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PRECIPITATION OF LAUMONTITE WITH QUARTZ, 
THENARDITE, AND GYPSUM AT SESPE HOT SPRINGS, 

WESTERN TRANSVERSE RANGES, CALIFORNIAl 

THANE H. MCCULLOH,2 VIRGIL A. FRIZZELL, JR.,3 

RICHARD J, STEWART,· AND IVAN BARNES3 

Abstract-Well-crystallized laumontite has been found for the first time precipitating naturally at the earth ' s 
surface at temperatures of 89" to 43°C as a component of gray to white coatings and efflorescences on 
exterior surface and as precipitates on interior fractures of stones and blocks lining Hot Springs Creek 
immediately downstream from Sespe Hot Springs, Ventura County, California. X-ray powder diffraction, 
scanning electron microscope (SEM), and electron microprobe analyses show thenardite to be the dominant 
phase in the exterior coatings, in association with minor microcrystalline «50 /Lm) laumontite and gypsum. 
Macrocrystalline (> I mm) laumontite is the dominant phase in interior fracture coatings and is associated 
with quartz, potassium feldspar, and gypsum. Trace amounts of smectite(?), halite, a mercury sulfide, an 
iron sulfide, an iron-bearing mineral (possibly an oxide or carbonate) , and a copper mineral are also present. 
Zeolites other than laumontite have not been seen, and carbonate minerals are either entirely or nearly 
absent. SEM textures indicate nonreactive intergrowths of laumontite, quartz, potassium feldspar, and 
gypsum. Unbroken laumontite crystals are generally euhedral or have skeletal growth characteristics and 
exhibit sharp, fresh , non-corroded faces, edges, and corners. 

The water issuing from the hottest and largest spring is 89"C, has a pH of7 . 74, 1200 mg/liter total dissolved 
solids, and contains Na+ , CI- , SO/- , and H.SiO. as the dominant dissolved species. Computations indicate 
that the water is supersaturated with respect to laumontite, quartz , chlorite, and prehnite and is slightly 
undersaturated with respect to calcite and noncrystalline silica. Water-dominated water-rock interaction 
is indicated by isotopic analyses. The /l0" composition expectable on the basis of the -81%0 IlD compo
sition is -11.38%0 instead of the -9.5%0 actually found (all referred to SMOW). The water chemistry sug
gests that the subsurface water source may have a temperature of 125°_135°C. This temperature range, 
together with the regionally low geothermal gradient, implies that the source is probably 3550 to 3900 m 
beneath the springs in fractured and permeable Mesozoic and older plutonites and gneisses. 

The discovery of laumontite crystallizing at atmospheric pressure and 43°C (or lower) provides important 
insight into the processes responsible for burial diagenetic laumontite and a valuable perspective on the 
zeolite metamorphic facies. 
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INTRODUCTION 

Laumontite was discovered in 1980 at Sespe Hot 
Springs, Ventura County, California, as macroscopic 
to SUbmicroscopic crystals associated with neocrystal
line quartz, suI fate minerals, and several other minor 
phases . The mineral occurs in gray to white coatings on 
exterior surfaces and as precipitates in cracks of stones 
in contact with waters of the spring-fed stream in Hot 
Springs Canyon. Virtually all studies of laumontite and 
its mineral associations are based on products of sub
surface processes, resulting from either shallow hydro
thermal or deeper diagenetic and metamorphic reac
tions. Most of those studies are based on relict products 
exposed to view by erosion and which are manifestly 
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inactive. Even in the few areas where noneroded sub
surface occurrences have been studied in detail, un
certainty about whether the diagenetic phases are relict 
or are products of currently active processes invites 
debate (Castano and Sparks, 1974; Merino, 1975; 
McCulloh et al., 1978, pp. 31-33). Added to this un
certainty are the inherent difficulties of obtaining trust
worthy estimates of in situ temperatures and pressures 
in deep boreholes and the related problem of collecting 
undisturbed samples of formation fluids . Interpreta
tions of the physical and chemical significance of the 
mineral products in terms of subsurface processes are 
thus weakened even under the best of conditions. 

Laumontite is difficult to synthesize in laboratory 
experiments (Liou, 1971a, 1971b, pp. 384-385, 387) be
cause of the apparent sluggishness of the reactions and 
the " .. . extreme difficulty of nucleating and growing 
laumontite" (Liou, 1971 b, p. 387), Successful synthesis 
was achieved only by the" . . . decomposition of nat
ural wairakite in the presence ofnaturallaumontite and 
either H20 (very slow reaction) or 0.25 N NaCI (slow 
reaction) solution" and then only at fluid pressures and 
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temperatures exceeding 1000 bars and 250°C (Liou, 
1971b, Table 6). The conditions apparently required for 
laboratory synthesis are well beyond the range en
countered in most deep boreholes. They are applicable 
only in the most deeply eroded sedimentary terranes 
and are therefore not suitable for interpreting most lau
montite occurrences. 

At Pauzhetka, Kamchatka, "silica gels" are natu
rally deposited in hot springs and associated streams. 
Such gels accumulate also in heating radiators that uti
lize the hot geothermal waters (Lebedev and Goro
khova, 1%8). Electron microscopy and X-ray diffrac
tion analysis of microcrystalline phases separated from 
gels from the radiators reveal minute crystals identified 
as "adularia" and "Iaumontite. " These same minerals 
are said to occur in well cores from beneath the area as 
secondary minerals in hydrothermally altered dacite 
tuff at depths of 30-250 m, where NaCl solutions va
porize at temperatures of IOoo-190°C (Averyev et al., 
1%2; Rusinov, 1%5). Critical reexamination of the 
published X-ray powder diffraction data of Lebedev 
and Gorokhova (1968) suggests that the identification 
of part of the crystallites as . 'adularia" may be in error 
and raises questions about other aspects of the work , 
even though laumontite does appear to be present. 

Barnes et al. (1978) studied eleven warm springs on 
South Island, New Zealand. All of the springs are as
sociated either with faults or deeply cut valleys. All of 
the waters are supersaturated with respect to laumont
ite and are dilute to extremely dilute in terms of total 
di ssolved species. Noncrystalline siliceous gels occur 
as precipitates at two of the springs, and Barnes et al. 
(1978) speculated that the gels might be laumontite pre
cursors . The temperatures of the waters of the two 
springs precipitating the gel coatings are 52° and 55°C, 
whereas the range oftemperatures for all eleven springs 
of their study is 40° to 65°C . No laumontite or other 
zeolite was recognized as a precipitate from waters of 
any of the springs studied. 

Therefore, any surface occurrence of laumontite 
where the mineral may be currently precipitating is of 
extraordinary interest. Despite numerous documented 
occurrences of laumontite (and wairakite) at relatively 
shallow depths in geothermal systems, the only occur
rence thus far recognized of well-crystallized laumon
tite precipitating naturally under surface conditions is 
the one described here . 

GEOLOGIC SETTING OF SESPE HOT SPRINGS 

Sespe Hot Springs is located in the western Trans
verse Ranges province of southern California (Figure 
I), within a region of rugged coastal mountains near the 
eastern end of the Santa Ynez Mountains at 34°35.7'N 
lat. and 118°59.9'W long. The Tertiary strata that con
stitute much of the western Transverse Ranges (Nagle 
and Parker, 1971; Chipping, 1972) were deposited in an 
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Figure I. Generalized geologic map of part of the north
western Transverse Ranges, California. showing the location 
o~ Sespe Hot Springs in relation to the major faults, the dis
tnbuuon of the principal rock groupings . and the locations of 
abandoned deep prospect wells mentioned in the text. 

elongate depositional basin which became disrupted 
and attenuated by several now east-trending faults dur
ing and after deposition (Dickinson, 1969; Nilsen and 
Clarke , 1975) . Near Sespe Hot Springs, the local base 
of the sedimentary section has been bared by erosion 
along the northeast wall of a 9OO-m deep canyon oc
cupied by Hot Springs Creek. Fossiliferous lenticular 
beds of marine mud stone of lower or middle Eocene 
age lie immediately above basal arkosic sandstone and 
conglomerate. Although Merrill (1954) suggested that 
the contact is a fault of large displacement, the field 
evidence suggests, as Givens (1974, Figures 3 and 6) 
showed, that the Eocene beds are in unconformable 
and only locally faulted contact with the gneisses and 
granitic rocks to the northeast. Eocene beds near the 
contact strike northwest and dip 25°-60° southwesterly . 
Aeromagnetic data suggest that the sediment/basement 
rock interface dips to the southwest to where it inter
sects the Pine Mountain fault. 

The Sespe Hot Springs issue from fractures along or 
very close to the basal contact at about 845 m above 
sea level. Four distinct springs issue from restricted 
fracture openings in steeply dipping, massive, and thor
oughly indurated conglomerate and sandstone along 
the northeastern wall of the canyon . Two additional 
separate areas of seeping and steaming ground are dis
tinguishable along the northeastern edge of the alJu
viated canyon floor. The combined flow of the group of 
springs and seeps has been estimated at 470 liters/min 
(Renner et al., 1975), and the temperature of the hottest 
spring is 88°_90°C (Waring, 1915, p. 66; Stearns et al., 
1937, p . 125). The temperature of water flowing from 
the coldest (and the highest and smallest) spring is 34°_ 
36°C. 

Torrential runoff after exceptionally heavy rains dur
ing the winters of 1969, 1979, and 1980 left the floor of 
the canyon of Hot Springs Creek gullied, nearly bare, 
and strewn with boulders . Upstream from the springs, 
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Table I. Chemical compositions of hot spring waters. 

California New Zealand 

Sespe 
Cow Stream Lake Summer Hot Springs 

Temperature (OC) 89 52 55 
pH 7.74 8.44 9.01 
CaH 22 1.5 1.1 
Mg2+ 0.11 0.02 0.01 
Sr2+ 0. 12 0.06 
Na+ 330 189 97 
K+ 14 3.5 1.3 
Li+ 0.76 0.78 0.20 
MnH 0.00 0.00 0.00 
Fe2+ 0.00 0.00 0.00 
CI- 290 117 4.2 
F- 12.0 7.2 7.0 
SOl- 292 62 19 
HC03- 70 259 189 
COl - 0.29 5.96 16.7 
Si02(aq) 91 70 59 
HaB03(aq) 74.4 46 17.0 
NHiaq) 0.6 2.0 6.0 
H.,S(aq) 2.5 21 5.8 
AI 0.019 0.010 0.008 
AJ3+ 1 x 10-19 5.0 X 10-20 1.0 X 10-22 

pC02 2.3 X 10- 3 1.1 X IO- a 2.2 x 10-· 
Rb+ 0.011 0.004 
Ca2+ 0 .004 0.004 

Concentrations are in mg/liter except for AJ3+ which is giv-
en in molality, and pCO. which is given in atmospheres. 

Hot Springs Creek is normally a small perennial fresh
water stream. The steady outflow from the springs is 
not only hot but also somewhat mineralized, so that for 
a few hundred meters downstream from the springs the 
boulders and gravel ofthe stream bank are partially and 
unevenly coated above the water level by white to light 
gray precipitates and efflorescences. The temperature 
of the flowing water where coatings occur is 89° to 34°C. 
Blue-green algae flourish in the clear, hot stream, ex
cept in the immediate vicinity of the hottest spring, 
where small amounts of hydrogen sulfide bubble forth. 
The vicinity of the springs is without travertine, sili
ceous sinter, or a tufa apron. The very localized, par
tial, and uneven coatings are the only precipitates vis
ible and are the sources of the laumontite and other 
minerals. 

METHODS 

Water samples from the hottest of Sespe Hot Springs 
were collected and analyzed in accordance with the 
procedures recommended by Presser and Barnes 
(1974), involving field determination of pH, alkalinity, 
sulfide, and ammonia, and filtration, alumina extrac
tion , and acidification. The thermal water was collected 
in 1977 by R. H. Mariner and W. C. Evans and analyzed 
by T. S. Presser. 

The precipitates, crusts, efflorescences, and crystal
line coatings present in and along the banks of Hot 

Springs Creek were systematically examined and se
lectively sampled from the hottest spring to a point 
downstream of the coolest spring where the water tem
perature is 34°C. Hand lens examination of the precip
itates reveals a variety of hard and apparently non
crystalline to powdery white crystalline coatings on 
exterior rock surfaces in contact with the water but pro
jecting above water level, plus coarser and obviously 
crystalline coatings on incipient fractures in such rocks. 
These different precipitates were studied by routine 
optical petrography, X-ray powder diffraction (XRD), 
scanning electron microscopy (SEM). and electron 
microprobe techniques. Powders for XRD analysis 
were sedimented onto glass slides, and diffractograms 
were prepared using a Picker diffractometer and Ni-fil
tered CuKa radiation. SEM examination was carried 
out on samples prepared with a gold-sputter coating 
using an ISI Super IlIA system equipped with a PGT 
1000 energy-dispersive X-ray attachment. 

The chemical composition of individual laumontite 
crystals was analyzed on an ARL-EMX microprobe, 
utilizing a 15-kV excitation potential at 0.010 #LA. Both 
natural and synthetic standards were used in combi
nation. Oxide proportions were obtained by C. E. Mey
er after correction using a modified online data-reduc
tion program (Yakowitz et al .. 1973). 

Reaction states were calculated using the equation 
.iGR = RT In(Q/K), where .iGR is the Gibbs free energy 
difference between the actual state of the reaction and 
the equilibrium state, R is the gas constant. T is the ab
solute temperature, Q is the reaction quotient, and K 
is the equilibrium constant. Details of the calculations 
may be found in Kharaka and Bames (1973). 

RESULTS 

The water of Sespe Hot Springs is dilute and deficient 
in carbonate species. The largest and hottest of the 
springs yields water at 89°C containing 1200 mg/liter of 
the dissolved substances shown in Table I. Measured 
pH is 7.74. Reaction states for the water with respect 
to selected minerals (Kharaka and Barnes, 1973) are 
shown in Table 2. For comparison, equivalent analyses 
and reaction states are shown in Tables I and 2 for two 
New Zealand springs previously suspected of precipi
tating a laumontite precursor. 

Minute, needle-like, colorless crystals are sparingly 
present and barely detectable by hand lens examination 
of white to gray, amorphous- to pOWdery-appearing 
exterior coatings on a variety of stones in contact with 
both air and hot-spring water. More obvious, but much 
rarer, are macroscopic. colorless to white, stubby pris
matic to acicular, crystals of the same mineral lining 
cracks and fractures in transported blocks and stones 
of gneiss , granite, sandstone, and mudstone. Such 
crystals are as much as 4 mm long and occur prefer
entially in the parts of the fractured blocks that project 
above water. Both the minute exterior needles and the 
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Table 2. Calculated reaction states of Sespe Hot Springs 
and New Zealand hot-springs waters . 

California New Zealand 

Sespe Hot Cow Stream Lake Sumner 
Springs Torless Group Torless Group 

Mineral Juncal Arkose graywacke graywacke 

Lowalbite -1.22 0.17 -1.6 
High albite -2.39 - 1.1 -2.9 
Analcime -3.89 - 2.8 -4.1 
Calcite -0.004 -0.45 -0.015 
Magnesium chlorite 6.34 5.6 9.2 
Fluorite 0.57 -1.6 -1.8 
Laumontite 3.14 3.8 1.7 
Muscovite 6.55 8.9 4.6 
Anorthite -3.57 - 3.3 -4.7 
Prehnite 0.15 - lA -lA 
Quartz 0.56 0.92 0.54 
Wairakite -2.85 - 3.2 -5.2 
Silica gel -0.95 -0.73 -1.1 
Beta-cristobalite -0.84 -0.60 -0.96 

Reaction states indicated for water from Sespe Hot Springs 
with respect to minerals composing representative arkose of 
Eocene age. Equivalent data from New Zealand hot springs 
are presented for comparison. Results are in kilocalories. 
Positive values indicate supersaturation and negative values 
undersaturation , respectively. Uncertainties in GR are max
imum (+ 10% error in analyzed constituents, -0.02 pH error, 
and - 10% errors in concentrations of solutes and +0.02 pH 
unit) . Equivalent data from New Zealand hot springs are in 
part after Barnes et at. (1978, Table 5). 

coarser fracture-linings occur at the outlet of the main 
spring on the east side of Hot Springs Creek where 
water temperature is about 89°C. Well-crystallized 
fracture coatings occur in growth positions (relative to 
the present stream level) downstream from the main 
spring to points where the temperature of the flowing 
water is 62°C, below which the stream-water compo
sition is complicated by both cold and hot tributary 
sources. Minute laumontite needles have been identi
fied in coatings where the stream temperature is as low 
as 43°C. The very finely crystalline nature of the exte
rior coatings and efflorescences, and the fact that three 
or more minerals are generally present, necessitated 
using XRD analysis and SEM (combined with energy 
dispersive X-ray analyses) to identify laumontite, the
nardite , gypsum, quartz , potassium feldspar , and mi
nute amounts of smectite(?) . Other phases seen in trace 
amounts in some samples are halite, a mercury sulfide, 
an iron sulfide, and an iron-bearing mineral that is pos
sibly an oxide or carbonate. Representative XRD pat
terns oflaumontite, thenardite, and gypsum are shown 
in Figure 2. 

In addition to aiding in the identification of both ma
jor and minor minerals, SEM studies also provided tex
tural evidence regarding the stability of the principal 
minerals. Unbroken, coarsely crystalline laumontite 
that coats fractures exhibits both euhedral and skeletal 
growth forms with sharp, noncorroded crystal faces 

3.34 ;.. 9.60A 

4.tB.f. 

3.03.4. 
6.891. 

OeQreu 29 

Figure 2. X-ray powder diffraction patterns of precipitates 
collected from Hot Springs Creek at Sespe Hot Springs; (A) 
laumontite, (8) thenardite, (C) gypsum. Indicated d-spacings 
are those that are critically diagnostic for each mineral. Ni
filtered, CuKa radiation; scan rate 2°20/min ; chart speed 1 
inch/min . 

and edges (Figure 3A and 3B). Laumontite in external 
coatings forms minute «50 JLm) euhedral prisms as
sociated intimately with thenardite and rare gypsum 
(Figure 3C), whereas laumontite in fractures is inti
mately associated with neo-formed quartz (Figure 3D), 
rare gypsum (Figure 3E), and potassium feldspar (Fig
ure 3p). The only occurrences of macroscopic lau
montite recognized thus far are from fractures in stones 
that are in contact with hot-spring waters. The euhedral 
laumontite prisms that occur in thenardite-rich external 
coatings (Figure 3C) are clearly a product ofthe sulfate
bearing water. SEM textures indicate nonreactive in
tergrowths of laumontite, quartz, potassium feldspar, 
and gypsum . Gypsum is not a common companion of 
subsurface laumontite. SEM analyses also show that 
neither carbonate minerals nor zeolites other than lau
montite are present, an observation that is important 
to the understanding of the origin and paragenesis of 
laumontite elsewhere. The chemical characteristics of 
the water are compatible with the mineral paragenesis. 
Calculations (Table 2) indicate that the water is super
saturated with respect to laumontite and quartz and 
slightly undersaturated with respect to calcite. 

Chemical compositions determined by electron mi
croprobe analyses of selected large crystals partly coat
ing a fracture in a gneiss block are given in Table 3. 
Analyses of the core and rim of a single crystal suggest 
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Figure 3. Scanning electron micrographs of minerals composing precipitates from Hot Springs Creek at Sespe Hot Springs, 
California. Euhedral laumontite crystallites (A) and skeletal laumontite in a growth mode (B), both from a coating of a 
fracture in a cobble of gneiss. Figure C shows laumontite prisms (I) intergrown with stubby, twinned gypsum (g) and 
thenardite coating the exterior of one cobble of gneiss. Figures D, E, and F show associations of laumontite (I) with newly
formed quartz (q), a gypsum micro lite (g), and potassium feldspar (k), respectively. 

that the rim may contain more K and Na but less Ca 
than the core. The more calcic core presumably rep
resents the older and more stable laumontite and sug
gests the existence of a chemical potential gradient 
within the crystal. Compositions are also given in Table 

3 for a burial-metamorphic laumontite and a near-sur
face and a deeper geothermal laumontite (Coombs, 
1952; Seki et al ., 1969, Table 4c; Petrova, 1970, Table 
4). The highest contents of both N~O and K20 occur 
in the metamorphic laumontite. 
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Table 3. Compositions of laumontite from Sespe Hot Springs, California, and other sites and of siliceous deposits from 
warm springs in New Zealand and Pauzhetka, Kamchatka. 

Laumontite Siliceous deposits 

Sespe Hot Springs' New Zealand' Japan3 Kamchatka' New Zealand~ 
Pauzhetka, 

Oxide ay. core rim metamorphic hydrothermal (a) (b) Kamchatka6 

SiO, 50.58 50.09 51.60 50.63 50.97 51.56 86 86 67.05 
Al,Oa 22.01 21.75 21.96 22.07 21.50 20.15 6 6 15.33 
Fe,Oa 0.01 0.00 0.01 0.73 0.10 0.16 
MgO 0.003 0.00 0.00 0.40 tr. 0.00 2 2 1.48 
CaO 11.51 11.60 11.26 10.72 12.22 13.48 3 3 3.41 
Na,O 0.17 0.15 0.27 1.08 0.28 0.57 3 4 1.48 
K,O 0.25 0.27 0.34 0.45 0.10 0.12 4.03 

1 Laumontite from hottest spring (water temperature about 89°C). C. E. Meyer, analyst. 
, Otama, Southland, New Zealand burial metamorphic (outcrop) (Coombs, 1952, Table Ill, no. 1). 
a Katayama geothermal area, dacite tufffrom bore hole core at 108.4 m and 171SC (Seki et al., 1969, Table 4 and Fig

ure 4). 
4 Paratunka geothermal area borehole GK-l, vein at 1164 m (Petrova, 1970, Table 4). 
5 Approximate compositions of siliceous gels from Lake Sumner (a) and Cow Stream (b) hot springs, New Zealand (after 

Barnes et at., 1978, Table 4). 
6 Composition (after subtraction of iron and normalization to 100%) of siliceous gel containing microcrystalline laumontite 

and "adularia" (Lebedev and Gorokhova, 1968, Table I). 

Isotopic analyses of water from Sespe Hot Springs 
indicate that water-rock reaction was substantial and 
water dominated. The delta deuterium composition is 
-81%0, and the 8018 composition is -9.5%0, both re
ferred to SMOW. Local meteoric water composition 
lies on the line defined by 

8D = 88018 + 10 

(Craig, 1953). The 8018 composition expected on the 
basis of the deuterium composition is -11.38%0, con
trasted with the -9.5%0 actually found. The -2%0 dif
ference results from isotopic exchange between water 
and rock. The excess of 0 18 in the oxygen of the hot
spring water is comparable to shifts observed in some 
other geothermal waters (Panichi and Gonfiantini, 
1978, Figure 1; White et al., 1973, Figure 1), indicating 
derivation from isotopically heavy silicates of plutonic 
or deep metamorphic origin. 

DISCUSSION 

Many thick geosynclinal sedimentary sequences 
have undergone partial low-grade regional burial alter
ation or "metamorphism" (Kossovskaya and Shutov, 
1958; Zen, 1974; Zen and Thompson, 1974), some of 
them in the zeolite facies (of Coombs et al., 1959; 
Coombs, 1960; Coombs, 1971; Boles and Coombs, 
1977; Ghent, 1979). Laumontite (with quartz), an index 
mineral to the zeolite facies, commonly occurs in pla
gioclase-rich arkose and volcanogenic sands tones as 
pore-filling cement or partial replacement of detrital 
plagioclase grains, lithic volcanic grains, biotite, and 
hornblende and as fracture linings or veinlets. Lau
montite occurs in suitable host rocks in many late Me
sozoic and Tertiary sedimentary basins of both the Pa-

cific margin (Hoare et al., 1964; McCulloh and Stewart, 
1979), and other tectonically active or volcanic regions 
(Otalara, 1964; Stalder, 1979). It is a distinctive indi
cator of changes produced in mineralogically immature 
clastic rocks that have been buried and heated in the 
presence of abundant dilute pore waters at above av
erage geothermal gradients. Subsurface occurrences 
suggest that laumontite crystallization is controlled by 
both temperature and fluid pressure and is limited by 
both pore-fluid and host-rock compositions, and they 
suggest that crystallization can occur at all depths from 
near the surface to greater than 7 km. Locally steep 
alteration fronts are definable at intermediate depths 
and mappable where control is sufficient (McCulloh et 
al., 1978, Figures 2 and 7). 

Laumontite is present in the western Transverse 
Ranges in some Paleogene strata. Its presence has been 
previously noted (Madsen and Murata, 1970; Helmold, 
1979) but with few supporting details. Evidence for lau
montite alteration was sought but not found in rocks 
younger than early Miocene anywhere within the ex
tremely thick Neogene fill of the Ventura basin south 
of the Topatopa Mountains (American Association of 
Petroleum Geologists, 1956; Nagle and Parker, 1971, 
Figure 12), even in samples from wells as deep as 5.7 
km. The presently very low geothermal gradients prev
alent throughout the eastern part of the sedimentary 
basin, including the uplifted and eroded parts in the 
Topatopa Mountains, are too low to permit such re
gional alteration. Important middle Tertiary changes in 
regional thermal regime are implied. 

Outcrops of Eocene arkosic sandstones near Sespe 
Hot Springs are composed mostly of quartz, plagio
clase, and potassium feldspar with relatively minor 
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Figure 4. Subsurface temperatures vs. depth from aban
doned prospect wells drilled in the Pine Mountain- Topatopa 
Mountains region of the western Transverse Ranges , Califor
nia. Locations of wells are shown in Figure I. 

amounts ofbiotite, muscovite, and chlorite. Some feld
spar grains are sericitized, and carbonate is present 
both as replacements and pore fillings . Volcanic detri
tus is scarce and consists mostly of well-rounded resis
tant porphyry c1asts. Tuffaceous detritus is volumet
rically so unimportant that it cannot play a significant 
role in the origin of the hot springs solutes. Thus lau
montite is not necessarily an alteration product of vol
canogenic sediments as has been suggested for some 
other occurrences . No laumontite has been found in 
surface or subsurface Eocene rocks north of the Pine 
Mountain fault. 

The temperature of the waterfrom which laumontite 
is crystallizing is 89°C to 43°C. Most of the precipitates, 
including laumontite , occur above water level in or on 
stones in contact with water. Evaporative concentra
tion aided by capillary-solution transport evidently 
plays an important role in the crystallization process. 

The high temperature of the water issuing from Sespe 
Hot Springs is difficult to explain. Insufficient data are 
available to assess accurately the geothermal gradient 
in the area within a few kilometers of the springs . The 
nearest deep wells drilled in search of petroleum are 
located 16 to 26 km northwest, west, and south of the 
springs (Figure I and Table 4). In the absence of per
tinent data closer to the springs, temperatures mea-

sured in these wells during well-logging operations 
were used to estimate the subsurface thermal condi
tions . Procedures outlined elsewhere (Bostick et aI., 
1978, pp. 74-75 ; McCulloh and Beyer, 1979) were used 
to calculate the corrections required to compensate for 
the cooling effect of drilling operations on subsurface 
temperatures. No attempt was made to correct for the 
quasi-static distortions produced by the extreme sur
face topography . Instead, the approximate geothermal 
gradients are plotted in Figure 4 relative to the surface 
elevation of each wellhead . The geothermal gradient in 
the Sespe Hot Springs region apparently is not unusu
ally high. A gradient not higher than 0.032°C/m might 
characterize the region west of the hot springs between 
the surface and about -1220 m, and an even lower gra
dient of 0.025°C/m probably exists at greater depths. 

Both the chemical compositions and the isotopic 
compositions of hot-spring water (and gas) have been 
used to estimate the subsurface temperatures of source 
aquifers (Fournier et al., 1974). Applying such esti
mation techniques to the Sespe Hot Springs water leads 
to a family of only slightly divergent results. An esti
mate of 132°C is based on the dissolved silica content, 
assuming subsurface equilibrium with quartz (Foumier 
and Rowe, 1%6; Fournier, 1977) . An estimate of 126°C 
results from calculations based on the " Na-K-Ca 
geothermometer" (Fournier and Truesdell , 1973, 
1974), assuming a value of Y3 for their "f3." Substan
tially higher and lower temperatures result from cal
culations based on other data and assumptions; for ex
ample, 110°C on the basis of the sulfate-water isotope 
geothermometer (Brook et al., 1979, Table 6, n. 61). 

Assuming that the geothermal gradient beneath and 
west of Sespe Hot Springs is as described in Figure 4, 
the source of the 89°C water flowing from the largest 
spring would necessarily be 2065 m (or more) below the 
spring if heat was not lost from the water during its as
cent. Under the same assumptions, a reservoir tem
perature of 112°C is permissible only if the water as
cends from 2990 m (or more) and undergoes a 
corresponding heat loss and temperature drop. A res
ervoir temperature of 135°C i s permissible only if the 
source is ",,3895 m below the springs. From these con
siderations alone, it is evident that the springs are fed 
by an unusual hot water system, and that the laumontite 
crystallizing at the springs is a highly localized occur
rence . 

Nothing is known directly about the nature of the 
rocks at depth beneath the springs, beyond the fact that 
the thermal water issues from fracture openings very 
close to the steeply dipping unconformity between the 
base of the Eocene ("Capay Stage" of Clark and 
Vokes , 1936) sequence and an extensive massif of plu
tonites and gneisses. The nearest outcrops of pre
Eocene sedimentary rocks are less than 10 km south
west of Sespe Hot Springs and consist of about 1500 m 
of clastic Cretaceous and Paleocene strata whose base 
is unexposed (Rust, \%6) . However, these rocks are 

https://doi.org/10.1346/CCMN.1981.0290505 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1981.0290505


360 McCulloh, Frizzell, Stewart, and Barnes Clays and Clay Minerals 

southwest of the Santa Ynez fault and probably were 
separated from the site of the springs by about 45 km 
prior to left-lateral strike-slip fault movements (Mc
Culloh, 1981). North of the Santa Ynez fault, the near
est pre-Eocene sedimentary rocks are uppermost Cre
taceous and Paleocene strata penetrated in the bottom 
part of an abandoned prospect hole drilled to 2035 m by 
the Ohio Oil Co. about 31 km west of the springs (Table 
4 and Vedder et al., 1973). The full thickness of Cre
taceous and possibly older strata beneath the bottom 
of this hole is not known, but as much as 3000 m has 
been estimated (Nagle and Parker, 1971, Figure 4), 
partly because 4600 m of these strata crop out 16 km 
farther west (47 km west of Sespe Hot Springs). 

Hidden Cretaceous and (or) Paleocene strata may 
possibly abut the basement rocks beneath the Hot 
Springs across an old fault overlapped and concealed 
by the unconformable base of the middle Eocene strata. 
If so, their gravimetric expression is unimpressive 
(Hanna et al., 1974). Regional paleogeographic recon
structions suggest that the thickness of any strata older 
than middle Eocene does not exceed 1000 m (Nagle and 
Parker , 1971) , an estimate that is in keeping with max
imum-thickness estimates based on preliminary inter
pretations of aeromagnetic data. 

All available evidence suggests that the thermal 
waters issuing from Sespe Hot Springs rise from res
ervoirs at depths of 3000-4000 m. Yet, the geologic and 
geophysical data suggest that less than 1000 m of sed
imentary rocks vertically underlie the site of the 
springs. If the source of the water lies within the thicker 
mass of sedimentary rocks to the west, the fluid must 
rise very rapidly through a laterally very extended 
permeable conduit. If the source of the water is directly 
beneath the springs, a permeable zone of fracturing 
must extend to great depth within the basement rock 
massif southwest of the San Gabriel fault zone (Crow
ell, 1975). 
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Figure 5. Crystallization temperatures of laumontite at 
Sespe Hot Springs in relation to the temperature and fluid 
pressure field of crystallization of subsurface laumontite as 
established by McCulloh and Stewart (1979) . 

CONCLUSIONS AND COMMENTARY 

Everything about the crystallization of laumontite at 
Sespe Hot Springs is consistent with interpretations 
that were reached previously from studies of subsur
face laumontite from deep wells drilled in actively sub
siding Neogene sedimentary basins on the Pacific mar
gin (McCulloh et al., 1978, Figure 6; McCulloh and 
Stewart, 1979). Laumontite evidently can crystallize at 
any depth between the surface and 6700 m wherever 
the appropriate combination of temperature, fluid pres-

Table 4. Approximate geothermal gradients of abandoned wells.' 

Letter Elevations 
desig' and (total 
nation depth) Temperature 
Figures Lease and Vear (m) gradient 
I and 4 Operator well number Location: drilled (OOkm) 

A Standard Oil Co. of Calif. Hattie Russell No. I Sec. 11 , T6N 1950 2074 1.8 
(Chevron USA, Inc.) R23W (2971) 

B Intex (Tesoro) "U .S.L."No. 1-35 Sec. 35 , T6N 1967 1756 2.1 
R22W (2514) 

C Ohio Oil Co. l.M.R. Gov'l. No. I Sec. 30, T6N 1955 1376 2.5 
(Marathon Oil Co.) R23W (2035) 

D Riddle and Gottlieb "U.S.L." No. 25-1 Sec. 25, T6N 1969 1058 2.0 
R22W (2283) 

E Western Gulf Oil Co . lvers-Van Trees No. I Sec . I , T4N 1956 246 2.0 to 3048 m 
R20W (4000) 

, Temperatures measured while logging (suitably adjusted for the thermal disturbances caused by drilling) . 
2 California, San Bernardino Baseline and Meridian. 

1.2 at depths 
> 3048 m 
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sure, and composition are met and mineralogically im
mature, permeable, and porous rocks have interacted 
sufficiently with interstitial water having exceptionally 
low pCOz' A particular occurrence of laumontite thus 
has no distinguishing depth significance and is not in
terpretable in terms of temperature or pressure of crys
tallization unless information is independently avail
able concerning some associated depth-dependent 
factor. Figure 5 shows the temperature range through 
which laumontite is known to crystallize at Sespe Hot 
Springs plotted in relation to the temperature-fluid 
pressure field of subsurface laumontite crystallization 
as established by McCulloh and Stewart (1979). 

Laumontite can crystallize directly from solutions of 
appropriate composition. Derivation from some pre
cursor zeolite mineral, such as stilbite or heulandite, is 
not required. The concept of a depth zonation of zeo
litic minerals in burial diagenesis (Miyashiro and Shido, 
[970) is, therefore, not necessarily valid with respect 
to the minerallaumontite. However, where other zeo
lites, such as c1inoptilolite, heulandite, and stilbite, are 
present in a burial succession, they are prime candi
dates for replacement or reaction to form laumontite 
providing the conditions required for crystallization of 
the calcium zeolite are otherwise met. 

The data from Sespe Hot Springs provide a guide for 
the design of hydrothermal experiments aimed toward 
the laboratory synthesis of laumontite and the experi
mental verification of the multiple controls on its crys
tallization (temperature, fluid pressure, fluid composi
tion, pC02) that seem evident from subsurface 
observations. Far from being sluggish, the reactions in
volved in the crystallization of laumontite appear to 
occur rapidly and with great facility where all of the 
demands of the mineral are met. 

The petrogenetic grid portraying the Iow-tempera
ture, low-pressure field of burial diagenesis and deep
burial metamorphism is now in need of important 
revisions. The laumontite subfacies of the zeolite meta
morphic facies (Coombs, 1971; Boles and Coombs, 
1977) gains new meaning through the findings at Sespe 
Hot Springs in combination with those from deep Neo
gene basins. The boundary of the T-Pr field of appar
ently stable crystallization of laumontite with quartz 
(Figure 5) obliquely transects the petrogenetic grid in 
such a way that it carries a potential for use as a low
temperature geothermometer-geobarometer for quan
titative evaluation of other low-temperature diagenetic 
phases and reactions, most of which seemingly proceed 
at slower rates. 
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Pe3IOMe-XOPOIlIO-BbIKPHCTaJIJIH3HpOBaHHblil JIaYMOHTHT 6bIJI Hail.r\eH nepBblil pa3 HaTypaJIbHO oca)[(
,lIeHHbIM Ha nOBepXHOCTH 3eMJIH npH TeMnepaType 89° ,lI0 43°C KaK KOMnOHeHT cepblx ,lI0 6eJIbIX nOKpbITHil 
H 3qJJIopeCl.\eHl.\HH Ha BHeIlIHHX rrOBepXHocnIX H KaK OCa,llKH BO BHYTpeHHbIX TpewHHax KaMHeil H 6JIOKOB, 
3aJIeralOII.\IfX Pyqeil fdi3epa HenOCpe,llCTBeHHo no TeqeHHIO peKH OT Cecne feil3epa, BeHTypa 06JIaCTb, 
KaJIHCPOPHHX. AHaJIH3 npH rrOMOwH peHTreHoBCKoil nopOIlIKoBOil ,lIHcppaKI.\HH, CKaHHpYlOwero MHKpO
CKona (SEM) H 3J1eKTpOHHoro MHKp0aHaJIH3aTOpa nOKa3aJI, qTO TeHap,llHT XBJIXeTCX maBHoil cpa30il BO 
BHeIlIHHX nOKpbITHXX BMeCTe C He60JIbIlIHM KOJIHqeCTBOM MHKPOKPHCTaJIJIHqeCKOrO «50 /-tM) JIaYMOH
THTa H rHrrca. MaKpOKpHCTaJIJIHqeCKHil (> 1 MM) JIaYMOHTHT XBJIXeTCX rJIaBHOil cpa30il BO BHYTpeHHHX 
nOKpbITHXX TpeWHH H CBX3aH C KBapl.\eM, KaJIHeBbIM cpeJIb,llIlIrraTOM, H rHnCOM. CJIe,llbI cMeKTHTa(?), 
raJIHTa, CYJIbcpH,lIa PTYTH, CYJIbcpH,lIa )[(eJIe3a (B03MO)[(HO OKHCH HJIH Kap60HaTa), H Me,llHOrO MHHepaJIa 
TO)[(e npHCYTCTBYIOT. 'uPyrHe l.\eOJIHTbI, qeM JIaYMOHTHT, He npHcyrcTBYIOT. SEM TeKCTypbI nOKa3bI
BalOT HepeaKTHBHble npopaCTaHHX JIaYMOHTHTa, KBapl.\a, KaJIHeBOrO cpeJIb,llIlInaTa H rHnca. Hepa36HTble 
KPIICTaJIJIbI JIaYMOHTHTa 06blqHO XBJIXIOTCX eB3,l1pHqeCKHMH HJIH IIMelOT xapaKTepHCTHKH CKeJIeTHOrO 
B3poCTa H rrpOXBAAIOT OCTpble, CBe)[(He, HeCKOpO,llllPOBaHHble rpaHH, KpaH H yrJIbI. 

BO,lla H3 CaMoro ropxqero H CaMoro 60JIbIlIOrO reil3epa 0 TeMnepaType 43°C HMeeT pH paBHoe 7,74 H 
1200 Mr/JIHTp pacTBopeHHblx TBep,llbIX TeJI, a Na+, CI-, SOl-, H H4Si04 XBJIXIOTCX rJIaBHbIMH pacTBo
peHHbIMH BeweCTBaMH. BblqHCJIeHHX YKa3bIBalOT Ha TO, qTO BO,lla nepeHaCblweHa rro OTHOIlIeHHIO K 
JIaYMOHTHTY, KBapl.\Y H nperHHTY H HeMHoro HeHaCblweHa OTHOCHTeJIbHO KaJIbl.\HTa H HeKpHCTaJIJIH
qeCKOrO KpeMHe3eMa. Yl30TonHblil aHaJIII3 YKa3bIBaeT Ha BO,llO,llOMHHHPYlOwHe B3aHMO,lleilcTBHe BO,llbl 
C nop0,lloil. CocTaB 8018

, O)[(H,lIaeMblil Ha OCHOBe -81%0 8D COCTaBa, eCTb -11,38%0 BMeCTO -9,5%0, 
Hail.r\eHHoro B ,lIeiiCTBHTeJIbHOCTH (Bce OTHOCHTCX K SMOW). XHMHqeCKHil COCTaB BO,llbI YKa3blBaeT Ha 
TO, qTO rrO,llnOBepXHOCTHble HCTOqHIIKH BO,llbl MorYT IIMeTb TeMnepaTYPY 125°-I35°C. 3TOT ,lIHarra30H 
TeMrrepaTYP BMeCTe C MeCTHbIM HH3KHM reOTepMaJIbHblM rpa,llHeHTOM YKa3bIBaeT Ha TO, qTO HCTOqHHK 
HaXO,llHTCX, BepOXTHO, 3550 ,lI0 3900 M no,ll reil3epoM, B TpeIl.\lfHOBaTOM H npoHHl.\aeMoM Me3030ilcKOM 
ypoBHe H 60JIee ,lIpeBHHx IIJIYToHHTax H rHeilcax. 

OTKPblTIIX JIaYMoHTIITa, KPHCTaJIJIH3HpYIOwerocx npH aTMoccpepHqeCKOM ,lIaBJIeHHH H TeMrrepaTYpe 
62°C (HJIH MeHbIlIeil) ,lIaer B03MO"lKHOCTb JIyqIlIe nOHIIMaTb np0l.\eCCbl, OTBeTCTBeHHble 3a rJIy6HHHblil 
,lIHareHeTHqeCKHil JIaYMOHTHT, H ,lIaeT l.\eHHYIO nepcneKTHBY Ha MeTaMopcpHqeCKHe QeOJIHTOBble npe-
06pa30BaHHX. [E.C.] 

Resiimee-Gut kristallisierter Laumontit wurde zum ersten Mal als natiirliche Ausfallung an der Erdob
erfUiche bei Temperaturen von 89° bis 43°C als eine Komponente in grauen bis weiBen Oberziigen und 
Ausbliihungen auf Oberflachen und als Ausfallungen auf inneren Bruchflachen von Steinen und Blocken 
gefunden, die den Hot Springs Creek unmittelbar unterhalb von Sespe Hot Springs, Ventura County, Kal
ifornien, begrenzen. Rontgenpulverdiffraktometer-, rasterelektronenmikroskopische (SEM) und Mikro
sonden-U ntersuchungen zeigen, daB Thenardit in den auBeren Uberziigen die hiiufigste Phase ist zusammen 
mit geringen Mengen von mikrokristallinem «50 jLm) Laumontit und Gips. Makrokristalliner (> 1 mm) 
Laumontit ist die iiberwiegende Phase in den Uberziigen auf inneren Kluftfliichen zusammen mit Quarz, 
Kalifeldspat und Gips. Geringe Mengen von Smektit(?), Steinsalz, einem Quecksilbersulfid, einem Eisen
sulfid, einem eisenhaltigen Mineral (moglicherweise ein Oxid oder Karbonat), und einem Kupfermineral 
sind ebenfalls vorhanden. Andere Zeolithe auBer Laumontit wurden nicht beobachtet. Karbonatminerale 
fehlen entweder vollstandig oder nahezu. SEM-Texturen deuten auf eine nicht durch Reaktion bedingte 
Verwachsung von Laumontit, Quarz, Kalifeldspat, und Gips hin. Unzerbrochene Laumontitkristalle sind 
im allgemeinen idiomorph oder zeigen Skelettwachstum und haben scharfe, frische, nichtkorrodierte 
Flachen, Kanten, und Ecken. 

Das Wasser von der heiBesten und groBten QueUe hat eine Temperatur von 43°C, einen pH von 7,74, 
1200 mg/liter geloste Feststoffe und enthalt vor allem Na+, CI-, SOl-, und H4Si04 . Berechnungen deuten 
daraufhin, daB das Wasser im Hinblick auf Laumontit, Quarz, Chlorit, und Prehnit iibersattigt ist, wahrend 
es im Hinblick auf Calcit und nichtkristallinem Si02 leicht untersattigt ist. Wasserdominierte Wasser-Ge
stein-Wechselwirkungen werden durch die Isotopenanalyse angezeigt. Die 8018-Zusammensetzung, die 
aufgrund der -81%0 8D-Zusammensetzung zu erwarten war, betragt -11,38%0 anstatt der -9,5%0, die tat
sachlich gefunden wurden (bezogen aufSMOW). Die Wasserzusammensetzung deutet daraufhin, daB das 
unterirdische Wasserreservoir eine Temperatur von 125° bis 135°C haben kann. Dieser Temperaturbereich 
zusammen mit dem niedrigen geothermischen Gradienten in dieser Gegend bedeuten, daB das Reservoir 
wahrscheinlich 3550 bis 3900 m unter den Quellen in zerbrochenen und durchliissigen mesozoischen und 
alteren Plutoniten und Gneisen liegt. 

Die Beobachtung von Laumontit, der bei Atmospharendruck und 62°C (oder niedriger) kristallisiert, 
liefert wertvolle Einblicke in die Prozesse, die fUr die diagenetische Bildung von Laumontit verantwortlich 
sind, und wertvolle Hinweise fUr die metamorphe Zeolithfazies. [U. W.] 
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Resume-Pour la premiere fois, la laumonite bien cristallisee a ete trouvee precipitant naturellement a la 
surface de la terre a des temperatures de 89°C a 43°C, en tant que composant de couches grises et blanches 
et d'efflorescences sur les surfaces externes de pierres et de blocs le long de Hot Springs Creek et directe
ment en aval de Sespe Hot Springs, Ventura, California, et en tant que precipites sur les fractures interieures 
de ces memes pierres et blocs. La diffraction poudree aux rayons-X, le microscope electronique a trans
mission (SEM) et des analyses de microprobe d'electrons montrent que la thenardite est la phase dominante 
dans les couches exterieures, en association avec de la laumonite et du gypse microcristallins mineurs «50 
/Lm). La laumonite macrocristalline (> I mm) est la phase dominante dans les couches de fractures inte
rieures et est associee avec du quartz, du feldspar potassique, et du gypse. De petites quantites de smec
tite(?), de I'halite, un sulfide de mercure, un sulfide de fer, un mineral contenant du fer (possiblement un 
oxide ou un carbonate) et un mineral de cuivre, sont egalement presents. Des zeolites autre que la laumonite 
n' ont pas ete observees et les mineraux carbonates sont soit completement, ou presqu' absents. Les textures 
SEM indiquent des intercroissances non-reactives de laumonite, de quartz, de feldspar potassique, et de 
gypse. Les cristaux de laumonite non-brises sont generalement euhedraux ou ont des caracteristiques de 
croissance squelettique, et exhibent des faces, des bords, et des coins tranchants, frais et non-corrodes. 

L'eau provenant de la source la plus grande et la plus chaude a 43°C, a un pH de 7,74, a 1200 mg/litre 
de solides dissolus au total, et contient Na+, CI~, SOl~, et H.SiO. comme especes dissolues dominantes. 
Des computations idiquent que I'eau est supersaturee respectivement a la laumonite, le quartz, la chlorite, 
et la prehnite, et est un peu sous-saturee respectivement au calcite et a la silice non-cristalline. Les inter
actions dominees par I'eau entre I'eau et la roche sont indiquees par des analyses isotopiques. La com
position 11018 a laquelle on pourrait s'attendre base sur la composition -81%0 IlD est -11,38%0, au lieu de 
-9,5%0 trouvee (toutes referrees a SMOW). La qualite chimique de I'eau suggere que la source d'eau 
souterraine pourrait avoir une temperature de 125°_135°C. Cette gamme de temperatures, avec le gradient 
geothermal bas de la region, implique que la source est probablement a 3550 a 3900 m sous les sources dans 
des plutonites et des gneiss mesozoiques fracturees et permeables. La decouverte de laumonite cristallisant 
a la surface a pression atmospherique et a 62°C (ou a une temperature plus basse) fournit une vue importante 
des procedes responsables pour la laumonite diagenetique souterraine et une perspective precieuse du 
facies metamorphique de zeolite. [D.l.) 
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