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Abstract 

 

An unusual metaperidotite outcrop in Domenigoni Valley, CA offers 

insight into subduction zone processes associated with the accretion of western 

North America. Serpentinized dunitic peridotites, exposed in a zone of suturing 

and transition between the eastern and western arc sections of the Peninsular 

Ranges Batholith, display a melt-depleted pyroxene-poor mineralogical 

composition. High olivine forsterite contents and high chromite chromium 

numbers indicate that these samples are of forearc origin (Arai, 1994), further 

substantiated by low concentrations of incompatible elements. Serpentinization 

fluids appear to have refertilized light rare earth elements in these samples 

without affecting the concentrations of major and minor elements. Calculations of 

melt depletion based on heavy rare earth element concentrations of whole rock 

glasses indicate melt depletion of up to 20%. The geochemistry, adjacent rock 

formations, and in-arc placement of these samples may represent a subduction 

polarity reversal during accretionary suturing.  
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Characteristics of Serpentinized Peridotites from Collisional Settings: A Case 

Study from Domenigoni Valley, California 

Alexandra J. Malouta 

1. Introduction 

Arcs are the site of surface to mantle recycling, mountain building, and 

continent construction. The steady accretion of island arc terranes over time 

generates larger landmasses; this modern tectonic activity may elucidate ancient 

continental formation processes (Lee et al, 2007). Subduction zone dynamics 

have been imaged and modeled, but geoscientists seldom observe exposed 

sections from depth at the earth’s surface. An outcrop in the Domenigoni Valley 

in Southern California affords us the unique opportunity to study the rarely 

exposed interior dynamics of subduction zones and collisional zones, as well as 

the chemical effects of serpentinization. Peridotites are infrequently seen at the 

earth’s surface, making the glimpses of mantle processes they reveal invaluable. 

These samples fall in the transition zone between two arcs, and are surrounded 

by arc-derived sediments, indicating that they were exhumed close to their point 

of formation. Their geographic and geologic context may indicate that they 

represent a suture between the two arcs at the site of a subduction polarity 

reversal.  The processes observed in this location may have implications for our 

understanding of the sequence of arc accretion in the western US, as well as the 

formation of stable continental crust on geologic timescales. 

 

2. Geologic background 

The study area is at the northernmost tip of the Cretaceous Peninsular 

Ranges Batholith Arc in Southern California, active from 125-85 Ma (Lee et al, 

2007). The PRB is known to be one of many accretionary arc events in this zone 

(Lee et al, 2007, Saleeby, 1978, Moores, 1970). The study area falls in the 
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western area between the Elsinore and San Jacinto faults, known as the Western 

Transition Zone. This transitional space between the eastern and western arcs of 

the PRB has previously been cited as the site of a suture between North American 

continent and oceanic island arc (Morton et al, 2014). The hills lining the northern 

shore of Diamond Valley Lake are known as Searl Ridge and are home to 

multiple types and facies of metamorphic rocks (Morton et al, 2014, Morton, 

2006, Morton, 1965). The northern-facing slope of Searl Ridge is home to the site 

of a former magnesite mine. The pressure gradient within this deformation zone is 

inferred to be 3-4 kbar, from 2 kbar for the 120 Ma Domenigoni Valley pluton to 

the east and 5–6.3 kbar for the 100 Ma Lakeview Mountains pluton to the west. 

This pressure difference is accounted for by 10-13 km vertical displacement 

(Morton et al, 2014). The presence of peridotite within this metamorphic suite has 

previously been interpreted as having been injected when samples were at mantle 

depth (Morton et al, 2014). 

The current understanding of accretion in this region indicates consistent 

eastward-dipping continental and oceanic arc accretion events, with a suture 

composed of back-arc spreading material (Lee and Morton 2007). If the 

peridotites in this deformation or suturing zone can be shown to represent a 

particular type of subarc material before the Cretaceous, we may be better able to 

constrain the geodynamic history of the accretion of the PRB. 

These peridotites appear to originate in an arc setting as evidenced by their 

spatial association and entrainment within the PRB and immature arc-derived 

sediments, but their origin within the arc was heretofore unknown. Ultramafics 

have been documented along the arc from southern California to Baja California 

in Mexico (Kimbrough and Moore, 2003, Henry et al, 2003). 
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3. Sample description 

 

Figure 1. Samples collected in this study (red dots) overlaid on map of Searl Ridge from 
Morton et al, 2014 

The samples in this study consist of metamorphic rocks from Searl Ridge, 

adjacent to the Diamond Valley reservoir near Hemet, California. Samples 

collected for this study consist of magnesite, cordierite-biotite-gneiss, a fault 

breccia, amphibolites, and partially serpentinized peridotites. Of the sample types 

listed, this study will focus mainly on those that are variably altered peridotites. 

The peridotitic samples may be divided into two categories. Olivine-rich 

peridotites consist largely of relict olivines, and are variably serpentinized with 

cracking and mesh textures. Amphibole-rich samples are heavily altered, with a 

much larger percentage of talc, amphibole, some serpentine, little remaining 

olivine. The threshold between these different mineral modalities appears to be at 

>60% olivine, or >65% olivine + serpentine for the olivine dominated samples. 
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Olivines in olivine-rich samples are often quite large with uniform or slightly 

undulatory extinction over more than a centimeter in thin section, ubiquitously 

cracked, and altered to serpentine in cracks. Talc, amphibole, and anthophyllite 

cross-cut and overprint olivine and serpentine textures, and often display radial 

habits. Olivines in amphibole-heavy samples are smaller and more altered. The 

majority of orthopyroxene remnants, where present, are at least partially digested 

into talc. In thin section, the relict phases in the chosen samples reflect a peridotite 

protolith consisting mostly of olivine with few other primary phases.

 
Figure 2. Photomicrograph of an altered Domenigoni Valley peridotite (L13DV0-2). Olivines are large 
and often deformed (up to 1 cm) and cracks are filled with serpentine. Angular highly birefringent 
interstitial minerals are talc. Opaques are chromite, with very small magnetites dispersed in the 
serpentine veins. 

!
4. Methods 

Samples were gathered with permission from the Southwestern Riverside 

County Multi-Species Reserve in Riverside County, California. The samples 

selected for this study were those with peridotite compositions or apparent 

peridotite protoliths. Rock billets were cut from samples using a diamond saw, 

and those billets were made into thin sections at Texas Petrographic. Whole rock 

powders were made by cleaning the exterior of rock samples, wrapping them in 
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white printer paper and breaking them with a rock hammer, and grinding them to 

a fine powder with a ceramic disk mill. These powders were sent to Washington 

State University’s lab to be fused into glass beads. Whole-rock XRF 

measurements were procured from the glasses at WSU. Data for this study were 

procured using in-house ThermoFinnigan II Laser Ablation- ICPMS, at 10 Hz and 

85% power, with a spot size of 100 microns (round) for whole rock glass 

measurements and 65 microns (square) for individual mineral measurements from 

thick sections. Mineral measurements were conducted on those samples with high 

modal olivine, and were calibrated with an internal standard for Fe57. Whole rock 

laser measurements were calibrated with an external standard of iron from XRF 

measurements. Textures and mineral modality were determined by examination of 

thin sections via petrographic microscopy. 

 

5. Results 

Peridotite samples from Domenigoni Valley have relict compositions 

heavily favoring olivine, with few other primary phases, including very little 

pyroxene. Serpentinization varies from 3-50% visually, and percentages of 

serpentine, talc, and amphibole (hydrous phases) do not appear to correlate with 

loss on ignition (LOI).  

 
Table&1.&Modal&Mineralogy&of&Analyzed&Samples&

Sample Grouping Olivine Serpentine Talc Amphibole Opaques Orthopyroxene Anthophyllite Total 

L13 DV0-01 
amphibole 
heavy 60% 4% 5% 30% 1%   100% 

L13 DV0-02 olivine heavy 85% 5% 7% 2% 1%   100% 

L13 DV0-04 olivine heavy 85% 4% 10%  1% <1%  100% 

L13 DV0-06 olivine heavy 90% 3% <1% 1% 1% <1% 5% 100% 

L13 DV0-07 olivine heavy 80% 17% 3%  <1%   100% 

L13 DV0-08 olivine heavy 85% 10% 2% 2% 1%   100% 

L13 DV0-09 olivine heavy 85% 5% 5% 5% <1%   100% 

AM15-DV0.1 olivine heavy 70% 15% 10% 4% 1%   100% 
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AM15-DV0.2 
amphibole 
heavy 30% 7% 4% 35% 1% 3% 20% 100% 

AM15-DV0.3 
amphibole 
heavy 35% 10% 15% 35% 1% 2% 2% 100% 

AM15-DV0.4 olivine heavy 75% 17% 6%  2%   100% 

AM15-DV1.1 olivine heavy 40% 50% 8% 1% 1%   100% 

AM15-DV1.2 olivine heavy 90% 9% 1%  <1%  <1% 100% 

AM15-DV2.2 olivine heavy 30% 55% 10% 4% 1%   100% 

AM15-DV4.1 olivine heavy 85% 10% 4% <1% 1%   100% 

AM15-DV5.1 
anthophyllite 
heavy 0 40%  7% 3%  50% 100% 

AM15-DV7.1 
amphibole 
heavy 9% 2% 8% 60% 1% 20%  100% 

LDV15-B.2 olivine heavy 40% 50% 5% 3% 1%  1% 100% 

LDV15-B.3 olivine heavy 70% 15% 10% 1% <1%  4% 100% 

 

The mineral and whole rock samples from Domenigoni Valley show 

depletion of incompatible elements and slight enrichment in compatible elements 

relative to other olivines and peridotites (Figure 3) (Canil, 2004, De Hoog, 2011). 

Olivines, which appear to be relict protolithic pre-serpentinization material, are 

depleted in calcium, sodium, aluminum, and other incompatible elements relative 

to other olivines from various tectonic settings (De Hoog, 2011). Olivines also 

exhibit elevation in compatible elements such as nickel relative to other 

documented olivines. Whole rock peridotite measurements include LOIs ranging 

from 4.77 to 12.75 wt.%. Bulk aluminum is typically below 1% by weight, a 

heavy depletion relative to 4.45% for an idealized primitive mantle protolith 

(McDonough and Sun, 1995).  

Both whole rock and mineral rare earth elements display lower 

concentrations than primitive mantle, but whole rock measurements exhibit a 

bumpy flat REE (rare earth element) pattern with an uptick in gadolinium, while 

olivines show a typical depletion pattern with depleted HREEs (heavy rare earth 

elements) and heavily depleted LREEs (light rare earth elements) (Figures 4 and 

5).  
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6. Discussion 

Whole rock and olivine chemistry measurements confirm that sample 

measurements are consistent with a depleted peridotite protolith. Both whole rock 

and mineral measurements show low values of Ca, Na, Al, and other incompatible 

elements relative to worldwide peridotites and olivines (Canil, 2004, DeHoog, 

2011). These observations provide evidence for melt depletion of the samples 

prior to serpentinization, confirmed by the low pyroxene mineral mode. Assuming 

that the composition of relict olivines has remained constant through 

serpentinization events, the olivine Fo content 90-91.5 also suggests melt 

depletion relative to primitive mantle. 

 

Figure 3. Comparison of whole rock samples from this study (yellow circles) to worldwide peridotites 
from Canil 2004. Note their relative depletion in those species incompatible in peridotites (Al2O3, CaO, 
TiO2). 
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The relative dearth of clinopyroxene and orthopyroxene indicates that the 

protolith underwent a high degree of melting to deplete these phases in what is 

now the residue. Clinopyroxene is more easily depleted than is orthopyroxene 

(F=20% to exhaust clinopyroxene from a primitive composition), and creating a 

dunite requires a much larger amount of melting (F=70% to exhaust 

orthopyroxene) (Ghiorso et al, 2012). The lack of orthopyroxene may be 

attributable to its reaction into talc during alteration, for which there is textural 

evidence in thin section. If one assumed closed-system serpentinization, and 

calcium had been present in a serpentinized phase, it would suggest that 

clinopyroxene had been present but is no longer visible due to alteration. 

However, calcium is low in the whole rock measurements, indicating that 

clinopyroxene was melted out prior to serpentinization. Clinopyroxenes appear to 

serpentinize less easily than olivine or pyroxene (Li and Lee, 2006, Komor et al, 

1985), so if present, they would likely be present as relict phases. Re-introduction 

of silica into the residue is most common directly beneath the arc where siliceous 

magma is produced, and may cause secondary orthopyroxene to crystallize (Arai 

and Ishimaru, 2008). These forearc peridotites are quite depleted and do not 

exhibit this secondary crystallization characteristic. Many forearc peridotites 

exhibit non-residual compositions, including higher modal orthopyroxene and 

higher SiO2 and Al2O3 contents (Herzberg, 2004). These characteristics may 

indicate that the Domenigoni Valley peridotites have undergone excessive 

melting. 

Understanding the degree of melting undergone by the protolith to give 

the current residue provides insight into the conditions under which the residue 

formed. In a peridotite, one may estimate this degree of melt depletion through 

the observation of mineral modes, or the fertility or depletion of whole rock and 

mineral chemistry. With some calculated determination of melt depletion, one 

may estimate the melt depletion of natural samples. This study produced an 
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incremental batch-melting model based on mineralogy from temperature steps of 

MELTS (Gualda et al, 2012, Ghiorso and Gualda, 2015). Using primitive mantle 

starting compositions of REEs (McDonough and Sun, 1995) and partition 

coefficients of ultramafic phases (Lee, Harbert, and Leeman, 2007), this study 

created a model of REEs in each phase of incremental mineralogy, as well as in 

the bulk rock (Figure 5). The samples in question have been serpentinized, and 

less-depleted patterns suggest that they may also have been refertilized or 

infiltrated by LREE-rich fluids (Lee and Li, 2006, Parkinson and Pearce, 1998, 

Niu and Hékinian, 1997, McCulloch and Gamble, 1991), which makes 

determining the degree of original melting via REE calculation less clear than in 

an unaltered peridotite. When peridotites experience melting, elements with low 

partition coefficients escape from the solid residue with the melt, leaving the 

residual peridotite depleted in those elements. The peridotites in question have 

such low incompatible major and minor element concentrations in their whole 

rock and mineral compositions, it appears they have been depleted more than their 

rare earth element compositions would suggest. Perhaps REEs were reintroduced 

to the rock in a serpentinizing fluid, which appears to be substantiated by the 

higher concentrations of REEs in whole rock measurements relative to olivines, 

which show a more pristine REE record. 

Because these samples are no longer in their original condition, their 

relative depletion from a theoretical primitive mantle composition may be 

difficult to determine. If serpentinization is closed-system, determining the degree 

of melt depletion from MgO and FeO will yield the same results as that 

calculation from the original unaltered peridotite residue, even if the mineralogy 

has changed. Serpentinization may affect ratios of MgO/SiO2, meaning that this 

process may not be isochemical and conservative (Malvoisin, 2015, Lee and Li, 

2006). Assuming that relict olivines reflect peridotite conditions, their Fo content 

of ~90 to 91.5, the metadunite composition of their peridotite host, and their 
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depletion of incompatible elements indicates mantle melt depletion. The curved 

depletion pattern of olivine minerals without LREE refertilization indicates that 

they have not been affected by serpentinization. The low LREE concentrations of 

olivines are close to ICPMS detection limits, so their LREE concentrations may 

be subject to this lower bound (~0.001 ppm). Whole rock Lu indicates that 

melting must have occurred at F=5-20%. 

 

!
Figure&4.&Sample REE patterns (gray) and idealized whole rock peridotite incremental batch melt 

modeling (green gradient lines) based on mineral modality from MELTS (Gualda et al 2012, Ghiorso 
and Gualda 2015) and REE partition coefficients (from Lee, Harbert, and Leeman 2007). Original 

primitive mantle compositions from McDonough and Sun 1995.  
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!
Figure&5.&Olivine&REE&concentrations&normalized&to&Primitive&Mantle.&Note&that&the&relict&olivine&
mineral&samples&display&a&more&idealized&melting&pattern,&likely&because&they&have&been&less&
affected&by&serpentinization&than&the&whole&rock.&

Melt degree calculations were executed with HREEs, but also with 

compatible elements such as Ni, incompatible elements such as Ti, and Mg and 

Fe content. The most reliable of these methods is likely HREE depletion (Pearce, 

1983) calculation unless this value has been disturbed by refertilization in the 

same fashion it disrupts LREEs. 

Based on the placement of Mg# in olivines vs. Cr# in chromium spinels on 

graphs of the Olivine-Spinel Mantle Array (OSMA) (Arai, 1994), the peridotites 

of Domenigoni Valley are best explained by a forearc origin (Figure 6). Sub-arc 

lithologies experience melt depletion in the greatest degree closest to the forearc 

mantle wedge, and less depletion toward the backarc (Arai and Ishimaru, 2008, 

Stolper and Newman, 1994) (Figure 7). Olivine Mg# could be affected by slight 

Mg mobility during serpentinization (Malvoisin, 2015, Lee and Li, 2006) or 

oxidation of iron, but if these olivines are truly relict, then their mineralogy and 
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mineral chemistry are strong indicators of forearc origin. We may be able to 

constrain these samples in the context of the PRB due to their association with 

greywacke and other metasediments (Morton et al, 2014). Graywacke is a 

juvenile sediment, often deposited in turbidites in oceanic settings near mountain-

building ranges from whence their protoliths originate. This sedimentary 

association, as well as the Arai disambiguation diagram, may allows us to rule out 

the possibility of a back arc or other magmatic origin for the Domenigoni Valley 

peridotites. 

If these peridotites did indeed form in the forearc of an eastward dipping 

arc system in the accretion of the western US, as one would expect from pre-

existing models, their origin on the western end of that arc would necessitate their 

formation in a previously existing arc system (Figure 8a). The placement of these 

samples between the eastern and western arcs of the PRB indicates that for a 

forearc to form between these arcs, subduction polarity may have reversed, at 

least temporarily, prior to suturing indicated by these peridotites (Figure 8b, c). In 

the case of the scenario depicted in fig. 8c, it is possible that forearc forming at 

each subduction zone may be fed by already melt-depleted material. The 

association of exhumed forearc material closely spatially associated with orogenic 

sediment may agree well with other areas of subduction polarity reversal. Such a 

scenario occurs in the collision of the Luzon and Ryukyu arcs resulting in the 

formation of Taiwan (Clift et al, 2003).  

The more water delivered to subduction systems, the greater the 

possibility of high-silica crust generation (Lee et al 2015, Lee and Morton 2015, 

Keppler, 1996). With more evidence of the inner workings of subduction zone 

processes, and the fates of various sub-arc mantle lithologies, we may be able to 

better determine the prevalence and influence of serpentine interactions with 

mantle melts to form continental crust (Lee et al, 2008). Serpentine in forearc 



! 10!

environments and the delivery of water into subduction zones links these sites to 

crustal formation, or even the formation of heavily melt-depleted cratonic mantle. 

If forearc olivine geochemistry is similar to that of cratons, could they have 

formed in similar ways? Serpentine and serpentinization may be integral to that 

process. 

 

Figure 6 . Fo content of olivine vs Cr# (Cr/Cr+Al) of chromites in peridotite samples. This study in red, 
after Arai 1994 (compiled data from Arai shown in blue) 
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Figure 7. Schematic representation of melt depletion beneath an arc. Movement of peridotite causes 
mantle melt depletion to increase toward the mantle wedge. 

If the peridotite were in fact injected at mantle depth as suggested in 

Morton et al 2014, other lithologies of Searl Ridge may also have been brought to 

those depths when they deformed. Because facies vary within the ridge, and 

several contacts are mapped with sutured boundaries, the findings of this study 

might have important implications for the peridotite emplacement in this location 

and the deformation of the surrounding rocks. 
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!

Figure&8.&Schematic&representations&of&subduction&polarity&reversal&in&the&Peninsular&Ranges&
Batholith.&The&yellow&star&represents&possible&origins&of&forearc&peridotites&in&a&suture.&(a)&
represents&the&current&understanding&of&this&sutured&margin&with&eastward&dipping&
subduction.&(b)&represents&a&possible&scenario&wherein&forearc&peridotites&could&be&entrained&
in&the&suturing&between&a&continental&and&an&oceanic&arc&with&westward&dipping&subduction.&(c)&
indicates&a&scenario&in&which&shortLlived&westward&dipping&subduction&(with&forearc&between&
the&continent&and&the&arc)&may&soon&be&replaced&with&the&eastward&dipping&subduction&we&see&
in&later&iterations&of&the&arc. 

7. Conclusions 

Peridotites from Searl Ridge in Domenigoni Valley appear to originate from a 

forearc setting. Textural, mineralogical, and chemical evidence capture a history 

of melt depletion without melt refertilization, but with re-introduction of LREEs 

through serpentinizing fluid. Few pyroxenes, low incompatible element 

concentrations, depleted REE patterns in olivines, and high Fo content in olivines 

and high Cr# in chromites indicate heavy extraction of melt, leaving behind an 

olivine-rich residue. Light rare earth elements appear to be enriched in both 

olivine and whole rock measurements. Refertilization by a melt would have 

elevated the incompatible major and trace elements, and these features are absent 
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save the LREEs, leading to the conclusion that a serpentinizing fluid reintroduced 

LREEs. Melting degree calculations based on immobile HREEs in whole rock 

indicates a melting degree of 5-20%. The geochemistry of these samples 

constrains their placement within the subarc, and their association with greywacke 

and other arc-derived sediments may help us to understand preexisting arc 

locations during the formation of the suture. 
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