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ABSTRACT 

 The San Diego County pegmatites occur in the Mesozoic Peninsular Ranges 

Batholith that stretches from southwestern California to Baja California, Mexico.  These 

zoned, lithium—cesium—tantalum type pegmatite dikes intruded between 2 and 3 kbar 

and thus contain miaroles, or “pockets,” that may contain gem-quality minerals including 

euhedral quartz, elbaite tourmaline, and spodumene. Feldspars in pockets are usually 

altered to kaolinite.  This study investigates the role that fluid-soluble elements, Li, B, Cl, 

and F, have in controlling the mineralogy of pegmatites and subsolidus alteration 

includes two of these pegmatites: the gem-bearing San Diego and the more barren La 

Posta pegmatite suites. The fluxing properties of Li and B in melt, in particular, may be 

responsible for increasing water solubility in pegmatite melts, and therefore the 

development of large pockets that form by accumulation of aqueous fluids near centers of 

dikes. 

Pressure-corrected microthermometric homogenization temperatures >350 ºC of 

primary fluid inclusions in intermediate morphologic zones support sub-thermodynamic 

solidus crystallization of the pegmatites. Chemical analysis of fluid inclusions by laser-

ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) and ion 

chromatography (IC) reveals that Li, B, Na, Cl, and F are all components in both 

pegmatite systems.  Li concentrations in the San Diego pegmatite range between 0–51 

atom % (relative to all detected cations) and B ranges from 10–65 at.%.  In the La Posta 

pegmatite, inclusions contain significantly less Li, but B is a large component (up to 50 

at.%). Significant Ca (up to 10 at.%) is also present in primary fluid inclusions.  In both 
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pegmatites, secondary inclusions, thought to represent fluids that equilibrated with 

feldspars after crystallization, are dominated by Na. 

The fluid inclusion data shows that in the San Diego pegmatite Li was highly 

concentrated in residual liquids and separated aqueous fluids, which ultimately led to 

crystallization of Li-rich minerals in the pegmatite core and pockets. Moreover, 

thermodynamic calculations show that Li was an essential component in the formation of 

acidic fluids that included HF and HCl. As the activity of the acids increased in the 

pegmatite, it lead to alteration of feldspars to form kaolinite in pockets. The HF also 

promoted high solubility of Si in the magmatic fluid that resulted in growth of large 

amounts of quartz in the core and pockets of the pegmatite. Reactions between these Li-

bearing fluids and pegmatite minerals is also revealed by lepidolite filling of fractures 

throughout the pegmatites. 

The two studied pegmatites share similar emplacement mechanisms, and they 

both contain pockets in their cores. Yet they are compositionally very different in that the 

San Diego pegmatite contains abundant Li-bearing minerals, some of them having gem-

quality, whereas the La Posta pegmatite generally does not.  The difference is attributed 

to lower Li and higher Ca in La Posta pegmatite, whereas the San Diego pegmatite had 

abundant Li. Fluid inclusions in these two pegmatites reflect their diversity. This study 

shows why some pegmatites in the San Diego County pegmatite district contain gem-

quality Li-bearing minerals, while others do not.
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1. INTRODUCTION 
 

Granitic pegmatites often occur in granitic and schist terrains and are 

characterized by large, interlocking crystals that can be up to several meters long. The 

large crystal size has traditionally been attributed to very slow cooling of magma (Jahns 

and Burnham, 1969). However, most pegmatites were emplaced as meter-scale dikes and 

sills into relatively cold country rocks, which made slow cooling improbable.  A shift in 

view to rapid cooling of pegmatites involves recognition of high water contents and 

concentrations of fluxing, fluid-soluble elements in pegmatite melts. These components 

facilitate both emplacement (decreased viscosity) and undercooled crystallization of 

pegmatite melts (Sirbescu and Nabelek, 2003, Nabelek et al., 2010, Thomas and 

Davidson, 2012, and Bartels et al., 2013).  

High water content in silicate melts delays nucleation and depresses the glass 

transition temperature hundreds of degrees, which allows significant degrees of 

undercooling, as shown by microthermometry studies, melt inclusion analyses, both 

major element and oxygen isotope partitioning among feldspars, and lack of tartan 

twinning in potassic feldspars (Staatz et al., 1963, Nabelek et al., 1992, Morgan and 

London, 1999, Webber et al., 1999, Thomas et al., 2000, Sirbescu and Nabelek, 2003, 

and Thomas and Davidson, 2012). Thomas and Davidson (2012) suggest, based on melt 

inclusion analyses, that pegmatite melts can contain 10 to 50 wt. % water; however, it is 

likely that the inclusions they analyzed represent solute-enriched boundary layers trapped 

by growing crystals. Perhaps more realistic water contents, 6-12 wt. % H2O, are based on 

measurements of pressure-dependent solubility (Burnham, 1975).  Fluxing components, 

such as Li, B, and F, further promote high water solubility in and depolymerization of 
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silicate melts (London, 1984, Holtz et al., 1993, Veksler and Thomas, 2002, Nabelek et 

al., 2010, Thomas and Davidson, 2012, and Bartels et al., 2013). The roles of Na and Cl 

are less known, although they are typically the most abundant elements in exsolved 

fluids.  

Li and B also control crystallization of minerals that characterize lithium-cesium-

tantalum-type (LCT-type) pegmatites. Cerny and Ercit (2005) describe LCT-type 

pegmatites as enriched differentiates of S-type granites, and less commonly I-type 

granites.  They are often also associated with schist terrains. B promotes crystallization of 

tourmaline, including schorl (Fe-endmember) and elbaite (Li-endmember) varieties. Li, 

which is more fluid-soluble and more incompatible with respect to crystallizing phases, 

promotes crystallization of Li-rich minerals such as lepidolite, spodumene and elbaite 

tourmaline in cores of pegmatites, and in large miarolic cavities or “pockets” in centers of 

dikes. These pockets form by accumulation of H2O in low-pressure pegmatites. Cores 

may or may not contain these cavities, but when they do, they often contain feldspars 

altered to kaolinite, euhedral quartz crystals, and gem-quality spodumene, elbaite 

tourmaline, beryl, and topaz.  Li is also found in secondary minerals that fill fluid flow 

paths (i.e. fractures).  

Fluid inclusions in quartz are used in this study to describe the role that minor, 

fluid-soluble elements, including Na, Li, B, F, and Cl, have in controlling the mineralogy 

of pegmatites and subsolidus alteration, and to evaluate their potential effects on water 

solubility in silicate melts.  Fluids that exsolve during crystallization can be trapped at the 

crystallization front in growing minerals in primary inclusions. These inclusions track the 

compositions of fluids that exsolve during crystallization, and therefore they reflect the 
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composition of the pegmatite melt.  Secondary inclusions are trapped during post-

crystallization flow of fluids through fractures when the fractures heal.  These fluids are 

important to subsolidus alteration of pegmatites, and secondary inclusions represent the 

products of fluid-mineral reactions.   

This study looks at two pegmatite suites in the pegmatite districts of San Diego 

County, California:  the San Diego and La Posta pegmatites (Figure 1). Both pegmatite 

suites contain zoned, LCT-type pegmatites that share similar emplacement mechanisms 

as dikes in crystalline rocks, either plutonic or schists. Both suites contain pockets in dike 

cores.  However, the two suites are different in that the San Diego pegmatite contains 

abundant Li-bearing minerals in cores and pockets, some of them of gem-quality, 

whereas in the La Posta pegmatites these minerals are infrequent. Fluid inclusions in 

these two pegmatite suites reflect their diversity, as will be shown by microthermometry, 

laser-ablation ICP-MS, and ion chromatography data. Secondary alteration of the 

pegmatites is also described by cathodoluminescence and SEM-EDS analyses of thin 

sections. These data show why the minor mineralogy of the two pegmatites is different 

and they permit the development of ion-exchange reactions that may have been 

responsible for subsolidus alteration of the pegmatites. The data also point to the 

importance of H2O and fluxing elements to the petrogenesis of granitic pegmatites. These 

are the principal outcomes of this study. 
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Figure 1. Sketch of San Diego County (after Fisher, 2002).  The larger squares represent 
sample districts, labeled Jacumba (La Posta pegmatite), Mesa Grande (San Diego pegmatite), 
and Pala (Pala Chief and Oceanview pegmatites).  The other major districts described by 
Fisher (2002) are also shown with smaller squares and numbered as follows:  Vista–Moosa 
Canyon (1), Rincon (2), Aguanga Mountain (3), Chihuahua Valley (4), Ramona (5),  Banner 
(6), and Pala (7). 
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2. GEOLOGIC SETTING 

 San Diego County, California, hosts many pegmatite intrusions that occur within 

gabbroic and granitic rocks of the Peninsular Ranges batholith (PRB). The batholith 

(Figure 2) extends over 1000 km N-S and averages 100 km in width in southern 

California and Baja California (Walawender and Smith, 1980 and Smith et al. 1983).   

The PRB is a Mesozoic Andean-type (ie. continental arc) batholith that is laterally zoned 

with a dominantly mafic western zone and a dominantly felsic eastern zone. These zones 

reflect the inferred basements, an oceanic lithosphere in the west and a transitional 

continental crust in the east (Wetmore et al., 2002). The western zone of the PRB consists 

primarily of I-type gabbros, quartz diorites, tonalites, granodiorites, and monzogranites 

with ages ranging between 120 and 105 Ma (Walawender et al., 1990). Primary rock 

types in the eastern zone are I- and S-type tonalites and monzogranites with ages younger 

than 105 Ma (Walawender et al., 1990).     

 The central zone of the PRB contains a belt of concentrically zoned granitic to 

tonalitic plutons that range in age between 90 and 100 Ma (Symons et al., 2003).  These 

plutons are referred to as La Posta-type plutons after the largest one.  Typically, the 

plutons have an outer tonalitic facies that grades inward toward two-mica granite cores. 

K–Ar cooling ages of the La Posta pluton vary from 100 Ma in the west to 75 Ma in the 

east (Clinkenbeard & Walawender, 1989 and Walawender et al., 1990), suggesting that 

the pluton may consist of many intrusive pulses emplaced over an extended period of 

time.  Pegmatites in San Diego and Riverside counties intruded into these La Posta-type 

plutons. 
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Figure 2. Sketch of the Peninsular Ranges batholith including both the eastern and western 
zones (after Symons et al., 2002).  San Diego County is outlined by the black rectangle. 
 

3. STRUCTURE AND COMPOSITION OF PEGMATITES 

Pegmatites in San Diego County primarily occur between the western and eastern 

zones in the La Posta-type plutons in the central belt.  Fisher (2002) cites fourteen 

districts that make up the San Diego County and the neighboring Riverside County 

pegmatite field to the north (Figure 1). Each of the fourteen districts may contain 

thousands of distinct pegmatite dikes, but only a small number of them are considered 

economically viable by containing gem-quality crystals.  Compositionally, the pegmatites 

of San Diego and Riverside counties are considered to be LCT-type, but contain little Cs 
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and Ta. These pegmatites are also enriched in boron, and thus they contain large 

quantities of tourmaline (Foord et al, 1991 and Fisher, 2002). Pegmatites occur as dikes 

and dike complexes and show consistent intrusive and morphologic structures from 

district to district. U–Pb and paleomagnetic dating of pegmatites in the La Posta Pluton 

produced ages ca. 94 ± 2 Ma, placing their crystallization during the latest stages of 

magmatism in the PRB (Symons et al., 2009). The dips of dikes range from horizontal to 

~30°.  Pegmatite suites in this area were emplaced at 2-3 kbar, as suggested by the 

presence of miarolitic cavities, as these cavities could have formed only where the fluid 

pressure in the magma exceeded the lithostatic pressure. 

The typical structure of a San Diego County pegmatite consists of a layered, fine-

grained, aplite line rock at the lower contact (see Figure 5 for example of line rock), 

which is usually absent in the upper contact.  Oscillating changes in mineralogy are 

characteristic of the line rock with alternating quartz and feldspar-rich bands to 

tourmaline (sometime garnet)-rich bands. The rhythmic crystallization process results 

from the development of boundary layers at the crystallization front (Rockhold et al., 

1987). Effectively, crystals growing at the crystal-melt interface will deplete the adjacent 

melt in the components necessary for mineral growth, which results in a melt layer 

saturated in components necessary for growth of different mineral phases. This processes 

repeats with alternating layers of tourmaline-rich and feldspar-rich layers. Nabelek et al. 

(2010) suggest that the aplite layer is present only in the lower contact because H2O gas 

bubbles that form during crystallization migrate upward, thus effectively decreasing the 

water content and diffusion rates in the melt near the lower contact.  
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Intermediate zones are present in both the upper and lower halves of a dike and 

are defined by coarse-grained, sometimes quartz-feldspar graphic textured, inward-

pointing crystals.  The crystals usually include quartz, microcline, plagioclase, and schorl 

tourmaline. The crystals in the intermediate zone can range in size from the centimeter to 

the meter scale.  

Centers of dikes contain core zones, which may or may not contain miaroles, 

which are commonly called “pockets” (Figure 3). When pockets are present, feldspars are 

usually altered to clays—primarily kaolinite (Foord, 1986). Moreover, euheral quartz 

crystals occur in these pockets along with other gem-quality minerals (e.g. spodumene, 

elbaite tourmaline, and lepidolite, morganite, beryl, and topaz) when the necessary 

components for their growth are present.  

 
Figure 3. Core zone and pocket in the San Diego pegmatite.  The core is outlined in blue. 
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3.1. La Posta Pegmatites 

The La Posta pegmatites of the Jacumba district intruded the tonalitic to 

granodioritic La Posta pluton. The system consists of many meters-thick dikes and many 

thinner veins that run parallel to one another and dip slightly south-southwest (Figure 4).  

Samples described here are from a dike closest to the northeastern edge of the La Posta 

pluton where the host pluton composition is tonalitic. 

 As is typical of most pegmatites in San Diego County, the La Posta suite consists 

of equivalent amounts of quartz, albitic plagioclase, and microcline feldspar, hence they 

are effectively granites with additional minor components.  Schorl tourmaline is also 

ubiquitous. Biotite and spessartine garnet occur less frequently. Aplite line rock occurs at 

lower contacts with grains up to 2-3 mm in diameter (Figure 5).  The intermediate zones 

are dominated by graphic quartz and feldspar, which is seen on the outcrop scale down to 

the thin-section scale.  Large schorl tourmaline crystals are also common in the 

intermediate zone and range in size from <1 mm to >30 cm, with a 6-10 cm estimated 

average.  These crystals point toward and some terminate in the core zone. Pockets do 

occur in the San Diego system, but seem to be less common than in the La Posta 

pegmatite. 

The La Posta pegmatites are not actively mined at present, but gem-quality 

spessartine garnet and smoky quartz were found in the past (Fisher, 2002). Secondary 

alteration minerals occur along fractures and typically consist of mica. Tourmaline, 

biotite, and garnet are rare or non-existent in the dikes’ cores, which are dominated by 

feldspars and quartz. 
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Figure 4. La Posta pegmatite dikes.  Samples for this study are from the northern-most dike. 

 

 
Figure 5. Aplite line rock from the La Posta pegmatites.  Above this, the intermediate zone is 
also shown which displays inward-pointed crystals–perpendicular to line rock. 
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3.2. San Diego Pegmatite 

 The San Diego pegmatite in the Mesa Grande district is an actively mined 

pegmatite that intruded into a gabbronorite host rock (Fisher, 2002).  It is also referred to 

as the Himalaya pegmatite as it is part of the Himalaya dike system that is composed of 

two dikes that are up to 2 m thick (Webber et al., 1999). They converge at the San Diego 

mine.  The dikes are tabular and dip slightly to the west and southwest and can be traced 

for a distance of ~900 m (Fisher et al., 1998).  Samples for this study were collected from 

the upper dike where the two main dikes meet.  

The San Diego suite is mineralogically more complex than the La Posta dikes. 

Like the La Posta, the San Diego pegmatites contain quartz, plagioclase, and microcline.  

The major mineralogical difference between the two suites is the presence of elbaite and 

schorl tourmalines, spodumene, and lepidolite in cores and linings of pockets (Figure 6), 

whereas in the La Posta suite tourmaline only contains the schorl component and large 

Li-bearing minerals are generally lacking.  The mineralogy of the San Diego pegmatite 

suggests that tourmaline in the system evolved from schorl at contacts and in 

intermediate zones to elbaite in cores and pockets. Clays are abundant in pockets and 

mica fracture fillings appear to be more extensive in the San Diego samples than in the 

La Posta samples. 
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Figure 6.  A portion of the core zone in the San Diego pegmatite.  The black mineral is 
schorl–elbaite tourmaline, purple is lepidolite, and pink is weathered spodumene. 
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4. METHODS AND SAMPLE COLLECTION 

4.1. Samples 

 Samples from the San Diego suite were collected in the summer of 2005 by Peter 

Nabelek and Jennifer Maloney, and samples from the La Posta pegmatite suite were 

collected on the same trip and in the summer of 2013. For analyzing fluid inclusions, I 

chose quartz-bearing samples representing each of the morphologic zones in the La Posta 

dikes, whereas all analyzed samples of the San Diego pegmatite are from cores. Quartz is 

used because it is present in major quantities in all zones of pegmatites. Figure 7 shows 

the locations of samples taken from a cross-section of one of the La Posta dikes. 

Twenty-three doubly-polished thick-sections and six polished thin-sections were 

made. Of the thick-sections, ten are from the San Diego suite, and thirteen are from the 

La Posta suite.  All thin-sections belong to the La Posta pegmatite suite.   

 
Figure 7. Cross-section of a La Posta dike.  Location 1 is right above a pocket in the core; 
location 2 also is in the core zone, near the intermediate zone contact.  Above the red line is 
the intermediate zone.  Location 3 is in the intermediate zone, and location 4 is a quartz vein 
from the intermediate zone. 
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4.2. Cathodoluminescence (CL) Microscopy 

 Samples from both pegmatites were analyzed using a cold cathode, CITL Mk5 

cathodoluminescence system mounted on an Olympus BX51 petrographic microscope.  

Samples were exposed to the electron beam for time scales ranging between seconds and 

minutes in order to observe possible trace element zoning in minerals, secondary 

minerals filling microfractures in primary minerals, and alteration of minerals hosting the 

microfractures.  All samples were analyzed using 15 keV accelerating voltage. 

 

4.3. Microthermometry 

 After petrographic and CL analyses, thick-sections were removed from the glass 

slides and broken into chips <6 mm in diameter. Heating and freezing of fluid inclusions 

in quartz was conducted on the Linkham THMSG 600 computer-controlled, heating-

freezing stage with a range of -198 to 600 ºC.  Primary and secondary inclusions were 

classified based on relationships of fluid inclusion assemblages to their host crystals. 

Secondary inclusions represent the majority of fluid inclusions in most samples excepting 

one core sample in the San Diego pegmatite system. An assemblage refers to a group of 

inclusions that have similar petrographic and microthermometric properties.  Inclusions 

greater than 10 µm were chosen for measurements, and the largest inclusions (generally 

primary) are up to 50 µm in diameter. All inclusions were aqueous with no daughter 

minerals. Individual assemblages were heated to homogenization.  The assemblages were 

then cooled to –150 ºC and then slowly reheated to observe phase transition temperatures.  
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4.4. Laser-Ablation ICP-MS 

 Laser-ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) was 

used to obtain elemental compositions specifically of fluid inclusion assemblages that 

were previously analyzed by microthermometry. LA-ICP-MS was also used to determine 

Li concentrations in quartz and feldspar in the two pegmatites. Data collection was 

primarily conducted at the Virginia Technical Institute, Fluid Research group in the 

Department of Geosciences using an Agilent 7500ce ICP-MS coupled with a Geolas laser 

ablation system.  Three to four samples were analyzed at a time, each set bracketed by 

analysis of two NIST-610 glass standards. Attempts were made to detect Li, Be, B, Na, 

Mg, Al, K, Ca, Mn, Fe, Rb, Sr, Sn, Cs, Ba, and W in each inclusion, but only Li, B, Na, 

K, Ca and trace Cs, Be, Fe, Rb, Sr, Ba, and W were above the detection limits for the 

elements. Raw data (eg. Figure 8) were reduced using the AMS software that couples 

LA-ICP-MS data with microthermometric measurements (Mutchler et al., 2008).  Each 

spike in Figure 8 was an ablated fluid inclusion, and the spike quantifies the chemical 

makeup of the inclusion. Mineral analyses were conducted at the University of Missouri 

Research Reactor with a NexION 300X ICP-MS coupled to an Analyte 193 nm ultra-

short pulse excimer laser.  Elemental concentrations were obtained against the NIST-610 

glass standard.   

 
Figure 8. Raw data from the AMS software.  Spikes represent fluid inclusions. Time is 

represented in seconds. 
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4.5. Scanning Electron Microscopy—Energy Dispersive X-ray Microscopy 

 Scanning electron microscopy (SEM) and energy dispersive X-ray microscopy 

(EDS) were used to determine compositions of fracture filling minerals and alteration of 

adjacent host minerals. FEI Quanta 600 in high vacuum mode was used. Thick section 

sample chips were carbon-coated to avoid electron charging during analysis. For data 

collection, a 15 keV accelerating voltage, 6.0 µm spot size, and 11 mm working distance 

were used. A back-scatter electron detector was used to help in finding mineral 

boundaries.  Compass, a composition-detection EDS software, was used to help identify 

minerals.  This software distinguishes phases by differences in ratios of detected 

elements. Because standards were not used in these analyses, exact mineral compositions 

are not reported here.  The SEM-EDS analyses gave only qualitative information on 

mineral compositions. 

 

4.6. Ion Chromatography 

 Thick-sections of quartz were chosen for crush-leach fluid analysis of anions 

using the Dionex ICS-3000 Ion Chromatography System at the University of Missouri.  

In total, eight samples from the La Posta pegmatite were analyzed and three from the San 

Diego pegmatite.  Other minerals that were attached to quartz were separated and 

discarded so that only quartz remained. Samples were then prepared by the following 

procedure (modified from Channer et al.,1999): 

 

 

 -Nitric acid sonic bath- 5 hours* 
 -Nitric acid sonic bath- 1.5 hour* 
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 -DI-water sonic bath-overnight* 
 -Trace metal grade nitric acid sonic bath- 2 hours* 
 -DI-water sonic bath- 1 hour* 
 -DI-water sonic bath- 1 hour* 
 -Rinse with milli-Q water 
 -Sample allowed to dry, then crushed for 2 minutes in 3 mL milli-Q water 
 
 *Deionized water rinse after each sonic bath. 

Seven-anion (F, Cl, N, Br, N, P, S), bicarbonate, and carbonate standards of 0.1 

mM concentration were used before and after sample analysis.  Each sample leachate was 

run twice to reproduce data.  Time series analyses of DI-water baths were also analyzed 

to determine the effectiveness of sample cleaning/preparation. Analyzed volumes of 

samples, standards, and blanks were all 0.5 mL.  Data were reduced and plotted in the 

Chromeleon chromatography management system by Dionex.  

 

5. RESULTS 

5.1. Cathodoluminescence  

Cathodoluminescence petrography reveals similar features in both pegmatites 

(Figure 9 a-d).  Solid quartz shows little to no luminescence except in long exposures (>1 

minute). When quartz does luminesce, it is pale blue, which is typical for quartz of 

igneous origin (Marshall, 1988). Microcline exhibits blue (a) and plagioclase green 

luminescence (b).  Micas vary from non-luminescing biotite (c) to deep red luminescing 

lepidolite (d). Gorobets and Rogohine (2002) cite Fe3+ as a possible emitter for the pink 

700-725 nm CL wavelength in lepidolite. Edgington (1970) notes that muscovite emits an 

inherent wavelength of 680 nm.  
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Figure 9 a-d. CL images (scale bar represents 1 mm) of various common minerals in 

pegmatites:  (a) microcline–blue–exposure 3.5 s; (b) plagioclase–green–exposure 4 s; (c) 
biotite–no luminescence–and quartz–dull luminesce–exposure 3 s; (d) muscovite/lepidolite–

red–exposure 5 s. 
 

 Minerals filling fractures throughout the samples display anomalous pink 

luminescence that is characteristic of lepidolite, which suggests that a pervasive Li-

bearing fluid flowed throughout both pegmatites (Figure 10 a-f).  Adjacent to these 

fractures, host minerals show their characteristic luminescence colors and are generally 

brighter. Quartz adjacent to fractures displays a more pronounced blue color, but the blue 

color is not symmetric about the fractures (a-b), which may indicate an oblique 

orientation of fractures.  Feldspars near fractures show a dull brown luminescence 

showing secondary alteration, and the alternation is more extensive around fracture 

a	  

d	  c	  

b	  
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networks within grains (c-d).  Lepidolite in these fractures is also quite extensive.  

Minerals in fractures within tourmaline display a brighter, thicker region of luminescence 

(e and f). 

 

 

 
Figure 10 a-f. QCL images (scale bar represents 1 mm) of mineral alteration in pegmatites: (a) 

quartz and alteration of quartz adjacent to fractures–blue–around fractures–pink–exposure 4 s; (b) 
quartz–pale blue–and microcline–bright blue–exposure 3 s; (c) microcline alteration–dull brown–
around fractures–pink–exposure 6 s; (d) microcline alteration–dull brown–around fractures–pink–

exposure 3.5 s; (e-f) tourmaline–no luminescence–with wider fracture–pink–exposure 7 s. 
 

c	  

e	   f	  

d	  

b	  a	  
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5.2. Microthermometry 

Over 100 assemblage measurements of homogenization (Th), eutectic melting 

(TE), and freezing point depression temperatures of primary and secondary inclusions 

were used to characterize trapped fluids in cores in the San Diego and in intermediate 

zones and cores in the La Posta pegmatites (Figures 11 and 12). These figures only 

include Th and TE data. Table I in the appendix gives the detailed microthermometry data, 

including last melting temperatures. 

 
Figure 11. Plot of measured homogenization temperature (Th) of fluid inclusions (to liquid) 
versus measured eutectic melting temperature (TE) for primary and secondary inclusions in 

the San Diego pegmatite core zone. 
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Figure 12. Plot of measured homogenization temperature (Th) of fluid inclusions (to liquid) 
versus measured eutectic melting temperature (TE) for primary and secondary inclusions in 

the core and intermediate zone of the La Posta pegmatite. 
 

Fluid inclusions in quartz occur both as primary (Figure 13) and secondary 

(Figure 14 a-b). Primary inclusions are identified as those occurring in small clusters and 

not along healed fractures. Primary inclusions typically range in size from 20 to 50 µm. 

Secondary inclusions are generally smaller, 10 to 25 µm, and occur along long lineations 

that often cross crystal boundaries. This occurrence of secondary inclusions is the same in 

both pegmatites.  All identified inclusions in the pegmatites are aqueous. There is no 

evidence for a carbonic component. All measured inclusions are two-phase (aqueous 

liquid and vapor) and vapors homogenized to liquid. 
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Figure 13. Representative sample of primary inclusions in this study.  This assemblage is not 

connected in any dimension to any inclusion lineations. 
 

 
Figure 14 a-b. Representative sample of secondary inclusions in this study at 10x (a) and 

40x (b). 
 

5.2.1. Primary Inclusions 

San Diego Pegmatite. The San Diego pegmatite is represented by six samples 

collected along strike from its core. Figure 11 shows homogenization and eutectic 

melting temperatures of all measured inclusions. There are two ranges of primary 

inclusions. The first group (P1) homogenizes between 202.1 and 270.7 ºC, and TE’s have 

a	   b	  
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a large range from –18.1 to –65 ºC. The second group of inclusions (P2) shows lower 

homogenization temperatures, 123.1 to 151.9 ºC, and TE’s range from –31.2 to –45.4 ºC.  

 

  La Posta Pegmatite. The La Posta pegmatite samples included a more 

representative cross-section of a dike with eight samples from various portions in the 

intermediate zone, three from the core, and one from a quartz vein in the intermediate 

zone.  The microthermometric data for these samples are shown in Figure 12. Primary 

inclusions in the intermediate zone display the highest Th’s (325.0 to 254.8 ºC) and the 

lowest TE’s (–41.3 to –49.2 ºC).  In the core, Th ranges from 148.6 to 210.4 ºC.  The TE in 

these inclusions ranges from –15.6 to –38.6 ºC.  

 

5.2.2. Secondary Inclusions 

San Diego Pegmatite. Secondary inclusions in the core are numerous and display 

Th ranging from 128.4 to 292.7 ºC and TE ranging from –12.1 to –28.3 ºC.  

 

 La Posta Pegmatite. Th of secondary inclusions in the core ranges from 119.8 to 

228.6 °C, and, with the exception of two inclusions, their TE’s are between –12.4 and –

19.1 ºC. Secondary inclusions in the intermediate zone have Th ranging from 193.8 to 

238.1 ºC and TE ranging between –26.3 and –30.2 ºC. 

 

5.2.3. Summary of Microthermometry Data 

 Primary inclusions in the La Posta pegmatite show the expected progression of Th 

from higher temperatures in the intermediate zone to lower temperatures in the core. 
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Different TE’s of primary inclusions in the two zones indicates a difference in 

compositions of these inclusions.  These compositional differences are confirmed with 

LA-ICP-MS data of fluid inclusions. Contrastingly, in the San Diego pegmatite, primary 

inclusions have two ranges in Th’s–P1’s and P2’s–in the core, which suggests two 

different stages of crystallization.  The wide range of TE’s in the higher temperature 

inclusions is indicative of a range in compositions of these inclusions.  Last ice melting 

temperatures (–3.5 to –48.8 ºC) indicate a range in salinity as well, however these 

inclusions contain significant B, which likely is present as a hydroxyl rather than a 

chloride and makes salinity calculations difficult to estimate. 

 Secondary inclusions in the La Posta pegmatite display a range in both Th’s and 

TE’s, suggesting an extended period of secondary fluid flow and a change in composition 

over time.  In the San Diego system, secondary inclusions also display a range in Th’s, 

indicating that secondary fluid flow in this system also occurred over an extended period.  

TE’s in these inclusions are relatively constant over the range of Th, suggesting that 

compositions of these fluids did not change extensively over time, and/or that fluid-rock 

reactions buffered the secondary fluid composition. 

 

5.3. LA-ICP-MS 

 Laser ablation ICP-MS was used to determine relative concentrations of cations 

present in fluid inclusions.  The most abundant cations in the inclusions are Na, B, Li and 

Ca.  Figure 15 a-d shows compositions of primary and secondary inclusions in the San 

Diego and La Posta pegmatite suites.  The data in the ternary plots and in the descriptions 

below are presented in atomic proportions because while Na, Li, and Ca probably occur 
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as chlorides and fluorides in fluids, boron is thought to occur as a hydroxyl.  Table II in 

the appendix contains all measured LA-ICP-MS data. 

 

 
Figure 15 a-d.  Fluid inclusion chemical data from LA-ICP-MS analyses showing Li–Na–B 

and Ca–Na–B plots in the San Diego (a and b) and La Posta (c and d) pegmatite systems.  
Data points are differentiated between primary and secondary inclusions and intermediate 

zone and core zone inclusions. 
 

5.3.1. Primary Inclusions 

San Diego Pegmatite. In the San Diego pegmatite (Figure 15 a-b), P1 inclusions 

in the core zone contain low B and Li and are primarily composed of Na.  These 

inclusions also contained 2–6 at.% Ca and 1–2 at.% Cs. P2 inclusions contain the highest 

concentrations of Li and B and the lowest concentrations of Na of all measured 
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inclusions.  These inclusions contain no Ca, but contain trace Cs (0.04–0.2 at.%) and one 

inclusion contained 2 at.% Be.  

 

La Posta Pegmatite. The La Posta pegmatite (Figure 15 c-d) inclusions contain 

very little or no Li.  Only three inclusions contained measurable Li and there is no 

distinction in the type of inclusions in which Li occurs.  In contrast to the San Diego 

pegmatite, most of the inclusions in the La Posta suite contain Ca. Primary inclusions in 

the intermediate zone are dominated by Na, less B, and comparatively minor Ca.  These 

inclusions also contain K (3-6 at.%) and Cs (~0.1 at.%).  Primary inclusions in the core 

contain equivalent atomic proportions of Na and B, and only one inclusion contained Ca 

(2 at.%).  Traces of Cs (0.05 at.%) occur in these inclusions as well as W (0.02 at.%) in 

one inclusion. 

 

5.3.2. Secondary Inclusions 

San Diego Pegmatite. Secondary inclusions in the core contain no Li, and range 

in B and Na content, 16–44 at.% B, 55–80 at.% Na. The large range in compositions was 

predicted by microthermometry.  These inclusions also contain 1–5 at.% Ca.  Like other 

inclusions, they contain trace amounts of Cs (up to 1 at.%).  

 

La Posta Pegmatite. Secondary inclusions in the core contain the highest 

concentrations of Na and Ca compared to other inclusions in the system and contain very 

little B or Li.  These inclusions also contain 6–7 at.% K, and trace Cs (0.04 at.%) and Sr 

(0.13 at.%).  Secondary inclusions in the intermediate zone contain no Li, higher Na and 
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lower B concentrations than in primary inclusions, and 3–10 at.% Ca, and 2–13 at.% K.  

These inclusions also contain <1 at.% Cs.  Inclusions from a vein in the intermediate 

zone were also analyzed and these inclusions contain little B and even less Li.  These are 

the most Na-rich inclusions in the system, and they only contain <1 at.% Ca. 

 

5.3.3. Mineral Data 

Qualitative laser rastering of fracture fillings revealed that the fractures are filled 

with Li-bearing mica, most likely lepidolite. Quartz adjacent to fractures has elevated Li 

concentrations. 

 

5.4. SEM/EDS 

 Scanning electron microscopy (SEM) was used to image mineral fracture fillings 

and to ascertain the identity of lepidolite as the cause of the anomalous pink color present 

in CL images. Figure 16 is a backscatter image from the La Posta pegmatite, that shows 

very clearly by the planar cleavage that the mineral in the fracture is a mica.  EDS spot 

analysis confirmed the composition is in the muscovite mica group.   

 Characteristic x-ray dispersive spectroscopy (EDS) and Compass were used to 

identify phases present in and near fractures (Figure 17 a-f).  Throughout both pegmatite 

suites, quartz (17b) near fractures contains minor amounts of Al (17c) and the highest 

concentrations occur next to fractures. Similar to quartz, microcline (17d) is more Al-rich 

near fractures (17e). The phase detected in 17f is still quartz but contains a higher 

concentration of Al, i.e. the ratio of Al/Si is 0.15.  The data in Figures 17 e-f are skewed 

as a result of detection limits of the Compass system and the spot size which was likely 
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larger than the width of the mica in the fracture. A smaller spot size or smaller raster area 

would detect mica in this fracture, which is consistent with it being lepidolite, although Li 

cannot be detected by EDS and was detected by LA-ICP-MS. 

 Fractures within tourmaline in the San Diego pegmatite are also filled with mica 

that contains measurable amounts of Mn. The Mn probably comes from the host 

tourmaline, which contains some Mn in addition to its major components Al, Na, Fe, and 

Mg.  

 

 
Figure 16. SEM/BSE image of quartz (Qtz), microcline (Mc), and fracture filling mica 

(Mca). 
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Figure 17. SEM/EDS BSE image (a) and Compass phase detection maps (b-e) of fracture 

filling in quartz (Qtz) and microcline (Mc) in the San Diego pegmatite (sample 05-SD-2C). 
Phases detected by Compass are as follows: red (b) is pure SiO2, aqua (c) is quartz with 

detected Al, blue (d) is microcline, yellow (e) is aluminum enriched–K depleted microcline, 
and the pink (f) is quartz with significant Al and Na.  In (f) the ratio of Al/Si is 0.15 and 

Na/Si is 0.19. 
 

 

5.5. Ion Chromatography 

 Crush-leached fluid inclusions from quartz from the intermediate and core zones 

in the San Diego and La Posta pegmatite suites show anion evolution in the two suites.  

Qtz 

Mc 
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Mc 
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Crush-leaching extracts primary and secondary inclusions together, thus the technique 

cannot distinguish anions in the two types of inclusions. However, because secondary 

inclusions are much more prevalent in quartz, the measured anion concentrations are 

more representative of secondary fluids. Figures 18 and 19 show F–/Cl– versus S2–/Cl– 

ratios from the San Diego and La Posta respectively.  

 
Figure 18. Plot of averaged F–/Cl– versus S2–/Cl– ratios in fluid inclusions in single leacates 
the San Diego system in the core zone. “Core Zone 2” refers to sample where P2 inclusions 
are found. 
 

 
Figure 19. Plot of F–/Cl– versus S2–/Cl– ratios in fluid inclusions in the La Posta system in the 
intermediate and core zones and a quartz vein. 
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In the San Diego pegmatite, F–/Cl– and S2–/Cl– ratios are the highest in the core 

zone that has P2 inclusions, 0.209. ± 0.023 and 1.055 ± 0.478, respectively. In the other 

parts of the core, measured F–/Cl– ratios are 0.071 ± 0.008 and 0.058 ± 0.026, whereas S2–

/Cl– ratios are 0.419 ± 0.023. Error (standard deviation) was calculated from multiple 

runs of the same fluid extract.   

In the intermediate zone and the core of the La Posta pegmatite, F–/Cl– ratios are 

roughly the same, except for one outlier set of inclusions in the core. On average, the F–

/Cl– ratios are higher by about an order of magnitude than in the San Diego pegmatite 

while the S2–/Cl– are approximately the same in each pegmatite (~0.4), except for outlier 

samples.  The measured F–/Cl– ratios are 0.155 ± 0.030 in the intermediate zone and 

0.123 ± 0.058 and 0.021 ± 0.021 in the core.  One near-pocket sample has F–/Cl– ratio of 

0.339 ± 0.339. The ratio is unusually high and the high error on reproducibility suggests 

this data point is unreliable.  Since we deal with such small concentrations here, small 

impurities in the system can easily cause these anomalies. A fluid from a late(?) quartz 

vein has F–/Cl–ratio of 0.097 ± 0.061. 

 

6. DISCUSSION 

The evolution of mineral assemblages in the San Diego and La Posta pegmatite 

suites is reflected in the evolution of fluids in these systems.  Mircrothermometric and 

LA-ICP-MS data distinguish primary and secondary fluid inclusions and are used to 

interpret stages in the evolution of the pegmatites. Pegmatite fluids evolve during 

crystallization, that is, primary inclusions in the core may represent more evolved fluids 

than primary inclusions in the intermediate zone. The primary inclusion data also point to 
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the relative importance of fluxing elements and H2O to the growth of large crystals in 

pegmatite dikes.  

Due to the similarities in fluid composition between primary and secondary 

inclusions, it is likely that secondary inclusions represent hydrothermal fluids that 

originated from the pegmatites, and may have evolved as a result of subsolidus alteration. 

Boron in particular is present in secondary inclusions in high proportions, which is not an 

exotic component in the system. Exotic fluids are not likely to pick up boron in the 

system, as it is very stable in tourmaline (major depository of B in pegmatites). The 

secondary reactions produced clays in pockets and lepidolite in fractures that was 

identified by CL and SEM analyses. Overall, the fluid inclusion data also show why the 

La Posta pegmatite is relatively devoid of economically viable minerals as compared to 

the productive San Diego pegmatite, in that the La Posta system does not contain 

sufficient Li that would be present in the fluids if it were concentrated enough to form Li-

bearing minerals. 

 

6.1. Trapping Temperatures 

 Microthermometric data present Th values that would suggest 

crystallization below the glass transition for both pegmatite systems (Figures 11 and 12), 

but this is especially the case for P2 inclusions in the San Diego pegmatite. 

 

6.1.1. Pressure Correction 

Homogenization temperatures of inclusions represent the minimum temperatures 

of entrapment because they do not include isochoric correction for pressure. To estimate 
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the trapping temperatures, isochoric corrections need to be made. Because all analyzed 

inclusions homogenized to liquid, their isochores are most likely steep in the P-T space. 

However, isochores for complex inclusions with Li and B cannot be accurately calculated 

due to the lack of equations of state for fluids with B, for example. I used calculated 

isochores of inclusions containing >70 atomic % Na relative to all other cations present to 

roughly estimate the pressure correction for trapping.  Only secondary inclusions from 

both pegmatites contain such high proportions of Na. An inclusion with a calculated 

salinity of 18.3 wt. % is used in the following example to show the pressure correction.  

An equation of state developed by Bodnar and Vityk (1994) can be used to obtain 

isochores of NaCl–H2O inclusions: 

 

dP/dT (bar/ºC) = as + bs · Th + cs · Th
2                                                                             (1) 

where,  

as = 18.28 + 1.4413 S + 0.0047241 S2 – 0.0024213 S3 + 0.000038064 S4                       (2) 

 

bs = 0.019041 – 1.5268 x10–2 S + 5.6012 x 10–4 S2 – 4.2329 x 10–6 S3  

       – 3.0354 x 10–8 S4                    (3) 

 

cs = –1.5988 x 10–4 + 3.6892 x 10–5 S – 1.9473 x 10 –6 S2 + 4.1674 x 10–8 S3  

       – 3.3008 x 10–10 S4                     (4) 

 

In this equation, Th is the measured homogenization temperature in °C, and S is the 

salinity of the inclusion. The isochore for the example inclusion suggests a temperature 
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correction of 110 to 180 ºC (Figure 20), assuming the 2–3 kbar pressure range for 

emplacement of the pegmatites.  Other measured NaCl-dominated inclusions have similar 

pressure corrections to their trapping temperatures. Because these data are from 

secondary inclusions, the temperature correction provides a lower limit of trapping 

temperatures for primary inclusions in intermediate zones, because they must have been 

trapped at higher temperatures than the secondary inclusions. This pressure correction 

brings the homogenization temperatures of the measured primary inclusions, except 

perhaps P2 inclusions in the core of the San Diego pegmatite, to a trapping temperature 

range above the glass transition temperature of H2O-saturated silicate melts with Li and B 

components (Nabelek et al., 2010). 

 
Figure 20. Isochore (black line) used for temperature correction on an 18.3 wt.% NaCl fluid 
inclusion from the La Posta pegmatite.  Weight percent was calculated using AMS software 

reduction on LA-ICP-MS data and measured freezing point depression of the inclusion. 
Temperature correction of the La Posta system for 2–3 kbar pressures is +110-180 ºC. 
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6.1.2. Effect of Li on Freezing Characteristics of Aqueous Fluids 

Primary P2 inclusions in one part of the core of the San Diego pegmatite have 

especially low Th’s (Figure 11), which, even with the pressure correction, suggest 

crystallization very near or even below the glass transition temperature.  These inclusions 

also have very low TE’s (~-40), which is predicted for LiCl bearing inclusions containing 

20 or more wt.% LiCl in the aqueous solution (Figure 21; Dubois et al., 2010). From LA-

ICP-MS data, we know these inclusions contain up to 50 at.% Li relative to other cations, 

which is much higher than in all other measured inclusions.  High Li-content in these 

inclusions is likely the reason why they homogenize at lower temperatures than other 

core zone primary and secondary inclusions. Nevertheless, the low apparent trapping 

temperatures suggest that the host quartz may have crystallized form a hydrothermal 

fluid, rather than from a melt.  

Equations of state are not currently available to calculate isochores for these 

inclusions, but a study by Mao and Duan (2008) shows density and molar volume of 

LiCl-rich fluids is similar to that of NaCl-rich fluids.  Thus, isochores in a LiCl system 

have a similar slope to those drawn in Figure 20. Since B is still a major component and 

no data exists for B-rich fluids, uncertainty of exact crystallization temperatures still 

exists for these pegmatite systems. 
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Figure 21. From Dubois et al., 2010.  LiCl–NaCl–H2O ternary system with TE curves. 

 

 

6.2. Implications for Crystallization of Pegmatite Melts 

 Even with isochoric corrections, the majority of microthermometry data points to 

crystallization of the La Posta and San Diego pegmatites below the equilibrium 

thermodynamic solidus of H2O-saturated granite melts, as has been shown to be typical 

of granitic pegmatites (London, 1986, Webber et al., 1999, Sirbescu and Nabelek, 2003, 

Sirbescu et al., 2008, Nabelek et al., 2010). Large amounts of water dissolved in 

pegmatite melts play the major role in subsolidus crystallization of pegmatite melts. 

Primary inclusions in both pegmatites contain considerable B, and additionally, 

inclusions in the San Diego suite contain large amounts of Li. The pegmatites also 

contained Cl, F, and S. These data support previous research that shows Li, B, and F can 

significantly increase the solubility of water in granitic melts and aid in depolymerizaion 

of the melt structure (London, 1984, Holtz et al., 1993, Veksler and Thomas, 2002, 
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Nabelek et al., 2010, Thomas and Davidson, 2012, and Bartels et al., 2013). 

Consequently, the presence of Li, B, F, and Cl leads to significantly decreased melt 

viscosity that aids in emplacement of pegmatites as dikes. It also leads to a delay in 

nucleation and depressed glass transition that permits low-temperature crystallization that 

is commensurate with trapping temperatures of primary inclusion. Enhanced solubility of 

H2O in melts may have ultimately promoted the development of pockets in many 

pegmatite dikes in San Diego County. 

 

6.3. Implications for Crystallization of Minor but Important Minerals 

 Not only do Li and B help increase water solubility and decrease melt viscosity, 

they also are important components in Li- and B-bearing minerals.  Boron is in excess in 

these systems as is made evident by the occurrence of tourmaline throughout pegmatite 

dikes and its high abundance in fluid inclusions.  Li is less concentrated in the initial 

melts, and therefore remains in the liquid phase or partitions into exsolved fluid until it 

collects in pegmatite cores where Li-rich minerals crystallize.  The evolution of 

tourmaline is controlled by enhancement of Li concentration in cores.  The Fe 

endmember schorl occurs in intermediate zones, whereas elbaite (the Li-endmember) 

occurs in cores and pockets. Accumulation of Li in cores is demonstrated by primary 

inclusions from the core of the San Diego pegmatite.  

Contrastingly, the lack of Li-bearing fluid inclusions and minerals in the La Posta 

system indicates an initial lack of Li in the La Posta melts. Since Li controls the 

crystallization of Li minerals in pegmatite cores, then lack of Li in the La Posta 

pegmatites can explain the lack elbaite tourmaline and other Li-bearing minerals there.  
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6.4. Origin of Secondary Fluids 

 Secondary fluids that were trapped as secondary inclusions, could either represent 

evolved fluids originating from the pegmatite melts or fluids introduced from the wall 

rocks after crystallization.  In the case of both studied pegmatites, the presence of 

abundant B, F, and some Li in secondary inclusions, in addition to the broad range of 

their homogenization temperatures, suggests that the secondary fluids formed in the 

pegmatites systems and may be products of exchange with pegmatite minerals.  It is also 

unlikely that exotic fluids passed through this system when considering the host rock 

material is igneous, and thus impermeable.   

 

6.5. Origin of Calcium in La Posta System 

Ca content and considerably less Li in inclusions of the La Posta pegmatite are the 

major chemical differences that distinguish it from the San Diego pegmatite. Calcium is 

present in inclusions in all zones and stages in the La Posta pegmatite, which means it 

was an initial component in the system, rather than product of post-crystallization 

alteration. Hence, it is likely that Ca in the La Posta system was derived from the tonalite 

host rock while the pegmatite was still molten. Symons et al. (2009) shows through U–Pb 

and paleomagnetic ages that the emplacement of La Posta dikes occurred in the latest 

stages of the La Post pluton emplacement. Hotter host rocks of the La Posta pluton may 

have lead to increased diffusion of Ca into the pegmatite melt.   
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6.6. Alteration Mineralogy 

 Secondary alteration by fluids in the form of fracture fillings has occurred in both 

pegmatites and in all morphologic zones, but alteration of feldspars to kaolinite in 

pockets is most evident in the San Diego pegmatite. The fracture-filling alteration is 

discussed first, and then the formation of clays in pockets is discussed.  

 

6.6.1. Secondary Minerals in Fractures 

Mica-filled fractures in major minerals represent paths of secondary fluids. The 

dominant mineral that fills the fractures is Li-muscovite or lepidolite, as is suggested by 

Cl imaging and SEM and LA-ICP-MS analyses.  

 

6.6.2. Alteration Adjacent to Fractures 

 In Quartz. Blue luminescence of quartz and dull brown in feldspars is interpreted 

to be a direct result of secondary fluid alteration of these minerals. Bright blue 

luminescence in quartz (460-490 nm; Figure 10 a-b) is attributed to crystal defects 

(Marshall, 1988; Luff and Townsend, 1990). SEM/EDS analyses of quartz show trace Al 

in quartz next to fractures.  Al3+ substitution for Si4+ may be charge-balanced by Li+ as it 

has been shown in the Fazenda Turmalina, the Pitombeira, the Capoeira 2, the Quintos, 

and the Carrascao LCT pegmatites in northeast Brazil (Beurlen et al., 2011).  Al3+ + Li+ = 

Si4+ coupled substitution causes crystal defects (Xu et al., 2001; Botis and Pan, 2011) in 

quartz structure.  
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In Feldspar. Dull brown luminescence in feldspar (~610-625 nm; Figure 10 c-d) 

is attributed to Eu3+, which emits 614 nm in alkali feldspars (Gaft et al., 1998).  Ertl et al. 

(2010) suggested that fO2 values in the San Diego pegmatite remained nearly constant 

near the manganosite–hausmannite (MnO–Mn2+Mn3+
2O4) buffer during crystallization, 

based on the proportion of Mn2+/Mn3+ in phosphates and oxides.  The manganosite–

hausmannite fO2-T buffer curve lies very close to the FMQ buffer curve (Figure 22).  

Considering a pegmatite liquid initially between 600 and 700 ºC, the initial log fO2 in the 

melt would have been between –17 and –20.  Drake (1975) experimentally derived an 

equation utilizing Eu2+/Eu3+ ratios in plagioclase to determine oxygen fugacity of a liquid 

system: 

 

log fO2 = -4.55 (log (Eu2+/Eu3+)) – 10.89             (5) 

 

This equation can then be used to obtain Eu2+/Eu3+ ratios in feldspars. The estimated 

Eu2+/Eu3+ ratio for the San Diego pegmatite is between 3.83 and 7.41. Although this 

equation is calibrated to a mafic system above 1100 ºC, it shows that Eu3+ likely exists in 

the system and variations in the ratio due to oxidizing secondary fluid may be the cause 

for the varied luminescence of feldspar. 
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Figure 22. FMQ and M-H buffers.  Reference temperatures in K are given below the upper 

axis. 
 

 

In Tourmaline. In tourmaline, fractures and fracture fillings are larger and more 

intense under CL than the same fractures in neighboring minerals.  Figure 10 e-f show 

how CL of fracture-fillings emanating from quartz intensify in tourmaline.  Tourmaline, 

being an aluminous mineral, likely undergoes a reaction with the secondary fluid that 

produces lepidolite. 

 

6.7. Ion Exchange Reactions 

 The preceding data and observations suggest reactions between fluids, melt, and 

minerals occur during all stages of pegmatite crystallization and post-crystallization 

cooling.  These reactions are driven by gradients in temperature and cooling and involve 

exchange of ions.  
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6.7.1. Reactions Occurring in Miarolitic Cavities 

 Li-bearing minerals are abundant in cores and as linings of pockets in many 

pegmatites in the region, including the San Diego pegmatite.  Li is abundant in primary 

inclusions in this pegmatite.  Li is probably bonded to both Cl– and F– that are evident in 

the ion chromatography data, forming LiCl and LiF complexes in aqueous fluids. The 

following reactions describe the possible roles that these complexes play in producing 

acids that ultimately destroy feldspars and produce clays:  

 

3 LiCl (aq) + 3 H2O + B3+ à 3 Li+ + 3 HCl (aq) + B(OH)3 (aq)                                (6) 

3 LiF (aq) + 3 H2O + B3+ à 3 Li+ + 3 HF (aq) + B(OH)3 (aq)                                   (7) 

 

In these reactions, the boron ion may come from residual melt that exists in cores of 

pegmatites and a minor amount could also come from altered tourmaline while the 

produced Li+ ion contributes to crystallization of lepidolite that lines miarolitic cavities 

and occurs in fractures. These reactions are consistent with high abundances of B and low 

abundances of Li in secondary inclusions in the San Diego pegmatite. 

The following reactions can be used to describe the production of kaolinite from 

albite in pocket walls: 

 

2 HCl (aq) + H2O + 2 NaAlSi3O8 (s) à Al2Si2O5(OH)4 (s) + 4 SiO2 (s) + 2 NaCl (aq)  (8) 

2 HF (aq) + H2O + 2 NaAlSi3O8 (s) à Al2Si2O5(OH)4 (s) + 4 SiO2 (s) + 2 NaF (aq)     (9) 
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Analogous reactions can be written for K-feldspar as a reactant. Quartz is a product in 

these reactions.  In miarolitic pockets, euhedral, terminated quartz crystals are frequently 

surrounded by clays. Quartz can easily grow faces in the presence of soft clay, and 

notably, clay is often seen as inclusions in pocket quartz. 

 The computer program SUPCRT (Johnson et al., 1991) was used to model 

reactions 8 and 9 thermodynamically. Assuming an emplacement pressure 2-3 kbar, HCl 

would react with albite and excess water to produce kaolinite, quartz, and aqueous NaCl 

below ~600 ºC (Figure 23). The analogous reaction with HF could have occurred below 

~200 ºC (Figure 24). Below what temperature these particular reactions could have 

operated in the pegmatites depends, however, on the availability of HCl and HF that 

would have to be produced by reactions 6 and 7. The temperature range for these 

reactions is reasonable given that the range of homogenization temperatures of secondary 

fluid inclusions in the San Diego and La Posta systems (Figures 11-12) in which Cl and F 

are abundant anions (Figures 18-19).  

Figures 25 and 26 show the stability of K-feldspar, muscovite, albite, paragonite, 

and kaolinite on log(aK+/aH+)-log(aH2O) and log(aNa+/aH+)-log(aH2O) diagrams, 

calculated at 150 °C and 2 kbar and 400 °C and 2 kbar.  It shows that increasing the 

activity of H+, i.e. increasing acidity, results in the formation of kaolinite from both albite 

and K-feldspar.  
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Figure 23. ∆G versus temperature at 500–4000 bar pressures for the reaction involving albite 

dissolution by HCl to produce kaolinite clay, quartz, and aqueous NaCl. The estimated 
pressure range for San Diego Co. pegmatites (2–3 kbars) are colored to differentiate. 

 
Figure 24. ∆G versus temperature at 500–4000 bar pressures for the reaction involving albite 
dissolution by HF to produce kaolinite clay, quartz, and aqueous NaF. The estimated pressure 

range for San Diego Co. pegmatites (2–3 kbars) are colored to differentiate. This graph 
shows that the reaction is not pressure dependent. 
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Figure 25. log(aK+/aH+)-log(aH2O).  Data are plotted for 2 kbar/150ºC in solid lines and 2 

kbar/400ºC in dashed lines. 
 

 
Figure 26. log(aNa+/aH+)-log(aH2O).  Data are plotted for 2 kbar/150ºC in solid lines and 2 

kbar/400ºC in dashed lines. 
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6.7.2. Implications of P2 Inclusions in the San Diego Pegmatite 

 The San Diego pegmatite is represented in the study by six samples from different 

locations in the core zone.  Primary inclusions (P2’s) in one of these samples are different 

from the others in terms of microthermometry (Figure 11) and chemistry (Figure 15 a-b 

and 18). In particular, these inclusions have elevated Li, B, and F. Figure 27 shows this 

sample was collected from massive quartz that makes up the core in this location.  This 

figure also shows that there is a sharp boundary between the core zone and the overlying 

intermediate zone in this particular outcrop, whereas most core zones are not so clearly 

defined. Minor lepidolite, albite and tourmaline also occur. The high abundances of Li, B, 

Cl, and F in P2 inclusions in this quartz suggest the presence of all aqueous components 

of reactions 6 and 7, including HF. HF has the ability to carry large amounts of Si, which 

may explain why this particular part of the core consists of massive quartz. The relatively 

low homogenization temperatures of P2 inclusions suggest that this quartz crystallized 

from a hydrothermal fluid that contained HF, rather than from a melt.  Thus, massive 

quartz in many pegmatite cores may have a mostly hydrothermal origin when silica is 

carried to centers of dikes by HF-containing fluids. 
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Figure 27. Photo cross-section of a portion of the San Diego pegmatite.  The core zone is 

outlined in yellow and is bounded by the intermediate zone on top and bottom.  The location 
of sample 05-SD-2C is marked with the red star and is located adjacent to a pocket. 
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7. IMPLICATIONS 

The conclusions presented in this study have significant implications for the role 

of Li, B, Cl, and F on pegmatite crystallization and subsequent alteration/auto-

metasomatism that form the clay-rich pockets in the pegmatite cores and form secondary 

alteration along fractures.   

Microthermometry data support low temperature crystallization of pegmatites, but 

also present complications when measuring Li and B bearing inclusions.  The data reveal 

a need for equations of state for Li and B systems in order to properly interpret Th’s and 

TE’s in pegmatite systems.  However, this study does support low TE’s of Li-bearing 

inclusions (c.f. Dubois et al., 2010). 

This study presents reactions that are likely to occur in late stages of 

crystallization and produce Li-bearing minerals and kaolinite in pegmatite cores and 

pockets. The low homogenization temperatures of primary inclusions in massive quartz 

in a core (~300 ºC) suggest the quartz formed from a high-density hydrothermal fluid 

rather than from a melt.  Thermodynamic models show that HCl and/or HF are likely to 

occur in fluids that accumulate in centers of dikes during late stages of crystallization. 

These acidic fluids may lead to production of massive quartz in cores of pegmatites. 

Quartz-dominated cores are observed not only in the San Diego County pegmatites, but 

also in high-pressure pegmatites, such as those in the Black Hills, South Dakota (Sirbescu 

and Nabelek, 2003), in which miarolitic cavities do not occur. The production of the 

acids may be driven by high Li contents in exsolved fluids from melts, which is 

consistent with the prevalence of massive quartz cores in Li-rich pegmatites. The 

incorporation of Li into stable minerals within cores and pockets during the acid-forming 



	   49	  

reactions is supported by high Na contents in secondary inclusions, as NaCl is a product 

of the reactions.  
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APPENDIX 
Table I: Microthermometry 

Sample/Chip Assemblage 
Inclusion 

Type 
Number of 
Inclusions Tm (Eutectic) Tm (ICE) Th Homogenization Phase 

05-LP-4A/A 1 Secondary 2 –44.0 ± 3.4 –8.7 ± 1.6 224.4 ± 2.9 Liquid 
  2 Primary 1 –15.8 ± 0.0 –4.8 ± 0.0 210.4 ± 0.0 Liquid 
  3 Primary 2 –38.6 ± 0.0 –27.2 ± 0.0 193.5 ± 1.4 Liquid 
  4 Primary 5 –16.4 ± 1.0 –5.0 ± 1.2 163.4 ± 19.0 Liquid 
  5 Primary 5 –15.2 ± 0.0 –7.8 ± 1.5 127.4 ± 5.9 Liquid 
  6 Primary 4 –15.2 ± 0.0 –4.8 ± 0.0 148.3 ± 11.5 Liquid 
05-LP-4A/B 1 Secondary 5 –44.3 ± 0.0 –7.7 ± 2.1 133.7 ± 3.5 Liquid 
  2 Secondary 4 –19.1 ± 0.0 –4.1 ± 1.6 121.1 ± 5.5 Liquid 
05-LP-4A/C 1 Secondary 2 –13.5 ± 1.1 –5.6 ± 0.5 187.3 ± 38.7 Liquid 
  2 Primary 2 –24.6 ± 1.4 –4.4 ± 0.3 203.4 ± 6.8 Liquid 
05-LP-4Ba/A 1 Primary 2 –47.8 ± 2.1 –25.1 ± 7.6 283.0 ± 6.8 Gas 
  2 Primary 6 –44.5 ± 2.0 –4.1 ± 1.4 247.5 ± 15.8 Liquid 
  3 Secondary 4 –65.6 ± 3.0 –8.1 ± 2.1 235.3 ± 13.0 Liquid 
05-LP-4Bb/1 1 Secondary 3 –37.1 ± 0.0 –5.4 ± 0.0 275.3 ± 4.7 Liquid 
  2 Primary 1 –18.2 ± 0.0 –4.2 ± 0.0 203.4 ± 0.0 Liquid 
05-LP-4C/2 1 Primary 4 –58.5 ± 11.5 –17.4 ± 4.6 326.5 ± 6.5 Liquid 
05-LP-4C/3 1 Primary 1 –41.9 ± 0.0 –21.4 ± 0.0 304.6 ± 0.0 Liquid 
  2 Primary 4 –46.6 ± 1.5 –26.3 ± 0.0 305.6 ± 7.8 Liquid 
05-LP-4D-
1Ca/1 1 Secondary 5 –27.9 ± 2.1 –11.1 ± 2.6 227.4 ± 19.2 Liquid 
05-LP-4D-
1Cb/1 1 Primary 1 –41.3 ± 0.0 –26.7 ± 0.0 254.8 ± 0.0 Liquid 
  2 Primary 2 –47.4 ± 2.6 –7.9 ±6.1 201.9 ± 5.1  Liquid 
  3 Primary 2 –17.6 ± 0.0 –3.9 ± 0.0 244.9 ± 5.8 Liquid 
13-LP-20-1/A 1 Secondary 1 –28.7 ± 0.0 –16.2 ± 0.0 267.8 ± 0.0 Liquid 
  2 Primary 3 –44.8 ± 3.4 –14.7 ± 2.5 275.8 ± 4.5 Liquid 
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Sample/Chip Assemblage 
Inclusion 

Type 
Number of 
Inclusions Tm (Eutectic) Tm (ICE) Th Homogenization Phase 

13-LP-20-2a/A 1 Secondary 1 –72.3 ± 0.0 –24.8 ± 0.0 231.2 ± 0.0 Liquid 
  2 Primary 2 –72.8 ± 0.0 –6.9 ± 0.0 304.0 ± 0.6 Liquid 
  3 Secondary 2 –38.3 ± 0.5 –10.4 ± 0.8 292.9 ± 0.3 Liquid 
13-LP-20-4/A 1 Secondary 2 –12.6 ± 0.2 

 
286.5 ± 13.5 Liquid 

  2 Primary 2 –22.2 ± 0.8 
 

367.6 ± 8.3 Liquid 
13-LP-23-1a/A 1 Secondary 5 –19.0 ± 3.7 –6.4 ± 3.8 232.7 ± 4.2 Liquid 
13-LP-23-1a/B 1 Secondary 2 –19.1 ± 0.0 –8.2 ± 0.5 269.0 ± 3.7 Liquid 
  2 Primary 2 –44.7 ± 0.1  –10.7 ± 2.0  260.5 ± 5.2  Liquid 
05-SD-2C/1 1 Primary 3 –30.1 ± 7.6 –8.3 ± 2.0 128.5 ± 3.1 Liquid 
  2 Primary 3 –76.2 ± 0.0 –48.6 ± 0.0 244.7 ± 5.1 Liquid 
05-SD-2C/2 1 Secondary 2 –25.4 ± 1.1 –5.5 ± 4.0 

 
Liquid 

  2 Secondary 3 –32.6 ± 2.4 –8.6 ± 10.3 145.7 ± 13.6 Liquid 
05-SD-2C/4 2 Secondary 1 –37.8 ± 0.0 –24.6 ± 0.0 101.8 ± 0.0 Liquid 
  3 Primary 6 –45.4 ± 2.7 –4.9 ± 0.9 132.5 ± 15.4 Liquid 
05-SD-3E/1 1 Primary 5 –27.8 ± 4.2 –2.3 ± 1.6 132.5 ± 6.2 Liquid 
  2 Primary 4 –26.4 ± 0.0 –3.4 ± 0.3 130.0 ± 6.2 Liquid 
05-SD-4A/1 1 Primary 3 –44.3 ± 0.1 –3.5 ± 0.0 230.4 ± 40.0 Liquid 
05-SD-4B/1 1 Secondary 2 –24.8 ± 3.1 –6.9 ± 1.6 159.4 ± 12.9 Liquid 
  2 Primary 3 –47.8 ± 0.0 –3.8 ± 0.0 123.4 ± 2.6 Liquid 
  3 Primary 4 –28.9 ± 1.4 –6.5 ± 1.0 102.9 ± 3.6 Liquid 
05-SD-4Da/1 1 Primary 4 –27.6 ± 8.4 –6.2 ± 4.6 241.5 ± 19.2 Liquid 
  2 Secondary 2 –13.1 ± 0.9 –5.8 ± 3.4 253.0 ± 25.8 Liquid 
  3 Secondary 3 –12.7 ± 0.6 –5.5 ± 2.0 148.3 ± 10.0 Liquid 
05-SD-4Db/1 1 Primary 6 –62.8 ± 0.3 –8.3 ± 4.0 272.1 ± 8.7 Liquid 
  2 Primary 3 –18.6 ± 0.5 –3.5 ± 0.4 246.5 ± 5.4 Liquid 
  3 Secondary 4 –76.2 ± 1.9  –6.4 ± 1.8 238.5 ±18.8 Liquid 

 

Table I: Microthermometry, cont’ 



	   57	  

 
Table II: LA-ICP-MS 
 

Sample Inclusion Type 
Li at. 
% 

Be at. 
% 

B  at. 
% 

Na at. 
% 

K  at. 
% 

Ca at. 
% 

Fe at. 
% 

Rb at. 
% 

Sr at. 
% 

Cs at. 
% 

Ba at. 
% 

W at. 
% 

LP-4A-A-2* core-primary 0.00 0.00 52.02 47.91 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.02 
13-LP-20-1a-1 
(4-1) core-primary 51.24 0.00 18.11 30.65 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
LP-4A-B-1.1 core-secondary 10.97 0.00 7.33 63.02 6.38 12.15 0.00 0.00 0.12 0.03 0.00 0.00 
LP-4A-B-1.2 core-secondary 0.00 0.00 13.31 65.79 7.45 13.28 0.00 0.00 0.13 0.03 0.01 0.00 

LP-4A-B-1.3 core-secondary 0.00 0.00 9.81 68.44 6.85 14.73 0.00 0.00 0.13 0.04 0.00 0.00 

LP-4D-1Cb-A-2 
intermediate-
primary 25.67 0.00 19.54 47.55 3.56 3.58 0.00 0.00 0.01 0.09 0.00 0.00 

LP4Bb-A-1 
intermediate-
primary 0.00 0.00 21.62 67.83 3.19 7.16 0.00 0.00 0.07 0.13 0.00 0.00 

LP-4Bb-A-1-b 
intermediate-
primary 0.00 0.00 24.99 60.18 5.60 9.11 0.00 0.00 0.02 0.10 0.00 0.00 

LP-4D-1Cb-A-
vein 

intermediate-
secondary 0.00 0.00 15.56 79.80 1.95 2.62 0.00 0.00 0.01 0.05 0.00 0.00 

LP-4D-1Cb-A-1-
b.1 

intermediate-
secondary 0.00 0.00 19.15 64.16 9.92 6.25 0.00 0.00 0.03 0.45 0.04 0.02 

LP-4D-1Cb-A-1-
b.2 

intermediate-
secondary 21.98 0.00 14.32 47.08 9.11 6.96 0.15 0.06 0.02 0.29 0.03 0.00 

LP-4D-1Cb-A-1-
b.3 

intermediate-
secondary 0.00 0.00 29.99 59.34 7.71 2.65 0.00 0.00 0.02 0.27 0.01 0.00 

LP-4D-1Cb-A-1-
b.4 

intermediate-
secondary 0.00 0.00 28.10 58.55 4.81 8.20 0.00 0.00 0.05 0.28 0.01 0.00 

LP-4D-1Cb-A-1-
b.5 

intermediate-
secondary 0.00 0.00 29.04 47.20 13.15 10.09 0.00 0.00 0.07 0.39 0.05 0.01 

13-LP-20-4-h-
vein.1 

intermediate-
secondary 0.00 0.00 9.76 90.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

13-LP-20-4-h-
vein.2 

intermediate-
secondary 4.03 0.00 9.06 86.73 0.00 0.18 0.00 0.00 0.00 0.00 0.00 0.00 

13-LP-20-4-h-
vein.3 

intermediate-
secondary 1.44 0.00 11.26 87.11 0.00 0.19 0.00 0.00 0.00 0.00 0.00 0.00 
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Sample Inclusion Type 
Li at. 

% 
Be at. 

% 
B  at. 

% 
Na at. 

% 
K  at. 

% 
Ca at. 

% 
Fe at. 

% 
Rb at. 

% 
Sr at. 

% 
Cs at. 

% 
Ba at. 

% 
W at. 

% 
13-LP-20-4-h-
vein.5 

intermediate-
secondary 0.00 0.00 22.87 77.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

SD-4D-A-2-a** core-primary 6.49 0.00 16.65 72.22 1.00 1.98 0.00 0.04 0.11 1.52 0.00 0.00 
SD-4D-A-2-b.1 core-primary 25.44 0.00 7.10 61.38 0.00 5.19 0.00 0.00 0.09 0.80 0.00 0.00 
SD-4D-A-2-b.2 core-primary 0.00 0.00 10.71 82.37 0.00 6.15 0.00 0.00 0.09 0.68 0.00 0.00 
SD-4Da-3.1 core-secondary 0.00 0.00 43.82 55.28 0.00 0.00 0.00 0.00 0.00 0.90 0.00 0.00 
SD-4Da-3.2 core-secondary 0.00 0.00 42.14 55.73 0.53 0.67 0.00 0.03 0.00 0.90 0.00 0.00 
SD-4B-A-2.1 core-secondary 0.00 0.00 16.48 79.96 0.00 3.09 0.00 0.00 0.03 0.45 0.00 0.00 

SD-4B-A-2.2 core-secondary 0.00 0.00 22.79 71.57 0.00 5.31 0.00 0.00 0.03 0.31 0.00 0.00 
SD-2C-A-2.1 core-primary 20.61 0.00 40.46 37.88 0.84 0.00 0.00 0.00 0.00 0.20 0.00 0.00 
SD-2C-A-2.2 core-primary 38.60 0.00 29.46 31.79 0.00 0.00 0.00 0.00 0.00 0.15 0.00 0.00 
SD-2C-A-2.3 core-primary 0.00 0.00 63.16 36.54 0.00 0.00 0.00 0.00 0.00 0.25 0.00 0.05 
SD-2C-A-1.2 core-primary 43.83 0.00 22.51 33.36 0.00 0.25 0.00 0.00 0.00 0.04 0.00 0.00 
SD-2C-A-1.3 core-primary 26.02 0.00 25.39 48.53 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 
SD-2C-A-1.4 core-primary 27.24 2.39 24.84 45.41 0.00 0.00 0.00 0.05 0.00 0.07 0.00 0.00 
SD-2C-A-1.5 core-primary 49.22 0.00 20.12 30.59 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.00 
SD-2C-A-1.6 core-primary 30.60 0.00 23.47 45.85 0.00 0.00 0.00 0.00 0.00 0.06 0.01 0.00 

*LP sample coding for the La Posta pegmatite 
**SD sample coding for the San Diego pegmatite 
 
 
 
 
 
 
 
 
 

Table II: LA-ICP-MS, cont’ 
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Table III: Ion Chromatography 
 

   
F- Cl- S- F-/Cl- S-/Cl- 

05-SD-2C core 1 0.0148 0.0582 0.0446 0.254 0.766 
    2 0.1113 0.434 0.1253 0.256 0.289 
SD-4B core 1 0.0112 0.1408 0.0327 0.080 0.232 
    2 0.0103 0.1643 0.0305 0.063 0.186 
SD-4Da core 1 0.0052 0.158 0.0396 0.033 0.251 
    2 0.0139 0.1656 0.0281 0.084 0.170 
13-LP-23-1a intermediate 1 0.0512 0.2756 0 0.186 0.000 
    2 0.0398 0.3181 0.0376 0.125 0.118 
LP-20-2a near pocket 1 0.0154 0.2375 0.0423 0.065 0.178 
    2 0.0456 0.253 0.0405 0.180 0.160 
13-LP-20-1 near pocket 1 0 0.1948 0.1379 0.000 0.708 
    2 0.1085 0.16 0.177 0.678 1.106 
05-LP-4A core 1 0 0.0368 0.0073 0.000 0.198 
    2 0.0074 0.1791 0.0289 0.041 0.161 
LP-20-4 vein 1 0.0096 0.1195 0.0306 0.080 0.256 
    2 0.0147 0.1286 0.0172 0.114 0.134 
13-LP-FT-a-lg float 1 0.047 0.1466 0.106 0.321 0.723 
    2 0.0495 0.1534 0.0919 0.323 0.599 
13-LP-b-m float 1 0.0752 0.1435 0.5941 0.524 4.140 
    2 0.0911 0.1499 0.6627 0.608 4.421 
13-OV-1-1da pocket 1 0.0592 0.2366 0.0563 0.250 0.238 
    2 0.04 0.1609 0.0612 0.249 0.380 
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