite is a glass in which no crystalization can be seen, an accidental experiment was produced, which had happened at one of the Leith Glass-houses a few weeks previous to the reading of this paper. A quantity of common green glass having been allowed, in a great mass, to cool gradually and very slowly, it was found to have lost all the properties of glass, being opaque, white, very hard and refractory, and wholly composed of a set of crystals, which shot into some cavities in a determined form. When a piece of this substance was melted by the violent heat of a blowpipe, and was allowed to cool instantly, it recovered all the properties of glass. We may conclude from this example, that if the glass produced by the fusion of granite had been allowed to cool with sufficient slowness, it might have crystalized, producing a granite similar to that which was originally melted.


  The same principle seems to point out the theory of all kinds of granite, and shows their connection with one another, and with all the other unstratified bodies. If quartz, felt-spar, schorl, mica, garnet, &c. happen to be melted together, the most fusible substance of them all may be considered as the menstruum in which all the rest are dissolved, and we may suppose, that these various dissolved substances may differ amongst themselves in their properties of solution, as salts differ from one another; so that some of them may be more soluble in the menstruum when very much heated, than when it is comparatively cold, and others may be as soluble in it, when little warmer than its point of congelation, as when raised to a much higher temperature. If then we say, for example, that the congealing point of the solvent is 1000 degrees of Fahrenheit, and if the solution is at the temperature of 2000, we may conceive one portion of the matters dissolved, as held by the simple dissolving power of the menstruum, and another portion as held by means of its elevated temperature. When therefore a mass of this kind is allowed to cool very slowly, as we may suppose must be the case with liquid granite in the bowels of the earth, those substances, held in solution by the heat of the solvent, will first separate, and being formed in a liquid, will assume their crystaline forms with perfect regularity; whereas those substances which were held by the menstruum simply as a fluid, will not separate till the congelation of the solvent itself takes place, when the crystals of the various substances will intermix and confound the regularity of form which each would have assumed if left to itself. In this manner, one of the most common kinds of granite will be produced, consisting of perfect crystals of schorl, mica or garnet, inclosed in a confused mass of felt-spar, quartz and schorl.


  If the first stage of cooling is performed in the bowels of the earth, and if the solution, while still liquid, is by some effort forced upwards, and erupted into the open air in the form of a lava, which being spread thin upon the surface, and exposed to the air, would lose its heat suddenly, the crystals of schorl and of mica, originally held by the heat of the menstruum, will be of a large size, having been produced in the liquid when in a great mass, and when its heat of course escaped very slowly, there will be embodied in a mass formed of very small crystals, since they have been formed with great rapidity. This in fact is the description of one of the most common lavas, which consists of large and perfect crystals of schorl, embodied in a mass whose fracture is dull and rough, and which, when examined with a microscope, is found to consist of a congeries of minute crystals.


  Thus, all the varieties among unstratified substances may be accounted for by the different circumstances in which each of them passed from a liquid to a solid state.


  2. EXPERIMENTS on WHINSTONE and LAVA.


  [Read, March 5. and June 18. 1798.]


  The experiments described in this paper were suggested to me many years ago, when employed in studying the Geological System of the late Dr Hutton, by the following plausible objection, to which it seems liable.


  Granite, porphyry, and basaltes, are supposed by Dr Hutton to have flowed in a state of perfect fusion into their present position; but their internal structure, being universally rough and stony, appears to contradict this hypothesis; for the result of the fusion of earthy substances, hitherto observed in our experiments, either is glass, or possesses, in some degree, the vitreous character.


  This objection, however, loses much of its force, when we attend to the peculiar circumstances under which, according to this theory, the action of heat was exerted. These substances, when in fusion, and long after their congelation, are supposed to have occupied a subterraneous position far below what was then the surface of the earth; and Dr Hutton has ascribed to the modification of heat, occasioned by the pressure of the superincumbent mass, many important phenomena of the mineral kingdom, which he has thus reconciled to his system.


  One necessary consequence of the position of these bodies seems, however, to have been overlooked by Dr Hutton himself: I mean, that, after their fusion, they must have cooled very slowly; and it appeared to me probable, on that account, that, during their congelation, a crystallization had taken place, with more or less regularity, producing the stony and crystallized structure, common to all unstratified substances, from the large grained granite, to the fine grained and almost homogeneous basalt. This conjecture derived additional probability from an accident similar to those formerly observed by Mr Keir, which had just happened at Leith: a large glass-house pot, filled with green bottle glass in fusion, having cooled slowly, its contents had lost every character of glass, and had completely assumed the stony structure.


  These views made part of a paper which I had the honour of laying before this Society in 1790[1] and about the same time I determined to submit my opinions to the test of experiment. I communicated this intention to all my friends, and in particular to Dr Hutton; from him, however, I received but little encouragement. He was impressed with the idea, that the heat to which the mineral kingdom has been exposed was of such intensity, as to lie far beyond the reach of our imitation, and that the operations of nature were performed on so great a scale, compared to that of our experiments, that no inference could properly be drawn from the one to the other. He has since expressed the same sentiments in one of his late publications, (Theory of the Earth, vol. I, p. 251), where he censures those who "judge of the great operations of the mineral kingdom, from having kindled a fire, and looked into the bottom of a little crucible."


  But, notwithstanding my veneration for Dr Hutton, I could not help differing from him on this occasion: For, granting that these substances, when in fusion, were acted upon by a heat of ever so great intensity, it is certain, nevertheless, that many of them must have congealed in moderate temperatures, since many are easily fusible in our furnaces; for it is impossible that a substance should congeal at a higher point than that at which it may afterwards be melted. If, then, these phenomena depend upon the circumstances of congelation, the imitation of the natural process is an object which may be pursued with rational expectation of success; and, could we succeed in a few examples on a small scale, and with easily fusible substances, we should be entitled to extend the theory, by analogy, to such as, by their bulk, or by the refractory nature of their composition, could not be subjected to our experiments. It is thus that the astronomer, by observing the effects of gravitation on a little pendulum, is enabled to estimate the influence of that principle on the heavenly bodies, and thus to extend the range of accurate science to the extreme limits of the solar system.


  Encouraged by this reasoning, I began my projected series of experiments in the course of the same year (1790), with very promising appearances of success. I found that I could command the result which had occurred accidentally at the glass-house; for, by means of slow cooling, I converted bottle glass, after fusion, into a stony substance, which again, by the application of strong heat, and subsequent rapid cooling, I restored to the state of perfect glass. This operation I performed repeatedly with the same specimen, so as to ascertain that the character of the result was stony or vitreous, according to the mode of its cooling.


  Some peculiar circumstances interrupted the prosecution of these experiments till last winter, when I determined to resume them. Deliberating on the substance most proper to submit to experiment on this occasion, I was decided by the advice of Dr Hope[2], well known by his discovery of the Earth of Strontites, to give the preference to whinstone.


  The term whinstone, as used in most parts of Scotland, denotes a numerous class of stones, distinguished in other countries by the names of basaltes, trap, wacken, grünstein and porphyry. As they are, in my opinion, mere varieties of the same class, I conceive that they ought to be connected by some common name, and have made use of this, already familiar to us, and which seems liable to no objection, since it is not confined to any particular species[3].


  The following experiments were performed with various kinds of whinstone, and have likewise been extended to lava. To investigate the relation between these two classes of substances, seems, in the present state of geology, an object of considerable importance; for they resemble each other in so many respects, that we are naturally led to ascribe the formation of both to the same cause, and to believe that whinstone, as well as lava, has been exposed to the action of heat. In the course of the paper, I shall mention several accidental results, which, if considered separately, might seem unworthy of notice, but which, by affording the means of comparison between the two classes, are of great service in the general investigation.


  The whinstone first employed was taken from a quarry[4] near the Dean, on the Water of Leith, in the neighbourhood of Edinburgh. This stone is an aggregate of black and greenish-black hornblend, intimately mixed with a pale reddish-brown matter, which has some resemblance to felpar, but is far more fusible. Both substances are imperfectly and confusedly crystallized in minute grains. The hornblend is in the greatest proportion; and its fracture appears to be striated, though in some parts foliated; that of the reddish-brown matter is foliated. The fracture of the stone en masse is uneven, and it abounds in small facettes, which have some degree of lustre. It may be scratched, though with difficulty, by a knife, and gives an earthy smell when breathed on. It frequently contains small specks of pyrites.


  On the 17th of January 1798, I introduced a black lead crucible, filled with fragments of this stone, into the great reverberating furnace at Mr Barker's iron foundery. In about a quarter of an hour, I found that the substance had entered into fusion, and was agitated by a strong ebullition. I removed the crucible, and allowed it to cool rapidly. The result was a black glass, with a tolerably clean fracture, interrupted however by some specks.


  In subsequent experiments, I endeavoured, by slow cooling after fusion, to prevent the whinstone from becoming vitreous, and to compel it to resume its original character by crystallization. In this I so far succeeded as to obtain a substance, which was not glass, though it did not possess the properties of whinstone. The production of this intermediate substance, which much resembled the liver of an animal, is accompanied with some curious particulars, which I shall enumerate and explain in another part of this paper. On some occasions, too, I obtained a vitreous mass in which were a multitude of little spheres, having a dull or earthy fracture.


  At last, on the 27th of January, I succeeded completely in the object I had in view. A crucible, containing a quantity of whinstone, melted in the manner above described, being removed from the reverberatory, and conveyed rapidly to a large open fire, was immediately surrounded with burning coals, and the fire, after being maintained several hours, was allowed to go out. The crucible, when cold, was broken, and was found to contain a substance, differing in all respects from glass, and in texture completely resembling whinstone. Its fracture was rough, stony and crystalline; and a number of shining facettes were interspersed through the whole mass. The crystallization was still more apparent in cavities produced by air bubbles, the internal surface of which was lined with distinct crystals[5].


  Having shewn this result to several of my friends, Dr Hope regretted that the substance, previously to its artificial crystallization, had not been reduced to the state of solid glass; since the adversaries of the system might allege, that, during the action of heat, the original crystallized texture of the stone had never been completely destroyed. Being convinced of the propriety of this observation, I determined, in future, to reduce the stone first to glass, and to perform the crystallization after a second fusion.


  For this purpose, with the assistance of Dr Kennedy, to whose co-operation I am greatly indebted for the success of all the following experiments, I reduced a quantity of the same whinstone to most perfect black glass. A crucible, filled with fragments of this glass, being then exposed to a heat, which, from previous trials, was judged to be more than sufficient to reduce its contents to fusion, the fire was very gradually lowered till all was cold. I thus expected to obtain a result similar to that last mentioned, but found, to my great surprise, that the fragments had never been in complete fusion, since they still, in a great measure, retained their original shape. This extraordinary fact, which afterwards led to the discovery of some curious properties of whinstone, will be fully accounted for in a subsequent part of the paper.


  Another portion of the same glass being perfectly melted by a very strong heat, the temperature was reduced to about 28 of Wedgwood, and was maintained at that pitch during six hours. The result was a perfectly solid mass, crystallized to a certain depth from the outside, though still vitreous in the heart. In another experiment, performed like the last in all respects, except that the heat was maintained at 28 during twelve hours, I obtained a mass entirely crystalline and stony throughout, with facettes appearing in the solid parts, and small crystals shooting into some of the cavities.


  Soon after I had communicated these results to Dr Hope, he performed, with complete success, an experiment similar to the first, in which I had obtained a crystallized substance, by the gradual cooling of the melted stone. The same was likewise, soon afterwards, performed by Mr Boswell of Auchinleck.


  My experiments, already described, were confined to one species of whinstone; but have since been extended to six other varieties. They were all first reduced to glass by the application of a strong heat, and subsequent rapid cooling. After a second fusion they were crystallized, by being kept long in a stationary temperature, between 28 and 30. This last operation was best performed in a long and narrow muffle, wholly surrounded with burning coals, according to a practice long followed by Dr KENNEDY, by which the heat could be maintained with so great steadiness as to render the result almost certain.


  The fusibilities were determined in an open muffle, in which a fragment of the substance under trial was placed contiguous to a pyrometer piece. As soon as the fragment, in consequence of the gradual rise of heat, had so far softened as to yield to the touch of a bent iron rod, the pyrometer was removed and measured. The fusibilities, thus obtained, in degrees of Wedgwood's scale [6], have been stated in a table, to which I would be understood always to refer. I have distinguished the crystallized substances, obtained from the glasses, by the name of crystallite, a term suggested by Dr Hope. It may be observed in this table, that the original whins soften in a range from 38 to 55; the glasses from 15 to 24, and the artificial crystallites from 32 to 45.


  No. 1. Whin of Bell's Mills Quarry.


  This stone was the subject of all the foregoing experiments, which were frequently repeated with success on a large scale.


  In trying the fusibility of the glass obtained from it, a curious circumstance occurred, which accounts for the unexpected results already mentioned. I had placed in the muffle a long and slender fragment of this glass, with its extremities resting on two supports of clay, and its middle unsupported. Having then increased the temperature by slow degrees, I expected to discover the lowest point of emollescence, by observing when the fragment sunk by its own weight. The muffle having attained a moderate heat, I observed the glass to lose its shape a little. Wishing to see it completely melted, the same heat was continued, but no further change took place. The heat was then raised several degrees, but without effect. At last, being urged still further, the glass sunk down completely between its supports. The pyrometer being then withdrawn, denoted a temperature above 30.


  It occurred to me, that, on this occasion, the glass, by the first application of heat, had softened, and then had crystallized, so as to become hard again; that, in crystallizing, it had acquired such infusibility as to yield to no heat under 30. I immediately confirmed this conjecture by the following experiment.


  A piece of the same glass, placed in a cup of clay, was introduced into the muffle, heated to 21. In one minute it became quite soft, so as to yield readily to the pressure of an iron rod. After a second minute had elapsed, the fragment, being touched by the rod, was found to be quite hard, though the temperature had remained stationary. The substance, thus hardened, had undergone a change throughout; it had lost the vitreous character; when broken, it exhibited a fracture like that of porcelain, with little lustre; and its colour was changed from black to dark brown. Being exposed to heat, it was found to be fusible only at 31; that is, it was less fusible than the glass by. 13 or 14 degrees.


  Numerous and varied experiments have since proved, in the clearest manner, that, in any temperature, from 21 to 28 inclusive, the glass of this whin passes from a soft, or liquid slate, to a solid one, in consequence of crystallization; which is differently performed at different points of this range. In the lower points, as at 23, it is rapid and imperfect; in higher points, slower and more complete, every intermediate temperature affording an intermediate result. I likewise found, that crystallization takes place, not only when the heat is stationary, but likewise when rising or sinking, provided its progress through the range just mentioned is not too rapid. Thus, if the heat of the substance, after fusion, exceeds one minute in passing from 21 to 23, or from 23 to 21, the mass will infallibly crystallize, and lose its vitreous character.


  These facts enabled me to account for the production of the substance resembling the liver of an animal, which I obtained in my first attempts to crystallize the melted stone. Not being then aware of the temperature proper for complete crystallization, I had allowed it to be passed over rapidly by the descending heat, and I had begun the slow cooling in those lower points, at which the formation of this intermediate substance takes place.


  By the same means I was enabled to explain the other unexpected result, which I obtained in endeavouring to convert the glass of this stone into crystallite. The fire applied to the crucible, containing fragments of the glass, had been raised very slowly, which I know to have been the case by some circumstances of the experiment. The glass had softened by the first application of heat, but had crystallized again as the heat gradually rose; so that the substance consolidated, while still so viscid as to retain the original shape of the fragments; at the same time it acquired such infusibility as to resist the application of higher degrees of heat during the rest of the process.


  No. 2. Whin of the Rock of Edinburgh Castle.


  This is a basalt of a blackish blue colour. Its grain is fine, and its fracture uneven, partaking of the splintery. It is in general homogeneous, although, in some pieces, a very few minute crystals of hornblend are perceptible.. It has some lustre, from a number of small shining facettes; has an earthy smell when breathed on; and gives fire slightly with steel.


  The pure glass which this whin yielded, by rapid cooling after a moderate heat, was crystallized in three experiments, and produced masses greatly resembling the original. In one of these, formed on a large scale in the glass-house, the resemblance is so strong, both as to colour and texture, that it would be difficult, or perhaps impossible, to distinguish them, but for a few minute air bubbles visible in the artificial crystallite. The glass is less fusible than that of No. 1. and seems not to possess the property of producing the liver crystallite.


  No. 3. Whin of the Basaltic Columns on Arthur's Seat, near Edinburgh.


  Its basis is a basalt of a dark grey colour, and uneven fracture. It contains numerous laminar crystals of felspar, which seem to be almost colourless, and have considerable lustre and transparency. It also contains some black hornblend. It has an earthy smell when breathed on, and gives sparks slightly with steel.


  In the temperature of 100, or upwards, the whole was changed to pure black glass; but in a more moderate heat, (about 60), the felspar remained unchanged, while the hornblend disappeared, and formed a glass along with the basis of the stone. Both kinds of glass yielded highly characterised crystallites; that last mentioned, having its felspars entire, produced a substance like porphyry, in which the white felspars were embedded in a black crystalline basis. The crystals formed in this basis are so complete in one example, that they are seen projecting into the cavities, and standing erect on the external surface, so as to make it sparkle all over. These black crystals seem to be hornblend of new formation. We have found, by some late experiments, that they are considerably more refractory than the crystallite in which they lie, and are equally infusible with some species of natural hornblend.


  No. 4. Whin from the neighbourhood of Duddingstone Loch.


  It has for its basis a black basalt of an uneven fracture. In it are embedded augit in numerous crystals, felspar in a smaller proportion, and dispersed grains of olivin. The felspar seems to be greenish-white, with considerable lustre and transparency. The stone gives fire with steel, and has a slight earthy smell when breathed on. Its glass yields a fine grained crystallite like that of No. 1.


  No. 5. Whin of Salisbury Craig near Edinburgh.


  This species is an aggregate of black hornblend, and of a greenish-white matter, both in minute grains. The greenish-white matter resembles felspar, but is much more fusible. The general characters are nearly the same with those of the specimen already described, No. 1. It has considerable lustre, chiefly from the hornblend; an earthy smell when breathed on; and gives some sparks with steel. Its glass yielded a highly facetted crystallite, approaching to the structure of the original whin-stone, No. 4.


  No. 6. Whin from the Water of Leith.


  It is found in great blocks in the bed of the river, and has been brought there no doubt from a mass of the same kind in the mountains above. It consists of black hornblend, and of a whitish matter resembling felspar, as in No. 1. and No. 5. These two substances are nearly in equal proportion, and are confusedly and imperfectly crystallized in minute masses. If the whitish substance were felspar, this stone, as well as that last mentioned, would be the grünstein of Werner; but this white substance is far more fusible than felspar, and melts at a lower heat than the hornblend, with which it is mixed. It has an earthy smell when breathed on, and may be scratched with difficulty by a knife.


  In fusion and crystallization it resembled the other whins. A fragment similar to this in all respects which I found in the neighbourhood of Edinburgh, manifested so strong a disposition to crystallize, that, though cooled in the open air after fusion, it was found stony in the heart, with a vitreous outside. When crystallized, however, with every precaution, it yielded no remarkable result.


  No. 7. Whin of the Basaltic Columns of Staffa.


  I received this specimen from a gentleman who broke it from the original rock. It is basalt of a bluish-black colour. It is fine grained and homogeneous; and its fracture is uneven. It has a small degree of lustre, from a number of minute shining points perceptible in a strong light. It gives an earthy smell when breathed on, and may be scratched with difficulty by a knife. It yielded a perfect and very hard glass, which, in a regulated heat, produced a uniform stony crystallite, greatly resembling the original.


  It has thus been shown, that all the whins employed assume, after fusion, a stony character, in consequence of slow cooling; and the success of these experiments, with so many varieties, entitles us to ascribe the same property to the whole class. The arguments, therefore, against the subterraneous fusion of whinstone, derived from its stony character, seem now to be fully refuted.


  


  
    

  


  Experiments on Lava.


  In the investigation of Dr Hutton's system, great advantage may be expected from an examination of lavas. They have undoubtedly flowed on the surface by means of heat; and whinstone, according to his hypothesis, having flowed in the bowels of the earth by the influence of the same agent, the two classes ought to possess many properties in common, by which the history of both may be illustrated.


  I have been enabled to institute a comparison between them, by means of a cabinet of volcanic productions which I collected in 1785, in company with Dr J. Home of this Society, on Vesuvius, Ætna, and the Lipari Isles. On this occasion we were greatly assisted by the celebrated M. Dolomieu[7], who accompanied us in part of our expedition. This author complains, in his writings, that travellers, in collecting volcanic productions, have brought away only the superficial scoria of lavas, which nearly resemble each other in all cases, and convey no idea of the real character of the lava, which can only be seen in the interior parts of the currents. In forming our collection we scrupulously avoided this error, and chose such specimens only as were the most compact and free from the scorified appearance of the surface.


  When these solid lavas are compared with our whinstones, the resemblance between the two classes is not only striking at first sight, but bears the closest examination. They both consist of a stony basis, which frequently contains detached crystals of various substances, such as white felspar and black hornblend. The analogy between the two classes seems to hold through all their varieties; and I am confident that there is not a lava of Mount Ætna to which a counterpart may not be produced from the whinstones of Scotland.


  This resemblance in external character is accompanied with an agreement no less complete in chemical properties. But before I mention the experiments which tend to prove this agreement, it will be necessary first to examine the opinion of two very celebrated authors concerning lavas. M. Dolomieu and Mr Kirwan, though they differ widely in many respects, agree in believing, that lavas have never been acted upon by a heat of sufficient intensity to produce complete fusion; and endeavour, each by an hypothesis peculiar to himself, to account for their fluidity. The opinion of these gentlemen is of such importance in the present question, and the arguments they have used are so extraordinary, that I must beg leave to quote their words at full length.


  M. Dolomieu states his opinion in the following passage, (Isles Ponces, p..): 7 "II est essentiel de constater, par beaucoup d'exemples et d'observations, quelques vérités que j'ai annoncées il y a plusieurs années, favoir, que le feu des volcans ne dénature pas ordinairement les pierres qu'il a mises en état de fusion; qu'il ne les altere pas au point de ne pouvoir les reconnoitre, de ne pas distinguer quelle a pu être la base des laves; que ce feu agit différemment que le feu de nos fourneaux, tel que nous l'employons dans la chimie et dans les arts; qu'il produit dans les laves une fluidité qui n'a aucun rapport avec la fluidité vitreuse, que nous opérons, lorsque nous traitons à grand feu les mêmes matières qui leur servent de base, et lorsque nous voulons rendre aux laves elles mêmes leur fluidité. Celui des volcans n'a point d'intensité; il ne peut pas même vitrifier les substances les plus fusibles, tels que les schorls, qui fe trouvent comme parties constituantes dans l'intérieur des laves; il produit la fluidité par une espece de dislolution, par une simple dilation, qui permet aux parties de glisser les unes sur les autres, et peutêtre encore par le concours d'une autre matière qui sert de véhicule à la fluidité."


  Mr Kirwan censures this supposition as strange and inconceivable; but in my opinion, that which he has brought forward is not less so. In the Elements of Mineralogy, second edition, vol. I. p. 396. he says: "Now, there are but three sorts of fusion with which we are acquainted: that which produces porcelain; that which produces enamels and semi-vitrifications; and that which produces glass. By inspecting lava we shall find that very little of it has been in any of these states; since therefore it has flowed, it is plain it has derived its liquifaction not from the fusion of its own materials, but from that of some foreign substance mixed with it. This fact is so plain, that it has even struck M. Dolomieu, in the midst of his prepossesions, in favour of some strange inconceivable power, which he attributes to volcanic fire, of melting earthy substances, without effecting an alteration in their sensible qualities. 'I hope,' says he, 'to prove, that lavas contain, in their interior, a combustible matter, which burns and consumes in the same manner as other inflammables,' Isles Ponces, 10. Yet he neglects telling us what this matter is; though it plainly appears to be no other than sulphur and bitumen, of which an immense quantity is found in all volcanos, which liquifies in a low degree of heat, and causes all the stony substances to flow that are immersed in it."


  The suppositions which these gentlemen have thus advanced, and have seriously maintained in various parts of their works, have arisen in both from the belief, that, in our fires, nothing but glass can be produced from a lava after complete fusion. This being taken for granted, it would certainly be very difficult to explain the phenomena of actual eruptions, by means of the known agents of nature. Recourse has therefore been had, by one of these gentlemen, to a hypothetical modification of these agents; and by the other to the influence of substances, which have left behind them no trace of their existence[8], and which, had they been present, could not have produced the effects ascribed to them.


  According to both suppositions, the heat of volcanos is conceived to be of very little intensity; but the few observations I had occasion to make, which are confirmed by innumerable facts related by travellers, convince me that it must far exceed what is requisite for the most perfect fusion of the lavas, and of all the substances contained in them[9]; and the experiments already described supersede the necessity of supposing any thing different from the common course of nature; for they afford, analogically, an easy solution of the difficulty, by showing that glass is not the only result of fusion, and that whin, a substance like lava, when cooled slowly after fusion, resumes its stony character. But, not content with analogy alone, I resolved to ascertain the truth of these conclusions in a direct manner, and performed the following experiments with specimens of six different lavas, four of which, to my certain knowledge, had made part of external volcanic currents. In the present state of geology, too much pains cannot be bestowed in ascertaining that the specimens collected are really lavas, since this circumstance has been frequently overlooked, as I shall endeavour to shew, when I speak of the differences between them and whinstone.


  No. 1. Lava of Catania.


  This is the celebrated lava, which, in 1669, laid waste great part of the town of Catania. The interior part of the current, (accurately described by M. Dolomieu, Isles Ponces, p. 256.[10]), from which the subject of our experiment was taken, consists of a light grey basis, interspersed with crystals of felspar and of schorl, (augit). It bears a general resemblance to the rock of the basaltic columns on Arthur's Seat, and exhibited the same phenomena in our experiments. After strong heat, the whole was reduced, by rapid cooling, to pure black glass; but when the heat applied was moderate, the felspars remained unchanged. Being maintained, after a second fusion, in a temperature of 28, both these glasses yielded stony and crystallized substances, somewhat less fusible than the original; and when exposed to a temperature of 22, they crystallized rapidly, like most of the whins, into the liver crystallite. This last property is common to all the lavas.


  No. 2. Lava of Sta Venere.


  This current has flowed in the neighbourhood of a little chapel, called Sta Venere, above the village of Piedimonte, on the north side of Mount Ætna. Owing to the strong resemblance which it bears to stones supposed not volcanic, we took care that our specimens should be broken from the actual current; and to one of them, though mostly compact, is attached a scorified mass, which had made part of the external surface. The solid part is of a black, or rather dark blue, colour, very fine grained and homogeneous, having a multitude of minute and shining facettes visible in the sun; in this, and in other circumstances, it greatly resembles the rock of Edinburgh Castle. This lava is the second in M. Dolomieu's Catalogue, and is well described, p. 186[11].


  The pure black glass formed from this lava yielded, in the regulated heat, the most highly crystallized mass we have obtained from any lava or whin.


  No. 3. Lava of La Motta di Catania.


  This is likewise compact and homogeneous, but for a number of small yellow grains of chrysolite scattered through it, (described by M. Dolomieu, p. 191[12]). It has been thrown up by a partial eruption bursting through the sandstone hills which surround Mount Ætna. The situation of this mass is singular: It rests upon a little hill, formed of loose scoria, the summit and sides of which are covered by the stony mass, so that no crater is visible. It struck me on seeing it, and I found M. Dolomieu had formed the same opinion, that the lava had risen up in a perpendicular direction, and had flowed over on all sides. Its great thickness, and small extent, seem to favour a conjecture which this naturalist has formed with regard to several lavas, that they were erupted at the bottom of an ocean which once covered Sicily, and, being quickly cooled by the contact of water, had been prevented from flowing far The conjecture seems plausible enough [13]; and, having no proof that this substance made part of an external current, as I have with respect to the first two mentioned, I do not exhibit it as a lava with the same confidence. Whatever be its history, however, it possesses the chemical properties common to whin and lavas.


  Its glass yielded a dark grey crystallite of uniform texture. Beside it in the drawer, now on the table, I have placed a crystallite, formed from the whin No. 1. which resembles it in every respect.


  No. 4. Lava of Iceland.


  I received the specimen from a person who found it on the spot; but not being acquainted with the circumstances of its original position, I cannot be certain that it is a lava. It has however every appearance of being such.


  It is a blue homogeneous substance, having some chrysolites scattered irregularly through it. Nearly half its bulk is occupied by large air holes, which do not appear to have contained any extraneous matter.


  It produced a very fusible glass, from which was formed a crystallite much more refractory than the original.


  No. 5. Lava of Torre del Greco.


  This lava, which flowed from Vesuvius to the sea in the middle ages, has been an object of much attention, on account of its conspicuous basaltic form. It consists of a grey basis, the structure of which is coarse and rough, and in which are embedded large and well characterized crystals of schorl, (augit), with a few chrysolites, (olivins).


  It was found to be less fusible than any of the others, yet its glass crystallized in a lower temperature.


  No. 6. Lava of Vesuvius, eruption 1785.


  From the circumstances in which the above five lavas have been seen to crystallize after fusion, it can scarcely be doubted that the same process takes place in a volcanic stream, which, in consequence of its bulk, must cool with considerable slowness, and that a vitreous character would be assumed by the whole mass, were it cooled with sufficient rapidity.


  The truth of this last opinion is demonstrated by some facts which I accidentally observed, long before my present views had occurred, when, in spring 1785, I had an opportunity of examining a stream of lava, which flowed from Vesuvius. The eruption was comparatively so gentle, that I was able, though not without inconvenience, to approach and examine the fiery stream on three different days. It was in general concealed by a thin white smoke, which the wind blew aside occasionally, so that I could distinctly see the lava as it burst from the side of the hill. It was then of a bright white heat, and flowed with the agility and rapidity of water, in all respects resembling melted iron running from the furnace. The liquid, at its first emergence, manifested a strong effervescence, which subsiding as the heat abated, shewed itself at last only in the bursting of some very large bubbles, accompanied with a white smoke. Where I approached the stream, it was still of a strong red heat, and had the consistence of honey. I thrust a stick into it with ease, to the end of which some of the lava adhering, by its viscidity, allowed itself to be drawn out into threads, and was found, when cold, to have a shining surface, and a vitreous fracture.


  Being thus convinced that I had met with a lava of glass, I prepared some moulds of stucco, in which I meant to take casts with that rare substance; and with this view returned to the mountain. I found the stream was not so liquid as at first, but I was able, by means of a ladle fixed on the end of a pole, to lift the specimen now before us in a state like dough. I then pressed it with a seal, by which means, though too coarse to receive an accurate impression, it took the shape it now bears, which is that of the ladle. It is very porous, one-third of it nearly being occupied by air holes. It contains a great number of small white crystals of Vesuvian garnet, embedded in a black substance, which completely resembles the glass obtained in our experiments from lava by rapid cooling after fusion. Besides all their other properties, it possesses the fusibility of the glasses, since it softens completely at 18, that is, 14 or 15 degrees below the softening point of any of the stony lavas. Being exposed to the process of regulated cooling, it gave the same result as all the other lava glasses. In the lower points it yielded a liver crystallite infusible under 30, and in the higher a stony substance like a common lava or whin, and fusible only at 35.


  What has been said is applicable to the interior parts of lavas; but I was at a loss, to understand the state of their external surface, which, cooling much more rapidly, might be expected to posses a vitreous character; yet glass is not found on the surface of lavas, except in a very few cases, and has occurred only in a single spot on Ætna. This difficulty was removed, however, by the following consideration: Though the surface of a lava cools with far more rapidity than the rest of the mass, yet, owing to the contact of the fiery stream, that rapidity can never be very great; and we must suppose that the temperature of the surface employs more than a minute or two in desending from 23 to 21. Where this happens, we have shown that the substance consolidates into the liver crystallite, which completely resembles the scoria of a lava. A small fragment of the mass, which I took from the running stream, being placed in the temperature of 22, lost its vitreous character in two minutes, as already stated; and had the mass itself been allowed to remain but a very little longer in the stream, it would certainly have acquired, as well as the rest of the surface, the dull character of scoria.


  The same property accounts for the crust which is formed on the surface of flowing lavas, and which constitutes so remarkable a feature in their history. Were lava to congeal after the manner of pitch or wax, by an uniform and gradual increase of viscidity throughout, no crust would be formed, or if, by the action of cold air, the upper surface were to harden a little, it might be softened again by an influx of fresh matter a very little hotter than itself. In lavas, however, as we have proved, when the surface cools down to 21, it rapidly congeals to a hard substance, capable of resisting any heat under 30. The crust thus formed serves as a pipe, within which the flowing lava is confined. In several places on Ætna we meet with vast galleries, along which, and out of which, the lava has flowed, leaving the crust entire[14].


  The irregular manner in which a lava flows, when not extremely heated, may likewise be referred to the same cause. On the lower part of the running stream a crust is formed, so strong as to retard its progress during a certain time, but the liquid behind, accumulating by degrees, at last acquires sufficient strength to force open the crust; the lava then flows out with, rapidity, and continues its course till it is again retarded by the formation of a new crust.


  These experiments seem to establish, in a direct manner, what I had deduced, analogically, from the properties of whinstone, namely, that the stony character of a lava is fully accounted for by slow cooling after the most perfect fusion; and, consequently, that no argument against the intensity of volcanic fire can be founded upon that character. We are therefore justified in believing, as numberless facts indicate, that volcanic heat has often been of excessive intensity.


  In the comparison instituted between whin and lava, the two classes are found to agree so exactly in all their properties which we have examined, as to lead to a belief of their absolute identity. This identity has been fully established by Dr Kennedy, who has performed an exact analysis[15] of several of the very specimens of whinstone and lava mentioned in this paper; by which he discovered, that the elements of the two classes are the same: above all, that they both contain 4 or 5 per cent, of soda. Their agreement in this essential circumstance seems to account for their common properties, whilst the varieties of proportion among their component elements, correspond to the slight differences of result we have observed between the individuals of the same class[16].


  So close a resemblance affords a very strong presumption in favour of Dr Hutton's system, according to which both classes are supposed to have flowed by the action of heat; but the circumstances under which they were exposed to this action being materially different, we have reason to look for indications of that difference. Such are not wanting.


  Calcareous spar frequently occurs in whinstone, either in veins or in detached nodules, but is never found in lava, and could not exist in a volcanic stream; for heat, in such circumstances, would infallibly drive off the carbonic acid, and compel the lime to unite with the other component elements of the mass. In whinstone, which Dr Hutton supposes to have flowed, at some remote period, in crevices of the earth, at a great depth below what was then its surface, the weight and strength of the superincumbent mass of strata[17] has been sufficient to resist the expansion of the carbonic acid, and to constrain it, upon the principle of Papins digester, to continue in combination with the lime. This compound seems to have entered readily into fusion, along with the whinstone, but to have kept separate from it, as oil separates from water through which it has been diffused, thus giving rise to the spherical form, which the nodules of calcareous spar generally exhibit with more or less regularity[18].


  This circumstance accounts for an appearance which has misled some of the early observers of our minerals. Many whinstone rocks externally resemble very porous lavas, but when broken are always found to be quite compact internally, and to contain numerous round nodules of calcareous spar. Near the surface, the nodules, being washed out by rain, have left the cavities which have given rise to this deception. The spherical form of the air holes in lavas, and of the nodules of calcareous spar in whins, seems to have been produced by a cause common to both, the mutual repulsion of two fluids intermixed, but not disposed to unite.


  It must be owned, that this theory of calcareous spar is as yet hypothetical; but it is supported by strong analogy, and promises to be of service, by leading to decisive experiments and observations. I cannot help believing, that, by a careful examination of the volcanic countries, facts may yet be discovered which will throw light on this subject. In order to promote and direct such researches, I shall beg leave to state some observations which I made in those countries in 1785, before I was attached to any system of geology.


  It is generally supposed, that some lavas of Ætna contain calcareous spar and zeolite; but this I conceive to be a mistake. It is true, as I have seen, that many rocks of Ætna contain these substances in abundance; but in my opinion these rocks are no lavas, but have flowed subterraneously like our whins, and are the same with them in every respect. A particular district of Ætna, comprehending the Cyclopian Isles, and the country round La Trezza, and the Castle of Jaci, is decidedly of this description; and vestiges of the same kind occur in other parts of the mountain. In one place fossile coal has been found, and in another we saw marine shells. In the neighbourhood of Bronte we observed a high ridge formed of strata of sandstone and limestone, partly overflowed and concealed by recent lavas, but so placed as to render it evident that its continuation formed no inconsiderable part of the mountain. Thus, Ætna being composed, partly of the subterranean, and partly of the external productions of fire, may be expected to afford numberless opportunities of pursuing the comparison between these two classes[19].


  A most interesting scene for such a comparison occurs likewise on Vesuvius. The history of this volcano is simpler than that of Ætna, for it has been evidently formed, with all its appendages, by the continued action of external eruptions, which have raised it, at some remote period, from the bottom of a sea, occupying all the Campi Phlegraei, and washing the surrounding Appenines. The whole volcano seems once to have consisted of a single large cone, the greatest part of which has sunk during some violent eruption, probably that which took place in the time of Pliny, leaving a fragment of its basis, now called the mountain of Somma. This fragment retains its original shape; and on the side fronting the towns of Somma and Otajano, the external conical surface, along which the ancient lavas had flowed, is still entire. Fronting the centre of the cone, Somma breaks off abruptly, and presents a vertical cragg, some hundred feet in height, which is concave inwards. From the gulf, produced by the ruin of the ancient mountain, though not exactly from its centre, have arisen the explosions which, by repeated accumulation, have formed the present cone of Vesuvius. Next the sea, this cone has extended itself so as completely to cover all remains of the ancient one, forming a continued slope from the crater to the foot of the mountain. On the opposite side it meets the base of the craggs of Somma, and forms an angle, into which many successive streams of lava have flowed, producing a narrow horizontal valley, in the form of a crescent, called the Atrio del Cavallo. From this valley the craggs of Somma present a complete view of the internal structure of the ancient mountain, corresponding, in most things, to what might have been supposed.


  The various substances, deposited successively on the external surface of the ancient cone, being cut vertically in this cragg, their succession is distinctly seen, the section of each stratum presenting to the view part of a horizontal circle; the whole consists of alternate layers of thin streams of lava, and very thick beds of loose frothy rapilli, which last being thrown into the air in a soft state, had fallen in showers on the sides of the mountain.


  In various places the regularity of this arrangement is interrupted by certain vertical lavas, from two feet to ten or twelve in thickness, which cross the strata just described in an irregular manner, and pass upward, without distinction, through the solid beds, and through the loose ones. It immediately occurred to us[20], that these lavas must have flowed in fissures of the ancient mountain; and we accounted for them by supposing, that a melted stream, flowing along the external surface, had met in its course with one of those crevices which are formed in all great eruptions, and had flowed into it so as to return again into the heart of the mountain. This conjecture very nearly agrees with those advanced by M. Dolomieu, and by M. Breislack, who both mention these vertical lavas of Somma[21].


  I have since been induced to consider this phenomenon, which formerly seemed to present only an amusing variety in the history of volcanic eruptions, as of the utmost consequence in geology, by supplying an intermediate link between the external and the subterraneous productions of heat. I now think, that, though we judged rightly in believing those lavas to have flowed in crevices, we were mistaken as to their direction; for instead of flowing downwards, I am convinced they have flowed upwards, and that the crevices have performed the office of pipes, through which lateral explosions have found a vent. This will appear in the highest degree probable, when we attend to the known history of volcanic eruptions. It generally happens, that the lava begins to flow from the summit, in consequence of the crater being filled with liquid matter up to the brim. At that moment the basis of the mountain must be pressed outwards by a very great hydrostatical force, equal to the weight of a column of liquid lava as high as the mountain itself. It is natural then to expect, that this pressure, assisted by strong percussions of explosion, should lacerate the body of the hill, and form great rents. The lava, urged upwards by the same pressure, would flow through these rents, and emerge at the surface with violence. The discharge would continue through this channel till the propelling force had ceased, when the rents would be left full of lava; which, cooling in that position, would produce vertical lavas, such as those of Somma. This supposition is confirmed by various phenomena: The lava ceases to flow from the crater as soon as a lateral eruption has begun; when it rushes with such violence from the side of the mountain as to fly to a great height into the air, like a jet d'eau; and it often makes its appearance, in the same instant, at various mouths, which are not scattered at random, but placed in one continued line, indicating the discharge from a rent. Some circumstances likewise, which I observed on a close examination of the vertical lavas, indicate that the crevices had performed the office of pipes. Frequently the substance at the middle differs from that on each side, whilst the sides resemble each other exactly. I explain this, by supposing that the lava, which had first flowed through the pipe, and had coated its sides with solid matter, had been followed by a stream somewhat different, which had remained there on the cooling of the whole. In one case, I found lava on each side, and in the middle tuffa, which is generally supposed to have been erupted in the state of watery mud. In another, the substance in immediate contact with the mountain is vitreous, the rest being common lava. This is fully explained by our experiments, if we suppose the stream to have flowed into a cold crevice.


  To apply these observations to the general history of the globe: It is evident that the vertical lavas bear the closest resemblance, in point of position, to veins of every description, which, in all parts of the world, are found penetrating the strata, and which, according to Dr Hutton, have flowed by means of subterraneous heat. The veins, or dikes, (as they are called), of whinstone, which so commonly occur in this country, differ from them in no circumstance which I had the means of observing. It is therefore natural to expect that, if examined with particular care, their agreement will be found complete. Of this, however, we must not form too sanguine expectations; for though the vertical lavas of Somma have undoubtedly sustained the pressure of a great superincumbent mass, we have no proof that this force was sufficiently strong, as Dr Hutton supposes was the case in whinstone, to repress the volatility of carbonic acid. On the other hand, as we are yet entirely ignorant of the degree of force requisite for this purpose, we have no proof that it has been too weak. All the veins of Somma I examined were absolutely compact, except one which was full of pores. I am unable to determine whether this was the real porosity of a lava, or whether, as in our whins, it arose from the removal, near the surface, of nodules of calcareous spar. Granting that these pores were real air holes, the circumstance was peculiar to that single stream, and may have been owing to an inferior degree of pressure; for, in this respect, we have reason to look for the greatest diversity. Some vertical streams must have flowed while the mountain was yet low; others may have found vent at a low level; in both which cases, the pressure would be feeble: whereas other streams, communicating with elevated lateral eruptions, would sustain, in their lower parts, the full reaction of deep columns of liquid lava, and may be expected to exhibit the effects of great pressure. Should any future traveller be fortunate enough to meet with a nodule of calcareous spar in a lava, occupying the crevice of a mountain formed by undoubted external eruptions, all that has been said of the effects of pressure would cease to be hypothetical, and this fundamental article of Dr Hutton's theory would be established beyond dispute.


  I have now examined the relation between whinstone and lava in various points of view; and the result of the investigation, by showing the intimate connection between the two classes, tends strongly to confirm the ideas of Dr Hutton. I flatter myself, likewise, that the experiments, independently of the general views of geology, are of some value, by accounting for the stony character of lavas, and thus enabling us to dispense with the various mystical suppositions which have of late perplexed the history of volcanic phenomena.
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  Endnotes


  [1] Particular reasons induced me not to publish this paper at full length; but, wishing to preserve a record of some opinions peculiar to myself which it contained, I introduced a short abstract of it into the History of the Transactions.


  [2] In the course of last winter, when I first thought of resuming my experiments, I proposed to this gentleman, that, in imitation of a practice, common in the Academy of Sciences of Paris, we should perform them in company. To this proposal he cheerfully agreed, but, before any experiments had been begun, he found himself so much occupied by professional duties, that he could not bestow upon the subject the time which it necessarily required, and we gave up the idea of working in company.


  [3] In characterising the particular specimens, I have adopted, with scarcely any variation, descriptions drawn up by Dr Kennedy, whose name I shall have occasion frequently to mention in the course of this paper. In the employment of terms, we have profited by the advice of Mr Deriabin, a gentleman well versed in the language of the Wernerian School.


  [4] Called Bell's Mills Quarry.


  [5] I showed this result at a meeting of the Society on 5th of February.


  [6] The measurement of the temperatures may be relied upon as accurate; they were determined by two sets of pieces, one purchased by me during the lifetime of the late Mr Wedgwood, and the other likewise made by him, belonging to Dr Kennedy, The two sets correspond exactly and Dr Kennedy's had, at his request, been carefully examined by the present Mr Wedgwood, who found them true by his father's original standard.


  [7] Though I differ widely from this gentleman in many of his theoretical opinions, I cannot too strongly express my admiration of his merit as a natural historian. His descriptions of countries, as well as of minerals, present the most lively representations to the mind of the reader, which, in the numerous instances I have witnessed, are perfectly correct.


  [8] None of the lavas I have seen contained the smallest vestige of petroleum; nor did I meet with any sulphur but what was evidently produced by the condensation of vapours, rising through crevices, long after the eruptions had ceased.


  [9] I conceive, therefore, that the formation of the insulated substances contained in lavas, as well as the other peculiarities of internal structure, possessed by lavas in common with granite and basaltes, must be ascribed in all of them to crystallization during slow cooling after fusion, as I stated formerly in Spring 1790, (Trans. Edin. vol III.). The year following, Dr Beddoes presented to the Royal Society of London a paper, in which he also explains the character of granite and basaltes by crystallization, in consequence of slow cooling.


  [10] "Elle est formée d'une pâte de roche de corne grise, à grains fins, mêlée " d'écaillés, et de criftaux de feld-fpath de même couleur; elle contient un très grand nombre de cristaux de schorl noir, et de grains de crysolites jaunes, les uns et les autres quelquefois chatoyans, de différentes couleurs dans leurs fractures.----- Cette lave a une cassure seche, et un grain rude, surtout dans le centre des courons; c'est là où elle a toujours conservé une couleur plus claire, qui doit être celle de sa base sur les bords es les surfaces elle s'est sort noircie; elle y a acquis une affez sorte action fur l'aiguille aimantée que celle du centre n'a presque point."


  [11] "Lave homogene noire: son grain est fin et serrée il est un peu brillant, comme micacé lorsqu'on le présente au soleil; sa cassure nette et seche est conchéide comme celle du silex."


  [12] It belongs to the fifth variety of his compact lavas.


  [13] M. Dolomieu ascribes the formation of part of Mount Ætna itself to a similar cause. I shall have occasion, in another part of this paper, to consider that opinion.


  [14] As at Malpertui above Piedimonte.


  [15] An account of Dr Kennedy's analysis is published in this volume.


  [16] Though chemists have hitherto overlooked, in their experiments, the mode in which bodies were cooled after being reduced to a state of fusion; yet many results, which we are now entitled to ascribe to slow cooling, have been occasionally observed. The slag of a furnace bears a strong resemblance to what we have called the liver crystallite, and is probably formed in the same manner. I have seen a mass possessing, in a great measure, the stony character of whins and lavas, which was produced in a lime-kiln by the fusion of an impure limestone; and Dr Beddoes has observed a crystallized texture in the slags of some iron furnaces. I am informed, that the celebrated Mr Klaproth has described some striking examples of crystallization after fusion, which he obtained in exposing various substances to the heat of the porcelain furnace at Berlin.


  [17] It may be asked, what has become of this superincumbent mass; and by what means it has been removed. Dr Hutton answers, that it has been gradually worn away during an immense course of ages, by the action of those causes which continue, under our eyes, to corrode the surface of the globe: That the solid parts, being conveyed to the bottom of the ocean, are there deposited in beds of sand and gravel, which, in some future revolution, being exposed to heat, may be again converted into stony strata.


  The whole of this system appears to me well founded, except in what regards the removal of the superincumbent mass, which has been performed, I conceive, in a very different manner, I am inclined to agree on this point with M. Pallas, M. De Saussure, and M. Dolomieu, and to believe that, at some period very remote with respect to our histories, though subsequent to the induration of the mineral kingdom, the surface of the globe has been swept by vast torrents, flowing with great rapidity, and so deep as to overtop the mountains; that these torrents, by removing and undermining the strata in some places, and by forming in others immense deposits, have produced the broken and motley structure, which the loose and external part of our globe every where exhibits.


  In the Alps and in Sicily I have witnessed several of those curious facts, upon which M. De Saussure and M. Dolomieu found their opinion, and which seem to justify their conclusions. I have likewise observed, in this country, many phenomena which denote the influence of similar agents. Lord Daar, who joins me in agreeing with Dr Hutton in almost every article but this, has added great weight to the argument by some general observations on lakes, and by some very interesting facts which he has observed in the Highlands of Scotland. We propose to pursue this subject, and to lay the result of our inquiries before the Society. Dr Hutton, in the second volume of his Theory of the Earth has taken great pains to refute all that has been said about these torrents; but, in my opinion, their existence is not only quite consistent with his general views, but seems deducible from his suppositions, almost as a necessary consequence. When the strata, according to his system, were elevated from the bottom of the sea, the removal of so much water, if not performed with unaccountable slowness, must have produced torrents, in all directions, of excessive magnitude, and fully adequate to the effects I have thus ascribed to them.


  [18] The modifications of the action of heat, occasioned by pressure, which have been taken into account by no geologist but Dr Hutton, distinguish his theory from all other igneous theories.


  [19] Dolomieu has observed this distinction; but supposes that the masses which we conceive to have flowed subterraneously were erupted at the bottom of the sea.


  [20] I saw this place in company with Dr J. Home in 1785.


  [21] Dolomieu conceives these lavas to have flowed over the lips of the crater, (Isles Ponces, p. 100.); M. Breislack, that they had first filled the open cavity of the crater, and from thence had flowed into crevices formed in its sides, "che una lava avendo riempita la cavita del cratere si solic insinuata per queste fenditure," (Topografia Ftsica della Campania, p. 115.). This last mentioned work, published in 1798, contains many interesting and accurate descriptions. Should the circumstances of the times permit, the author will have it in his power to follow out, with, every advantage, the hints I have suggested.


  3. ACCOUNT of a SERIES of EXPERIMENTS, shewing the EFFECTS of COMPRESSION in modifying the ACTION of HEAT.


  [Read June 3, 1805.]


  I.


  Ancient Revolutions of the Mineral Kingdom.—Vain attempts to explain them.— Dependence of Geology on Chemistry.—Importance of the Carbonate of Lime.—Dr Black's discovery of Carbonic Acid, subverted the former theories depending on Fire, but gave birth to that of Dr Hutton.—Progress of the Author's Ideas with regard to that Theory,—Experiments with Heat and Compressionf suggested to Dr Hutton in 1790.—Undertaken by the Author in 1798.— Speculations on which his hopes of success were founded.


  Whoever has attended to the structure of Rocks and Mountains, must be convinced, that our Globe has not always existed in its present state; but that every part of its mass, so far at least as our observations reach, has been agitated and subverted by the most violent revolutions.


  Facts leading to such striking conclusions, however imperfectly observed, could not fail to awaken curiosity, and give rise to a desire of tracing the history, and of investigating the causes, of such stupendous events; and various attempts were made in this way, but with little success; for while discoveries of the utmost importance and accuracy were made in Astronomy and Natural Philosophy, the systems produced by the Geologists were so fanciful and puerile, as scarcely to deserve a serious refutation.


  One principal cause of this failure, seems to have lain in the very imperfect state of Chemistry, which has only of late years begun to deserve the name of a science. While Chemistry was in its infancy, it was impossible that Geology should make any progress; since several of the most important circumstances to be accounted for by this latter science, are admitted on all hands to depend upon principles of the former. The consolidation of loose sand into strata of solid rock; the crystalline arrangement of substances accompanying those strata, and blended with them in various modes, are circumstances of a chemical nature, which all those who have attempted to frame theories of the earth have endeavoured by chemical reasonings to reconcile to their hypotheses.


  Fire and Water, the only agents in nature by which stony substances are produced, under our observation, were employed by contending sects of geologists, to explain all the phenomena of the mineral kingdom.


  But the known properties of Water, are quite repugnant to the belief of its universal influence, since a very great proportion of the substances under consideration are insoluble, or nearly so, in that fluid; and since, if they were all extremely soluble, the quantity of water which is known to exist, or that could possibly exist in our planet, would be far too small to accomplish the office assigned to it in the Neptunian theory[1]. On the other hand, the known properties of Fire are no less inadequate to the purpose; for, various substances which frequently occur in the mineral kingdom, seem, by their presence, to preclude its supposed agency; since experiment shews, that, in our fires, they are totally changed or destroyed.


  Under such circumstances, the advocates of either element were enabled, very successfully, to refute the opinions of their adversaries, though they could but feebly defend their own: and, owing perhaps to this mutual power of attack, and for want of any alternative to which the opinions of men could lean, both systems maintained a certain degree of credit; and writers on geology indulged themselves, with a sort of impunity, in a style of unphilosophical reasoning, which would not have been tolerated in other sciences.


  Of all mineral substances, the Carbonate of Lime is unquestionably the most important in a general view. As limestone or marble, it constitutes a very considerable part of the solid mass of many countries; and, in the form of veins and nodules of spar, pervades every species of stone. Its history is thus interwoven in such a manner with that of the mineral kingdom at large, that the fate of any geological theory must very much depend upon its successful application to the various conditions of this substance. But, till Dr Black, by his discovery of Carbonic Acid, explained the chemical nature of the carbonate, no rational theory could be formed, of the chemical revolutions which it has undoubtedly undergone.


  This discovery was, in the first instance, hostile to the supposed action of fire; for the decomposition of limestone by fire in every common kiln being thus proved, it seemed absurd to ascribe to that same agent the formation of limestone, or of any mass containing it.


  The contemplation of this difficulty led Dr Hutton to view the action of fire in a manner peculiar to himself, and thus to form a geological theory, by which, in my opinion, he has furnished the world with the true solution of one of the most interesting problems that has ever engaged the attention of men of science.


  He supposed,


  I. That Heat has acted, at some remote period, on all rocks.


  II. That during the action of heat, all these rocks (even such as now appear at the surface) lay covered by a superincumbent mass, of great weight and strength.


  III. That in consequence of the combined action of Heat and Pressure, effects were produced different from those of heat on common occasions; in particular, that the carbonate of lime was reduced to a state of fusion, more or less complete, without any calcination.


  IV. The essential and characteristic principle of his theory is thus comprised in the word Compression; and by one bold hypothesis founded on this principle, he undertook to meet all the objections to the action of fire, and to account for those circumstances in which minerals are found to differ from the usual products of our furnaces.


  This system, however, involves so many suppositions, apparently in contradiction to common experience, which meet us on the very threshold, that most men have hitherto been deterred from the investigation of its principles, and only a few individuals have justly appreciated its merits. It was long before I belonged to the latter class; for I must own, that, on reading Dr Hutton's first geological publication, I was induced to reject his system entirely, and should probably have continued still to do so, with the great majority of the world, but for my habits of intimacy with the author the vivacity and perspicuity of whose conversation, formed a striking contrast to the obscurity of his writings. I was induced by that charm, and by the numerous original facts which his system had led him to observe, to listen to his arguments, in favour of opinions which I then looked upon as visionary. I thus derived from his conversation, the same advantage which the world has lately done from the publication of Mr Playfair's Illustrations; and, experienced the same influence which is now exerted by that work, on the minds of our most eminent men of science.


  After three years of almost daily warfare with Dr Hutton, on the subject of his theory, I began to view his fundamental principles with less and less repugnance. There is a period, I believe, in all scientific investigations, when the conjectures of genius cease to appear extravagant; and when we balance the fertility of a principle, in explaining the phenomena of nature, against its improbability as an hypothesis: The partial view which we then obtain of truth, is perhaps the most attractive of any, and most powerfully stimulates the exertions of an active mind. The mist which obscured some objects dissipates by degree, and allows them to appear in their true colours; at the same time, a distant prospect opens to our view, of scenes unsuspected before.


  Entering now seriously into the train of reasoning followed by Dr Hutton, I conceived that the chemical effects ascribed by him to compression, ought, in the first place, to be investigated; for, unless some good reason were given us for believing that heat would be modified by pressure, in the manner alleged, it would avail us little to know that they had acted together. He rested his belief of this influence on analogy; and on the satisfactory solution of all the phenomena, furnished by this supposition. It occurred to me, however, that this principle was susceptible of being established in a direct manner by experiment, and I urged him to make the attempt; but he always rejected this proposal, on account of the immensity of the natural agents, whose operations he supposed to lie far beyond the reach of our imitation; and he seemed to imagine, that any such attempt must undoubtedly fail, and thus throw discredit on opinions already sufficiently established, as he conceived, on other principles. I was far, however, from being convinced by these arguments; for, without being able to prove that any artificial compression to which we could expose the carbonate, would effectually prevent its calcination in our fires, I maintained, that we had as little proof of the contrary, and that the application of a moderate force might possibly perform all that was hypothetically assumed in the Huttonian Theory. On the other hand, I considered myself as bound, in practice, to pay deference to his opinion, in a field which he had already so nobly occupied, and abstained, during the remainder of his life, from the prosecution of some experiments with compression, which I had begun in 1790.


  In 1798, I resumed the subject with eagerness, being still of opinion, that the chemical law which forms the basis of the Huttonian Theory, ought, in the first place, to be investigated experimentally; all my subsequent reflections and observations having tended to confirm my idea of the importance of this pursuit, without in any degree rendering me more apprehensive as to the result.


  In the arrangement of the following paper, I shall first confine myself to the investigation of the chemical effects of Heat and Compression, reserving to the concluding part, the application of my results to Geology. I shall, then, appeal to the volcanoes, and shall endeavour to vindicate the laws of action assumed in the Huttonian Theory, by shewing, that lavas, previous to their eruptions, are subject to similar laws; and that the volcanoes, by their subterranean and submarine exertions, must produce, in our times, results similar to those ascribed, in that Theory, to the former action of fire.


  In comparing the Huttonian operations with those of the volcanoes, I shall avail myself of some facts, brought to light in the course of the following investigations, by which a precise limit is assigned to the intensity of the heat, and to the force of compression, required to fulfil the conditions of Dr Hutton's hypothesis: For, according to him, the power of those agents was very great, but quite indefinite; it was therefore impossible to compare their supposed effects in any precise manner with the phenomena of nature.


  My attention was almost exclusively confined to the Carbonate of Lime, about which I reasoned as follows: The carbonic acid, when uncombined with any other substance, exists naturally in a gaseous form, at the common temperature of our atmosphere; but when in union with lime, its volatility is repressed, in that same temperature, by the chemical force of the earthy substance, which retains it in a solid form. When the temperature is raised to a full red-heat, the acid acquires a volatility by which that force is overcome, it escapes from the lime, and assumes its gaseous form. It is evident, that were the attractive force of the lime increased, or the volatility of the acid diminished by any means, the compound would be enabled, to bear a higher heat without decomposition, than it can in the present state of things. Now, pressure must produce an effect of this kind; for when a mechanical force opposes the expansion of the acid, its volatility must, to a certain degree, be diminished. Under pressure, then, the carbonate may be expected to remain unchanged in a heat, by which, in the open air, it would have been calcined. But experiment alone can teach, us, what compressing force is requisite to enable it to resist any given elevation of temperature; and what is to be the result of such an operation. Some of the compounds of lime with acids are fusible, others refractory; the carbonate, when constrained by pressure to endure a proper heat, may be as fusible as the muriate.


  One circumstance, derived from the Huttonian Theory, induced me to hope, that the carbonate was easily fusible, and indicated a precise point, under which that fusion ought to be expected. Nothing is more common than to meet with nodules of calcareous spar inclosed in whinstone; and we suppose, according to the Huttonian Theory, that the whin and the spar had been liquid together; the two fluids keeping separate, like oil and water. It is natural, at the junction of these two, to look for indications of their relative fusibilities; and we find, accordingly, that the termination of the spar is generally globular and smooth; which seems to prove, that, when the whin became solid, the spar was still in a liquid state; for had the spar congealed first, the tendency which it shews, on all occasions of freedom, to shoot out into prominent crystals, would have made it dart into the liquid whin, according to the peculiar forms of its crystallization; as has happened with the various substances contained in whin, much more refractory than itself, namely, augite, felspar, &c.; all of which having congealed in the liquid whin, have assumed their peculiar forms with perfect regularity. From this I concluded, that when the whin congealed, which must have happened about 28° or 30° of Wedgwood, the spar was still liquid. I therefore expected, if I could compel the carbonate to bear a heat of 28° without decomposition, that it would enter into fusion. The sequel will shew, that this conjecture was not without foundation.


  I shall now enter upon the description of those experiments, the result of which I had the honour to lay before this Society on the 30th of August last (1804); fully aware how difficult it is, in giving an account of above five hundred experiments, all tending to one point, but differing much from each other in various particulars, to steer between the opposite faults of prolixity and barrenness. My object shall be to describe, as shortly as possible, all the methods followed, so as to enable any chemist to repeat the experiment; and to dwell particularly on such circumstances only, as seem to lead to conclusions of importance.


  The result being already known, I consider the account I am about to give of the execution of these experiments, as addressed to those who take a particular interest in the progress of chemical operations: in the eyes of such gentlemen, I trust, that none of the details into which I must enter, will appear superfluous.


  II.


  Principle of execution upon which the following Experiments were conducted.—Experiments with Gun-Barrels filled with baked Clay, and welded at the muzzle.—Method with the Fusible Metal.—Remarkable effects of its expansion.—Necessity of introducing Air.—Results obtained.


  When I first undertook to make experiments with heat acting under compression, I employed myself in contriving various devices of screws, of bolts, and of lids, so adjusted, I hoped, as to confine all elastic substances; and perhaps some of them might have answered. But I laid aside all such devices, in favour of one which occurred to me in January 1798; which, by its simplicity, was of easy application in all cases, and accomplished all that could be done by any device, since it secured perfect strength and tightness to the utmost that the vessels employed could bear, whether formed of metallic or earthy substance. The device depends upon the following general view: If we take a hollow tube or barrel (AD, fig. 1.) closed at one end, and open at the other, of one foot or more in length; it is evident, that by introducing one end into a furnace, we can apply to it as great heat as art can produce, while the other end is kept cool, or, if necessary, exposed to extreme cold. If, then, the substance which we mean to subject to the combined action of heat and pressure, be introduced into the breech or closed end of the barrel (CD), and if the middle part be filled with some refractory substance, leaving a small empty space at the muzzle (AB), we can apply heat to the muzzle, while the breech containing the subject of experiment, is kept cool, and thus close the barrel by any of the numerous modes which heat affords, from the welding of iron to the melting of sealing-wax. Things being then reversed, and the breech put into the furnace, a heat of any required intensity may be applied to the subject of experiment, now in a state of constraint.


  My first application of this scheme was carried on with a common gun-barrel, cut off at the touch-hole, and welded very strongly at the breech by means of a plug of iron. Into it I introduced the carbonate, previously rammed into a cartridge of paper or pasteboard, in order to protect it from the iron, by which, in some former trials, the subject of experiment had been contaminated throughout during the action of heat. I then rammed the rest of the barrel full of pounded clay, previously baked in a strong heat, and I had the muzzle closed like the breech, by a plug of iron welded upon it in a common forge; the rest of the barrel being kept cold during this operation, by means of wet cloths. The breech of the barrel was then introduced horizontally into a common muffle, heated to about 25° of Wedgwood. To the muzzle a rope was fixed, in such a manner, that the barrel could be withdrawn without danger from an explosion[2]. I likewise, about this time, closed the muzzle of the barrel, by means of a plug, fixed by solder only; which method had this peculiar advantage, that I could shut and open the barrel, without having recourse to a workman. In these trials, though many barrels yielded to the expansive force, others resisted it, and afforded some results that were in the highest degree encouraging, and even satisfactory, could they have been obtained with certainty on repetition of the process. In many of them, chalk, or common limestone previously pulverised, was agglutinated into a stony mass, which required a smart blow of a hammer to break it, and felt under the knife like a common limestone; at the same time, the substance, when thrown into nitric acid, dissolved entirely with violent effervescence.


  In one of these experiments, owing to the action of heat on the cartridge of paper, the baked clay, which had been used to fill the barrel, was stained black throughout, to the distance of two-thirds of the length of the barrel from its breech. This circumstance is of importance, by shewing, that though all is tight at the muzzle, a protrusion may, take place along the barrel, greatly to the detriment of complete compression: and, at the same time, it illustrates what has happened occasionally in nature, where the bituminous matter seems to have been driven by superior local heat, from one part of a coaly bed, though retained in others, under the same compression. The bitumen so driven off being found, in other cases, to pervade and tinge beds of slate and of sandstone.


  I was employed in this pursuit in spring 1800, when an event of importance interrupted my experiments for about a year. But I resumed them in March 1801, with many new plans of execution, and with considerable addition to my apparatus.


  In the course of my first trials, the following mode of execution had occurred to me, which I now began to put in practice. It is well known to chemists, that a certain composition of different metals[3], produces a substance so fusible, as to melt in the heat of boiling-water. I conceived that great advantage, both in point of accuracy and dispatch, might be gained in these experiments, by substituting this metal for the baked clay above mentioned: That after introducing the carbonate into the breech of the barrel, the fusible metal, in a liquid state, might be poured in, so as to fill the barrel to its brim: That when the metal had cooled and become solid, the breech might, as before, be introduced into a muffle, and exposed to any required heat, while the muzzle was carefully kept cold. In this manner, no part of the fusible metal being melted, but what lay at the breech, the rest, continuing in a solid state, would effectually confine the carbonic acid. That after the action of strong heat had ceased, and after all had been allowed to cool completely, the fusible metal might be removed entirely from the barrel, by means of a heat little above that of boiling water, and far too low to occasion any decomposition of the carbonate by calcination, though acting upon it in freedom; and then, that the subject of experiment might, as before, be taken out of the barrel.


  This scheme, with various modifications and additions, Which practice has suggested, forms the basis of most of the following methods.


  In the first trial, a striking phenomenon occurred, which gave rise to the most important of these modifications. Having filled a gun-barrel with the fusible metal, without any carbonate; and having placed the breech in a muffle, I was surprised to see, as the heat approached to redness, the liquid metal exuding through the iron in innumerable minute drops, dispersed all round the barrel. As the heat advanced, this exudation increased, till at last the metal flowed out in continued streams, and the barrel was quite, destroyed. On several occasions of the same kind, the fusible metal, being forced through some very minute aperture in the barrel, spouted from it to the distance of several yards, depositing upon any substance opposed to the stream, a beautiful assemblage of fine wire, exactly in the form of wool. I immediately understood, that the phenomenon was produced by the superior expansion of the liquid over the solid metal, in consequence of which, the fusible metal was driven through the iron as water was driven through silver[4] by mechanical percussion in the Florentine experiment. It occurred to me, that this might be prevented by confining along with the fusible metal a small quantity of air, which, by yielding a little to the expansion of the liquid, would save the barrel. This remedy was found to answer completely, and was applied, in all the experiments made at this time[5].


  I now proposed, in order to keep the carbonate clean, to inclose it in a small vessel; and to obviate the difficulty of removing the result at the conclusion of the experiment, I further proposed to connect that vessel with an iron ramrod, longer than the barrel, by which it could be introduced or withdrawn at pleasure.


  A small tube of glass[6], or of Raumur's porcelain, about a quarter of an inch in diameter, and one or two inches in length, (fig. 2. A) was half filled with pounded carbonate of lime, rammed as hard as possible; the other half of the tube being filled with pounded silex, or with whatever occurred as most likely to prevent the intrusion of the fusible metal in its liquid and penetrating state. This tube so filled, was placed in a frame or cradle of iron (d f k b, figs. 3, 4, 5, and 6,) fixed to the end (m) of a ram-rod (m n). The cradle was from six to three inches in length, and as much in diameter as a gun- barrel would admit with ease. It was composed of two circular plates of iron, (d e f g and b i k l, seen edge-wise in the figures,) placed at right-angles to the ram-rod, one of these plates (d e f b) being fixed to it, by the centre (m). These plates were connected together by four ribs or flattened wires of iron (d b, e i, f k, and g l,) which formed the cradle into which the tube (A), containing the carbonate, was introduced by thrusting the adjacent ribs asunder. Along with the tube just mentioned, was introduced another tube (B), of iron or porcelain, filled only with air. Likewise, in the cradle, a pyrometer[7] piece (C) was placed in contact with (A) the tube containing the carbonate. These articles generally occupied the whole cradle; when any space remained, it was filled up by a piece of chalk dressed for the purpose. (Fig. 4. represents the cradle filled, as just described).


  Things being thus prepared, the gun-barrel, placed erect with its muzzle upwards, was half filled with the liquid fusible metal. The cradle was then introduced into the barrel, and plunged to the bottom of the liquid, so that the carbonate was placed very near the breech, (as represented in fig. 5, the fusible metal standing at o). The air-tube (B) being placed so as to enter the liquid with its muzzle downwards, retained great part of the air it originally contained, though some of it might be driven off by the heat, so as to escape through the liquid. The metal being now allowed to cool, and to fix round the cradle and ramrod, the air remaining in the air-tube was effectually confined, and all was held fast. The barrel being then filled to the brim with fusible metal, the apparatus was ready for the application of heat to the breech, (as shewn in fig. 6.)


  In the experiments made at this time, I used a square brick furnace (figs. 7 and 8), having a muffle (r s) traversing it horizontally and open at both ends. This muffle being supported in the middle by a very slender prop, was exposed to fire from below, as well as all round. The barrel was placed in the muffle, with its breech in the hottest part, and the end next the muzzle projecting beyond the furnace, and surrounded with cloths which were drenched with water from time to time. (This arrangement is shewn in fig. 7). In this situation, the fusible metal surrounding the cradle being melted, the air contained in the air-tube would of course seek the highest position, and its first place in the air-tube would be occupied by fusible metal. (In fig. 6., the new position of the air is shewn at p q).


  At the conclusion of the experiment, the metal was generally removed by placing the barrel in the transverse muffle, with its muzzle pointing a little downwards, and so that the heat was applied first to the muzzle, and then to the rest of the barrel in succession. (This operation is shewn in fig. 8). In some of the first of these experiments, I loosened the cradle, by plunging the barrel into heated brine, or a strong solution of muriate of lime; which last bears a temperature of 250° of Fahrenheit before it boils. For this purpose, I used a pan three inches in diameter, and three feet deep, having a flat bason at top to receive the liquid when it boiled over. The method answered, but was troublesome, and I laid it aside, I have had occasion, lately, however, to resume it in some experiments in which it was of consequence to open the barrel with the least possible heat[8].


  By these methods I made a great number of experiments, with results that were highly interesting in that stage of the business, though their importance is so much diminished by the subsequent progress of the investigation, that I think it proper to mention but very few of them.


  On the 31st of March 1801, I rammed forty grains of pounded chalk into a tube of green bottle-glass, and placed it in the cradle as above described. A pyrometer in the muffle along with the barrel indicated 33°. The barrel was exposed to heat during seventeen or eighteen minutes. On withdrawing the cradle, the carbonate was found in one solid mass, which had visibly shrunk in bulk, the space thus left within the tube being accurately filled with metal, which plated the carbonate all over without penetrating it in the least, so that the metal was easily removed. The weight was reduced from forty to thirty-six grains. The substance was very hard, and resisted the knife better than any result of the kind previously obtained; its fracture was crystalline, bearing a resemblance to white saline marble; and its thin edges had a decided semitransparency, a circumstance first observed in this result.


  On the 3d of March of the same year, I made a similar experiment, in which a pyrometer-piece was placed within the barrel, and another in the muffle; they agreed in indicating 23°. The inner tube, which was of Reaumur's porcelain, contained eighty grains of pounded chalk. The carbonate was found, after the experiment, to have lost 3 1/2 grains. A thin rim, less than the 20th of an inch in thickness, of whitish matter, appeared on the outside of the mass. In other respects, the carbonate was in a very perfect state, it was of a yellowish colour, and had a decided semitransparency and saline fracture. But what renders this result of the greatest value, is, that on breaking the mass, a space of more than the tenth of an inch square, was found to be completely crystallized, having acquired the rhomboidal fracture of calcareous spar. It was white and opaque, and presented to the view three sets of parallel plates which are seen under three different angles. This substance, owing to partial calcination and subsequent absorption of moisture, had lost all appearance of its remarkable properties in some weeks after its production; but this appearance has since been restored, by a fresh fracture, and the specimen is now well preserved by being hermetically inclosed.


  III.


  Experiments made in Tubes of Porcelain.—Tubes of Wedgwood's Ware.—Methods used to confine the Carbonic Acid, and to close the Pores of the Porcelain in a Horizontal Apparatus.—Tubes made with a view to these Experiments.—The Vertical Apparatus adopted.—View of Results obtained, both in Iron and Porcelain.—The Formation of Limestone and Marble.—Inquiry into the Cause of the partial Calcinations. —Tubes of Porcelain weighed previous to breaking.—Experiments with Porcelain Tubes proved to be limited.


  While I was carrying on the above mentioned experiments, I was occasionally occupied with another set, in tubes of porcelain. So much, indeed, was I prepossessed in favour of this last mode, that I laid gun-barrels aside, and adhered to it during more than a year. The methods followed with this substance, differ widely from those already described, though founded on the same general principles.


  I procured from Mr Wedgwood's manufactory at Etruria, in Staffordshire, a set of tubes for this purpose, formed of the same substance with the white mortars, in common use, made there. These tubes were fourteen inches long, with a bore of half an inch diameter, and thickness of 0.2; being closed at one end (figs. 9, 10, 11, 12, 13.)


  I proposed to ram the carbonate of lime into the breech (Fig. 9. A), then filling the tube to within a small distance of its muzzle with pounded flint (B), to fill that remainder (C) with common borax of the shops (borat of soda) previously reduced to glass, and then pounded; to apply heat to the muzzle alone, so as to convert that borax into solid glass; then, reversing the operation, to keep the muzzle cold, and apply the requisite heat to the carbonate lodged in the breech.


  I thus expected to confine the carbonic acid; but the attempt was attended with considerable difficulty, and has led to the employment of various devices, which I shall now shortly enumerate, as they occurred in the course of practice. The simple application of the principle was found insufficient, from two causes; First, The carbonic acid being driven from the breech of the tube, towards the muzzle, among the pores of the pounded silex, escaped from the compressing force, by lodging itself in cavities which were comparatively cold: Secondly, The glass of borax, on cooling, was always found to crack very much, so that its tightness could not be depended on.


  To obviate both these inconveniences at once, it occurred to me, in addition to the first arrangement, to place some borax (fig. 10. C) so near the breech of the tube, as to undergo heat along with the carbonate (A); but interposing between this borax and the carbonate, a stratum of silex (B), in order to prevent contamination. I trusted that the borax in a liquid or viscid state, being thrust outwards by the expansion of the carbonic acid, would press against the silex beyond it (D), and totally prevent the elastic substances from escaping out of the tube, or even from wandering into its cold parts.


  In some respects, this plan answered to expectation. The glass of borax, which can never be obtained when cold, without innumerable cracks, unites into one continued viscid mass in the lowest red-heat; and as the stress in these experiments, begins only with redness, the borax being heated at the same time with the carbonate, becomes united and impervious, as soon as its action is necessary. Many good results were accordingly obtained in this way. But I found, in practice, that as the heat rose, the borax began to enter into too thin fusion, and was often lost among the pores of the silex, the space in which it had lain being found empty on breaking the tube. It was therefore found necessary to oppose something more substantial and compact, to the thin and penetrating quality of pure borax.


  In searching for some such substance, a curious property of bottle-glass occurred accidentally. Some of this glass, in powder, having been introduced into a muffle at the temperature of about 20° of Wedgwood; the powder, in the space of about a minute, entered into a state of viscid agglutination, like that of honey, and in about a minute more, (the heat always continuing unchanged,) consolidated into a firm and compact mass of Reaumur's porcelain[9] It now appeared, that by placing this substance immediately behind the borax, the penetrating quality of this last might be effectually restrained; for, Reaumur's porcelain has the double advantage of being refractory, and of not cracking by change of temperature. I found, however, that in the act of consolidation, the pounded bottle-glass shrunk, so as to leave an opening between its mass and the tube, through which the borax, and, along with it, the carbonic acid, was found to escape. But the object in view was obtained by means of a mixture of pounded bottle-glass, and pounded flint, in equal parts. This compound still agglutinates, not indeed into a mass so hard as Reaumur's porcelain, but sufficiently so for the purpose; and this being done without any sensible contraction, an effectual barrier was opposed to the borax; (this arrangement is shewn in fig. 11.); and thus the method of closing the tubes was rendered so complete, as seldom to fail in practice[10]. A still further refinement upon this method was found to be advantage. A second series of powders, like that already described, was introduced towards the muzzle, (as shewn in fig. 12.). During the first period of the experiment, this last-mentioned series was exposed to heat, with all the outward half of the tube (a b); by this means, a solid mass was produced, which remained cold and firm during the subsequent action of heat upon the carbonate.


  I soon found, that notwithstanding all the above-mentioned precautions, the carbonic acid made its escape, and that it pervaded the substance of the Wedgwood tubes, where no flaw could be traced. It occurred to me, that this defect might be remedied, were borax, in its thin and penetrating state of fusion, applied to the inside of the tube; and that the pores of the porcelain might thus be closed, as those of leather are closed by oil, in an air-pump. In this view, I rammed the carbonate into a small tube, and surrounded it with pounded glass of borax, which, as soon as the heat was applied, spread on the inside of the large tube, and effectually closed its pores. In this manner, many good experiments were made with barrels lying horizontally in common muffles, (the arrangement just described being represented in fig. 13.)


  I was thus enabled to carry on experiments with this porcelain, to the utmost that its strength would bear. But I was not satisfied with the force so exerted; and, hoping to obtain tubes of a superior quality, I spent much time in experiments with various porcelain compositions. In this, I so far succeeded, as to produce tubes by which the carbonic acid was in a great measure retained without any internal glaze. The best material I found for this purpose, was the pure porcelain-clay of Cornwall, or a composition in the proportion of two of this clay to one of what the potters call Cornish-stone, which I believe to be a granite in a state of decomposition. These tubes were seven or eight inches long, with a bore tapering from 1 inch to 0.6. Their thickness was about 0.3 at the breech, and tapered towards the muzzle to the thinness of a wafer.


  I now adopted a new mode of operation, placing the tube vertically, and not horizontally, as before. By observing the thin state of borax whilst in fusion, I was convinced, that it ought to be treated as a complete liquid, which being supported in the course of the experiment from below, would secure perfect tightness, and obviate the failure which often happened in the horizontal position, from the falling of the borax to the lower side.


  In this view, (fig. 16.), I filled the breech in the manner described above, and introduced into the muzzle some borax (C) supported at the middle of the tube by a quantity of silex mixed with bottle-glass (B). I placed the tube, so prepared, with its breech plunged into a crucible filled with sand (E), and its muzzle pointing upwards. It was now my object to apply heat to the muzzle-half, whilst the other remained cold. In that view, I constructed a furnace (fig. 14. and 15.), having a muffle placed vertically (c d), surrounded on all sides with fire (e e), and open both above (at c), and below (at d). The crucible just mentioned, with its tube, being then placed on a support directly below the vertical muffle, (as represented in fig. 14. at F), it was raised, so that the half of the tube next the muzzle was introduced into the fire. In consequence of this, the borax was seen from above to melt, and run down in the tube, the air contained in the powder escaping in the form of bubbles, till at last the borax stood with a clear and steady surface like that of water. Some of this salt being thrown in from above, by means of a tube of glass, the liquid surface was raised nearly to the muzzle, and, after all had been allowed to become cold, the position of the tube was reversed; the muzzle being now plunged into the sand, (as in fig. 17.), and the breech introduced into the muffle. In several experiments, I found it answer well, to occupy great part of the space next the muzzle, with a rod of sand and clay previously baked, (fig. 19. K K); which was either introduced at first, along with the pounded borax, or, being made red hot, was plunged into it when in a liquid state. In many cases I assisted the compactness of the tube by means of an internal glaze of borax; the carbonate being placed in a small tube, (as shewn in fig. 18.)


  These devices answered the end proposed. Three-fourths of the tube next the muzzle was found completely filled with a mass, having a concave termination at both ends, (f and g figs. 17. 18. 19.), shewing that it had stood as a liquid in the two opposite positions in which heat had been applied to it. So great a degree of tightness indeed was obtained in this way, that I found myself subjected to an unforeseen source of failure. A number of the tubes failed, not by explosion, but by the formation of a minute longitudinal fissure at the breech, through which the borax and carbonic acid escaped. I saw that this arose from the expansion of the borax when in a liquid state, as happened with the fusible metal in the experiments with iron-barrels; for, the crevice here formed, indicated the exertion of some force acting very powerfully, and to a very small distance. Accordingly, this source of failure was remedied by the introduction of a very small air-tube. This, however, was used only in a few experiments.


  In the course of the years 1801, 1802, and 1803, I made a number of experiments, by the various methods above described, amounting, together with those made in gun-barrels, to one hundred and fifty-six. In an operation so new, and in which the apparatus was strained to the utmost of its power, constant success could not be expected, and in fact many experiments failed, wholly or partially. The results, however, upon the whole, were satisfactory, since they seemed to establish some of the essential points of this inquiry.


  These experiments prove, that, by mechanical constraint, the carbonate of lime can be made to undergo strong heat, without calcination, and to retain almost the whole of its carbonic acid, which, in an open fire, at the same temperature, would have been entirely driven off: and that, in these circumstances, heat produces some of the identical effects ascribed to it in the Huttonian Theory.


  By this joint action of heat and pressure, the carbonate of lime which had been introduced in the state of the finest powder, is agglutinated into a firm mass, possessing a degree of hardness, compactness, and specific gravity[11], nearly approaching to these qualities in a sound limestone; and some of the results, by their saline fracture, by their semitransparency, and their susceptibility of polish, deserve the name of marble.


  The same trials have been made with all calcareous substances; with chalk, common limestone, marble, spar, and the shells of fish. All have shewn the same general property, with some varieties as to temperature. Thus, I found, that, in the same circumstances, chalk was more susceptible of agglutination than spar; the latter requiring a heat two degrees higher than the former, to bring it to the same pitch of agglutination.


  The chalk used in my first experiments, always assumed the character of a yellow marble, owing probably to some slight contamination of iron. When a solid piece of chalk, whose bulk had been previously measured in the gage of Wedgwood's pyrometer was submitted to heat under compression, its contraction was remarkable, proving the approach of the particles during their consolidation; on these occasions, it was found to shrink three times more than the pyrometer-pieces in the same temperature. It lost, too, almost entirely, its power of imbibing water, and acquired a great additional specific gravity. On several occasions, I observed, that masses of chalk, which, before the experiment, had shewn one uniform character of whiteness, assumed a stratified appearance, indicated by a series of parallel layers of a brown colour. This circumstance may hereafter throw light on the geological history of this extraordinary substance.


  I have said, that, by mechanical constraint, almost the whole of the carbonic acid was retained. And, in truth, at this period, some loss of weight had been experienced in all the experiments, both with iron and porcelain. But even this circumstance is valuable, by exhibiting the influence of the carbonic acid, as varied by its quantity.


  When the loss exceeded 10 or 15 per cent[12]. of the weight of the carbonate, the result was always of a friable texture, and without any stony character; when less than 2 or 3 per cent. it was considered as good, and possessed the properties of a natural carbonate. In the intermediate cases, when the loss amounted, for instance, to 6 or 8 per cent., the result was sometimes excellent at first, the substance bearing every appearance of soundness, and often possessing a high character of crystallization; but it was unable to resist the action of the air; and, by attracting carbonic acid or moisture, or both, crumbled to dust more or less rapidly, according to circumstances. This seems to prove, that the carbonate of lime, though not fully saturated with carbonic acid, may possess the properties of limestone; and perhaps a difference of this kind may exist among natural carbonates, give rise to their different degrees of durability.


  I have observed, in many cases, that the calcination has reached only to a certain depth into the mass; the internal part remaining in a state of complete carbonate, and, in general, of a very fine quality. The partial calcination seems thus to take place in two different modes. By one, a small proportion of carbonic acid is taken from each particle of carbonate; by the other, a portion of the carbonate is quite calcined, while the rest is left entire. Perhaps one result is the effect of a feeble calcining cause, acting during a long time, and the other of a strong cause, acting for a short time.


  Some of the results which seemed the most perfect when first produced, have been subject to decay, owing to partial calcination. It happened, in some degree, to the beautiful specimen produced on the 3d of March 1801, though a fresh fracture has restored it.


  A specimen, too, of marble, formed from pounded spar, on 15th May 1801, was so complete as to deceive the workman employed to polish it, who declared, that, were the substance a little whiter, the quarry from which it was taken would be of great value, if it lay within reach of a market. Yet, in a few weeks after its formation, it fell to dust.


  Numberless specimens, however, have been obtained, which resist the air, and retain their polish as well as any marble. Some of them continue in a perfect state, though they have been kept without any precaution during four or five years. That set, in particular, remain perfectly entire, which were shewn last year in this Society, though some of them were made in 1799, some in 1801 and 1802, and though the first eleven were long soaked in water, in the trials made of their specific gravity.


  A curious circumstance occurred in one of these experiments, which may hereafter lead to important consequences. Some rust of iron had accidentally found its way into the tube: 10 grains of carbonate were used, and a heat of 28° was applied. The tube had no flaw but there was a certainty that the carbonic acid had escaped through its pores. When broken, the place of the carbonate was found occupied, partly by a black flaggy matter, and partly by sphericles of various sizes, from that of a small pea downwards, of a white substance, which proved to be quicklime; the sphericles being interspersed through the flag, as spar and agates appear in whinstone. The flag had certainly been produced by a mixture of the iron with the substance of the tube and the spherical form of the quicklime seems to shew, that the carbonate had been in fusion along with the slag, and that they had separated on the escape of the carbonic acid.


  The subject was carried thus far in 1803, when I should probably have published my experiments, had I not been induced to prosecute the inquiry by certain indications, and accidental results, of a nature too irregular and uncertain to meet the public eye, but which convinced me, that it was possible to establish, by experiment, the truth of all that was hypothetically assumed in the Huttonian Theory.


  The principal object was now to accomplish the entire fusion of the carbonate, and to obtain spar as the result of that fusion, in imitation of what we conceive to have taken place in nature.


  It was likewise important to acquire the power of retaining all the carbonic acid of the carbonate, both on account of the fact itself, and on account of its consequences; the result being visibly improved by every approach towards complete saturation. I therefore became anxious to investigate the cause of the partial calcinations which had always taken place, to a greater or a less degree, in all these experiments. The question naturally suggests itself, What has become of the carbonic acid, separated in these partial calcinations from the earthy basis? Has it penetrated the vessel, and escaped entirely, or has it been retained within it in a gaseous, but highly compressed state? It occurred to me, that this question might be easily resolved, by weighing the vessel before and after the action of heat upon the carbonate.


  With iron, a constant and inappreciable source of irregularity existed in the oxidation of the barrel. But with porcelain the thing was easy; and I put it in practice in all my experiments with this material, which were made after the question had occurred to me. The tube was weighed as soon as its muzzle was closed, and again, after the breech had been exposed to the fire; taking care, in both cases, to allow all to cool. In every case, I found some loss of weight, proving, that even in the best experiments, the tubes were penetrated to a certain degree. I next wished to try if any of the carbonic acid separated, remained within the tube in a gaseous form; and in that view, I wrapt the tube, which had just been weighed, in a sheet of paper, and placed it, so surrounded, on the scale of the balance. As soon as its weight was ascertained, I broke the tube by a smart blow, and then replaced upon the scale the paper containing all the fragments. In those experiments, in which entire calcination had taken place, the weight was found not to be changed, for all the carbonic acid had already escaped during the action of heat. But in the good results, I always found that a loss of weight was the consequence of breaking the tube.


  These facts prove, that both causes of calcination had operated in the porcelain tubes; that, in the cases of small loss, part of the carbonic acid had escaped through the vessel, and that part had been retained within it. I had in view methods by which the last could be counteracted; but I saw no remedy for the first. I began, therefore, to despair of ultimate success with tubes of porcelain[13].


  Another circumstance confirmed me in this opinion. I found it impracticable to apply a heat above 27° to these tubes, when charged as above with carbonate, without destroying them, either by explosion, by the formation of a minute rent, or by the actual swelling of the tube. Sometimes this swelling took place to the amount of doubling the internal diameter, and yet the porcelain held tight, the carbonate sustaining but a very small loss. This ductility of the porcelain in a low heat is a curious fact, and shews what a range of temperature is embraced by the gradual transition of some substances from a solid to a liquid state: For the same porcelain, which is thus susceptible of being stretched out without breaking in a heat of 27°, stands the heat of 152°, without injury, when exposed to no violence, the angles of its fracture remaining sharp and entire.


  IV.


  Experiments in Gun-Barrels resumed.—The Vertical apparatus applied to them.—Barrels bored in solid Bars.—Old Sable Iron.—Fusion of the Carbonate of Lime.—Its action on Porcelain.—Additional apparatus required in consequence of that action.—Good results; in particular, four experiments, illustrating the theory of Internal Calcination, and shewing the efficacy of the Carbonic Acid as a Flux.


  Since I found that, with porcelain tubes, I could neither confine the carbonic acid entirely, nor expose the carbonate in them to strong heats; I at last determined to lay them aside, and return to barrels of iron, with which I had formerly obtained some good results, favoured, perhaps, by some accidental circumstances.


  On the 12th of February 1803, I began a series of experiments with gun-barrels, resuming my former method of working with the fusible metal, and with lead; but altering the position of the barrel from horizontal to vertical; the breech being placed upwards during the action of heat on the carbonate. This very simple improvement has been productive of advantages no less remarkable, than in the case of the tubes of porcelain. In this new position, the included air, quitting the air-tube on the fusion of the metal, and rising to the breech, is exposed to the greatest heat of the furnace, and must therefore react with its greatest force; whereas, in the horizontal position, that air might go as far back as the fusion of the metal reached, where its elasticity would be much feebler. The same disposition enabled me to keep the muzzle of the barrel plunged, during the action of heat, in a vessel filled with water; which contributed very much both to the convenience and safety of these experiments.


  In this view, making use of the brick-furnace with the vertical muffle, already described in page 93. I ordered a pit (a a a fig. 20.) to be excavated under it, for the purpose of receiving a water-vessel. This vessel (represented separately, fig. 21.) was made of cast iron; it was three inches in diameter, and three feet deep; and had a pipe (d e) striking off from it at right angles, four or five inches below its rim, communicating with a cup (e f) at the distance of about two feet. The main vessel being placed in the pit (a a) directly below the vertical muffle, and the cup standing clear of the furnace, water poured into the cup flowed into the vessel, and could thus conveniently be made to stand at any level. (The whole arrangement is represented in fig. 20.) The muzzle of the barrel (g) being plunged into the water, and its breech (A) reaching up into the muffle, as far as was found convenient, its position was secured by an iron chain (g f). The heat communicated downwards generally kept the surface of the water (at c) in a state of ebullition; the waste thus occasioned being supplied by means of the cup, into which, if necessary, a constant stream could be made to flow.


  As formerly, I rammed the carbonate into a tube of porcelain, and placed it in a cradle of iron, along with an air-tube and a pyrometer; the cradle being fixed to a rod of iron, which rod I now judged proper to make as large as the barrel would admit, in order to exclude as much of the fusible metal as possible; for the expansion of the liquid metal being in proportion to the quantity heated, the more that quantity could be reduced, the less risk there was of destroying the barrels.


  In the course of practice, a simple mode occurred of removing the metal and withdrawing the cradle: it consisted in placing the barrel with its muzzle downwards, so as to keep the breech above the furnace and cold, while its muzzle was exposed to strong heat in the muffle. In this manner, the metal was discharged from the muzzle, and the position of the barrel being lowered by degrees, the whole metal was removed in succession, till at last the cradle and its contents became entirely loose. As the metal was delivered, it was received in a crucible, filled with water, standing on a plate of iron placed over the pit, which had been used, during the first stage of the experiment, to contain the water-vessel. It was found to be of service, especially where lead was used, to give much more heat to the muzzle than simply what was required to liquefy the metal it contained; for when this was not done, the muzzle growing cold as the breech was heating, some of the metal delivered from the breech was congealed at the muzzle, so as to stop the passage.


  According to this method, many experiments were made in gun-barrels, by which some very material steps were gained in the investigation.


  On the 24th February, I made an experiment with spar and chalk; the spar being placed nearest to the breech of the barrel, and exposed to the greatest heat, some baked clay intervening between the carbonates. On opening the barrel, a long-continued hissing noise was heard. The spar was in a state of entire calcination; the chalk, though crumbling at the outside, was uncommonly hard and firm in the heart. The temperature had risen to 32°.


  In this experiment, we have the first clear example, in iron barrels, of what I call Internal Calcination; that is to say, where the carbonic acid separated from the earthy basis, has been accumulated in cavities within the barrel. For, subsequently to the action of strong heat, the barrel had been completely cooled; the air therefore introduced by means of the air-tube, must have resumed its original bulk, and by itself could have no tendency to rush out; the heat employed to open the barrel being barely sufficient to soften the metal. Since, then, the opening of the barrel was accompanied by the discharge of elastic matter in great abundance, it is evident, that this must have proceeded from something superadded to the air originally included, which could be nothing but the carbonic acid of the carbonate. It follows, that the calcination had been, in part at least, internal; the separation of the acid from the earthy matter being complete where the heat was strongest, and only partial where the intensity was less.


  The chemical principles stated in a former part of this paper, authorised us to expect a result of this kind. As heat, by increasing the volatility of the acid, tended to separate it from the earth, we had reason to expect, that, under the same compression, but in different temperatures, one portion of the carbonate might be calcined, and another not: And that the least heated of the two, would be least exposed to a change not only from want of heat, but likewise in consequence of the calcination of the other mass; for the carbonic acid disengaged by the calcination of the hottest of the two, must have added to the elasticity of the confined elastic fluid, so as to produce an increase of compression. By this means, the calcination of the hottest of the two might be altogether prevented, and that of the hottest might be hindered from making any further advancement. This reasoning seemed to explain the partial calcinations which had frequently occurred where there was no proof of leakage; and it opened some new practical views in these experiments, of which I availed myself without loss of time. If the internal calcination of one part of an inclosed mass, promotes the compression of other masses included along with it, I conceived that we might forward our views very much by placing a small quantity of carbonate, carefully weighed, in the same barrel with a large quantity of that substance and by arranging matters so that the small fiducial part should undergo a moderate heat, while a stronger heat, capable of producing internal calcination, should be applied to the rest of the carbonate. In this manner, I made many, experiments, and obtained results which seemed to confirm this reasoning, and which were often very satisfactory, though the heat did not always exert its greatest force where I intended it to do so.


  On the 28th of February, I introduced some carbonate, accurately weighed, into a small porcelain tube, placed within a larger one, the rest of the large tube being filled with pounded chalk; these carbonates, together with some pieces of chalk, placed along with the large tube in the cradle, weighing in all 195.7 grains. On opening the barrel, air rushed out with a long-continued hissing noise. The contents of the little tube were lost by the intrusion of some borax which had been introduced over the silex, in order to exclude the fusible metal. But the rest of the carbonate, contained in the large tube, came out in a fine state, being porous and frothy throughout; sparkling every where with facettes, the angular form of which was distinguishable in some of the cavities by help of a lens: in some parts the substance exhibited the rounding of fusion; in many it was in a high degree transparent. It was yellow towards the lower end, and at the other almost colourless. At the upper end, the carbonate seemed to have united with the tube, and at the places of contact to have spread upon it; the union having the appearance of a mutual action. The general mass of carbonate effervesced in acid violently, but the thin stratum immediately contiguous to the tube, feebly, if at all.


  On the 3d of March, I introduced into a very clean tube of porcelain 36.8 of chalk. The tube was placed in the upper part of the cradle, the remaining space being filled with two pieces of chalk, cut for the purpose; the uppermost of these being excavated, so as to answer the purpose of an air-tube. The pieces thus added, were computed to weigh about 300 grains. There was no pyrometer used; but the heat was guessed to be about 30°. After the barrel had stood during a few minutes in its delivering position, the whole lead, with the rod and cradle, were thrown out with a smart report, and with considerable force. The lowermost piece of chalk had scarcely been acted upon by heat. The upper part of the other piece was in a state of marble, with some remarkable facettes. The carbonate, in the little tube, had shrunk very much during the first action of heat, and had begun to sink upon itself, by a further advancement towards liquefaction. The mass was divided into several cylinders, lying confusedly upon each other; this division arising from the manner in which the pounded chalk was rammed into the tube in successive portions. In several places, particularly at the top, the carbonate was very porous, and full of decided air-holes, which could not have been formed but in a soft substance; the globular form and shining surface of all these cavities, clearly indicating fusion. The substance was semitransparent; in some places yellow, and in some colourless. When broken, the solid parts shewed a saline fracture, composed of innumerable facettes. The carbonate adhered, from end to end, to the tube, and incorporated with it, so as to render it impossible to ascertain what loss had been sustained. In general, the line of contact was of a brown colour; yet there was no room for suspecting the presence of any foreign matter, except, perhaps, from the iron-rod which was used in ramming down the chalk. But, in subsequent experiments, I have observed the same brown or black colour at the union of the carbonate with the porcelain tubes, where the powder had been purposely rammed with a piece of wood; so that this colour, which has occurred in almost every similar case, remains to be accounted for. The carbonate effervesced violently with acid; the substance in contact with the tube, doing so, however, more feebly than in the heart, leaving a copious deposite of white sandy matter, which is doubtless a part of the tube, taken up by the carbonate in fusion.


  On the 24th of March, I made a similar experiment, in a stout gun-barrel, and took some care, after the application of heat, to cool the barrel slowly, with a view to crystallization. The whole mass was found in a fine state, and untouched by the lead; having a semitransparent and saline structure, with various facettes. In one part, I found the most decided crystallization I had obtained, though of a small size: owing to its transparency it was not easily visible, till the light was made to reflect from the crystalline surface, which then produced a dazzle, very observable by the naked eye: when examined by means of a lens, it was seen to be composed of several plates, broken irregularly in the fracture of the specimen, all of which are parallel to each other, and reflect under the same angle, so as to unite in producing the dazzle. This structure was observable equally well in both parts of the broken specimen. In a former experiment, as large a facette was obtained in a piece of solid chalk; but this result was of more consequence, as having been produced from chalk previously pounded.


  The foregoing experiments proved the superior efficacy of iron vessels over those of porcelain, even where the thickness was not great; and I persevered in making a great many experiments with gun-barrels, by which I occasionally obtained very fine results: but I was at last convinced, that their thickness was not sufficient to ensure regular and steady success: For this purpose, it appeared proper to employ vessels of such strength, as to bear a greater expansive force than was just necessary; since occasionally, (owing to our ignorance of the relation between the various forces of expansion, affinity, tenacity, &c.), much more strain has been given to the vessels than was requisite. In such cases, barrels have been destroyed, which, as the results have proved, had acted with sufficient strength during the first stages of the experiments, though they had been unable to resist the subsequent overstrain. Thus, my success with gun-barrels, depended on the good fortune of having used a force no more than sufficient, to constrain the carbonic acid, and enable it to act as a flux on the lime. I therefore determined to have recourse to iron barrels of much greater strength, and tried various modes of construction.


  I had some barrels executed by wrapping a thick plate of iron round a mandrel, as is practised in the formation of gun-barrels; and likewise by bringing the two flat sides together, so as to unite them by welding. These attempts, however, failed. I next thought of procuring bars of iron, and of having a cavity bored out of the solid, so as to form a barrel. In this manner I succeeded well. The first barrel I tried in this way was of small bore, only half an inch: Its performance was highly satisfactory, and such as to convince me, that the mode now adopted was the best of any that I had tried. Owing to the smallness of the bore, a pyrometer could not be used internally, but was placed upon the breech of the barrel, as it stood in the vertical muffle. In this position, it was evidently exposed to a much less heat than the fiducial part of the apparatus, which was always placed, as nearly as could be guessed, at the point of greatest heat.


  On the 4th of April, an experiment was made in this way with some spar; the pyrometer on the breech giving 33°. The spar came out clean, and free from any contamination, adhering to the inside of the porcelain tube: it was very much shrunk, still retaining a cylindrical form, though bent by partial adhesions. Its surface bore scarcely any remains of the impression taken by the powder, on ramming it into the tube: it had, to the naked eye, the roughness and semitransparency of the pith of a rush stripped of its outer skin. By the lens, this same surface was seen to be glazed all over, though irregularly, shewing here and there some air-holes. In fracture, it was semitransparent, more vitreous than crystalline, though having a few facettes: the mass, was seemingly formed of a congeries of parts, in themselves quite transparent: and, at the thin edges, small pieces were visible of perfect transparency. These must have been produced in the fire; for the spar had been ground with water, and passed through sieves, the same with the finest of those used at Etruria, as described by Mr Wedgwood, in his paper on the construction of his Pyrometer.


  With the same barrel I obtained many interesting results, giving as strong proofs of fusion as in any former experiments; with this remarkable difference, that, in these last, the substance was compact, with little or no trace of frothing. In the gun-barrels where fusion had taken place, there had always been a loss of 4 or 5 per cent., connected, probably, with the frothing. In these experiments, for a reason soon to be stated, the circumstance of weight could not be observed; but appearances led me to suppose, that here the loss had been small, if any.


  On the 6th of April, I made another experiment with the square barrel, whose thickness was now much reduced by successive scales, produced by oxidation, and in which a small rent began to appear externally, which did not, however, penetrate to the bore. The heat rose high, a pyrometer on the breech of the barrel giving 37°. On removing the metals, the cradle was found to be fixed, and was broken in the attempts made to withdraw it. The rent was much widened externally: but it was evident, that the barrel had not been laid open, for part of the carbonate was in a state of saline marble; another was hard and white, without any saline grains, and scarcely effervesced in acid. It was probably quicklime, formed by internal calcination, but in a state that has not occurred in any other experiment.


  The workman whom I employed to take out the remains of the cradle, had cut off a piece from the breech of the barrel, three or four inches in length. As I was examining the crack which was seen in this piece, I was surprised to see the inside of the barrel lined with, a set of transparent and well-defined crystals, of small size, yet visible by the naked eye. They lay together in some places, so as to cover the surface of the iron with a transparent coat; in others they were detached, and scattered over the surface. Unfortunately, the quantity this substance was too small to admit of much chemical examination; but I immediately ascertained, that it did not in the least effervesce in acid, nor did it seem to dissolve in it. The crystals were in general transparent and colourless, though a few of them were tinged seemingly with iron. Their form was very well defined, being flat, with oblique angles, and bearing a strong resemblance to the crystals of the Lamellated Stylbite of Haüy. Though made above two years ago, they still retain their form and transparency unchanged. Whatever this substance may be, its appearance, in this experiment, is in the highest degree interesting, as it seems to afford an example of the mode in which Dr Hutton supposes many internal cavities to have been lined, by the sublimation of substances in a state of vapour; or, held in solution, by matters in a gaseous form. For, as the crystals adhered to a part of the barrel, which most have been occupied by air during the action of heat, it seems next to certain that they were produced by sublimation.


  The very powerful effects produced by this last barrel, the use of which (reduced, indeed, by repeated oxidation) was not above an inch square, made me very anxious to obtain barrels of the same substance, which being made of greater size, ought to afford results of extreme interest. I found upon inquiry, that this barrel was not made of Swedish iron, as I at first supposed, but of what is known by the name of Old Sable, from the figure of a Sable stamped upon the bars; that being the armorial badge of the place in Siberia where this iron is made[14].


  A workman explained to me some of the properties of different kinds of irons, most interesting in my present pursuit; and he illustrated what he said by actual trial. All iron, when exposed to a certain heat, crushes and crumbles under the hammer; but the temperature in which this happens, varies with every different species. Thus, as he shewed me, cast iron crushes in a dull-red heat, or perhaps about 15° of ; steel, in a heat perhaps of 30°; Swedish iron, in bright white heat, perhaps of 50° or 60°; old sable, itself, likewise yields, but in a much higher heat, perhaps of 100°. I merely guessed at these temperatures; but I am certain of this, that in a heat similar to that in which Swedish iron crumbled under the hammer, the old sable withstood a strong blow, and seemed to possess considerable firmness. It is from a knowledge of this quality, that the blacksmith, when he first takes his iron from the forge, and lays it on the anvil, begins by very gentle blows, till the temperature has sunk to the degree in which the iron can bear the hammer. I observed, as the strong heat of the forge acted on the Swedish iron, that it began to boil at the surface, clearly indicating the discharge of some gaseous matter; whereas, the old sable, in the same circumstances, acquired the shining surface of a liquid, and melted away without any effervescence. I procured, at this time, a considerable number of bars of that iron, which fully answered my expectations.


  By the experiments last mentioned, a very important point was gained in this investigation; the complete fusibility of the carbonate under pressure being thereby established. But from this very circumstance, a necessity arose of adding some new devices to those already described: for the carbonate, in fusion, spreading itself on the inside of the tube containing it, and the two uniting firmly together, so as to be quite inseparable, it was impossible, after the experiment, to ascertain the weight of the carbonate by any method previously used. I therefore determined in future to adopt the following arrangement.


  A small tube of porcelain (i k, fig. 23.) was weighed by means of a counterpoise of sand, or granulated tin; then the carbonate was firmly rammed into the tube, and the whole weighed again: thus the weight of the carbonate, previous to the experiment, was ascertained. After the experiment, the tube, with its contents, was again weighed; and the variation of weight obtained, independently of any mutual action that had taken place between the tube and the carbonate. The balance which I used, turned, in a constant and steady manner, with one hundredth of a grain. When pounded chalk was rammed into this tube, I generally left part of it free, and in that space laid a small piece of lump-chalk (i), dressed to a cylinder, with the ends cut flat and smooth, and I usually cut a letter on each end, the more effectually to observe the effects produced by heat upon the chalk; the weight of this piece of chalk being always estimated along with that of the powder contained in the tube. In some experiments, I placed a cover of porcelain on the muzzle of the little tube, (this cover being weighed along with it), in order to provide against the case of ebullition: But as that did not often occur, I seldom took the trouble of this last precaution.


  It was now of consequence to protect the tube, thus prepared, from being touched during the experiment, by any substance, above all, by the carbonate of lime, which might adhere to it, and thus confound the appreciation by weight. This was provided for as follows: The small tube (Fig. 23. i k), with its pounded carbonate (k), and its cylinder of lump-chalk (i,), was dropt into a large tube of porcelain (p k, Fig. 24.). Upon this a fragment of porcelain (l), of such a size as not to fall in between the tubes, was laid. Then a cylinder of chalk (m) was dressed, so as nearly to fit and fill up the inside of the large tube, one end of it being rudely cut into the form of a cone. This mass being then introduced, with its cylindrical end downwards, was made to press upon the fragment of porcelain (l). I then dropped into the space (n), between the conical part of this mass and the tube, a set of fragments of chalk, of a size beyond what could possibly fall between the cylindrical part and the tube, and pressed them down with a blunt tool, by which the chalk being at the same time crushed and rammed into the angle, was forced into a mass of some solidity, which effectually prevented any thing from passing between the large mass of chalk and the tube. In practice, I have found this method always to answer, when done with care. I covered the chalk, thus rammed, with a stratum of pounded flint (o), and that again with pounded chalk (p) firmly rammed. In this manner, I filled the whole of the large tube with alternate layers of silex and chalk; the muzzle being always occupied with chalk, which was easily pressed into a mass of tolerable firmness, and, suffering no change in very low heats, excluded the fusible metal in the first stages of the experiment.


  The large tube, thus filled, was placed in the cradle, sometimes with the muzzle upwards, and sometimes the reverse. I have frequently altered my views as to that part of the arrangement, each mode possessing peculiar advantages and disadvantages. With the muzzle upwards, (as shewn in fig. 24. and 25.) the best security is afforded against the intrusion of the fusible metal because the air, quitting the air-tube in the working position, occupies the upper part of the barrel; and the fusible metal stands as a liquid (at q, fig. 25.) below the muzzle of the tube, so that all communication is cut off, between the liquid metal and the inside of the tube. On the other hand, by this arrangement, the small tube, which is the fiducial part of the apparatus, is placed at a considerable distance from the breech of the barrel, so as either to undergo less heat than the upper part, or to render it necessary that the barrel be thrust high into the muffle.


  With the muzzle of the large tube downwards, the inner tube is placed (as shewn in fig. 22.), so as still to have its muzzle upwards, and in contact with the breech of the large tube. This has the advantage of placing the small tube near to the breech of the barrel: and though there is here less security against the intrusion of liquid metal, I have found that a point of little consequence; since, when the experiment is a good one, and that the carbonic acid has been well confined, the intrusion seldom takes place in any position. In whichever of the two opposite positions the large tube was placed, a pyrometer was always introduced, so as to lie as near as possible to the small tube. Thus, in the first-mentioned position, the pyrometer was placed immediately below the large tube, and, in the other position, above it; so that, in both cases, it was separated from the carbonate by the thickness only of the two tubes.


  Much room was unavoidably occupied by this method, which necessarily obliged me to use small quantities of carbonate, the subject of experiment seldom weighing more than 10 or 12 grains, and in others far less[15].


  On the 11th of April 1803, with a barrel of old sable iron having a bore of 0.75 of an inch, I made an experiment in which all these arrangements were put in practice. The large tube contained two small ones; one filled with spar, and the other with chalk. I conceived that the heat had risen to 33°, or somewhat higher. On melting the metals, the cradle was thrown out with considerable violence. The pyrometer, which, in this experiment, had been placed within the barrel, to my astonishment, indicated 64°. Yet all was sound. The two little tubes came out quite clean and uncontaminated. The spar had lost 17.0 per cent.: The chalk 10.7 per cent.: The spar was half sunk down, and run against the side of the little tube: Its surface was shining, its texture spongy, and it was composed of a transparent and jelly-like substance: The chalk was entirely in a state of froth. This experiment extends our power of action, by shewing, that compression, to a considerable degree, can be carried on in so great a heat as 64°. It seems likewise to prove, that, in some of the late experiments with the square barrel, the heat had been much higher than was supposed at the time, from the indication of the pyrometer placed on the breech of the barrel; and that in some of them, particularly in the last, it must have risen at least as high as in the present experiment.


  On the 21st of April 1805, a similar experiment was made with a new barrel, bored in a square bar of old sable, of about two and a half inch in diameter, having its angles merely rounded; the inner tube being filled with chalk. The heat was maintained during several hours, and the furnace allowed to burn out during the night. The barrel had the appearance of soundness, but the metals came off quietly, and the carbonate was entirely calcined, the pyrometer indicating 63°. On examination, and after beating off the smooth and even scale of oxide peculiar to the old sable, the barrel was found to have yielded in its peculiar manner; that is, by the opening of the longitudinal fibres. This experiment, notwithstanding the failure of the barrel, was one of the most interesting I had made, since it afforded proof of complete fusion. The carbonate had boiled over the lips of the little tube, standing, as just described, with its mouth upwards, and had run down to within half an inch of its lower end: most of the substance was in a frothy state, with large round cavities, and a shining surface; in other parts, it was interspersed with angular masses; which have evidently been surrounded by a liquid in which they floated. It was harder, I thought, than marble; giving no effervescence, and not turning red like quicklime in nitric arid, which seemed to have no effect upon it in the lump. It was probably a compound of quicklime with the substance of the tube.


  With the same barrel repaired, and with others like it, many similar experiments were made at this time with great success; but to mention them in detail, would amount nearly to a repetition of what has been said. I shall take notice of only four of them, which, when compared together, throw much light on the theory of these operations, and likewise seem to establish a very important principle in geology. These four experiments differ from each other only in the heat employed, and in the quantity of air introduced.


  The first of these experiments was made on the 27th of April 1803, in one of the large barrels of old sable, with all the above-mentioned arrangements. The heat had risen, contrary to my intention, to 78° and 79°. The tubes came out uncontaminated with fusible metal, and every thing bore the appearance of soundness. The contents of the little tube, consisting of pounded chalk, and of a small piece of lump-chalk, came out clean, and quite loose, not having adhered to the inside of the tube in the smallest degree. There was a loss of 41 per cent., and the calcination seemed to be complete; the substance, when thrown into nitric acid, turning red, without effervescence at first, though, after lying a few minutes, some bubbles appeared. According to the method followed in all these experiments, and lately described at length, (and shewn in fig. 24. & 25.), the large tube was filled over the small one, with various masses of chalk, some in lump, and same rammed into it in powder; and in the cradle there lay some pieces of chalk, filling up the space, so that in the cradle there was a continued chain of carbonate of four or five inches in length. The substance was found to be less and less calcined, the more it was removed from the breech of the barrel, where the heat, was greatest. A small piece of chalk, placed at the distance of half an inch from the small tube, had some saline substance in the heart, surrounded and intermixed with quicklime, distinguished by its dull white. In nitric acid, this substance became red, but effervesced pretty briefly; the effervescence continuing till the whole was dissolved The next portion of chalk, was in a firm state of limestone; and a lump of chalk in the cradle, was equal in perfection to any marble I have obtained by compression: the two last-mentioned pieces of chalk effervescing with violence in the acid, and shewing no redness when thrown into it. These facts clearly prove, that the calcination of the contents of the small tube had been internal, owing to the violent heat which had separated its acid from the most heated part of the carbonate, according to the theory already stated. The soundness of the barrel was proved by the complete state of those carbonates which lay in less heated parts. The air-tube in this experiment had a capacity of 0.29, nearly one-third of a cubic inch.


  The second of these experiments was made on the 29th of April, in the same barrel with the last, after it had afforded some good results. The air-tube was reduced to one-third of its former bulk, that is, to one-tenth of a cubic inch. The heat rose to 60°. The barrel was covered externally with a black spongy substance, the constant indication of failure, and a small drop of white metal made its appearance. The cradle was removed without any explosion or hissing. The carbonates were entirely calcined. The barrel had yielded, but had resisted well at first; for, the contents of the little tube were found in a complete state of froth, and running with the porcelain.


  The third experiment was made on the 30th of April, in another similar barrel. Every circumstance was the same as in the two last experiments, only that the air-tube was now reduced to half its last bulk, that is, to one-twentieth of a cubic inch. A pyrometer was placed at each end of the large tube. The uppermost gave 41°, the other only 15°. The contents of the inner tube had lost 16 per cent., and were reduced to a most beautiful state of froth, not very much injured by the internal calcination, and indicating a thinner state of fusion than had appeared.


  The fourth experiment was made on the 2d of May, like the rest in all respects, with a still smaller air-tube, of 0.0318, being less than one-thirtieth of a cubic inch. The upper pyrometer gave 25°, and the under one 16°: The lowest masses of carbonate were scarcely affected by the heat: The contents of the little tube had lost 2.9 per cent.; both the lump and the pounded chalk were in a fine saline state, and, in several places had run and spread upon the inside of the tube, which I had not expected to see in such a low heat. On the upper surface of the chalk rammed into the little tube, which, after its introduction had been wiped smooth, were a set of white crystals, with shining facettes, large enough to be distinguished by the naked eye, and seeming to rise out of the mass of carbonate. I likewise observed, that the solid mass on which these crystals stood, was uncommonly transparent.


  In these four experiments, the bulk of the included air was successively diminished, and by that means its elasticity increased. The consequence was, that in the first experiment, where that elasticity was the least, the carbonic acid was allowed to separate from the lime, in an early stage of the rising heat, lower than the fusing point of the carbonate, and complete internal calcination was effected. In the second experiment, the elastic force being much greater, calcination was prevented, till the heat rose so high as to occasion the entire fusion of the carbonate, and its action on the tube, before the carbonic acid was set at liberty by the failure of the barrel. In the third experiment, with still greater elastic force, the carbonate was partly constrained, and its fusion accomplished, in a heat between 41° and 15°. In the last experiment, where the force was strongest of all, the carbonate was almost completely protected from decomposition by heat, in consequence of which it crystallized and acted on the tube, in a temperature between 25° and 16°. On the other hand, the efficacy of the carbonic acid as a flux on the lime, and in enabling the carbonate to act as a flux on other bodies, was clearly evinced; since the first experiment proved, that quicklime by itself, could neither be melted, nor act upon porcelain, even in the violent heat of 79°; whereas, in the last experiment where the carbonic acid was retained, both of these effects took place in a very low temperature.


  V.


  Experiments in which water was employed to increase the Elasticity of the included Air.—Cases of complete Compression.—General Observations.—Some Experiments affording interesting results; in particular, shewing a mutual action between Silex and the Carbonate of Lime.


  Finding that such benefit arose from the increase of elasticity given to the included air in the last-mentioned experiments, by the diminution of its quantity; it now occurred to me, that a suggestion formerly made by Dr Kennedy, of using water to assist the compressing force, might be followed with advantage: That while sufficient room was allowed for the expansion of the liquid metal, a reacting force of any required amount, might thus be applied to the carbonate. In this view, I adopted the following mode, which, though attended with considerable difficulty in execution, I have often practised with success. The weight of water required to be introduced into the barrel was added to a small piece of chalk or baked clay, previously weighed. The piece was then dropped into a tube of porcelain of about an inch in depth, and covered with pounded chalk, which was firmly rammed upon it. The tube was then placed in the cradle along with the subject of experiment, and the whole was plunged into the fusible metal, previously poured into the barrel, and heated so as merely to render it liquid. The metal being thus suddenly cooled, the tube was encased in a solid mass, before the heat had reached the included moisture. The difficulty was to catch the fusible metal at the proper temperature; for when it was so hot as not to fix in a few seconds, by the contact of the cradle and its contents, the water was heard to bubble through the metal and escape. I overcame this difficulty, however, by first heating the breech of the barrel, (containing a sufficient quantity of fusible metal), almost to redness, and then setting it into a vessel full of water, till the temperature had sunk to the proper pitch, which I knew to be the case when the hissing noise produced in the water by the heated barrel ceased; the cradle, during the last stage of this operation, being held close to the muzzle of the barrel, and ready to be thrust into it.


  On the 2d of May, I made my first experiment in this way, using the same air-tube as in the last experiment, which was equal in capacity to one-thirtieth of a cubic inch. Half a grain of water was introduced in the manner just described. The barrel, after an hour of red-heat, was let down by a rope and pulley, which I took care to use in all experiments, in which there was any appearance of danger. All was sound. The metals rushed out smartly, and a flash of flame accompanied the discharge. The upper pyrometer gave 24°, and the lower one 14°. The contents of the inner tube had lost less than 1 per cent., strictly 0.84. The carbonate was in a state of good limestone; but the heat had been too feeble: The lower part of the chalk in the little tube was not agglutinated: The chalk round the fragment of pipe-stalk (used to introduce the water), which had been more heated than the pyrometer, and the small rod, which had moulded itself in the boll of the stalk, were in a state of marble.


  On the 4th of May, I made an experiment like the last, but with the addition of 1.05 grains water. After application of heat, the fire was allowed to burn out till the barrel was black. The metal was discharged irregularly. Towards the end, the inflammable air produced, burnt at the muzzle, with a lambent flame, during some time, arising doubtless from hydrogen gas, more or less pure, produced by the decomposition of the water. The upper pyrometer indicated 36°, and the lower one 19°. The chalk which lay in the outer part of the large tube was in a state of marble. The inner tube was united to the outer one, by a star of fused matter, black at the edges, and spreading all round, surrounding one of the fragments of porcelain which had fallen by accident in between the tubes. The inner tube, with the starry matter adhering to it, but without the coated fragment, seemed to have sustained a loss of 12 per cent., on the original carbonate introduced. But, the substance surrounding the fragment being inappreciable, it was impossible to learn what loss had been really sustained. Examining the little tube, I found its edges clean, no boiling over having taken place. The top of the small lump of chalk had sunk much. When the little tube was broken, its contents gave proof of fusion in some parts, and in others, of the nearest approach to it. A strong action of ebullition had taken place all round, at the contact of the tube with the carbonate: in the heart, the substance had a transparent granular texture, with little or no crystallization. The small piece of lump-chalk was united and blended with the rammed powder, so that they could scarcely be distinguished. In the lower part of the carbonate, where the heat must have been weaker, the rod had acted more feebly on the tube, and was detached from it: here the substance was firm, and was highly marked in the fracture with crystalline facettes. Wherever the carbonate touched the tube, the two substances exhibited, in their mixture, much greater proofs of fusion than could be found in the pure carbonate. At one place, a stream of this compound had penetrated a rent in the inner tube, which it had filled completely, constituting a real vein, like those of the mineral kingdom: which is still distinctly to be seen in the specimen. It had then spread itself upon the outside of the inner tube, to the extent of half an inch in diameter, and had enveloped the fragment of porcelain already mentioned. When pieces of the compound were thrown into nitric acid, some effervesced, and some not.


  I repeated this experiment on the same day, with two grains of water. The furnace being previously hot; I continued the fire during one half-hour with the muffle open, and another with a cover upon it. I then let the barrel down by means of the pulley. The appearance of a large longitudinal rent, made me at first conceive that the experiment was lost, and the barrel destroyed: The barrel was visibly swelled, and in swelling had burst the crust of smooth oxide with which it was surrounded; at the same time, no exudation of metal had happened, and all was sound. The metals were thrown out with more suddenness and violence than in any former experiment, but the rod remained in its place, being secured by a cord. The upper pyrometer gave 27°, the lower 23°. The contents of the inner tube had lost 1.5 per cent. The upper end of the little lump of chalk, was rounded and glazed by fusion; and the letter which I have been in the habit of cutting on these small pieces, in order to trace the degree of action upon them, was thus quite obliterated. On the lower end of the same lump, the letter is still visible. Both the lump and the rammed chalk were in a good semitransparent state, shining a little in the fracture, but with no good facettes, and no where appearing to have acted on the tube. This last circumstance is of consequence, since it seems to shew, that this very remarkable action of heat, under compression, was performed without the assistance of the substance of the tube, by which, in many other experiments, a considerable additional fusibility has been communicated to the carbonate.


  These experiments, and many others made about the same time, with the same success, clearly prove the efficacy of water in assisting the compression; and results approaching to these in quality, obtained, in some cases, by means of a very small air-tube, shew that the influence of water on this occasion has been merely mechanical.


  During the following summer and autumn 1803, I was occupied with a different branch of this subject, which I shall soon have occasion to mention.


  In the early part of last year, 1804, I again resumed the sort of experiments lately described, having in view principally to accomplish absolute compression, in complete imitation of the natural process. In this pursuit, I did not confine myself to water, but made use of various other volatile substances, in order to assist compression; namely, carbonate of ammonia, nitrate of ammonia, gunpowder, and paper impregnated with nitre. With these I obtained some good results, but none such as to induce me to prefer any of these compressors to water. Indeed, I am convinced, that water is superior to them all. I found, in several experiments, made with a simple air-tube, without any artificial compressor, in which a very low red-heat had been applied, that the carbonate lost one or one and a half per cent. Now, as this must have happened in a temperature scarcely capable of inflaming gunpowder, it is clear, that such loss would not have been prevented by its presence: whereas water, beginning far below redness to assume a gaseous form, will effectually resist any calcination, in low as well as in high heats. And as the quantity of water can very easily be regulated by weight, its employment for this purpose seems liable to no objection.


  On the 2d of January 1804, I made an experiment with marble and chalk, with the addition of 1.1 grain of water. I aimed at a low heat, and the pyrometer, though a little broken, seemed clearly to indicate 22°. Unluckily, the muzzle of the large tube, which was closed as usual with chalk, was placed uppermost, and exposed to the strongest heat. I found it rounded by fusion, and in a frothy state. The little tube came out very clean, and was so nearly of the same weight as when put in, that its contents had lost but 0.074 per cent. of the weight of the original carbonate. The marble was but feebly agglutinated, but the chalk was in a state of firm limestone, though it must have undergone a heat under 22 or that of melting silver. This experiment is certainly a most remarkable one, since a heat has been applied, in which the chalk has been changed to hard limestone, with a loss less than the 1000dth part of its weight, (exactly 1/1351); while, under the same circumstances of pressure, though probably with more heat, some of the same substance had been brought to fusion. What loss of weight this fused part sustained, cannot be known.


  On the 4th of January, a similar experiment was made, like-wise with 1.1 grain of water. The discharge of the metal was accompanied with a flash of flame. The pyrometer indicated 26°. The little tube came out quite clean. Its contents had been reduced from 14.53 to 14.46, difference 0.07 grains, being 0.47 per cent. on the original carbonate, less than one two-hundredth part of the original weight, (exactly 1/212). The chalk was in a state of firm saline marble, but with no unusual qualities.


  These two last experiments are rendered still more interesting, by another set which I made soon after, which shewed, that one essential precaution in a point of such nicety had been neglected, in not previously drying the carbonate. In several trials made in the latter end of the same month, I found, that chalk exposed to a heat above that of boiling water, but quite short of redness, lost 0.34 per cent.; and in another similar trial, 0.46 per cent. Now, this loss of weight equals within 0.01 per cent. the loss in the last-mentioned experiment, that being 0.47; and far surpasses that of the last but one, which was but 0.074. There is good reason, therefore, to believe, that had the carbonate, in these two last experiments, been previously dried, it would have been found during compression to have undergone no loss.


  The result of many of the experiments lately mentioned, seems fully to explain the perplexing discordance between my experiments with porcelain tubes, and those made in barrels of iron. With the porcelain tubes, I never could succeed in a heat above 28°, or even quite up to it; yet the results were often excellent. Whereas, the iron-barrels have currently stood firm in heats of 41° or 51°, and have reached even to 70° or 80° without injury. At the same time, the results, even in those high heats, were often inferior, in point of fusion, to those obtained by low heats in porcelain. The reason of this now plainly appears. In the iron-barrels it has always been considered as necessary to use an air-tube, in consequence of which, some of the carbonic acid has been separated from the earthy basis by internal calcination: what carbonic acid remained, has been more forcibly attracted, according to M. Berthollet's principle, and, of course, more easily compressed, than when of quantity sufficient to saturate the lime: but, owing to the diminished quantity of the acid, the compound has become less fusible than in the natural state, and, of course, has undergone a higher heat with less effect. The introduction of water, by furnishing a reacting force, has produced a state of things similar to that in the porcelain tubes; the carbonate sustaining little or no loss of weight, and the compound retaining its fusibility in low heats[16].


  In the early part of 1804, some experiments were made with barrels, which I wished to try, with a view to another series of experiments. The results were too interesting to be passed over; for, though the carbonic acid in them was far from being completely constrained, they afforded some of the finest examples I had obtained, of the fusion of the carbonate, and of its union with silex.


  On the 13th of February, an experiment was made with pounded oyster-shell, in a heat of 33° without any water being introduced to assist compression. The loss was apparently of 12 per cent. The substance of the shell had evidently been in viscid fusion: it was porous, semitransparent, shining in surface and fracture; in most parts with the gloss of fusion, in many others with facettes of crystallization. The little tube had been set with its muzzle upwards; over it, as usual, lay a fragment of porcelain, and on that a round mass of chalk. At the contact of the porcelain and the chalk, they had run together, and the chalk had been evidently in a very soft state; for, resting with its weight on the porcelain, this last had been pressed into the substance of the chalk, deeper than its own breadth, a rim of chalk being visible without the surface of the porcelain; just as when the round end of a knife is pressed upon a piece of soft butter. The carbonate had spread very much on the inside of the tube, and had risen round its lip, as some salts rise from their solution in water. In this manner, a small quantity of the carbonate had reached the outer tube, and had adhered to it. The black colour frequently mentioned as accompanying the union of the carbonates with the porcelain, is here very remarkable.


  On the 26th of February, I made an experiment, in which the carbonate was not weighed, and no foreign substance was introduced to assist the compression. The temperature was 46°. The pyrometer had been affected by the contact of a piece of chalk, with which it had united; and some of the carbonate must have penetrated the substance of the pyrometer, since this last had visibly yielded to pressure, as appeared by a swelling near the contact. I observed in these experiments, that the carbonate had a powerful action on the tubes of Cornish clay, more than on the pounded silex. Perhaps it has a peculiar affinity for argil, and this may lead to important consequences. The chalk had visibly first shrunk upon itself, so as to be detached from the sides, and had then begun to run by successive portions, so as still to leave a pillar in the middle, very irregularly worn away; indicating a successive liquefaction, like that of ice, not the yielding of a mass softening all at once.


  On the 28th of February, I made an experiment with oyster-shell unweighed, finely ground, and passed through the closest sieves. The pyrometer gave 40°. The piece of chalk below it had been so soft, as to sink to the depth of half an inch into the mouth of the iron air-tube, taking its impression completely. A small part of this lump was contaminated with iron, but the rest was in a fine state. The tube had a rent in it, through which the carbonate, united with the matter of the tube, had flowed in two or three places. The shell had shrunk upon itself, so as to stand detached from the sides, and bore very strong marks of fusion. The external surface was quite smooth, and shining like an enamel. The internal part confined of a mixture of large bubbles and solid parts: the inside of the bubbles had a lustre much superior to that of the outside, and equal to that of glass. The general mass was semitransparent; but small parts were visible by the lens, which were completely transparent and colourless. In several places this smooth surface had crystallized, so as to present brilliant facettes, steadily shining in certain aspects. I observed one of these facettes on the inside of an air-bubble, in which it interrupted the spherical form as if the little sphere had been pressed inwards at that spot, by the contact of a plane surface. In some chalk near the mouth of the large tube, which lay upon a stratum of silex, another very interesting circumstance occurred. Connected with its lower end, a substance was visible, which had undoubtedly resulted from the union of the carbonate with the silex. This substance was white and semitransparent, and bore the appearance of chalcedony. The mass of chalk having attached itself to that above it, had shrunk upwards, leaving an interval between it and the silex, and carrying some of the compound up with it. From thence this last had been in the act of dropping in a viscid state of fusion, as evidently appeared when the specimen was entire; having a stalactite and stalagmite corresponding accurately to each other. Unluckily I broke off the stalactite, but the stalagmite continues entire, in the form of a little cone. This new substance effervesced in acid, but not briskly. I watched its entire solution; a set of light clouds remained undissolved, and probably some jelly was formed; for I observed, that a series of air-bubbles remained in the form of the fragment, and moved together without any visible connection; thus seeming to indicate a chemical union between the silex and the carbonate. The shell, fused in the experiment, dissolved entirely in the acid, with violent effervescence.


  In the three last experiments, and in several others made at the same time, the carbonate had not been weighed; but no water being introduced to assist the compression, it is probable there was much loss by internal calcination; and owing doubtless to this, the carbonates have crumbled almost entirely to dust, while the compounds which they had formed with silex remain entire.


  On the 13th of March, I made a similar experiment, in which, besides some pounded oyster-shell, I introduced a mixture of chalk, with 10 per cent. of silex intermixed, and ground together in a mortar with water, in a state of cream, and then well dried. The contents of the tube when opened, were discharged with such violence, that the tube was broken to pieces; but I found a lump of chalk, then in a state of white marble, welded to the compound; which last, in its fracture, shewed that irregular black colour, interspersed roughly through a crystalline mass, that belongs to the alpine marbles, particularly to the kind called at Rome Cipolline. It was very hard and firm; I think unusually so. It effervesced constantly to the last atom, in diluted nitric acid, but much more sluggishly than the marble made of pure chalk. A cloudiness appeared pervading all the liquid. When the effervescence was over, a series of bubbles continued during the whole day in the acid, without any disposition to burst, or rise to the surface. After standing all next day and night, they maintained their station; and the solution being stirred, was found to be entirely agglutinated into a transparent jelly, breaking with sharp angles. This experiment affords a direct and positive proof of a chemical union having taken place between the carbonate and silex.


  VI.


  Experiments made in Platina,—with Spar,—with Shells,—and with Carbonate of Lime of undoubted purity.


  Since I had the honour of laying before this Society a short sketch of the foregoing experiments, on the 30th of August last (1804), many chemists and mineralogists of eminence have favoured me with some observations on the subject, and have suggested doubts which I am anxious to remove. It has been suggested, that the fusibility of the carbonates may have been the consequence of a mixture of other substances, either originally existing in the natural carbonate, or added to it by the contact of the porcelain tube.


  With regard to the first of these surmises, I beg leave to observe, that, granting this cause of fusion to have been the real one, a material point, perhaps all that is strictly necessary in order to maintain this part of the Huttonian Theory, was nevertheless gained. For, granting that our carbonates were impure, and that their impurity rendered them fusible, still the same is true of almost every natural carbonate; so that our experiments were, in that respect, conformable to nature. And as to the other surmise, it has been shewn, by comparing together a varied series of experiments, that the mutual action between the lime and the porcelain was occasioned entirely by the presence of the carbonic acid, since, when it was absent no action of this kind took place. The fusion of our carbonates cannot, therefore, be ascribed to the porcelain.


  Being convinced, however, by many observations, that the fusibility of the carbonate did not depend upon impurity, I have exerted myself to remove, by fresh experiments, every doubt that has arisen on the subject. In order to guard against natural impurities, I have applied to such of my friends as have turned their attention to chemical analysis, (a branch of the science to which I have never attended,) to furnish me with carbonate of lime of undoubted purity. To obviate the contamination arising from the contact of the porcelain tubes, I determined to confine the subject of experiment in some substance which had no disposition to unite with the carbonate. I first tried charcoal, but found it vary troublesome, owing to its irregular absorption of water and air.


  I then turned my thoughts to the construction of tubes or cups of platina for that purpose. Being unable readily to procure proper solid vessels of this substance, I made use of thin laminated plates, formed into cups. My first method was, to fold the plate exactly as we do blotting-paper to form a filter (Fig. 26.), this produced a cup capable of holding the thinnest liquid; and being covered with a lid, formed a similar thin plate, bent at the edges, so as to overlap considerably (Fig. 28.), the carbonate it contained was secured on all sides from the contact of the porcelain tube within which it was placed. Another convenient device likewise occurred: I wrapt a piece of the plate of platina round a cylinder, so as to form a tube, each end of which was closed by a cover, like that just described (Fig. 27. and 29). (In figure 26. and 27. these cups are represented upon a large scale, and in 28. and 29. nearly of their actual size). This, last construction had the advantage of containing eight or nine grains of carbonate, whereas the other would only hold about a grain and a half. On the other hand, it was not fit to retain a thin liquid; but, in most cases, that circumstance was of no consequence; and I foresaw that the carbonates could not thus escape without proving the main point under consideration, namely, their fusion.


  The rest of the apparatus was arranged in all respects as formerly described, the same precautions being taken to defend the platina vessel as had been used with the inner tubes of porcelain.


  In this manner I have made a number of experiments during this spring and summer, the result of which is highly satisfactory. They prove, in the first place, the propriety of the observations which led to this trial, by shewing, that the pure carbonate, thus defended from any contamination, is decidedly more refractory than chalk; since, in many experiments, the chalk has been reduced to a state of marble, while the pure carbonate, confined in the platina vessel, has been but very feebly acted upon, having only acquired the induration of a sandstone.


  In other experiments, however, I have been more successful, having obtained some results, worthy, I think, of the attention; of this Society, and which I shall now submit to their inspection. The specimens are all inclosed, for safety, in glass tubes, and supported on little stands of wax, (fig. 31, 32, 33.). The specimens have, in general, been removed from the cup or tube of platina in which they were formed, these devices having the advantage of securing both the vessel and its contents, by enabling us to unwrap the folds without violence; whereas, in a solid cup or tube, it would have been difficult, after the experiment, to avoid the destruction either of the vessel or its contents, or both.


  April 16. 1805.—An experiment was made with pure calcareous spar from St Gothard, remarkably transparent, and having a strong double refraction. A temperature of 40° was applied; but owing to some accident, the weight was not known. The conical cup came out clean and entire, filled not quite to the brim with a yellowish-grey substance, having a shining surface, with longitudinal streaks, as we sometimes see on glass. This surface was here and there interrupted by little white tufts or protuberances, disposed irregularly. On the ledge of the cup, formed by the ends of the folded platina, were several globular drops like minute pearls, visible to the naked eye, the number of which amounted to sixteen. These seem to have been formed by the entire fusion of what carbonate happened to lie on the ledge, or had been entangled amongst the extremities of the folds, drawing itself together, and uniting in drops; as we see when any substance melts under the blowpipe. This result is preserved entire, without deranging the tube. I am sorry to find that it has begun to fall to decay, in consequence, no doubt, of too great a loss of its carbonic acid. But the globules do not seem as yet to have suffered any injury.


  April 25.—The same spar was used, with two grains of water, and a heat of 33°. I have reason to suspect, however, that, in this and several other experiments made at this time, the metal into which the cradle was plunged, on first introduction into the barrel, had been too hot, so as to drive off the water. There was a loss of 6.4 per cent. The result lay in the cup without any appearance of frothing or swelling. The surface was of a clean white, but rough, having in one corner a space shining like glass. The cup being unwrapt, the substance was obtained sound and entire: where it had moulded itself on the platina, it had a small degree of lustre, with the irregular semitransparency of saline marble: when broken, it preserved that character more completely than in any result hitherto obtained; the fracture being very irregular and angular, and shining with facettes in various directions. I much regret that this beautiful specimen no longer exists, having crumbled entirely to pieces, notwithstanding all the care I took to inclose it with glass and wax.


  April 26.—An experiment was made with some carbonate of lime, purified by my friend Sir George Mackenzie. Two grains of water were introduced, but were lost, I suspect, as in the last case. The heat applied was 32°. The loss of weighs was 10.6 per cent. Yet, though made but one day after the last-mentioned specimen, it remains as fresh and entire as at first, and promises to continue unchanged. The external surface, as seen on removing the lid of the conical cup, was found to shine all over like glass, except round the edges, which were fringed with a series of white and rough sphericles, one set of which advanced, at one spot, near to the centre. The shining surface was composed of planes, which formed obtuse angles together, and had their surface striated the striae bearing every appearance of a crystalline arrangement. When freed from the cup, as before, the substance moulded on the platina was found to have assumed a fine pearly surface. Some large air-bubbles appeared, which had adhered to the cup, and were laid open by its removal, whose internal surface had a beautiful lustre, and was full of striae like the outward surface. The mass is remarkable for semitransparency, as seen particularly where the air-bubbles diminish its thickness: a small part of the mass being broken at one end, shews an internal saline structure.


  April 29.—A cup of platina was filled with several large pieces of a periwinkle[17] shell, the sharp point of the spiral being made to stand upright in the cup, (fig. 30.). A heat of 30° was applied, and no water was introduced. The carbonate lost no less than 16 per cent. The shell, particularly the sharp end of the periwinkle, retained its original shape in a great measure, so as to be quite discernible; but the whole was glazed over with a truly vitreous lustre. This glaze covered, at one place, a fragment of the shell which had been originally loose, and had welded the two together. All the angles are rounded by this vitrifaction; the space between the entire shell and the fragment being filled, and the angles, of their meeting rounded, with this shining substance. The colour is a pale blue, contrasted, in the same little glass, with a natural piece of periwinkle, which is of a reddish-yellow. One of the fragments had adhered to the lid, and had been converted into a complete drop, of the size of a mustard-seed. It is fixed on the wax (at b), along with the others specimens of the experiment (fig. 32.). This result shews, as yet, no sign of decay, notwithstanding so great a loss of weight.


  The last experiment was repeated on the same day, and prepared in the same manner, with large fragments of shell, and the point of the periwinkle standing up in the cup A heat of 34° was applied; a loss took place of 13° per cent. All the original form had disappeared, the carbonate lying in the cup as a complete liquid, with a concave surface, which did not shine, but was studded all over with the white sphericles or tufts, like those seen in the former results, without any space between them. When detached from the cup, the surface moulded on the platina, was white and pearly, with a slight gloss. The mass was quite solid; no vestige whatever appearing, of the original form of the fragments, (fig. 33,). A small piece, broken off near the apex of the cone, shewed the internal structure to be quite saline. In the act of arranging the specimen on its stand, another piece came off in a new direction, which presented to view the most perfect crystalline arrangement: the shining plane extended across the whole specimen, and was more than the tenth of an inch in all directions. This fracture, likewise, shewed the entire internal solidity of the mass. Unfortunately, this specimen has suffered much by the same decay to which all of them are subject which have lost any considerable weight. The part next the outward surface alone remains entire. I have never been able to explain, in a satisfactory manner, this difference of durability; the last-mentioned result having lost more in proportion to its weight than this.


  About the beginning of June, I received from Mr Hatchett some pure carbonate of lime, which he was so good as to prepare, with a view to my experiments; and I have been constantly employed with it till within these few days.


  My first experiments with this substance were peculiarly unfortunate, and it seemed to be less easily acted upon than any substance of the kind I had tried. Its extreme purity, no doubt, contributed much to this, though another circumstance had likewise had some effect. The powder, owing to a crystallization which had taken place on its precipitation, was very coarse, and little susceptible of close ramming; the particles, therefore, had less advantage than when a fine powder is used, in acting upon each other, and I did not choose to run any risk of contamination, by reducing the substance to a finer powder. Whatever be the cause, it is certain, that in many experiments in which the chalk was changed to marble, this substance remained in a loose and brittle state, though consisting generally of clear and shining particles. I at last, however, succeeded in obtaining some very good results with this carbonate.


  In an experiment made with it on the 18th of June, in a strong heat, I obtained a very firm mass with a saline fracture, moulded in several places on the platina, which was now used in the cylindrical form. On the 23d, in a similar experiment, the barrel failed, and the subject of experiment was found in an entire state of froth, proving its former fluidity.


  On the 25th, in a similar experiment, a heat of 64° was applied without any water within the barrel. The platina tube, (having been contaminated in a former experiment with some fusible metal), melted, and the carbonate retaining its cylindrical shape, had fallen through it, so as to touch the piece of porcelain which had been placed, next to the platina tube. At the point of contact, the two had run together, as a hot iron runs when touched by sulphur. The carbonate itself was very transparent, resembling a piece of snow in the act of melting.


  On the 26th of June, I made an experiment with this carbonate, which afforded a beautiful result. One grain of water was introduced with great care; yet there was a loss of 6.5 per cent., and the result has fallen to decay. The pyrometer indicated 43°. On the outside of the platina cylinder, and on one of the lids, were seen a set of globules, like pearls, as once before obtained, denoting perfect fusion. When the upper lid was removed, the substance was found to have sunk almost out of sight, and had assumed a form not easily described. (I have endeavoured to represent it in fig. 31. by an ideal section of the platina-tube and its contents, made through the axis of the cylinder). The powder, first shrinking upon itself in the act of agglutination, had formed a cylindrical rod, a remnant of which (a b c) stood up in the middle of the tube. By the continued action of heat, the summit of the rod (at a) had been rounded in fusion, and the mass being now softened, had sunk by its weight, and spread below, so as to mould itself in the tube, and fill its lower part completely (d f g e). At the same time, the viscid fluid adhering to the sides (at e and d), while the middle part was sinking, had been in part left behind, and in part drawn out into a thin but tapering shape, united by a curved surface (at b and c) to the middle rod. When the platina tube was unwrapt, the thin edges (at e and d) were preserved all round, and in a state of beautiful semitransparency. (I have attempted to represent the entire specimen, as it stood on its cone of wax, in fig. 34.). The carbonate, where moulded on the platina, had a clean pearly whiteness, with a saline appearance externally, and in the sun, shone with facettes. Its surface was interrupted by a few scattered air-bubbles, which had lain against the tube. The intervening substance was unusually compact and hard under the knife. The whole surface (e b a c d, fig. 31.), and the inside of the air-bubbles, had a vitreous lustre. Thus, every thing denoted a state of viscid fluidity, like that of honey.


  These last experiments seem to obviate every doubt that remained with respect to the fusibility of the purest carbonate, without the assistance of any foreign substance.


  VII.


  Measurement of the Force required to constrain the Carbonic Acid.—Apparatus with the Muzzle of the Barrel upwards, and the weight acting by a long Lever.—Apparatus with the Muzzle downwards.—Apparatus with Weight acting directly on the barrel.—Comparison of various results.


  In order to determine, within certain limits at least, what force had been exerted in the foregoing experiments, and what was necessary to ensure their success, I made a number of experiments, in a mode nearly allied to that followed by Count Rumford, in measuring the explosive force of gunpowder.


  I began to use the following simple apparatus in June 1803. I took one of the barrels, made as above described, for the purpose of compression, having a bore of 0.75 of an inch[18], and dressed its muzzle to a sharp edge. To this barrel was firmly screwed a collar of iron (a a, fig. 36.) placed at a distance of about three inches from the muzzle, having two strong bars (b b) projecting at right angles to the barrel, and dressed square. The barrel, thus prepared, was introduced, with its breech downwards, into the vertical muffle (fig. 35.); its length being so adjusted, that its breech should be placed in the strongest heat; the two projecting bars above described, resting on two other bars (c c, fig. 35.) laid upon the furnace to receive them; one upon each side of the muffle. Into the barrel, so placed, was introduced a cradle, containing carbonate, with all the arrangements formerly mentioned; the rod connected with it being of such length, as just to lie within the muzzle of the barrel. The liquid metal was then poured in till it filled the barrel, and stood at the muzzle with a convex surface; a cylinder of iron, of about an inch in diameter, and half an inch thick, was laid on the muzzle (fig. 35. and 37.), and to it a compressing weight was instantly applied. This was first done by the pressure of a bar of iron (d e, fig. 35.), three feet in length, introduced loosely into a hole (d), made for the purpose in the wall against which the furnace stood; the distance between this hole and the barrel being one foot. A weight was then suspended at the extremity of the bar (e), and thus a compressing force was applied, equal to three times that weight. In the course of practice, a cylinder of lead was substituted for that of iron, and a piece of leather was placed between it and the muzzle of the barrel, which last being dressed to a pretty sharp edge, made an impression in the lead; to assist this effect, one smart blow of a hammer was struck upon the bar, directly over the barrel, as soon as the weight had been hung on.


  It was essential, in this mode of operation, that the whole of the metal should continue in a liquid state during the action of heat; but when I was satisfied as to its intensity and duration, I congealed the metal, either by extinguishing the furnace entirely, or by pouring water on the barrel. As soon as the heat began to act, drops of metal were seen to force themselves between the barrel and the leather, following each other with more or less rapidity, according to circumstances. In some experiments, there was little exudation; but few of them were entirely free from it. To save the metal thus extruded, I placed a black-lead crucible, having its bottom perforated, round the barrel, and luted close to it, (fig, 37); some sand being laid in this crucible, the metal was collected on its surface. On some occasions, a sound of ebullition was heard during the action of heat; but this was a certain sign of failure.


  The results of the most important of these experiments, have been reduced to a common standard in the second table placed in the Appendix; to which reference is made by the following numbers.


  No. l.—On the 16th of June 1803, I made an experiment with these arrangements. I had tried to use a weight of 30 lb. producing a pressure of 90 lb., but I found this not sufficient. I then hung on a weight of 1 cwt., or 112 lb.; by which a compressing force was applied of 3 cwt. or 336 lb. Very little metal was seen to escape, and no sound of ebullition was heard. The chalk in the body of the large tube was reduced to quicklime; but what lay in the inner tube was pretty firm, and effervesced to the last. One or two facettes, of good appearance, were likewise found. The contents of the small tube had lost but 2.6 per cent.; but there was a small visible intrusion of metal, and the result, by its appearance, indicated a greater loss. I considered this, however, as one point gained; that being the first tolerable compression accomplished by a determinate force. The pyrometer indicated 22°.


  This experiment was repeated the same day, when a still smaller quantity of metal escaped at the muzzle; but the barrel had given way below, in the manner of those that have yielded for want of sufficient air. Even this result was satisfactory, by shewing that a mechanical power, capable of forcing some of the barrels, could now be commanded. The carbonate in the little tube had lost 20 per cent.; but part of it in a hard and firm state, effervescing to the last.


  No. 2.—On the 21st June, I made an experiment with another barrel, with the same circumstances. I had left an empty space in the large tube, and had intended to introduce its muzzle downwards, meaning that space to answer as an air-tube; but it was inverted by mistake, and the tube entering with its muzzle upwards, the empty space had of course filled with metal, and thus the experiment was made without any included air. There was no pyrometer used; but the heat was guessed to be about 25° where the subject of experiment lay. The barrel, when opened, was found full of metal, and the cradle being laid flat on the table, a considerable quantity of metal ran from it, which had undoubtedly been lodged in the vacuity of the large tube. When cold, I found that vacuity still empty, with a plating of metal. The tube was very clean to appearance, and, when shaken, its contents were heard to rattle. Above the little tube, and the cylinder of chalk, I had put some borax and sand, with a little pure borax in the middle, and chalk over it. The metal had not penetrated beyond the borax and sand, by a good fortune peculiar to this experiment; the intrusion of metal in this mode of execution, being extremely troublesome. The button of chalk, was found in a state of clean white carbonate, and pretty hard, but without transparency. The little tube was perfectly clean. Its weight with its contents, seemed to have suffered no change from what it had been when first introduced. Attending, however, to the balance with scrupulous nicety, a small preponderance did appear on the side of the weight. This was done away by the addition of the hundredth of a gram to the scale in which the carbonate lay, and an addition of another hundredth produced in it a decided preponderance. Perhaps, had the tube, before its introduction, been examined with the same care, as great a difference might have been detected; and it seems as if there had been no loss, at least not more than one hundredth of a grain, which on 10.95 grains, amounts to 0.0912, say 0.1 per cent. The carbonate was loose in the little tube, and fell out by shaking. It had a yellow colour, and compact appearance, with a stony hardness under the knife, and a stony fracture; but with very slight facettes, and little or no transparency. In some parts of the specimen, a whitish colour seemed to indicate partial calcination. On examining the fracture, I perceived, with the magnifier, a small globule of metal, not visible to the naked eye, quite insulated and single. Possibly the substance may have contained others of that same sort, which may have compensated for a small loss, but there should not be many such, from the general clean appearance of the whole. In the fracture, I saw here and there small round holes, seeming, though imperfectly, to indicate a beginning of ebullition.


  I made a number of experiments in the same manner, that is to say, with the muzzle of the barrel upwards, in some of which I obtained very satisfactory results; but it was only by chance that the substance escaped the contamination of the fusible metal; which induced me to think of another mode of applying the compressing weight with the muzzle of the barrel downwards, by which I expected to repeat, with a determinate weight, all the experiments formerly made in barrels closed by congealed metal; and that, by making use of an air-tube, the air, rising to the breech, would secure the contents of the tube from any contamination. In this view, the barrel was introduced from below into the muffle with its breech upwards, and retained in that position by means of a hook fixed to the furnace, till the collar was made to press up against the grate, by an iron lever, loaded with a weight, and resting on a support placed in front. In some experiments made in this way, the result was obtained very clean, as had been expected; but the force had been too feeble, and when it was increased, the furnace yielded upwards by the mechanical strain.


  I found it therefore necessary to use a frame of iron, (as in fig; 38.; the frame being represented separately in fig, 39.), by which the brick-work was relieved from the mechanical strain. This frame consisted of two bars (a b and f e, figs. 38. and 39.), fixed into the wall, (at a and f)passing horizontally under the furnace, one on each side of the muffle, turning downwards at the front, (in b and e), and meeting at the ground, with a flat bar (c d) uniting the whole. In this manner, a kind of stirrup (b c d e) was formed in front of the furnace, upon the cross bar (c d) of which a block of wood (b b, fig. 38.), was placed, supporting an edge of iron, upon which the lever rested; the working end of the lever (g) acting upwards. A strain was exerted, by means of the barrel and its collar, against the horizontal bars, (a b and f e), which was effectually resisted by the wall (at a and f) at one end of these bars, and by the upright bars (c b and d e) at the other end. In this manner the whole strain was sustained by the frame, and the furnace stood without injury.


  The iron bar, at its working end, was formed into the shape of a cup, (at g), and half filled with lead, the smooth surface of which, was applied to the muzzle of the barrel. The lever, too, was lengthened, by joining to the bar of iron, a beam of wood, making the whole ten feet in length. In this manner, a pressure upwards was applied to the barrel, equal to the weight of 10 cwt.


  In the former method, in which the barrel stood with its muzzle upwards, the weight was applied while the metal was liquid. In this case, it was necessary to let it previously congeal, otherwise the contents would have run out in placing the barrel in the muffle, and to allow the liquefaction essential to these trials, to be produced by the propagation of heat from the muffle downwards. This method required, therefore, in every case, the use of an air-tube; for without it, the heat acting upon the breech, while the metal at the muzzle was still cold, would infallibly have destroyed the barrel. A great number of these experiments failed, with very considerable waste of the fusible metal, which, on these occasions was nearly all lost. But a few of them succeeded, and afforded very satisfactory results, which I shall now mention.


  In November 1803, some good experiments were made in this way, all with a bore of 0.75, and a pressure of 10 cwt.


  No. 3.—On the 19th, a good limestone was obtained in an experiment made in a temperature of 21° with a loss of only 1.1 per cent.


  No. 4.—On the 22d, in a similar experiment, there was little exudation by the muzzle. The pyrometer gave 31°. The carbonate was in a porous, and almost frothy state.


  No. 5.—In a second experiment, made the same day, the heat rose to 37° or 41°. The substance bore strong marks of fusion, the upper part having spread on the little tube: the whole was very much shrunk, and run against one side. The mass sparkling and white, and in a very good state.


  No. 6.—On the 25th, an experiment was made with chalk, and some fragments of snail shell, with about half a grain of water. The heat had risen to near 51° or 49°. The barrel had been held tight by the beam, but was rent and a little swelled at the breech. The rent was wide, and such as has always appeared in the strongest barrels when they failed. The carbonate was quite calcined, it had boiled over the little tube, and was entirely in a frothy state, with large and distinctly rounded air-holes. The fragments of shell which had occupied the upper part of the little tube, had lost every trace of their original shape in the act of ebullition and fusion.


  No. 7.—On the 26th a similar experiment was made, in which the barrel was thrown open, in spite of this powerful compressing force, with a report like that of a gun, (as I was told, not having been present), and the bar was found in a state of strong vibration. The carbonate was calcined, and somewhat frothy, the heart of one piece of chalk used was in a state of saline marble.


  It now occurred to me to work with a compressing force, and no air-tube, trusting, as happened accidentally in one case, that the expansion of the liquid would clear itself by gentle exudation, without injury to the carbonate. In this mode, it was necessary, for reasons lately stated, to place the muzzle upwards. Various trials made thus, at this time, afforded no remarkable results. But I resumed the method, with the following alteration in the application of the weight, on the 27th of April 1804.


  I conceived that some inconvenience might arise from the mode of employing the weight in the former experiments. In them it had been applied at the end of the bar, and its effect propagated along it, so as to press against the barrel at its other extremity. It occurred to me, that the propagation of motion in this way, requiring some sensible time, a considerable quantity of carbonic acid might escape by a sudden eruption, before that propagation had taken effect. I therefore thought, that more effectual work might be done, by placing a heavy mass, (fig. 40.), so as to act directly and simply upon the muzzle of the barrel; this mass being guided and commanded by means of a powerful lever, (a b). For this purpose, I procured an iron roller, weighing 3 cwt. 7 lb., and suspended it over the furnace, to the end of a beam of wood, resting on a support near the furnace, with a long arm guided by a rope (c c) and pulley (d), by which the weight could be raised or let down at pleasure.


  With this apparatus I made some tolerable experiments; but I found the weight too light to afford certain and steady results of the best quality. I therefore procured at the foundry a large mass of iron (f), intended, I believe, for driving piles, and which, after allowing for the counterpoise of the beam, gave a direct pressure of 8.1 cwt. and I could, at pleasure, diminish the compressing force, by placing a bucket (e) at the extremity of the lever, into which I introduced weights, whose effect on the ultimate great mass, was known by trial. Many barrels failed in these trials: at last, I obtained one of small bore, inch 0.54, which gave two good results on the 22d of June 1804.


  No. 8.—Wishing to ascertain the least compressing force by which the carbonate could be effectually constrained in melting heats, I first observed every thing standing firm in a heat of above 20°; I then gradually threw weights into the bucket, till the compressing force was reduced to 2 cwt. Till then, things continued steady; but, on the pressure being still further diminished, metal began to ooze out at the muzzle, with increasing rapidity. When the pressure was reduced to 1 1/2 cwt. air rushed out with a hissing noise. I then stopped the experiment, by pouring water on the barrel. The piece of chalk had lost 12 per cent. It was white and soft on the outside, but firm and good in the heart.


  No. 9.—An experiment was made with chalk, in a little tube; to this, one grain of water was added. I had intended to work with 4 cwt. only; but the barrel was no sooner placed, than an exudation of metal began at the muzzle, owing, doubtless, to the elasticity of the water. I immediately increased the pressure to 8.1 cwt. by removing the weight from the bucket, when the exudation instantly ceased. I continued the fire for three quarters of an hour, during which time no exudation happened; then all came out remarkably clean, with scarcely any contamination of metal. The loss amounted to 2.58 per cent. The substance was tolerably indurated, but had not acquired the character of a complete stone.


  In these two last experiments, the bore being small, a pyrometer could not be admitted.


  On the 5th of July 1804, I made three very satisfactory experiments of this kind, in a barrel with the large bore of 0.75 of an inch.


  No. 10.—Was made with a compressing force of only 3 cwt, A small eruption at the muzzle being observed, water was thrown on the barrel: the pyrometer gave 21°: the chalk was in a firm state of limestone.


  No. 11.—With 4 cwt. The barrel stood without any eruption or exudation, till the heat rose to 25°. There was a loss of 3.6 per cent.: the result was superior, in hardness and transparency, to the last, having somewhat of a saline fracture.


  N0. 12.—With 5 cwt. The result, with a loss of 2.4 per cent., was of a quality superior to any of those lately obtained.


  These experiments appear to answer the end proposed, of ascertaining the least pressure, and lowest heat, in which limestone can be formed. The results, with various barrels of different sizes, agree tolerably, and tend to confirm each other. The table shews, when we compare numbers 1, 2, 8, 10, 11, 12, That a pressure of 52 atmospheres, or 1700 feet of sea, is capable of forming a limestone in a proper heat: That under 86 atmospheres, answering nearly to 3000 feet, or about half a mile, a complete marble may be formed: and lastly, that with a pressure of 173 atmospheres, or 5700 feet, that is, little more than one mile of sea, the carbonate of lime is made to undergo complete fusion, and to act powerfully on other earths.


  VIII.


  Formation of Coal.—Accidental occurrence which led me to undertake these Experiments.—Results extracted from a former publication.—Explanation of some difficulties that have been suggested.—The Fibres of Wood in some cases obliterated, and in some preserved under compression.— Resemblance which these Results bear to a series of Natural Substances described by Mr Hatchett.—These results seem to throw light on the history of Surturbrand.


  As I intend, on some future occasion, to resume my experiments with inflammable substances, which I look upon as far from complete, I shall add but a few observations to what I have already laid before this Society, in the sketch I had the honour to read in this place on the 30th of August last.


  The following incidental occurrence led me to enter upon: this subject rather prematurely, since I had determined first to satisfy myself with, regard to the carbonate of lime.


  Observing, in many of the last-mentioned class of experiments, that the elastic matters made their escape between the muzzle of the barrel and the cylinder of lead, I was in the habit, as mentioned above, of placing a piece of leather between the lead and the barrel; in which position, the heat to which the leather was exposed, was necessarily below that of melting lead. In an experiment, made on the 28th November 1803, in order to ascertain the power of the machinery, and the quantity of metal driven out by the expansion of the liquid, there being nothing in the barrel but metal, I observed, as soon as the compressing apparatus was removed, (which on this occasion was done while the lower part of the barrel was at its full heat, and the barrel standing brim full of liquid metal,) that all the leather which lay on the outside of the circular muzzle of the barrel, remained, being only a little browned and crumpled by the heat to which it had been exposed. What leather lay within the circle, had disappeared; and, on the surface of the liquid metal, which stood up to the lip of the barrel, I saw large drops, of a shining black liquid, which, on cooling, fixed into a crisp black substance, with a shining fracture, exactly like pitch or pure coal. It burned, though not with flame. While hot, it smelt decidedly of volatile alkali. The important circumstance here, is the different manner in which the heat has acted on the leather, without and within the rim of the barrel. The only difference consisted in compression, to which, therefore, the difference of effect must be ascribed: by its force, the volatile matter of the leather which escaped from the outward parts, had within the rim, been constrained to remain united to the rest of the composition, upon which it had acted as a flux, and the whole together had entered into a liquid state, in a very low heat. Had the pressure been continued till all was cool, these substances must have been retained, producing a real coal.


  On the 24th April 1803, a piece of leather used in a similar manner, (the compressing force being continued, however, till all was cold,) was changed to a substance like glue, owing doubtless to compression, in a heat under that of melting lead.


  These observations led me to make a series of experiments with animal and vegetable substances, and with coal; the result of which I have already laid before the Society. I shall now repeat that communication, as printed in Nicholson's Journal for October last (1804).


  "I have likewise made some experiments with coal, treated in the same manner as the carbonate of lime: but I have found it much less tractable; for the bitumen, when heat is applied to it, tends to escape by its simple elasticity, whereas the carbonic acid in marble, is in part retained by the chemical force of quicklime. I succeeded, however, in constraining the bituminous matter of the coal, to a certain degree, in red heats, so as to bring the substance into a complete fusion, and to retain its faculty of burning with flame. But, I could not accomplish this in heats capable of agglutinating the carbonate; for I have found, where I rammed them successively into the same tube, and where the vessel has withstood the expansive force, that the carbonate has been agglutinated into a good limestone, but that the coal has lost about half its weight, together with its power of giving flame when burnt, remaining in a very compact state, with a shining fracture. Although this experiment has not afforded the desired result, it answers another purpose admirably well. It is known, that where a bed of coal is crossed by a dike of whinstone, the coal is found in a peculiar state in the immediate neighbourhood of the whin: the substance in such places being incapable of giving flame, it is distinguished by the name of blind coal. Dr Hutton has explained this fact, by supposing that the bituminous matter of the coal, has been driven by the local heat of whin, into places of less intensity, where it would probably be retained by distillation. Yet the whole must have been carried on under the action of a pressure capable of constraining the carbonic acid of the calcareous spar, which occurs frequently in such rocks. In the last-mentioned experiment, we have a perfect representation of the natural fact; since the coal has lost its petroleum, while the chalk in contact with it has retained its carbonic acid.


  "I have made some experiments of the same kind, with vegetable and animal substances. I found their volatility much greater than that of coal, and I was compelled, with them, to work in heats below redness; for, even in the lowest red-heat, they were apt to destroy the apparatus. The animal substance I commonly used was horn, and the vegetable, saw-dust of fir. The horn was incomparably the most fusible and volatile of the two. In a very slight heat, it was converted into a yellow red substance, like oil, which penetrated the clay tubes through and through. In these experiments, I therefore made use of tubes of glass. It was only after a considerable portion of the substance had been separated from the mass, that the remainder assumed the clear black peculiar to coal. In this way I obtained coal, both from saw-dust and from horn, which yielded a bright flame in burning.


  "The mixture of the two produced a substance having exactly the smell of soot or coal-tar. I am therefore strongly inclined to believe, that animal substance, as well as vegetable, has contributed towards the formation of our bituminous strata. This seems to confirm an opinion, advanced by Mr KEIR, which has been mentioned to me since I made this experiment. I conceive, that the coal which now remains in the world, is but a small portion of the organic matter originally deposited: the most volatile parts have been driven off by the action of heat, before the temperature had risen high enough to bring the surrounding substance into fusion, so as to confine the elastic fluids, and subject them to compression.


  "In several of these experiments, I found that, when the pressure was not great, when equal, for instance, only to 80 atmospheres, that the horn employed was dissipated entirely, the glass tube which had contained it being left almost clean: yet undoubtedly, if exposed to heat without compression, and protected from the contact of the atmosphere, the horn would leave a cinder or coak behind it, of matter wholly devoid of volatility. Here, then, it would seem as if the moderate pressure, by keeping the elements of the substance together, had promoted the general volatility, without being strong enough to resist that expansive force, and thus, that the whole had escaped. This result, which I should certainly not have foreseen in theory, may perhaps account for the absence of coal in situations where its presence might be expected on principles of general analogy."


  Since this publication, a very natural question has been put to me. When the inflammable substance has lost weight, or when the whole has been dissipated, in these experiments, what has become of the matter thus driven off?


  I must own, that to answer this question with perfect confidence, more experiments are required. But, in the course of practice, two circumstances have occurred as likely, in most cases, to have occasioned the loss alluded to. I found in these experiments, particularly with horn, that the chalk, both in powder and in lump, which was used to fill vacuities in the tubes, and to fix them in the cradle, was strongly impregnated with an oily or bituminous matter, giving to the substance the qualities of a stinkstone. I conceive, that the most volatile part of the horn has been conveyed to the chalk, partly in a state of vapour, and partly by boiling over the lips of the glass tube; the whole having been evidently in a state of very thin fluidity. Having, in some cases, found the tube, which had been introduced full of horn, entirely empty after the experiment, I was induced, as above stated, to conceive, that, under pressure, it had acquired a greater general volatility than it had in freedom; and I find that, in the open fire, horn yields a charcoal equal to 20 per cent. of the original weight. But more experiments must be made on this subject.


  Another cause of the loss of weight, lay undoubtedly in the excess of heat employed in most of them, to remove the cradle from the barrel. With inflammable substances, no air-tube was used, and the heats being low, the air lodged in interstices had been sufficient to secure the barrels from destruction, by the expansion of the liquid metal. In this view, likewise, I often used lead, whose expansion in such low heats, I expected to be less than that of the fusible metal. And the lead requiring to melt it, a heat very near to that of redness, the subject of experiment was thus, on removing the cradle, exposed in freedom to a temperature which was comparatively high. But, observing that a great loss was thus occasioned, I returned to the use of the fusible metal, together with my former method of melting it, by plunging the barrel, when removed from the furnace, into a solution of muriate of lime, by which it could only receive a heat of 250° of Fahrenheit.


  The effect was remarkable, in the few experiments tried in this way. The horn did not, as in the other experiments, change to a hard black substance, but acquired a semifiuid and viscid consistency, with a yellow-red colour, and a very offensive smell. This shews, that the substances which here occasioned both the colour and smell of the results, had been driven off in the other experiments, by the too great heat applied to the substance, when free from compression.


  I found that the organization of animal substance was entirely obliterated by a slight action of heat, but that a stronger heat was required to perform the entire fusion of vegetable matter. This, however, was accomplished; and in several experiments, pieces of wood were changed to a jet-black and inflammable substance, generally very porous, in which no trace could be discovered of the original organization. In others, the vegetable fibres were still visible, and are forced asunder by large and shining air-bubbles.


  Since the publication of the sketch of my experiments, I have had the pleasure to read Mr Hatchett's very interesting account of various natural substances, nearly allied to coal; and I could not help being struck with the resemblance which my results bear to them, through all their varieties, as brought into view by that able chemist; that resemblance affording a presumption, that the changes which, with true scientific modesty, he ascribes to an unknown cause, may have resulted from various heats acting under pressure of various force. The substance to which he has given the name of Retinasphaltum, seems to agree very nearly with what I have obtained from animal substance, when the barrel was opened by means of low heat. And the specimen of wood entering into fusion, but still retaining the form of its fibres, seems very similar to the intermediate substance of Bovey-coal and Surturbrand, which Mr Hatchett has assimilated to each other. It is well known, that the surturbrand of Iceland, consists of the stems of large trees, flattened to thin plates, by some operation of nature hitherto unexplained. But the last-mentioned experiment seems to afford a plausible solution of this puzzling phenomenon.


  In all parts of the globe, we find proofs of slips, and various relative motions, having taken place amongst great masses of rock, whilst they were soft in a certain degree, and which have left unequivocal traces behind them, both in the derangement of the beds of strata, and in a smooth and shining surface, called slickenside, produced by the direct friction of one mass on another. During the action of subterranean heat, were a single stratum to occur, containing trees intermixed with animal substances, shell-fish, &c. these trees would be reduced, to a soft and unctuous state, similar to that of the piece of wood in the last-mentioned experiment, whilst the substance of the contiguous strata retained a considerable degree of firmness. In this state of things, the stratum just mentioned, would very naturally become the scene of a slip, occasioned by the unequal pressure of the surrounding masses. By such a sliding motion, accompanied by great compression, a tree would be flattened, as any substance is ground in a mortar, by the combination of a lateral and direct force. At the same time, the shells along with the trees, would be flattened, like those described by Bergman; while those of the same species in the neighbouring limestone-rock, being protected by its inferior fusibility, would retain their natural shape.


  IX.


  Application of the foregoing results to Geology.—The fire employed in the Huttonian Theory is a modification of that of the Volcanoes.—This modification must take place in a lava previous to its eruption.—An Internal Lava is capable of melting Limestone.—The effects of Volcanic Fire on substances in a subterranean and submarine situation, are the same as those ascribed to Fire in the Huttonian Theory.—Our Strata were once in a similar situation, and then underwent the action of fire.— All the conditions of the Huttonian Theory being thus combined, the formation of all Rocks may be accounted for in a satisfactory manner.—Conclusion.


  Having investigated, by means of the foregoing experiments, some of the chemical suppositions involved in the Huttonian Theory, and having endeavoured to assign a determinate limit to the power of the agents employed; I shall now apply these results to Geology, and inquire how far the events supposed anciently to have taken place, accord with the existing state of our globe.


  The most powerful and essential agent of the Huttonian Theory, is Fire, which I have always looked upon as the same with that of volcanoes, modified by circumstances which must, to a certain degree, take place in every lava previous to its eruption.


  The original source of internal fire is involved in great obscurity; and no sufficient reason occurs to me for deciding whether it proceeds by emanation from some vast central reservoir, or is generated by the local operation of some chemical process. Nor is there any necessity for such a decision: all we need to know is, that internal fire exists, which no one can doubt, who believes in the eruptions of Mount Vesuvius. To require that a man should account for the generation of internal fire, before he is allowed to employ it in geology, is no less absurd than it would be to prevent him from reasoning about the construction of a telescope, till he could explain the nature of the sun, or account for the generation of light[19]. But while we remain in suspense as to the prime cause of this tremendous agent, many circumstances of importance with regard to it, may fairly become the subjects of observation and discussion.


  Some authors (I conceive through ignorance of the facts) have alleged, that the fire of Ætna and Vesuvius is merely superficial. But the depth of its action is sufficiently proved, by the great distance to which the eruptive percussions are felt, and still more, by the substances thrown out uninjured by some eruptions of Mount Vesuvius. Some of these, as marble and gypsum, are incapable in freedom of resisting the action of fire. We have likewise granite, schistus, gneiss, and stones of every known class, besides many which have never, on any other occasion, been found at the surface of our globe. The circumstance of these substances having been thrown out, unaffected by the fire, proves, that it has proceeded from a source, not only as deep, but deeper, than their native beds; and as they exhibit specimens of every class of minerals, the formation of which we pretend to explain, we need inquire no further into the depth of the Vesuvian fire, which has thus been proved to reach below the range of our speculations.


  Volcanic fire is subject to perpetual and irregular variations of intensity, and to sudden and violent renewal, after long periods of absolute cessation. These variations and intermissions, are likewise essential attributes of fire as employed by Dr Hutton; for some geological scenes prove, that the indurating cause has acted repeatedly on the same substance, and that, during the intervals of that action, it had ceased entirely. This circumstance affords a complete answer to an argument lately urged against the Huttonian Theory, founded on the waste of heat which must have taken place, as it is alleged, through the surface. For if, after absolute cessation, a power of renewal exists in nature, the idea of waste by continuance is quite inapplicable.


  The external phenomena of volcanoes are sufficiently well known; but our subject leads us to inquire into their internal actions. This we are enabled to do by means of the foregoing experiments, in so far as the carbonate of lime is concerned.


  Some experiments which I formerly[20] laid before this Society and the public, combined with those mentioned in this paper, prove, that the feeblest exertions of volcanic fire, are of sufficient intensity to perform the agglutination, and even the entire fusion, of the carbonate of lime, when its carbonic acid is effectually confined by pressure; for though lava, after its fusion, may be made, in our experiments, to congeal into a glass, in a temperature of 16° or 18 ° of Wedgwood, in which temperature the carbonate would scarcely be affected; it must be observed, that a similar congelation is not to be looked for in nature; for the mass, even of the smallest stream of lava, is too great to admit of such rapid cooling. And, in fact, the external part of a lava is not vitreous, but consists of a substance which, as my experiments have proved, must have been congealed in a heat of melting silver, that is, in 22° of Wedgwood; while its internal parts bear a character indicating that they congealed in 27° or 28° of the same scale. It follows, that no part of the lava, while it remained liquid, can have been less hot than 22° of Wedgwood. Now, this happens to be a heat, in which I have accomplished the entire fusion of the carbonate of lime, under pressure. We must therefore conclude, that the heat of a running lava is always of sufficient intensity to perform the fusion of limestone.


  In every active volcano, a communication must exist between the summit of the mountain and the unexplored region, far below its base, where the lava has been melted, and whence it has been propelled upwards; the liquid lava rising through this internal channel, so as to fill the crater to the brim, and flow over it. On this occasion, the sides of the mountain must undergo a violent hydrostatical pressure outwards, to which they often yield by the formation of a vast rent, through which the lava is discharged in a lateral eruption, and flows in a continued stream sometimes during months. On Ætna most of the eruptions are so performed; few lavas flowing from the summit, but generally breaking out laterally, at very elevated stations. At the place of delivery, a quantity of gaseous matter is propelled violently upwards, and, along with it, some liquid lava; which last, falling back again in a spongy state, produces one of those conical hills which we see in great number on the vast sides of Mount Ætna, each indicating the discharge of a particular eruption. At the same time, a jet of flame and smoke issues from the main crater, proving the internal communication between it and the lava; this discharge from the summit generally continuing, in a greater or a less degree, during the intervals between eruptions. (Fig. 41. represents an ideal section of Mount Ætna; a b is the direct channel, and b c is a lateral branch).


  Let us now attend to the state of the lava within the mountain, during the course of the eruption; and let us suppose, that a fragment of limestone, torn from some stratum below, has been included in the fluid lava, and carried up with it. By the laws of hydrostatics, as each portion of this fluid sustains pressure in proportion to its perpendicular distance below the point of discharge, that pressure must increase with the depth. The specific gravity of solid and compact lava is nearly 2.8; and its weight, when in a liquid state, is probably little different. The table shews, that the carbonic acid of limestone cannot be constrained in heat by a pressure less than that of 1708 feet of sea, which corresponds nearly to 600 feet of liquid lava. As soon, then, as our calcareous mass rose to within 600 feet of the surface, its carbonic acid would quit the lime, and, assuming a gaseous form, would add to the eruptive effervescence. And this change would commonly begin in much greater depths, in consequence of the bubbles of carbonic acid, and other substances in a gaseous form, which, rising with the lava, and through it, would greatly diminish the weight of the column, and would render its pressure on any particular spot extremely variable. With all these irregularities, however, and interruptions, the pressure would in all cases, especially where the depth was considerable, far surpass what it would have been under an equal depth of water. Where the depth of the stream, below Its point of delivery, amounted, then, to 1708 feet, the pressure, if the heat was not of excessive intensity, would be more than sufficient to constrain the carbonic acid, and our limestone would suffer no calcination, but would enter into fusion; and if the eruption ceased at that moment, would crystallize in cooling along with the lava, and become a nodule of calcareous spar. The mass of lava, containing this nodule, would then constitute a real whinstone, and would belong to the kind called amygdaloid. In greater depths still, the pressure would be proportionally increased, till sulphur, and even water, might be constrained; and the carbonate of lime would continue undecomposed in the highest heats.


  If, while the lava was in a liquid state, during the eruption or previous to it, a new rent (d e, fig. 41.), formed in the solid country below the volcano, was met by our stream (at d), it is obvious that the lava would flow into the aperture with great rapidity, and fill it to the minutest extremity, there being no air to impede the progress of the liquid. In this manner, a stream of lava might be led from below to approach the bottom of the sea (f f), and to come in contact with a bed of loose shells (g g), lying on that bottom, but covered with beds of clay, interstratified, as usually occurs, with beds of sand, and other beds of shells. The first effect of heat would be to drive off the moisture of the lowest shell-bed, in a state of vapour, which, rising till it got beyond the reach of the heat, would be condensed into water, producing a slight motion of ebullition, like that of a vessel of water, when it begins to boil, and when it is said to simmer. The beds of clay and sand might thus undergo some heaving and partial derangement, but would still possess the power of stopping, or of very much impeding, the descent of water from the sea above; so that the water which had been driven from the shells at the bottom, would not return to them, or would return but slowly; and they would be exposed dry to the action of heat[21].


  In this case, one of two things would inevitably happen. Either the carbonic acid of the shells would be driven off by the heat, producing an incondensable elastic fluid, which, heaving up or penetrating the superincumbent beds, would force its way to the surface of the sea, and produce a submarine eruption, as has happened at Santorini and elsewhere; or the volatility of the carbonic acid would be repressed by the weight of the superincumbent water (k k), and the shell-bed, being softened or fused by the action of heat, would be converted into a stratum of limestone.


  The foregoing experiments enable us to decide in any particular case, which of these two events must take place, when the heat of the lava and the depth of the sea are known.


  The table shews, that under a sea no deeper than 1708 feet, near one-third of a mile, a limestone would be formed by proper heat; and that, in a depth of little more than one mile, it would enter into entire fusion. Now, the common soundings of mariners extend to 200 fathoms, or 1200 feet. Lord Mulgrave[22] found bottom at 4680 feet, or nearly nine-tenths of a mile; and Captain Ellis let down a sea-gage to the depth of 5346 feet[23]. It thus appears, that at the bottom of a sea, which would be sounded by a line much less than double of the usual length, and less than half the depth of that founded by Lord Mulgrave, limestone might be formed by heat; and that, at the depth reached by Captain Ellis, the entire fusion would be accomplished, if the bed of shells were touched by a lava at the extremity of its course, when its heat was lowest. Were the heat of the lava greater, a greater depth of sea would, of course, be requisite to constrain the carbonic acid effectually; and future experiments may determine what depth is required to co-operate with any given temperature. It is enough for our present purpose to have shewn, that the result is possible in any case, and to have circumscribed the necessary force of these agents within moderate limits. At the same time it must be observed, that we have been far from stretching the known facts; for when we compare the small extent of sea in which any soundings can be found, with that of the vast unfathomed ocean, it is obvious, that in assuming a depth of one mile or two, we fall very short of the medium. M. De la Place, reasoning from the phenomena of the tides, states it as highly probable that this medium is not less than eleven English miles[24].


  If a great part or the whole of the superincumbent mass consisted, not of water, but of sand or clay, then the depth requisite to produce these effects would be lessened, in the inverse ratio of the specific gravity. If the above-mentioned occurrence took place under a mass composed of stone firmly bound together by some previous operation of nature, the power of the superincumbent mass, in opposing the escape of carbonic acid, would be very much increased by that union and by the stiffness or tenacity of the substance. We have seen numberless examples of this power in the course of these experiments, in which barrels, both of iron and porcelain, whose thickness did not exceed one-fourth of an inch, have exerted a force superior to the mere weight of a mile of sea. Without supposing that the substance of a rock could in any case act with the same advantage as that of a uniform and connected barrel; it seems obvious that a similar power must, in many cases, have been exerted to a certain degree.


  We know of many calcareous masses which, at this moment, are exposed to a pressure more than sufficient to accomplish their entire fusion. The mountain of Saleve, near Geneva, is 500 French fathoms, or nearly 3250 English feet, in height, from its base to its summit. Its mass consists of beds, lying nearly horizontal, of limestone filled with shells. Independently, then, of the tenacity of the mass, and taking into account its mere weight, the lowest bed of this mountain, must, at this moment, sustain a pressure of 3250 feet of limestone, the specific gravity of which is about 2.65. This pressure, therefore, is equal to that of 8612 feet of water, being nearly a mile and a half of sea, which is much more than adequate, as we have shewn, to accomplish the entire fusion of the carbonate, on the application of proper heat. Now, were an emanation from a volcano, to rise up under Saleve, and to penetrate upwards to its base, and stop there; the limestone to which the lava approached, would inevitably be softened, without being calcined, and, as the heat retired, would crystallize into a saline marble.


  Some other circumstances, relating to this subject, are very deserving of notice, and enable us still further to compare the ancient and modern operations of fire.


  It appears, at first sight, that a lava having once penetrated the side of a mountain, all subsequent lavas should continue, as water would infallibly do, to flow through the same aperture. But there is a material difference in the two cases. As soon as the lava has ceased to flow, and the heat has begun to abate, the crevice through which the lava had been passing, remains filled with a substance, which soon agglutinates into a mass, far harder and firmer than the mountain itself. This mass, lying in a crooked bed, and being firmly welded to the sides of the crevice, must oppose a most powerful resistance to any stream tending to pursue the same course. The injury done to the mountain by the formation of the rent, will thus be much more than repaired; and in a subsequent eruption, the lava must force its way through another part of the mountain or through some part of the adjoining country. The action of heat from below, seems in most cases to have kept a channel open through the axis of the mountain, as appears by the smoke and flame which is habitually discharged at the summit during intervals of calm. On many occasions, however, this spiracle seems to have been entirely closed by the consolidation of the lava, so as to suppress all emission. This happened to Vesuvius during the middle ages. All appearance of fire had ceased for five hundred years, and the crater was covered with a forest of ancient oaks, when the volcano opened with fresh vigour in the sixteenth century.


  The eruptive force, capable of overcoming such an obstacle, must be tremendous indeed, and seems in some cases to have blown the volcano itself almost to pieces. It is impossible to see the Mountain of Somma, which, in the form of a crescent, embraces Mount Vesuvius, without being convinced that it is a fragment of a large volcano, nearly concentric with the present inner cone, which, in some great eruption, had been destroyed all but this fragment. In our own times, an event of no small magnitude has taken place on the same spot; the inner cone of Vesuvius having undergone so great a change during the eruption in 1794, that it now bears no resemblance to what it was when I saw it in 1785.


  The general or partial stagnation of the internal lavas at the close of each eruption seems, then, to render it necessary, that in every new discharge, the lava should begin by making a violent laceration. And this is probably the cause of those tremendous earthquakes which precede all great eruptions, and which cease as soon as the lava has found a vent. It seems but reasonable to ascribe like effects to like causes, and to believe that the earthquakes which frequently desolate countries not externally volcanic, likewise indicate the protrusion from below of matter in liquid fusion, penetrating the mass of rock.


  The injection of a whinstone-dike into a frail mass of shale and sandstone, must have produced the same effects upon it that the lava has just been stated to produce on the loose beds of volcanic scoria. One stream of liquid whin, having flowed into such an assemblage, must have given it great additional weight and strength: so that a second stream coming like the first, would be opposed by a mass, the laceration of which would produce an earthquake, if it were overcome; or by which, if it resisted, the liquid matter would be compelled to penetrate some weaker mass, perhaps at a great distance from the first. The internal fire being thus compelled perpetually to change the scene of its action, its influence might be carried to an indefinite extent: So that the intermittance in point of time, as well as the versatility in point of place, already remarked as common to the Huttonian and Volcanic fires, are accounted for on our principles. And it thus appears, that whinstone possesses all the properties which we are led by theory to ascribe to an internal lava.


  This connection is curiously illustrated by an intermediate case between the results of external and internal fire, displayed in an actual section of the ancient part of Vesuvius, which occurs in the Mountain of Somma mentioned above. I formerly described this scene in my paper on Whinstone and Lava; and I must beg leave once more to press it upon the notice of the public, as affording to future travellers a most interesting field of geological inquiry.


  The section is seen in the bare vertical cliff, several hundred feet in height, which Somma presents to the view from the little valley, in form of a crescent, which lies between Somma and the interior cone of Vesuvius, called the Atrio del Cavallo. (Fig. 42. represents this scene, done from the recollection of what I saw in 1785. a b c is the interior cone of Vesuvius; d f g the mountain of Somma; and c d e the Atrio del Cavallo). By means of this cliff (f d in figure 42. and which is represented separately in fig. 44.), we see the internal structure of the mountain, composed of thick beds (k k) of loose scoria, which have fallen in showers; between which thin but firm streams (m m) of lava are interposed, which have flowed down the outward conical sides of the mountain. (Fig. 43, is an ideal section of Vesuvius and Somma, through the axis of the cones, shewing the manner in which the beds of scoria and of lava lie upon each other; the extremities of which beds are seen edgewise in the cliff at m m and k k, fig. 42, 43, and 44.).


  This assemblage of scoria and lava is traversed abruptly and vertically, by streams of solid lava (n n, fig. 44.), reaching from top to bottom of the cliff. These last I conceive to have flowed in rents of the ancient mountain, which rents had acted as pipes through which the lavas of the lateral eruptions were conveyed to the open air. This scene presents to the view of an attentive observer, a real specimen of those internal streams which we have just been considering in speculation, and they may exhibit circumstances decisive of the opinions here advanced. For, if one of these streams had formerly been connected with a lateral eruption, discharged at more than 600 feet above the Atrio del Cavallo, it might possibly contain the carbonate of lime. But could we suppose that depth to extend to 1708 feet, the interference of air-bubbles, and the action of a stronger heat than was merely required for the fusion of the carbonate, might have been overcome.


  Perhaps the height of Vesuvius has never been great enough for this purpose. But could we suppose Ætna to be cleft in two, and its structure displayed, as that of Vesuvius has just been described, there can be no doubt that internal streams of lava would be laid open, in which the pressure must have far exceeded the force required to constrain the carbonic acid of limestone; since that mountain occasionally delivers lavas from its summit, placed 10.954 feet above the level of the Mediterranean[25], which washes its base. I recollect having seen, in some parts of Ætna, vast chasms and crags, formed by volcanic revolutions, in which vertical streams of lava, similar to those of Somma, were apparent. But my attention not having been turned to that object till many years afterwards, I have only now to recommend the investigation of this interesting point to future travellers.


  What has been said of the heat conveyed by internal volcanic streams, applies equally to that deeper and more general heat by which the lavas themselves are melted and propelled upwards. That they have been really so propelled, from a great internal mass of matter, in liquid fusion, seems to admit of no doubt, to whatever cause we ascribe the heat of volcanoes. It is no less obvious, that the temperature of that liquid must be of far greater intensity than the lavas, flowing from it, can retain when they reach the surface. Independently of any actual eruption, the body of heat contained in this vast mass of liquid, must diffuse itself through the surrounding substances, the intensity of the heat being diminished by slow gradations, in proportion to the distance to which it penetrates. When, by means of this progressive diffusion, the heat has reached an assemblage of loose marine deposites, subject to the pressure of a great superincumbent weight, the whole must be agglutinated into a mass, the solidity of which will vary with the chemical composition of the substance, and with the degree of heat to which each particular spot has thus been exposed. At the same time, analogy leads us to suppose, that this deep and extensive heat must be subject to vicissitudes and intermissions, like the external phenomena of volcanoes. We have endeavoured to explain some of these irregularities, and a similar reasoning may be extended to the present case. Having shewn, that small internal streams of lava tend successively to pervade every weak part of a volcanic mountain, we are led to conceive, that the great masses of heated matter just mentioned, will be successively directed to different parts of the earth; so that every loose assemblage of matter, lying in a submarine and subterranean situation, will, in its turn, be affected by the indurating cause; and the influence of internal volcanic heat will thus be circumscribed within no limits but those of the globe itself.


  A series of undoubted facts prove, that all our strata once lay in a situation similar in all respects to that in which the marine deposites just mentioned have been supposed to lie.


  The inhabitant of an unbroken plain, or of a country formed of horizontal strata, whose observations have been confined to his native spot, can form no idea of those truths, which at every step in an alpine district force themselves on the mind of a geological observer. Unfortunately for the progress of geology, both London and Paris, are placed in countries of little interest; and those scenes by which the principles of this science are brought into view in the most striking manner, are unknown to many persons best capable of appreciating their value. The most important, and at the same time, the most astonishing truth which we learn by any geological observations, is, that rocks and mountains now placed at an elevation of more than two miles above the level of the sea, must at one period have lain at its bottom. This is undoubtedly true of those strata of limestone which contain shells; and the same conclusion must be extended to the circumjacent strata. The imagination struggles against the admission of so violent a position; but must yield to the force of unquestionable evidence; and it is proved by the example of the most eminent and cautious observers, that the conclusion is inevitable[26].


  Another question here occurs, which has been well treated by Mr Playfair. Has the sea retreated from the mountains? or have they risen out of the sea? He has shewn, that the balance of probability is incomparably in favour of the latter supposition; since, in order to maintain the former, we must dispose of an enormous mass of sea, whose depth is several miles, and whose base is greater than the surface of the whole sea. Whereas the elevation of a continent out of a sea like ours, would not change its level above a few feet; and even were a great derangement thus occasioned, the water would easily find its level without the assistance of any extraordinary supposition. The elevation of the land, too, is evinced by what has occasionally happened in volcanic regions, and affords a complete solution of the contortion and erection of strata, which are almost universally admitted to have once lain in a plane and horizontal position.


  Whatever opinion be adopted as to the mode in which the land and the water have been separated, no one doubts of the ancient submarine situation of the strata.


  An important series of facts proves, that they were likewise subterranean. Every thing indicates that a great quantity of matter has been removed from what now constitutes the surface of our globe, and enormous deposites of loose fragments, evidently detached from masses similar to our common rock, evince the action of some very powerful agent of destruction. Analogy too, leads us to believe, that all the primary rocks have once been covered with secondary; yet, in vast districts, no secondary rock appears. In short, geologists seem to agree in admitting the general position, that very great changes of this kind have taken place in the solid surface of the globe, however much they may differ as to their amount, and as to their causes.


  DR Hutton ascribed these changes to the action, during very long time, of those agents, which at this day continue slowly to corrode the surface of the earth; frosts, rains, the ordinary floods of rivers, &c. which he conceives to have acted always with the same force, and no more. But to this opinion I could never subscribe, having early adopted that of Saussure, in which he is joined by many of the continental geologists. My conviction was founded upon the inspection of those facts in the neighbourhood of Geneva, which he has adduced in support of his opinion. I was then convinced, and I still believe, that vast torrents, of depth sufficient to overtop our mountains, have swept along the surface of the earth, excavating vallies, undermining mountains, and carrying away whatever was unable to resist such powerful corrosion. If such agents have been at work in the Alps, it is difficult to conceive that our countries should have been spared. I made it therefore my business to search for traces of similar operations here. I was not long in discovering such in great abundance; and, with the help of several of my friends, I have traced the indications of vast torrents in this neighbourhood, as obvious as those I formerly saw on Saleve and Jura. Since I announced my opinion on this subject, in a note subjoined to my paper on Whinstone and Lava, published in the fifth volume of the Transactions of this Society, I have met with many confirmations of these views. The most important of these are derived from the testimony of my friend Lord Selkirk, who has lately met with a series of similar facts in North America.


  It would be difficult to compute the effects of such an agent but if, by means of it, or of any other cause, the whole mass, of secondary strata, in great tracts of country, has been removed from above the primary, the weight of that mass alone must have been sufficient to fulfil all the conditions of the Huttonian Theory, without having recourse to the pressure of the sea. But when the two pressures were combined, how great must have been their united strength!


  We are authorised to suppose, that the materials of our strata, in this situation, underwent the action of fire. For volcanoes have burnt long before the earliest times recorded in history, as appears by the magnitude of some volcanic mountains; and it can scarcely be doubted, that their fire has acted, without any material cessation ever since the surface of our globe acquired its present form. In extending that same influence to periods of still higher antiquity, when our strata lay at the bottom of the sea, we do no more than ascribe permanence to the existing laws of nature.


  The combination of heat and compression resulting from these circumstances, carries us to the full extent of the Huttonian Theory, and enables us, upon its principles, to account for the igneous formation of all rocks from loose marine deposites. The sand would thus be changed to sandstone; the shells to limestone; and the animal and vegetable substances to coal.


  Other beds, consisting of a mixture of various substances, would be still more affected by the same heat. Such as contained iron, carbonate of lime, and alkali, together with a mixture of various earths, would enter into thin fusion, and, penetrating through every crevice that occurred, would, in some cases, reach what was then the surface of the earth, and constitute lava: in other cases, it would congeal in the internal rents, and constitute porphyry, basalt, greenstone, or any other of that numerous class of substances, which we comprehend under the name of whinstone. At the same time, beds of similar quality, but of composition somewhat less fusible, would enter into a state of viscidity, such as many bodies pass through in their progress towards fusion. In this state, the particles, though far from possessing the same freedom as in a liquid, are susceptible of crystalline arrangement[27]; and the substance, which, in this sluggish state, would be little disposed to move, being confined in its original situation by contiguous beds of more refractory matter, would crystallize, without undergoing any change of place, and constitute one of those beds of whinstone, which frequently occur interstratified with sandstone and limestone.


  In other cases where the heat was more intense, the beds of sand, approaching more nearly to a state of fusion, would acquire such tenacity and toughness, as to allow themselves to be bent and contorted, without laceration or fracture, by the influence of local motions, and might assume the shape and character of primary schistus: the limestone would be highly crystallized, and would become marble, or, entering into thin fusion, would penetrate the minutest rents in the form of calcareous spar. Lastly, when the heat was higher still, the sand itself would be entirely melted, and might be converted, by the subsequent effects of slow cooling, into granite, sienite, &c.; in some cases, retaining traces of its original stratification, and constituting gneiss and stratified granite; in others, flowing into the crevices, and forming veins of perfect granite.


  In consequence of the action of heat, upon so great a quantity of matter, thus brought into a fluid or semifluid state, and in which, notwithstanding the great pressure, some substances would be volatilized, a powerful heaving of the superincumbent mass must have taken place; which, by repeated efforts, succeeding each other from below, would at last elevate the strata into their present situation.


  The Huttonian Theory embraces so wide a field, and comprehends the laws of so many powerful agents, exerting their influence in circumstances and in combinations hitherto untried, that many of its branches must still remain in an unfinished state, and may long be exposed to partial and plausible objections, after we are satisfied with regard to its fundamental doctrines. In the mean time I trust, that the object of our pursuit has been accomplished, in a satisfactory manner, by the fusion of limestone under pressure. This single result affords, I conceive, a strong presumption in favour of the solution which Dr Hutton has advanced of all the geological phenomena; for, the truth of the most doubtful principle which he has assumed, has thus been established by direct experiment.


  APPENDIX.


  
    

  


  No. I.


  SPECIFIC GRAVITY OF SOME OF THE FOREGOING RESULTS.


  As many of the artificial limestones and marbles produced in these experiments, were possessed of great hardness and compactness, and as they had visibly undergone a great diminution of bulk, and felt heavy in the hand, it seemed to me an object of some consequence to ascertain their specific gravity, compared with each other, and with the original substances from which they were formed. As the original was commonly a mass of chalk in the lump, which, on being plunged into water, begins to absorb it rapidly, and continues to do so during a long time, so as to vary the weight at every instant, it was impossible, till the absorption was complete, to obtain any certain result; and to allow for the weight thus gained, required the application of a method different from that usually employed in estimating specific gravity.


  In the common method, the substance is first weighed in air, and then in water; the difference indicating the weight of water displaced, and being considered as that of a quantity of water equal in bulk to the solid body. But as chalk, when saturated with water, is heavier, by about one-fourth, than when dry, it is evident, that its apparent weight, in water, must be increased, and the apparent loss of weight diminished exactly to that amount. To have a just estimate, then, of the quantity of water displaced by the solid body, the apparent loss of weight must be increased, by adding the absorption to it. Two distinct methods of taking specific gravity thus present themselves, which it is of importance to keep separate, as each of them is applicable to a particular class of subjects.


  One of these methods, consists in comparing a cubic inch of a substance in its dry state, allowing its pores to have their share in constituting its bulk, with a cubic inch of water.


  The other depends upon comparing a cubic inch of the solid matter of which the substance is composed, independently of vacuities, and supposing the whole reduced to perfect solidity, with a cubic inch of water.


  Thus, were an architect to compute the efficacy of a given bulk of earth, intended to load an abutment, which earth was dry, and should always remain so, he would undoubtedly follow the first of these modes: Whereas, were a farmer to compare the specific gravity of the same earth with that of any other soil, in an agricultural point of view, he would use the second mode, which is involved in that laid down by Mr Davy.


  As our object is to compare the specific density of these results, and to ascertain to what amount the particles have approached each other, it seems quite evident that the first mode is suited to our purpose. This will appear most distinctly, by inspection of the following Table, which has been constructed so as to include both.


  [image: Table 2]


  EXPLANATION.


  Column I. contains the number affixed to each of the specimens, whose properties are expressed in the table.


  The first eleven are the same with those used in the paper read in this Society on the 30th of August 1804, and published in Nicholson's Journal for October following, and which refer to the same specimens. No. 12. Is a specimen of yellow marble, bearing a strong resemblance to No. 3. No. 13. A specimen of chalk. No. 14. Shews the average of three trials with chalk. No. 15. Some pounded chalk, rammed in the manner followed in these experiments. In order to ascertain its specific gravity, I rammed the powder into a glass-tube, previously weighed; then, after weighing the whole, I removed the chalk, and filled the same tube with water. I thus ascertained, in a direct manner, the weight of the substance, as stated in Column II., and that of an equal bulk of water, stated in Column VIII.


  Column II. Weight of the substance, dry in air, after exposure, during several hours to a heat of 212° of Fahrenheit.


  Column III. Its weight in water, after lying long in the liquid, so as to perform its full absorption; and all air-bubbles being carefully removed.


  Column IV. Weight in air, wet. The loose external moisture being removed by the touch of a dry cloth; but no time being allowed for evaporation.


  Column V. Difference between Columns II. and III., or apparent weight of water displaced.


  Column VI. Difference between Columns II. and IV., or the absorption.


  Column VII. Absorption reduced to a per centage of the dry substance.


  Column VIII. Sum of Columns V. and VI., or the real weight of water displaced by the body.


  Column IX. Specific gravity, by the common mode, resulting from the division of Column II. by Column V.


  Column X. Specific gravity, in the new mode, resulting from the division of Column II. by Column VIII.


  The specific gravities ascertained by the new mode, and expressed in Column X. correspond very well to the idea which is formed of their comparative densities, from other circumstances, their hardness, compact appearance, susceptibility of polish, and weight in the hand.


  The case is widely different, when we attend to the results of the common method contained in Column IX. Here the specific gravity of chalk is rated at 2.498, which exceeds considerably that of a majority of the results tried. Thus, it would appear, by this method, that chalk has become lighter by the experiment, in defiance of our senses, which evince an increase of density.


  This singular result arises, I conceive, from this, that, in our specimens, the faculty of absorption has been much more decreased than the porosity. Thus, if a piece of crude chalk, whose specific gravity had previously been ascertained by the common mode, and then well dried in a heat of 212°, were dipped in varnish, which would penetrate a little way into its surface; and the varnish having hardened, the chalk were weighed in water, it is evident, that the apparent loss of weight would not be greater by 23.61 per cent. of the dry weight, than it had been when the unvarnished chalk was weighed in water; because the varnish, closing the superficial pores, would quite prevent the absorption, while it added but little to the weight of the mass, and made no change on the bulk. In computing, then, the specific gravity, by means of this last result, the chalk would appear very much lighter than at first, though its density had, in fact, been increased by means of the varnish.


  A similar effect seems to have been produced in some of these results, by the agglutination or partial fusion of part of the substance, by which some of the pores have been shut out from the water.


  This view derives some confirmation from an inspection of Columns VI. and VII.; the first of which expresses the absorption; and the second, that result, reduced to a per centage of the original weight. It there appears, that whereas chalk absorbs 23.97 per cent., some of our results absorb only 0.5, or so low as 0.11 per cent. So that the power of absorption has been reduced from about one-fourth, to less than the five hundredth of the weight.


  I have measured the diminution of bulk in many cases, particularly in that of No. 11. The chalk, when crude, ran to the 75th degree of Wedgwood's gage, and shrunk so much during the experiment, that it ran to 161 ft.; the difference amounting to 86 degrees. Now, I find, that WEDGWOOD's gage tapers in breadth, from 0.5 at zero of the scale, to 0.3 at the 240th degree. Hence, we have for one degree 0.000833. Consequently, the width, at the 75th degree, amounts to 0.437525; and at the 161st, to 0.365887. These numbers, denoting the linear measure of the crude chalk, and of its result under heat and compression, are as l00 to 83.8; or, in solid bulk, as 100 to 57.5. Computing the densities from this source, they are as 1 to 1.73. The specific gravities in the Table, of the chalk, and of this result, are as 1.551:2.435; that is, as 1 to 1.57. These conclusions do not correspond very exactly; but the chalk employed in this experiment, was not one of those employed in determining average specific gravity in the Table; and other circumstances may have contributed to produce irregularity. Comparing this chalk with result second, we have 1.551:2.575 so 1:1.6602.


  No. II.
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  EXPLANATION.


  Column I. contains the number of the experiment, as referred to in the text. Column II. The bore of the barrel used, in decimals of an inch. Column III. The absolute force applied to the barrel, in hundred-weights. Column IV. The temperature, in Wedgwood's scale. Column V. The depth of sea at which a force of compression would be exerted equal to that sustained by the carbonate in each experiment, expressed in feet. Column VI. The same in miles. Column VII. Compressing force, expressed in atmospheres.


  Both Tables were computed separately, by a friend, Mr J. JARDINE, and myself.


  The following data were employed.


  Area of a circle of which the diameter is unity, 0.785398.


  Weight of a cubic foot of distilled water, according to Professor Robison, 998.74 ounces avoirdupois.


  Mean specific gravity of sea-water, according to Bladh, 1.0272.


  Mean heighth of the barometer at the level of the sea 29.91196 English inches, according to LaPlace.


  Specific Gravity of mercury, according to Cavendish and Brisson, 13.568.
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  Endnotes


  [1] Illustrations of the Huttonian theory, by Mr Professor Playfair, 430.


  [2] On one occasion, the importance of this precaution was strongly felt. Having inadvertently introduced a considerable quantity of moisture into a welded barrel, an explosion took place, before the heat had risen to redness, by which, part of the barrel was spread out to a flat plate, and the furnace was blown to pieces. Dr Kennedy, who happened to be present on this occasion, observed, that notwithstanding this accident, the time might come when we should employ water in these experiments to assist the force of compression. I have since made great use of this valuable suggestion: but he scarcely lived, alas! to see its application for my first success in this way, took place, during his last illness.—I have been exposed to no risk in any other experiment with iron barrels; matters, being so arranged, that the strain against them has only commenced in a red heat, in which the metal has been so far softened, as to yield by laceration like a piece of leather.


  [3] Eight parts of bismuth, five of lead, and three of tin.


  [4] Essays of Natural Experiments made in the Academie del Cimento, translated by Waller, London, 1684, page 117. The same is Musschenbroek's Latin translation, Lugd. Bat. 1731, p. 63.


  [5] I found It a matter of much difficulty to ascertain the proper quantity of air which ought to be thus inclosed. When the quantity was too great, the result was injured by diminution of elasticity, as I shall have occasion fully to shew hereafter. When too small, or when, by any accident, the whole of this included air was allowed to escape, the barrel was destroyed.


  I hoped to ascertain the bulk of air necessary to give liberty, to the expansion of the liquid metal, by measuring the actual quantity expelled by known heats from an open barrel filled with it. But I was surprised to find, that the quantity thus discharged, exceeded in bulk that of the air which, in the same heats, I had confined along with the carbonate and fusible metal in many successful experiments. As the expansion of the liquid does not seem capable of sensible diminution by an opposing force, this fact can only be accounted for by a distention of the barrel. In these experiments, then, the expansive force of the carbonic acid, of the included air, and of the fusible metal, acted in combination against the barrel, and were yielded to in part by the distention of the barrel, and by the condensation of the included air. My object was to increase the force of this mutual action, by diminishing the quantity of air, and by other devices to be mentioned hereafter. Where, so many forces were concerned, the laws of whose variations were unknown, much precision could not be expected, nor is it wonderful, that in attempting to carry the compressing force to the utmost, I should have destroyed barrels innumerable.


  [6] I have since constantly used tubes of common porcelain, finding glass much too fusible for this purpose.


  [7] The pyrometer-pieces used in these experiments were made under my own eye. Necessity compelled me to undertake this laborious and difficult work, in which I have already so far succeeded as to obtain a set of pieces, which, though far from complete, answer my purpose tolerably well. I had lately an opportunity of comparing my set with that of Mr Wedgwood, at various temperatures, in furnaces of great size and steadiness. The result has proved, that my pieces agree as well with each other as his, though with my set each temperature is indicated by a different degree of the scale. I have thus been enabled to construct a table, by which my observations have been corrected, so that the temperatures mentioned in this paper are such as would have been indicated by Mr Wedgwood's pieces. By Mr Wedgwood's pieces, I mean those of the only set which has been sold to the public, and by which the melting heat of pure silver is indicated at the 22nd degree. I am well aware, that the late Mr Wedgwood, in his Table of Fusibilities, has stated that fusion as taking place at the 28th degree; but I am convinced that his observations must have been made with some set different from that which was afterwards sold.


  [8] In many of the following experiments, lead was used in place of the fusible metal, and often with success; but I lost many good results in this way: for the heat required to liquefy the lead, approaches so near to redness, that it is difficult to disengage the cradle without applying a temperature by which the carbonate is injured. I have found it answer well, to surround the cradle and a few inches of the rod, with fusible metal, and to fill the rest of the barrel with lead.


  [9] In the same temperature, a mass of the glass of equal bulk would undergo the same change; but it would occupy an hour.


  [10] A substance equally efficacious in restraining the penetrating quality of borax, was discovered by another accident. It consists of a mixture of borax and common sand, by which a substance is formed, which, in heat, assumes the state of a very tough paste, and becomes hard and compact on cooling.


  [11] See Appendix.


  [12] I have found, that, in open fire, the entire loss sustained by the carbonate varies in different kinds from 42 to 45.5 per cent.


  [13] I am nevertheless of opinion, that, in some situations, experiments with compression may be carried on with great ease and advantage in such tubes. I allude to the situation of the geologists of France and Germany, who may easily procure, from their own manufactories, tubes of a quality far superior to any thing made for sale in this country.


  [14] I was favoured with this account of it by the late Professor Robison.


  [15] I measured the capacity of the air-tubes by means of granulated tin, acting as a fine and equal sand. By comparing the weight of this tin with an equal bulk of water, I found that a cubic inch of it weighed 1330.6 grains, and that each grain of it corresponded to 0.00075 of a cubic inch. From these data I was able, with tolerable accuracy, to gage a tube by weighing the tin required to fill it.


  [16] The retentive power here ascribed to the porcelain tubes, seems not to accord with what was formerly mentioned, of the carbonic acid having been driven through the substance of the tube. But the loss by this means has probably been so small, that the native properties of the carbonate have not been sensibly changed. Or, perhaps, this penetrability may not be so universal as I have been induced to think, by having met with it in all the cases which I tried. In this doubt, I strenuously recommend a further examination of this subject to gentlemen who have easy access to such porcelains as that of Dresden or of Seve.


  [17] Turbo terebra, Lin.


  [18] This was the size of barrel used in all the following experiments, where the fact is not otherwise expressed.


  [19] This topic, however, has of late been much urged against us, and an unfair advantage has been taken of what Mr Playfair has said upon it. What he gave as mere conjecture on a subject of collateral importance, has been argued upon as the basis and fundamental doctrine of the system.


  [20] Edinburgh Transactions, Vol. V. Part I, p. 60—66.


  [21] This situation of things, is similar to what happens when small-coal is moistened, in order to make it cake. The dust, drenched with water, is laid upon the fire, and remains long wet, while the heat below suffers little or no abatement.


  [22] Voyage towards the North Pole, p. 142.


  [23] Philosophical Transactions, 1751, p, 212.


  [24] "On peut donc regarder au moins comme très probable, que la profondeur moyenne de la mer n'est pas au-dessous de quatre lieues." De la Place, Hist. de l'Acad. Roy. des Sciences, année 1776.


  [25] Phil. Trans. 1777, p. 595.


  [26] Saussure, Voyages dans les Alpes, tom, ii. p. 99.—104.


  [27] This state of viscidity, with its numberless modifications, is deserving of great attention, since it affords a solution of some of the moil important geological questions. The mechanical power exerted by some substances, in the act of assuming a crystalline form, is well known. I have seen a set of large and broad crystals of ice, like the blade of a knife, formed in a mass of clay, of such stiffness, that it had just been used to make cups for chemical purposes. In many of my former experiments, I found that a fragment of glass made from whinstone or lava, when placed in a muffle heated to the melting point of silver, assumed a crystalline arrangement, and underwent a complete change of character. During this change, it became soft, so as to yield to the touch of an iron rod; yet retained such stiffness, that, lying untouched in the muffle, it preserved its shape entirely; the sharp angles of its fracture not being in the least blunted.


  4. On the Consolidation of the Strata of the Earth.


  (Read April 4. 1825.)


  The public attention, animated by scientific controversy, has of late years been much directed to Geological subjects; and the certainty of many important facts, has in consequence been ascertained beyond dispute, which were formerly unknown, or at least involved in such obscurity, that no person could have ventured to assert them, without being charged with extravagance. But though, no doubt, many branches of this science still remain to be investigated, such inquiries may now be said to have acquired a considerable degree of consistency and interest, from the substantial basis upon which they have been found to rest.


  Thus, in the present day, it is universally admitted, that a great part, I believe, in point of bulk, by far the greatest part, of the solid rock which constitutes the external mass of our globe, is stratified: that these strata, or at least a considerable portion of them, have at one period consisted of a loose assemblage of sand and gravel, broken from rocks of still higher antiquity: that these fragments are infinitely various in quality, in bulk, and in form; some retaining their original sharpness, others rounded and polished by agitation in the water: that these beds alternate with others of limestone, composed, in a great measure, of the shells of sea-fish, which shells are also occasionally scattered through the other strata. So that on the whole, it seems to be ascertained to the satisfaction of all parties in geology, that the strata,—those, at least, of later formation, have once constituted collections of incoherent parts. And it is further admitted, that these beds have undergone various remarkable changes, some chemical, some mechanical.


  The chemical changes consist in the consolidation of these loose assemblages into their present state of rock, passing, in that transition, through boundless varieties, in point of flexibility and toughness, and occasional brittleness. The mechanical revolutions are no less remarkable, principally in the change of the strata to their present contorted shape, and elevated position, often many thousand feet above the surface of the sea; though there is full reason to believe that they all once lay in a horizontal position at its bottom.


  I have said that the greatest part of the crust of our habitable globe seems unquestionably to be stratified, and produced from detritus or fragmented materials. The other portion, though probably the least in bulk, is, generally, the most conspicuous, owing to its durability, elevation, and picturesque beauty. This kind of rock is contrasted with the former class, particularly in its negative qualities; in being, according to some geologists, altogether devoid of stratification in the general mass, and entirely free from component fragments; the whole being made up of crystalline forms, moulded upon each other, in obedience to certain chemical laws.


  This crystalline rock, as the Society are well aware, abounds in the neighbourhood of Edinburgh, in Arthur's Seat, Salisbury Craigs, and in Corstorphine Hill. It is decidedly posterior to the stratified class, of which it penetrates the crevices at all angles, in the form of dykes or veins, like stucco cast in a mould; frequently also lodging between the strata in vast shapeless masses.


  As the rock in question never fails to preserve this quality of universal and perfect crystallisation, I heartily concur with Dr Hope in bestowing upon it the general name of Crystallite, under which are comprehended all substances of this kind, including not only Whinstone and Basalt, but also Porphyry, Granite, and Sienite of every description.


  The solid mass of our globe, then, in so far as it is naturally exposed to our view, or has been penetrated by the labours of the miner, would appear, (with the exception of some streams which have flowed from Vesuvius, Lipari, and other volcanoes, in which the rock possesses a glassy structure), to be comprehended under these two classes, Aggregates and Crystallites.


  The whole of these rocks, of both classes, furnish, at every turn, proofs of their having undergone revolutions of the utmost magnitude; and much ingenuity has been exerted, in endeavouring to trace these changes to some consistent and rational system. But of all the active powers of nature, one only has occurred to me as capable of affording a solution, in any degree satisfactory of the phenomena,—I mean the power of internal heat, which, in all ages, and in various countries, has made its appearance at the surface of the earth, not unfrequently from under the ocean, and which still, in our own days, gives occasional proofs of its unabated activity.


  To ascertain the reality and sufficiency of this agent, and to trace the volcanic fire to its source, with tolerable probability, is, doubtless, an object of great interest and curiosity; but it has always appeared to me, that the progress of geology was retarded by a premature anxiety to enter into such investigations.


  Taking it for granted, however, as, indeed, no one can dispute, that there frequently do arise violent exertions of heat from under the bed of our ocean, Dr Hutton held that this might furnish a rational and sufficient theory of the earth, without entering into any inquiry as to the origin of that heat and admitting that there are many geological facts which cannot be accounted for by such a fire as that of Vesuvius, now acting at the surface, in free communication with the air, he contended that the case may be very different, where that same cause acts at the bottom of a deep sea, and under various modifying circumstances, by which its operation could not fail to be influenced.


  This, indeed, constitutes the essence of the Huttonian Theory, which I learned principally in conversation with its illustrious author; and which, since his death, I have taken every means of submitting to a variety of chemical tests; being for ever on the watch for such natural scenes as might illustrate these principles, as well as for opportunities of making experiments, to determine whether such modifications on the action of heat were, or were not, sufficient to justify the expectations of Dr Hutton.


  It was in prosecution of these views that I formerly undertook a set of experiments, proving, I believe to the satisfaction of the scientific world, the identity of Whinstone and Lava, of which a full detail is given in your Transactions. In farther illustration of the same topic, my experiments on Carbonate of Lime were formerly undertaken, by which it was shewn, that calcareous matters, exposed to heat under pressure, might be fused; and, on cooling, would crystallise, so as in every respect to resemble marble. To these I beg leave likewise to refer the Society.


  The immediate object of the paper I have now the honour of submitting to the Society—the consolidation of the strata—has been pursued in a similar spirit, and with similar views to those formerly announced. In making efforts to trace the modifications which the action of heat would undergo, when compelled to act under the influence of compression, or of other circumstances, all of which, in company, I have always been willing to distinguish by the name of Plutonic, (although the term was originally suggested, ironically, by one of our keenest antagonists, the late celebrated Dr Kirwan), I was led to the particular topic of this paper, by an unexpected scene which presented itself in my own neighbourhood, in the country.


  It had often been urged, and apparently with good reason, against this branch of the Huttonian Theory, that no amount of heat applied to loose sand, gravel, or shingle, would occasion the parts to consolidate into a compact stone. And as all my experience led to the same conclusion, I saw that, unless, along with heat, some flux were introduced amongst the materials, no agglutination of the particles would take place. The striking circumstance above alluded to, as occurring near Dunglass, and which will be particularly described presently, having suggested to me the idea that the salt of the ocean might possibly have been the agent in causing the requisite degree of fusion, I instituted a series of experiments, the details of which I am about to bring before the Society. By these, I conceive it will be shown, that this material, under various modifications, is fully adequate to explain the consolidation of the strata, and many other effects which we see on the surface of the Earth.


  My success, from the first, was such as to promise the most satisfactory result, though it is only within the last year that I have been able to command the repetition of the experiments in a manner fit to be laid before this Society. This must be my apology to those who hear me, and to such of my friends as take an interest in these investigations, for having so long delayed the publication of a set of facts, some of which had presented themselves to my view many years ago.


  Whoever, indeed, has had any experience in the prosecution of new subjects of experimental inquiry, knows that, owing to his ignorance of the requisite adjustment of the proportions of the ingredients, and of other similar arrangements, he must depend, in a great degree, upon chance for the success of his first results, and that he must often submit to spend much time and labour upon a subject, even after it has been made out to his own satisfaction, before he has acquired sufficient command over its details to answer for the result of any particular experiment, so as to be able to produce it with confidence to the public.


  It may be interesting, in the first place, to describe, in a general way, the geological structure of the country, in the neighbourhood of the singular scene which gave rise to these speculations.


  On different occasions I have laid before this Society observations made on the rugged shore which occupies the southern entrance of our estuary the Firth of Forth, which, from being frequently washed by a very boisterous ocean, presents to view a distinct exhibition of its internal structure. The eastern part is occupied by the promontory of Fastcastle, composed entirely of the elder quality of strata, called by the Germans Grey Wacke. Further to the west it consists of cliffs formed of Sandstone, nearly in a horizontal position. These two meeting in the crag called the Siccar Point, afford the most distinct view we any where have of the peculiar relation and mutual history of these two rocks.


  More inland, on the borders of Lammermuir, a set of horizontal beds occur, consisting of a loose assemblage of rounded stones, intermixed with sand and gravel, which bear every appearance of having been deposited by water, and which, as to their general history, seem to have undergone no change since the overwhelming, though transient, agitations of water, of which I have frequently had occasion to speak in this Society.


  In the summer of 1812, as I was returning from visiting the granitic range which occurs in the water of Fasnet, in the hills of Lammermuir, and riding down the little valley of Aikengaw, which deeply indents this loose collection of gravel and shingle, about two miles above the village of Oldhamstocks, and at the distance of eight or ten miles from the sea, I was struck with astonishment on seeing one of these gravel banks, formed, as above described, of perfectly loose materials, traversed vertically by a dyke, which, in its middle, consisted of whinstone, and was flanked by solid conglomerate; but this solidity abated gradually till the conglutination of the rounded masses diminishing by degrees, the state of loose shingle and gravel was entirely restored on both sides. The agglutinated mass adjacent to the dyke bore no resemblance to the result of calcareous petrifaction; scarcely ever gave effervescence with acid; and, by its gradual termination, differed from any whinstone-dyke I have seen to penetrate the strata; for, in the ordinary case, the termination of the crystallite against the adjoining aggregate through which it passes, is almost always quite abrupt.


  About a hundred yards higher up the valley of Aikengaw, there occurs an agglutination similar to the last, though without any whin-dyke, and sufficiently strong to resist the elements, by which the surrounding matters had been washed away, leaving the pudding-stone, or agglutinated shingle, to stand up by itself, in a manner remarkable enough to have attracted the notice of the peasantry as something supernatural, since they have bestowed upon it the name of the Fairy's Castle.


  Farther up the stream, other agglutinations occur frequently, as we could see in little narrow glens cutting through the mass; and higher still, they are so numerous as to meet and convert the whole into one unbroken mass of pudding-stone, occupying all that is exposed to view.


  These very remarkable, and, to me at least, novel appearances, were the first which suggested the idea, that the consolidation not only of this class of conglomerates, but of sandstone in general, had been occasioned by the influence of some substance in a gaseous or aeriform estate, driven by heat into the interstices between the loose particles of sand and gravel, where it had acted as a flux on the contiguous parts. On considering what this penetrating substance might be, and from whence it could have come, the following circumstance presented itself to my recollection at the moment, and promised to afford some assistance to these conjectures.


  A few miles lower down the valley in which the above facts were observed, at the distance of more than a mile from the sea, and between two and three hundred feet perpendicularly above it, there occurs a crag of sandstone, in which a numerous succession of strata are distinctly visible. Several of these beds have yielded much to the action of the air, and, in dry weather, exhibit a considerable white efflorescence, which has completely the taste of common salt; and so remarkable is this circumstance, that the rock has acquired, in the country, the name of Salt-Heugh.


  Here, then, it immediately occurred to me, was probably the source of an abundant supply of the elastic substance or fumigator, whose action as a flux had been pointed out by the agglutinations in Aikengaw above described.


  I conceived, that, if there were at the bottom of the sea a bed of sand and gravel, drenched with brine of full saturation, and that heat were applied to it from beneath according to Dr Hutton's hypothesis, the first effect would be, to drive the water from the lowest portion of the sand, and to convert the salt which remained amongst it, together with the sand, into a dry cake. During this operation, or until the cake became quite dry, the absorption of latent heat would prevent the temperature from surpassing the boiling point of brine. But no sooner was this dryness accomplished, than, I imagined, the temperature of the mass would begin to rise above that pitch; the portion of it next the fire would gradually acquire a red-heat; that then the salt, being made by the heat in part to assume an elastic form, would be sent in fumes through the dry cake just described, and thus, by partially melting the contiguous particles, produce an agglutination.


  Such being my theoretical views, no time was lost in submitting them to the test of experiment. Taking it for granted that a quantity of sea-salt must frequently be formed and deposited, along with sand and gravel, at the bottom of the ocean (in the manner I shall have occasion to describe at another stage of this paper), where the water has been collected by its superior specific gravity, in the form of brine, I proceeded to make the following experiments.


  Dry salt was placed along with sand, sometimes in a separate layer, at the bottom of the crucible, and sometimes mixed throughout the experiment: the whole was then exposed to heat from below. I found that the salt was invariably sent in fumes through the loose mass, and by its action produced solid stone in a manner completely satisfactory, as illustrative of the facts in Aikengaw; and so as to give a good explanation of the production of sandstone in general.


  These artificial stones are of various degrees of durability and hardness;—some of them do not stand exposure to the elements, and crumble when immersed in water;—some resist exposure for years;—others are so soft as not to preserve their form for any length of time;—while some bear to be dressed by the chisel; and, it may be remarked generally, that, as far as the results of my experiments have been compared with natural sandstone, the same boundless variety exists in both cases. A striking instance of this resemblance occurs in the case of the Salt-Heugh, the sandstone of which, when immersed in water, crumbles down, exactly in the same manner as those results of my experiments which taste much of salt.


  The fumes of the salt, no doubt, act, in all these cases, as a flux on the siliceous matter, and thus cement the adjacent particles together. The Society are, doubtless, well aware of the power of salt fumes in glazing pottery; and the analogy, I conceive, is complete. It is the application alone that is new.


  So far the results were satisfactory. But it next occurred, that it might be plausibly objected, that the presence of the superincumbent cool ocean, would interfere with the process, on the principles of latent heat. To put this to the test, I proceeded to expose a quantity of sand, covered to the depth of several inches with common salt-water, to the heat of a furnace, and, as the liquid boiled away, replenished it from time to time by additions from the sea. Of course it gradually approached to a state of brine. But this proved a very tedious operation, requiring a continued ebullition, during three weeks without ceasing, before it became sufficiently saturated with salt by the discharge of the fresh-water; and I thought it much easier, and no less satisfactory, to employ brine from the first, formed at once by loading the water with as much salt as it could dissolve, amounting to about one-third of its weight.


  The vessels employed in these early experiments, were the large black-lead crucibles used by the brass-founders. I filled the vessel, which was 18 inches high and 10 broad, nearly to the brim with brine of full saturation, the lower portion being occupied, to the depth of about 15 inches, with loose sand from the sea-shore, and thoroughly drenched with the brine. In order to have a view of the progress of the experiment, I placed an earthen-ware tube, about the size and shape of a gun-barrel, closed at bottom, and open at the top, in a vertical position, having its lower extremity immersed in the sand, and reaching to within about an inch of the bottom of the pot, while the other end rose a foot above the surface of the brine, and could be looked into without inconvenience.


  After a great number of experiments, furnishing an unbounded variety of results, I at length obtained a confirmation of the main object in view. I observed that the bottom of the porcelain barrel, and of course the sand in which it rested, became red-hot, whilst the brine, which, during the experiment, had been constantly replenished from a separate vessel, continued merely in a state of ebullition: the upper portion of the sand, drenched with the liquid, remained permanently quite loose, but the lower portion of the sand had formed itself into a solid cake.


  On allowing the whole to cool, after it had been exposed to a high heat for many hours, and breaking up the mass, I was delighted to find the result, occupying the lower part of the pot, possessed of all the qualities of a perfect sandstone, as may be seen in the specimens now presented to the Society. Whenever the heat was not maintained so long, the sandstone which resulted was less perfect in its structure, tasted strongly of salt, and sometimes crumbled to sand when placed in water.


  Many of these early experiments were accomplished with tolerable success. But still the result was somewhat precarious, and could not be announced with the confidence that I felt in presenting my former experiments to this Society.


  The cause of this uncertainty I traced to the chemical operation of the salt, acting as a flux upon the porcelain vessels employed. This very action, I was well aware, was the main agent and cause of our success, when kept within proper bounds; but, on being allowed to pass those limits, and to act on the containing vessel as well as on the experiment, it destroyed the vessel, and converted the whole into a confused mass of slag.


  After numberless unsuccessful attempts, and after returning again and again to the charge, with an interval sometimes of years, I at last met with a quality in some of the materials to me altogether unlooked for, by means of which may be obtained successful results, with scarcely any risk of failure.


  I found that the action of the salt upon the substances of the crucibles of clay, did not exert itself in the same manner upon iron; but that a large vessel of cast-iron, 18 inches deep by 10 wide, and a common gun-barrel welded up at the breech, and open at the top, enabled me to work with the heat of melting gold, without injuring the vessels, and at any time to produce a perfect freestone; thus satisfying our theoretical expectations.


  Similar results, in all respects, were produced by exposing pure pounded quartz to the action of the salt fumes,—and also when gravel, or any other mass of loose materials, was used instead of sand.


  Having now shewn, in a satisfactory manner, that salt, whether in a dry state mixed along with loose materials, or driven in fumes through them, or applied in the state of brine, and exposed to heat, is a sufficient agent to produce a consolidation, such as we see in natural sandstones and other stratified rocks, it remains to be investigated, whether an adequate supply of this flux may be reckoned upon in nature.


  It is well known that great diversity exists in the degree of saturation of the sea by salt, at different places; and Buffon has been at much pains in collecting examples of this diversity in his geological volumes, introductory to his Natural History. It is known that, in many of the communications between sea and sea, a constant current sets one way, indicating that the evaporation from the sea, to which this stream flows, surpasses in quantity its supply of fresh-water from the rivers, rains, and springs. This is remarkably the case with the Mediterranean, into which a perpetual stream sets from the ocean, at the Gut of Gibraltar. We have reason, then, to conclude, both that the surface of the Mediterranean is lower than that of the ocean, and likewise that the quantity of salt in the former is perpetually on the increase; so that the specific gravity of the waters, and the intensity of their saturation, must be perpetually advancing to a state of brine. I am well aware, that an attempt has been made to render such a conclusion unnecessary, by the supposition of a counter-current flowing at the bottom, out of this great basin; but such suppositions are, in my opinion, altogether gratuitous.


  What is here said of the Mediterranean, will apply no less to other seas, and even to the great oceans. And wherever a basin occurs, in which a bottom of great depth is surrounded by a ridge comparatively shallow, we may expect to find the lower portion, at least, of the water in a state approaching to brine.


  Without any such theoretical explanation of the manner in which a supply of salt is supposed to be formed, it may perhaps be considered sufficient for my purpose, to recal to the recollection of the Society, that there are in almost every part of the world vast districts of rock-salt, and in some countries extensive salt lakes and salt rivers; and in our own country we have many instances of brine springs, besides rock-salt in abundance.


  Here then it seems to me, we are plentifully furnished with the means of accounting, in the manner experimentally shewn, for the agglutinations of such gravel as that of Aikengaw and for the strata of the Salt-Heugh, which, by an easy analogy, may be transferred to sandstone in general, and, perhaps, to stratified rocks of every description.


  A member of this Society, however, well known by his scientific acuteness, alleged, first in his public lectures, and afterwards, upon my requesting an explanation of his objection, again repeated, that I was not justified in such theoretical conclusions, respecting the influence of heat at the bottom of the sea, since the neighbourhood of the cool water would necessarily counteract that influence.


  In answer to this difficulty, I must beg leave to remark that, in all my experiments above alluded to, the sand (viewed by means of the gun-barrel) was seen to become red-hot during the process of consolidation, while the superincumbent brine remained boiling above; and it was even found easy, by supplying cool brine in sufficient quantity, to maintain the temperature of the fluid permanently such, that the hand could be plunged into it at top, without injury, the sandstone below remaining all the while at a full red heat But whenever I repeated this experiment, with every circumstance the same, both as to duration and temperature, as in the example above detailed, but in which, instead of brine, fresh water was used, the result was very different. The lower part of the gun-barrel, immersed in the sand, and in which gold had melted in the brine experiment just mentioned, now remained permanently black and cold; and the whole of the sand in the pot, when removed from the furnace, fell out loose by its own weight; not the least trace of consolidation having taken place.


  We may thus, I trust, presume to have added one more new and important modifying circumstance of heat, to those already advanced in support of the Huttonian doctrines; for, since it has been experimentally shewn, that heat, under the modifications produced by the presence of salt, as above described, is fully adequate to the consolidation of loose materials, exposed to its action, it may fairly be presumed, that salt has performed a part, and a very important part, in the consolidation of the strata of the globe.


  I should be doing injustice to the subject, were I not to state, that, besides the views developed in the foregoing paper, and supported by actual experiment, many others have occurred to me, respecting the agency of salt under various modifications, and all bearing more or less directly upon the Huttonian Theory of the Earth. Some of these views have been submitted to the test of experiment, and the results, as far as they have yet been carried, give me great hopes of ultimate success. Others are still in the shape of mere conjecture; and none of them are yet in a state to lay before the Society in detail. A simple allusion to one or two of the most important of these views may probably be received with indulgence; and I shall be very happy if gentlemen possessed of adequate leisure, shall be induced to follow up, by actual experiment, what I have thrown out as mere matter of speculation.


  I conceive that salt, in the state of fumes, and urged by a powerful heat, possibly also modified by pressure, or perhaps combined with other substances, may have penetrated a great variety of rocks, acting as a flux on some, as in basalt, granite, &c.; agglutinating others, as in the case of sandstone, pudding-stone, &c.; softening others, as in the case of contorted strata of greywacke. In many cases, too, I conceive that these fumes may have had the power of carrying along with them various other materials, such as metals in a sublimed state, which would in this way be introduced into rents, veins, and cavities, or may even have entered into the solid mass of the rocks, which I imagine these fumes may have had power to penetrate. I have already tried some experiments in pursuit of these ideas. Salt, for instance, has been mixed with oxide of iron, reduced to fine powder, and then exposed to heat along with quartzose sand. The iron, I found, was borne up along with the salt fumes. The sandstone, formed in this way, was deeply stained with iron, and other most curious appearances presented themselves.


  Every one who has seen a sandstone quarry, must have noticed evident traces of iron, the rock being stained in a great variety of ways; sometimes in parallel layers,—sometimes in concentric circles, or rather in portions of concentric spheres, like the coats of an onion,—and, generally speaking, disposed in a way not accountable by deposition from water. All these appearances I would account for, by supposing the rock, either at the moment of its agglutination into sandstone, or at some subsequent period, to have been penetrated by the fumes of salt, charged with iron, also in a state of vapour.


  I may mention one very curious result of my experiments with salt and iron, acting upon sand, namely, that, upon breaking up the specimen of artificial sandstone, an appearance often presents itself of incipient crystallisation, if I may use this term; a number of large, shining, parallel faces pervade the whole mass, and, by holding the specimen at the proper angle to the light, this appearance becomes very obvious. What the nature of these crystals is, I have not investigated; but as they very much resemble what we see in different kinds of sandstone, I am of opinion that they hold out a fair expectation, of our being able to produce many of the crystalline appearances with which we are familiar in nature.


  Common sea-salt, such as I have used, as is well known, is not pure muriate of soda; and, in my experiments, I have mixed various other substances with it. In Nature, we must suppose that various contaminating substances would in like manner occur, to diversify the phenomena; and, accordingly, we do find a boundless variety, in the aspect not only of sandstone, but of almost every kind of rock; and I am by no means without expectation, that, in the course of time, we shall be able to imitate in our laboratory as many of these varieties as we choose to exhibit.


  I have long been engaged also in a series of experiments on the formation of Crystallites, the name by which, as I have before stated, every crystallised rock might, perhaps, be usefully distinguished in contradistinction to Aggregates, or those formed of fragments. This great object in experimental geology, I hope to accomplish by means of an instrument which I have long had in use, for the regulation of high heats, a description of which may probably soon be laid before the Society, together with some further results in support of the Huttonian Theory of the Earth.
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